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Abstract Jupiter’s main auroral oval provides a window into the complex magnetospheric dynamics of
the Jovian system. The Juno spacecraft entered orbit about Jupiter on 5 July 2016 and carries on board the
Auroral Distributions Experiment (JADE) that can directly sample the auroral plasma structures. Here we
identify five distinct regimes in the JADE data based on composition/energy boundaries and magnetic field
mappings, which exhibit considerable symmetry between the northern and southern passes. These intervals
correspond to periods when Juno was connected to the Io torus, inner plasma sheet, middle plasma
sheet, outer plasma sheet, and the polar region. When connected to the torus and inner plasma sheet, the
heavy ions are consistent with a corotating pickup population. For Juno’s first perijove, we do not find
evidence for a broad auroral acceleration region at Jupiter’s main auroral oval for energies below 100 keV.

1. Introduction

Many of the auroral signatures observed throughout the solar system are attributed to accelerated electrons
interacting with a planet’s atmosphere. Aurorae have been most extensively studied at Earth, with sounding
rockets andmultiple orbiting spacecraft [Evans, 1974,Mozer et al., 1977, Carlson et al., 1998]. At Earth, a host of
auroral phenomena have been observed including parallel electric fields (double layers), perpendicular
electrostatic shocks, accelerated electrons, anti-earthward ion beams, strong wave activity, and deep density
cavities [Mauk and McIlwain, 1975; Sharp et al., 1975; Klumpar et al., 1976; Ergun et al., 1998, 2000, 2002, 2004].
While Jupiter’s plasma environment is significantly different from Earth’s, similar auroral processes have been
posited to occur at Jupiter [Barbosa et al., 1981; Cowley and Bunce, 2001; Nichols and Cowley, 2004; Clarke et al.,
2004; Ray et al., 2009, 2010, 2012].

In the Jovian magnetosphere, neutrals are emitted from Io; a large fraction of these neutrals are subsequently
ionized via charge exchange and electron impact, generating fresh plasma that is picked up and moves with
the corotating plasma. These iogenic plasma populations make up the Jovian plasma sheet, a reservoir of
plasma mostly confined to a region near the magnetic equatorial plane. In situ measurements in the plasma
sheet showed the ionic composition to be dominated byM/q = 16, with O+ and/or S++ ions as the dominant
population [e.g., McNutt et al., 1981]. As plasma is transported radially outward, conservation of angular
momentum dictates that it must slow down relative to corotation. Maintaining rigid corotation requires
Jupiter’s ionosphere to provide the needed angular momentum. It is argued this is done through a current
systemwhereby a J ×B torque acts on the equatorial plasma. This process begins to break down at large radial
distances, where the finite ionospheric conductivity inhibits the generation of large currents required to fully
transfer the angular momentum needed to bring rotating plasma up to full corotation [Hill, 1979]. It is
hypothesized that the region of corotation breakdown (or flow shear) is linked to auroral emissions [Hill, 2001].

The aurorae at Jupiter provide a window into this complex current system. The Juno mission is a polar-
orbiting spacecraft, which entered orbit about Jupiter on 5 July 2016 (UTC). One of Juno’s primary mission
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objectives is to explore the polar magnetosphere and aurorae [Bagenal et al., 2014]. On board, it carries the
Jovian Auroral Distributions Experiment (JADE), an instrument suite that consists of a single ion detector,
JADE-I (0.01–50 keV/q), and two electron detectors, JADE-E (0.1–100 keV) [McComas et al., 2013]. Prior to
Juno’s first science perijove pass, JADE measured the inbound solar wind, magnetosheath, and magneto-
sphere [McComas et al., 2017], observed a hot flow anomaly [Valek et al., 2017], found evidence for magnetic
reconnection at the magnetopause [Ebert et al., 2017], observed mass transport across the magnetopause
[Gershman et al., 2017], and found evidence for a connection between solar wind inputs and auroral emis-
sions [Nichols et al., 2017].

Here we describe the JADEmeasurements taken during Juno’s rapid transit between the northern and south-
ern regions of Jupiter’s polar magnetosphere on the dusk side during Juno’s first science perijove. In section 2,
we briefly describe the magnetic field mapping schemes used. In section 3, we characterize the plasma
measurements taken on close approach by relating them to their magnetospheric sources and auroral
mappings. We conclude in section 4 with a discussion of the contrast between our expectations of the struc-
ture of the Jovian auroral current system and the JADE measurements.

2. Magnetic Field Mapping

The Jovian literature commonly uses “L shell” to identify the equatorial crossing distance of a dipolar mag-
netic field line. This value is convenient for relating spacecraft measurements at high latitudes to their equa-
torially mapped source regions. Since the Jovian field is very stretched, the use of a dipole L shell for
organizing measurements can be misleading. To reduce ambiguity, we adopt the terminology “M shell” (M
for magnetic) to describe the equatorial crossing distances for any given field line. We use the VIP4+CAN
magnetic field models [Connerney et al., 1981, 1998], a synthesis of a multipole internal field model (VIP4)
and current sheet model (CAN), to determine M shells for magnetic field lines crossing through Juno in this
work. This model is typically applicable for mappings to 6<M< 30 RJ and less accurate in mapping field lines
very near to the northern auroral kink region [Vogt et al., 2015]. We note that M shell mapping is not strictly
constant in time, changing with variations in the plasma conditions within the magnetosphere [Nichols, 2011;
Nichols et al., 2015]; however, we assume time-invariant mappings for simplicity in this work.

M shell ranges for the Jovian auroral oval have been estimated via a variety of techniques. One of the more
stringent constraints on the oval mapping distance is the observation of Ganymede’s auroral foot point,
which typically occurs equatorward of the main oval. Since Ganymede orbits at 15 RJ, this puts an approxi-
mate lower limit on the inner M shell of the oval at M > 15 RJ [Clarke et al., 2002], though the latitudinal
gap between the foot point and edge of the auroral oval suggests an inner edge closer to 20–30 RJ. We note
that there have been outlying events during which the Ganymede footprint was transiently equatorward of
the main auroral emission [Bonfond et al., 2012]. Separate modeling efforts have also concluded that the
source region for the auroral oval begins around M = 20–30 RJ and extends to several tens of RJ beyond that
distance [e.g., Hill, 2001; Cowley and Bunce, 2001; Nichols, 2011; Vogt et al., 2011].

3. High-Latitude Observations

During the 6 h centered about Juno’s perijove, JADE took measurements in its high-rate science mode, with
1 s resolution for JADE-E and 2 s resolution for JADE-I. Approaching the northern pole from the dawnside,
JADE was magnetically connected to the polar auroral region. Here JADE experienced large intermittent
bursts of penetrating radiation and, with the exception of a few periods, measured ion and electron popula-
tions with very low densities within the JADE energy range. However, as Juno’s planetary footprint moved
equatorward, JADE observed a diverse and complex plasma environment, with significant structure on a vari-
ety of timescales. Here we identify five distinct boundaries in the JADE data, corresponding to five separate
plasma regimes that exhibit considerable symmetry between the northern and southern passes. To identify
boundaries, we analyze the electron and heavy ion data. Unlike protons, heavy ions such as O and S, in high
relative numbers, suggest magnetospheric (i.e., not Jovian, sheath, or solar wind) populations. We therefore
favor these populations over the proton data to identify distinct plasma boundaries relating to the magnetic
field mapping. Figure 1 summarizes the JADE measurements during closest approach, with the separate
regions discussed below in order of increasing M shell. Note, in this work, that we performed a preliminary
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Figure 1. Summary of the JADE heavy ion (M/q ≥ 8) and electron measurements, with energy versus time spectrograms and total count rates, taken during the
northern and southern (N/S) polar passes of Juno’s first science perijove. We identify distinct periods for both the N/S passes in which Juno was connected to
the Io torus and plasma sheet. The heavy ion panels indicate twice the equatorial corotational energy for M/q = 16 (dashed line). The left and middle panels show
the overall measurement geometry and VIP4+CAN magnetic field model [Connerney et al., 1981, 1998]. Black dots indicate the locations of the four Galilean
moons, in order of increasing radial distance from Jupiter: Io, Europa, Ganymede, and Callisto.
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background subtraction to the JADE-I and JADE-E data based on the use of the background anodes
[McComas et al., 2013].

Boundary (a) maps to M shell values of 5.7 RJ (north) and 6.5 RJ (south), with boundary (b) mapping to 8.4 RJ
(north) and 10.5 RJ (south). When connected to M shells inside of (a), JADE experienced large fluxes of
penetrating radiation due to the radiation belts [Paranicas et al., 2017] with little indication of a low-energy
plasma population within the JADE energy ranges above noise levels. Between (a) and (b), JADE measured
heavy ion populations dominated by M/q = 16, corresponding to O+ and/or S++ that spanned an energy
range of a few hundred eV to tens of keV, up to the top of the JADE-I measurement range (Figure 2).
There are no distinct electron populations in the JADE-E instrument range measured in the northern pass
for this region, with evidence for a very low density electron population with energies between 0.1 and a
few keV in the south. The heavy ion time-energy spectrograms show a large degree of spin modulation dur-
ing this time interval, indicating that these ion populations are highly directional. The compositional
dominance of M/q = 16 and dearth of electrons >100 eV is consistent with previous spacecraft measure-
ments in the Io torus [Bagenal and Sullivan, 1981; Sittler and Strobel, 1987]. Additionally, the M shell mappings
for this region are consistent with the Io torus boundaries. Therefore, we interpret this region physically as
being connected to the Io torus. We note that a high-energy population of heavy ions with characteristic
energy of 10–20 keV was observed on the northern pass when transitioning past boundary (b), yet not in
the southern pass.

Near boundary (b), JADE observed a rapid increase in the total count rates of heavy ions. Based on the trend
line, this is the location where the plasma electrons become hot enough to be observed by JADE-E; presum-
ably, they are cooler in region between (a) and (b). The ions are notably more isotropic, as the spin modula-
tion signature is less pronounced. As (b) maps to M shells consistent with the outer edge of the Io torus, we
interpret the region bounded by (b) and (c) to be connected to the inner plasma sheet (boundary (c)
described below). The heavy ion panels in Figure 1 show twice the equatorial corotation energy (dotted line)
for the dominant M/q = 16 species, which correlates well with the peak in the count rate spectrogram
between (b) and (c). For a subthermal Maxwellian distribution, the peak in the count rate spectrogram will
occur at twice the thermal energy (with minor energy-dependent corrections). Therefore, the heavy ions
observed in this period are preliminarily consistent with a corotating population from the inner plasma sheet,
heated via a process that scales with corotation energy. Additionally, significant energetic populations of O++,
S+++, O+, and/or S++, and a smaller contribution from S+, were observed, consistent with an inner plasma
sheet source (Figure 2).

Figure 2. M/q versus energy from JADE-I for the northern and southern inner magnetosphere measurements near Juno’s periojove. Count rates are all normalized to
the same scale. The Io torus populations observed at high latitudes exhibit broad energy structures with the majority of heavy ion counts dominated by M/q = 16
corresponding to O+ or S++. JADE plasma sheet measurements show significant energetic populations of O++, S+++, and O+/S++ and a smaller contribution from S+.
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Boundary (c) is of particular interest as it maps to the middle plasma sheet, with M shells of 17.8 RJ (north)
and 31.2 RJ (south) where the literature would suggest the inner edge of the main auroral oval maps to
[e.g., Hill, 2001; Cowley and Bunce, 2001; Clarke et al., 2002; Nichols, 2011; Vogt et al., 2011]. We note that
the lower of the two M shells for boundary (c), 17.8 RJ, is the mapped value from the northern hemisphere
near the kink region. Given the putative magnetic anomaly in this region [Grodent et al., 2008], M shell
mappings near it are particularly error prone [Vogt et al., 2015]. We therefore favor the southern mapped
boundary for (c) of 31.2 RJ and suggest that this is closer to the true equatorial mapping distance. In
general, we expect all of the given M shells to be more accurate for the southern pass during these obser-
vations for the same reason. In transitioning past boundary (c), the heavy ions are observed to have a rapid
decrease in total counts, with peak energies that no longer follow the corotational energy and consistent with
increasingly large corotation lag. Some part of the reduction in heavy ion counts in the (c)-(d) region may also
be attributable to themuch increased influence of the centrifugal confinement at the large radial distances to
which this regionmaps. Additionally, the electron energies are marked by a sharp jump in energy to a few keV
at boundary (c). We hypothesize that the region bounded by (c) and (d), which maps to the middle plasma
sheet and is characteristically different than the adjacent inner plasma sheet connected region, corresponds
to the main auroral oval region (see also the ionospheric mapping discussion below). More detailed analysis
of the JADE-E data indicates that the low-energy electron population in this region is primarilymoving upward
(small local pitch angle) [Allegrini et al., 2017].While the tentative identification of themain oval region is based
on geometric constraints discussed throughout this work, we note that the character of the electrons
measured by JADE is not conclusively consistent with the presence of a population of primarily downward
accelerated electrons [Allegrini et al., 2017].

The region bounded by (d) and (e) is characterized by an additional decrease in the heavy ion and electron
counts by an order of magnitude. The electrons’ energies continue to increase up to boundary (e) at which
point there is an abrupt cutoff of the electron population that is also observed in the high-energy plasma
populations by JEDI [Mauk et al., 2017]. We interpret this region to be connected to the outer plasma sheet,
past the main auroral current system, with boundary (d) defining the poleward edge of the main auroral oval.
Past (e), the JADE measurements for both ions and electrons are dominated by penetrating radiation, which
manifests itself in JADEmeasurements as vertical strips with similar count rates throughout the energy range.
Aside from these radiation signatures, the ion and electron populations exhibit very low densities. Table 1
summarizes the five boundaries and gives relevant geometric quantities.

In addition to identifying how these measurements relate to magnetospheric sources, we now discuss the
mapping of Juno’s magnetic footprint onto the Jovian ionosphere. Figure 3 shows Juno’s trajectory
mapped onto the ionosphere using the VIP4 model. The blue dotted/solid lines show the mean auroral
boundaries/center from a statistical study of Hubble Space Telescope (HST) observations from 2007
[Nichols et al., 2009; Bonfond et al., 2012]. We have also included a grid (grey) that runs tangent to the mean
oval to provide a reference to the distances traversed. In this figure, we have identified the five boundaries
for both the northern and southern passes.

Table 1. Locations and Geometric Information for the 10 Boundaries Identified in the JADE PJ1 Close Approach Dataa

N/S Time (UTC) R (RJ) LT (hh:mm) M (RJ) λIII (deg) θIII (deg) θMAG (deg) θCEN (deg)

a N 2016-240T12:19:53 1.47 17:51 5.7 77.5 67.8 61.6 63.9

a S 2016-240T13:21:03 1.45 17:53 6.5 113.9 �59.6 �57.8 �58.7

b N 2016-240T12:16:36 1.54 17:50 8.4 75.6 72.1 65.4 67.9

b S 2016-240T13:25:16 1.55 17:53 10.5 116.3 �65.1 �62.6 �63.8

c N 2016-240T12:12:43 1.63 17:50 17.8 73.4 76.6 69.4 72.1

c S 2016-240T13:29:09 1.63 17:54 31.2 118.6 �69.6 �66.4 �67.9

d N 2016-240T12:10:13 1.68 17:49 52.0 72.0 79.3 71.8 74.5

d S 2016-240T13:32:15 1.71 17:54 58.8 120.4 �72.8 �69.1 �70.8

e N 2016-240T12:09:12 1.71 17:49 57.3 71.5 80.3 72.7 75.5

e S 2016-240T13:33:32 1.74 17:54 62.9 121.2 �74.1 �70.1 �71.9

aColumns show the boundary label, northern/southern hemisphere, time in UTC, radial distance of Juno from the
center of Jupiter, local time (LT) of Juno, M shell, System III longitude (left handed), System III latitude, VIP4 dipole
magnetic latitude, and VIP4 dipole centrifugal latitude.
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For the southern hemisphere, the predicted oval crossing times coincide remarkably well with our
identified auroral region, as evidenced by the proximity of boundaries (c) and (d) to the statistical average
oval boundaries. However, in the northern hemisphere, the JADE identified that auroral region is well
equatorward of the main average oval. We attribute this offset to two reasons. First, the VIP4 model is less
reliable when mapping magnetic field lines near the kink region, which Juno flew directly over, making
estimation of the true footprint less accurate. Second, both the northern and southern passes were made
very near to the dusk terminator. The auroral emissions have been observed to be asymmetric in local time,
with the dusk emissions notably variable and more extended [Bonfond et al., 2015], due to the local time
dependence in Jupiter’s magnetospheric plasma structures. Additionally, during the time leading up to
the flyby, HST measurements observed the dusk northern auroral oval to be equatorward of the 2007
statistical average oval [Nichols et al., 2017], qualitatively consistent with the JADE measurements. We sug-
gest that these explanations account for the discrepancy between the northern and southern
auroral mappings.

The pattern and sequence of features in the north and south are very similar, lending credence to the inter-
pretation that these periods map to similar magnetospheric regions. Our position is that the data are more
indicative of regions than model-dependent mappings. Given the more accurate mapping to the main oval
in the south, which well correlates to specific features in the JADE data, we therefore infer the oval location in
the north based on the strong symmetry in data features.

4. Discussion and Conclusions

Juno moves from north to south close to the planet; hence, JADE passes rapidly through field lines whose
equatorial crossing points probably span tens of RJ’s in equatorial space. To interpret these data, we have
identified five distinct regions in the JADE heavy ion and electron data, which we posit physically map to
the Io torus, inner plasma sheet, middle plasma sheet, outer plasma sheet, and the high-latitude polar region.
We note that this work focuses on the lower energy plasma populations within the JADE energy range, where
the energetic plasma populations are discussed in other studies in this issue [Clark et al., 2017; Haggerty et al.,
2017; Kollmann et al., 2017; Mauk et al., 2017]. In this study, high densities of electrons, oxygen, and sulfur
and their variation with energy and intensity are used as discriminators between different magneto-
spheric and other regions. The regions are identified in the data by energy/composition boundaries,

Figure 3. Mapping of the Juno trajectory during the PJ1 close approach with the VIP4 magnetic field model [Connerney
et al., 1998]. Both projections are shown as viewed from above the north pole. The blue solid/dotted lines indicate the
average center and boundaries for the auroral oval based on HST observations [Bonfond et al., 2012]. The longitudinal
gridlines (grey) parallel to the mean oval are spaced in increments of 1250 km on the 1 bar level from the mean oval. The
intersection of the north and south VIP4 magnetic dipole moment with the Jovian surface is marked with a cross.
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and their physical interpretation is guided by their magnetic field mappings. Due to the magnetic anom-
aly in Jupiter’s northern hemisphere, we have relied more heavily on the southern hemisphere data set
for mapping purposes.

In the region connected to the Io torus and plasma sheet, heavy ions (primarily O+ and/or S++) have observed
energies consistent with corotation of ions picked up in the near-equatorial region. The presence of such ions
at these high latitudes suggests that there is a robust process of pitch angle scattering that enables particles
picked up with equatorial pitch angles near 90° to travel to the spacecraft without mirroring.

Some of the most intriguing features of the JADE measurements are the characteristic ion and electron ener-
gies when connected to the middle plasma sheet and likely to the main oval. Electrons in the middle mag-
netosphere have suprathermal energies ~2.5 keV [Scudder et al., 1981]. The bright auroral features are
consistent with an electron population with energies of ~20–400 keV, derived both from modeling and
observational efforts [Cowley and Bunce, 2001; Saur et al., 2003; Nichols and Cowley, 2004; Gustin et al.,
2004, 2016]. To reconcile the discrepancy between the low energies in the magnetospheric source region
and the large electron energies needed to create the aurora, large parallel electric fields with potentials of
20–400 keV have been posited to exist at distances of a few Jovian radii from the ionosphere [Ray et al.,
2009, 2010, 2012]. We note that many of these models use postmidnight configurations of the magnetic field
and that focused modeling efforts on the local time dependence of auroral emissions suggest lower field-
aligned current densities and precipitating auroral energy fluxes at dusk [Ray et al., 2014]. Measurements
through auroral acceleration regions at Earth were observed to have an “inverted-V” structure in the time-
energy spectrograms. This structure was interpreted as a peak in the field-aligned potential drop in the center
of the auroral acceleration region, which decreased on the edges of these regions [Lyons et al., 1979; Lyons
1980, 1981]. Multiple simulations of the Jovian auroral currents predict that a similar structure exists con-
nected to Jupiter’s main oval, where a peak in the acceleration potential exists in the middle of the auroral
oval [Cowley and Bunce, 2001; Nichols and Cowley, 2004, 2005; Ray et al., 2010, 2012]. Voyager 1 plasma wave
measurements consistent with field-aligned currents between 10 and 30 RJ near the plasma sheet have also
suggested the existence of inverted-V electrons at high latitudes in the Jovian magnetosphere due to field-
aligned potential drops [Barbosa et al., 1981].

However, during the period we attribute to the main auroral current region, when Juno was at planetocentric
distances of 1.6–1.7 RJ such that it should be below the putative acceleration region posited to exist at
distances >2 RJ [Cowley and Bunce, 2001; Su et al., 2003; Ray et al., 2009], the electron time-energy spectro-
grams do not indicate broad-scale inverted-V structures spanning the entire auroral region within the
JADE energy range. Instead, the electron energies measured are typical of the magnetospheric electrons in
the plasma sheet and not of a population accelerated over tens to hundreds of keV. Additionally, were
Juno to have flown under an auroral acceleration region with potentials of 20–400 keV, the heavy ions
originating in the plasma sheet with energies below the auroral acceleration potential would never be able
to overcome this potential and reach the JADE instrument. The detection of one to tens of keV/q heavy ions
at such close-in distances is not consistent with Juno having flown under a broad auroral acceleration region
for this orbit.

In fact, a large population of the electrons is actually moving away from Jupiter, suggesting a lower altitude
electron source [Allegrini et al., 2017; Mauk et al., 2017]. If a broad auroral acceleration region exists with
strong anti-Jovian electric fields and is located at distances less than 1.6 RJ, such that Juno flew above this
region, the upward moving electrons from the ionosphere with energies below the acceleration potential
would never be able to reach Juno given the large predicted potential barrier of 20–400 keV they would
transit. Even with a single perijove of plasma measurements, these observations signal us to reconsider
our notions of how auroral current systems are structured in the Jovian system, particularly with respect to
broad auroral acceleration regions.

Poleward of the main auroral current region, at higher latitudes past boundary (e), while JADE primarily reg-
isters counts from penetrating radiation, plasma populations above the JADE instrument range were
observed [Mauk et al., 2017]. These polar measurements either map to the outermost region of the magneto-
sphere or could be connected to the solar wind. Constraining the location of the polar region boundary, tigh-
tening the definition of this region, and further constraining the boundaries outlined in this work will benefit
from a cross comparison between multiple instruments on the Juno payload in future studies.
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Lastly, we note that while Juno dips into the dawnside plasma sheet numerous times during the outer portions
of its orbit (with limited early JADEmeasurements), it never directly samples the duskside plasma sheet. Due to
the rotationally driven dynamics of the Jovian magnetosphere, there is a large degree of local time asymmetry
in the plasma sheet [Kivelson and Khurana, 2002; Vogt et al., 2011]. The dusk plasma sheet has been measured
to be much thicker than that of the dawnside, due to the extreme heating that takes place in the afternoon
sector [Kivelson and Southwood, 2005]. Additionally, the morning side “cushion” region between the outer
plasma sheet and magnetopause was never observed on the duskside [Khurana et al., 2004]. These local time
asymmetries make relating distant dawnside plasma sheet measurements to the close in duskside auroral mea-
surements difficult. However, as Juno’s orbit precesses with perijove moving from dusk toward noon, the
close-in auroral measurements will correspondingly map from the dusk plasma sheet toward the noon plasma
sheet, allowing JADE to sample and characterize a diverse range of magnetospheric auroral source regions.
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