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1.  Introduction
Jupiter, the fifth planet from the sun, has the strongest intrinsic magnetic field among planets in the so-
lar system. The interplay between this magnetic field and the solar wind results in a magnetosphere ex-
tending from the topside of Jupiter’s atmosphere/ionosphere to beyond 𝐴𝐴 𝐴𝐴 ∼ 100 𝐴𝐴 R𝐽𝐽 (1 𝐴𝐴 R𝐽𝐽  =  𝐴𝐴 ∼ 71,400 km, 
Jupiter radii; hereinafter, 𝐴𝐴 𝐴𝐴 represents the radial distance to the Jupiter) (Bagenal et al., 2007). Jupiter’s 
magnetosphere is filled with plasma originating from various sources, including the solar wind, Jupiter’s 
atmosphere/ionosphere, and Jupiter’s moons. Among these sources, the moon Io, which supplies 𝐴𝐴 ∼ 1 ton 
plasma per second to the magnetosphere (e.g., Thomas et al., 2004), serves as the dominant one (e.g., Bol-
ton et al., 2015). After entering the magnetosphere, plasma from Io (and other sources) is picked up by the 
magnetospheric corotating electric fields and corotates with Jupiter with a period of 9.92 hr. The corotation, 
in turn, induces a centrifugal force on plasma. This force tends to pull plasma radially outward against the 
magnetic forces, leading to the deformation of Jupiter’s dipole-like magnetic fields (e.g., Hill et al., 1974). 
The deformation is reinforced by the plasma pressure gradient and anisotropy, which, as suggested by later 
observational and modeling work (e.g., Caudal, 1986; Mauk & Krimigis, 1987; Paranicas et al., 1991), even 
play a dominant role in balancing the magnetic forces. As a final result of the force balance, a current sheet 
is formed in Jupiter’s middle and outer magnetosphere (Vasyliunas, 1983).

Because of Jupiter’s dipole tilts ( ∼10◦ ), Jupiter’s current sheet is generally displaced from Jupiter’s rotational 
equator (Khurana, 1992; Khurana & Schwarzl, 2005; Connerney et al., 1981). As a result of this displace-
ment and Jupiter rotation, a spacecraft in Jupiter’s magnetosphere would periodically cross the current 
sheet. These periodical crossings manifest as a series of magnetic field reversals in magnetic field data (e.g., 
Connerney et al., 1981; Khurana & Schwarzl, 2005). According to previous observations, magnetic field 
reversals can be detected from 𝐴𝐴 𝐴𝐴 ∼ 10 𝐴𝐴 R𝐽𝐽 to almost the magnetopause (e.g., Connerney et al., 1981; Khura-
na & Schwarzl, 2005), suggesting the existence of the current sheet in the most of the equatorial regions 
of Jupiter’s magnetosphere. Besides its huge size and notability in observations, the current sheet plays a 
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significant role in the dynamics of Jupiter’s magnetosphere. The current sheet mediates the primary mass 
cycle of Jupiter’s magnetosphere, the Vasyliunas cycle (Vasyliunas, 1983). In this cycle, plasma is first inject-
ed from moons into the current sheet, then temporally stored in the current sheet, and finally lost from the 
magnetosphere via reconnection between the last closed field lines in the current sheet. In addition to the 
mass cycle, the current sheet also mediates the angular momentum and energy transfer from Jupiter to the 
magnetosphere, which is suggested to be the dominant driver of Jupiter’s magnetosphere (Hill, 2001; Hill 
et al., 1974; Vasyliunas, 1983). In addition to these global processes, the current sheet also provides a site 
for many localized energy conversion and transfer processes, such as reconnection (e.g., Russell et al., 1998; 
Sarkango et al., 2021; Vogt et al., 2020), wave-particle interaction (e.g., Horne et al., 2008; Saur et al., 2018), 
and turbulence dissipation (e.g., Saur et al., 2002).

In the light of its importance, the current sheet has been extensively studied since the Pioneer missions in 
the 1970s. It is found to be a hinge-shaped disk confined near the equator and extending from 𝐴𝐴 𝐴𝐴 ∼ 10 𝐴𝐴 R𝐽𝐽 to 
almost the magnetopause (Khurana, 1992; Khurana & Schwarzl, 2005). The half-thickness of the current 
sheet is about 3 𝐴𝐴 R𝐽𝐽 at 𝐴𝐴 𝐴𝐴 ∼ 20 𝐴𝐴 R𝐽𝐽 , and decreases with increasing radial distances in general (e.g., Connerney 
et al., 2020). Viewed from off the equator, the current sheet magnetic field lines spiral out of their meridi-
ans, forming a sweepback configuration (Khurana & Kivelson, 1993). Magnetic fields in the current sheet 
have been modeled (e.g., Acuna & Ness, 1976; Connerney et al., 1981, 2018, 2020), based on which the 
current system (e.g., Khurana, 2001) and mass flow (e.g., Khurana & Kivelson, 1993; Vasyliunas, 1983) in 
the magnetosphere have been investigated. Besides, charged particles have also been investigated and mod-
eled (but generally limited to the inner magnetosphere 𝐴𝐴 𝐴𝐴 𝐴 30 𝐴𝐴 R𝐽𝐽 ) (e.g., Bridge et al., 1979; de Soria-San-
tacruz et al., 2016; Huscher et al., 2021; Khurana et al., 2004; Kim et al., 2020; Krupp et al., 2004; Mauk & 
Krimigis, 1987; Wang et al., 2021). The flux of these particles is found to decrease with increasing energy, 
radial distances, and the distances to the center of the current sheet. In addition to these static properties, 
activities including waves (e.g., Khurana & Kivelson, 1989a; Scarf et al., 1979), magnetic structures (e.g., 
plasmoid [e.g., Vogt, Jackman, et al., 2014]), and turbulence (e.g., Gershman et al., 2019; Saur et al., 2002; 
Tao et al., 2015) have also been studied.

In July of 2016, the Juno spacecraft (e.g., Bagenal et al., 2017) was successfully inserted into Jupiter orbit 
and became the second Jupiter orbiter. After a four-year investigation, Juno has accumulated a large data 
set of fields and particles that makes it possible to reveal the statistical characteristics of Jupiter’s current 
sheet. In this paper, we conduct statistics on Jupiter’s current sheet with Juno data obtained in the 20–100 

𝐴𝐴 R𝐽𝐽 , post-midnight (0–6 local time) magnetosphere. Characteristics of current sheet geometry, magnetic 
fields and energetic particles are investigated. These statistical results provide a sample empirical model 
of Jupiter’s current sheet, with which one can easily obtain relevant parameters at a given position (please 
find relevant data of these distributions in Supporting Information S1). The rest of this paper is organized 
as follows. Section 2 describes the data set and methods. Section 3 describes the statistical results. Finally, 
we briefly summarize our findings in Section 4.

2.  Materials and Methods
2.1.  Juno Data

In this study, we use magnetic field data obtained by the Magnetometer (MAG) (Connerney et al., 2017) 
and energetic particle data obtained by the Juno Energetic Particle Detector Instrument (JEDI) (Mauk 
et al., 2017). MAG data is used to resolve the geometry and magnetic field profiles of the current sheet. The 
sampling time of MAG data used here, 𝐴𝐴 ∼ 0.1 s, is four orders of magnitude smaller than the time scale of 
typical current sheet crossings, 𝐴𝐴 ∼ 10 min. Hence, it is adequate to use MAG data for identifying the structure 
of the current sheet. JEDI uses solid-state detectors, thin foils and microchannel plate detectors to measure 
energy and angular distributions of electrons ( 𝐴𝐴 ∼ 25–1,200 keV), protons ( 𝐴𝐴 ∼ 10–1,500 keV) and heavy ions 
(e.g., oxygen and sulfur from 𝐴𝐴 ∼ 100 keV to 𝐴𝐴 ∼ 10 MeV). The time resolution of JEDI data used here is several 
seconds, small enough to resolve energetic particle profiles across the current sheet. Only look-direction 
averaged flux is included, although JEDI itself is capable of resolving pitch angles. Juno data used in this 
study is obtained during July 2016–July 2020. At the beginning and end of this time interval, the line of 
Juno-orbit apsides was approximately in the dawnside and midnight meridian, respectively. In other words, 
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the data is primarily obtained in the post-midnight (0–6 local times) magnetosphere. In the following, the 
Jupiter-Sun-Orbit (JSO) coordinates are used, unless otherwise stated.

2.2.  Current Sheet Crossings

As mentioned in the Introduction, Juno periodically crosses the current sheet from one hemisphere to the 
other, when orbiting Jupiter. Figures 1a–1d show examples of such crossings. In three days, Juno crossed 
the current sheet 14 times. Each crossing corresponds to 𝐴𝐴 a B𝑥𝑥 and 𝐴𝐴 B𝑦𝑦 reversal, and 𝐴𝐴 a B𝑡𝑡𝑡𝑡𝑡𝑡 decrease. The 
crossings appear in pairs, with one from the northern hemisphere (negative 𝐴𝐴 B𝑥𝑥 and 𝐴𝐴 B𝑦𝑦 ) to the southern 
hemisphere (positive 𝐴𝐴 B𝑥𝑥 and 𝐴𝐴 B𝑦𝑦 ), and the other one in the opposite order. As expected, these crossing pairs 
appear quasi-periodically, with a period close to Jupiter’s spin period.

Figure 1.  Examples of Juno current sheet crossings. (a–c) The Jupiter-Sun-Orbit (JSO) coordinate x, y, and z 
components of magnetic fields. (d) The magnitude of magnetic fields. (e–g) The LMN components of magnetic 
fields. The red curve in (g) represents the results of the Harris fit. (h and i) The energy-time spectrograms of energetic 
electrons and protons during the current sheet crossing.
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We examine in greater detail one of these crossings in Figure 1 bottom. 
Figures 1e–1g show magnetic fields in the LMN coordinates, with L cor-
responding to the direction of lobe magnetic fields (increasing inward), 
N corresponding to the direction normal to the current sheet (increas-
ing upward), and M completing the right-handed coordinates (increas-
ing westward, in opposite to corotation). The LMN components are 
derived from the minimum variance analysis (MVA) (e.g., Sonnerup 
& Scheible,  1998), whose reliability is guaranteed by the relationship 

𝐴𝐴 𝐴𝐴1 ∶ 𝜆𝜆2 ∶ 𝜆𝜆3 ≈ 100 ∶ 10 ∶ 1 , where 𝐴𝐴 𝐴𝐴1 , 𝐴𝐴 𝐴𝐴2 , and 𝐴𝐴 𝐴𝐴3 represent the maximum, 
intermediate and minimum eigenvalue of the MVA, respectively. The 
most notable signature of the current sheet crossing is the changes in 

𝐴𝐴 B𝑙𝑙 , which indicates the location of Juno relative to the current sheet. At 
the beginning, Juno was in the southern lobe as indicated by the positive 
values and plateau-like shape of 𝐴𝐴 B𝑙𝑙 . Then, Juno crossed the current sheet 
in about 30 min, as suggested by the 𝐴𝐴 B𝑙𝑙 reversal. Finally, Juno entered 
the northern lobe, in which 𝐴𝐴 B𝑙𝑙 is negative and shows a plateau-like shape 
again. Accompanying the changes in 𝐴𝐴 B𝑙𝑙 , the flux of energetic particles 
changes during the crossing. Figures 1h and 1i show the flux of energetic 
electrons and protons, respectively. The flux increases with decreasing 

𝐴𝐴 |B𝑙𝑙| , indicating the concentration of energetic particles at the center cur-
rent sheet.

To quantitatively analyze the structures of the current sheet, we apply a 
Harris fit to the observed current sheet crossings. Generally, 𝐴𝐴 B𝑙𝑙 profiles 
satisfy the Harris current sheet model (Harris, 1962) that represents an 
equilibrium solution to the Maxwell-Vlasov equations,

𝐵𝐵𝑙𝑙(𝑧𝑧) = 𝐵𝐵0tanh
(𝑧𝑧 − 𝑧𝑧0

𝐻𝐻

)

,� (1)

where 𝐴𝐴 𝐴𝐴0 is the asymptotic lobe field, 𝐴𝐴 𝐴𝐴0 corresponds to the positions 
of the current sheet center in N directions, and 𝐴𝐴 𝐴𝐴 is the characteristic 
half-thickness of the current sheet. Further, we note that current sheet 
crossings analyzed in this paper are a consequence of the corotation of 
the current sheet, or, equivalently, the rotation of Juno in the rest frame 
of Jupiter. Therefore, 𝐴𝐴 𝐴𝐴 − 𝑧𝑧0 can be rewritten as 𝐴𝐴 𝐴𝐴𝑛𝑛(𝑡𝑡 − 𝑡𝑡0) , where 𝐴𝐴 𝐴𝐴𝑛𝑛 is the 
N component of the corotation velocity, 𝐴𝐴 𝐴𝐴 is the time, and 𝐴𝐴 𝐴𝐴0 is the crossing 
time defined by 𝐴𝐴 𝐴𝐴𝑙𝑙 = 0 . With this notation, we can directly apply the Har-
ris fit to 𝐴𝐴 B𝑙𝑙 time series. The red curve in Figure 1g presents the 𝐴𝐴 B𝑙𝑙 curve 
reconstructed from the Harris fit. It agrees well with the observations. To 
qualify the Harris fit, relative residual defined as 𝐴𝐴 𝐴𝐴 =

√

1
𝑁𝑁
(𝐵𝐵𝑙𝑙𝑙𝑙 − 𝐵𝐵𝑙𝑙𝑙𝑙)2∕𝐵𝐵0 

is used, where 𝐴𝐴 𝐴𝐴 is the number of data points, 𝐴𝐴 𝐴𝐴𝑙𝑙𝑙𝑙 and 𝐴𝐴 𝐴𝐴𝑙𝑙𝑙𝑙 are the results 
of the fit and the observations, respectively, and 𝐴𝐴 𝐴𝐴0 represents the lobe 
field given by the Harris model. A fit is termed as “well” when 𝐴𝐴 𝐴𝐴 𝐴 0.2 . 
With this criterion, we find most ( 𝐴𝐴 ∼ 90%) current sheet crossings studied 
in this paper match the Harris model well. In the cases for which the fit is 
not good, large-amplitude waves, current sheet flapping motion, or mag-
netic structures (e.g., plasmoid) can usually be observed.

2.3.  Statistics

In the light of the examples shown in Figure 1, we adopt the following 
criteria to identify current sheet crossings: (a) 𝐴𝐴 B𝑥𝑥 and 𝐴𝐴 B𝑦𝑦 reverses. (b) Dur-
ing the 50 min before and after the reversal, a time interval of 10 min 
can be found, in which the standard deviation of 𝐴𝐴 B𝑥𝑥 and 𝐴𝐴 B𝑦𝑦 is an order 

Figure 2.  The geometry of the current sheet. (a and b) The positions of 
the 404 identified current sheet crossings in the Jupiter-Sun-Orbit (JSO) 
coordinates. The over-plotted gray curves show the trajectory of Juno. (c) 
The half-thickness of the current sheet. The horizontal lines correspond 
to the median values in each radial distance bin, while the vertical lines 
correspond to the error bars defined according to 25% and 75% quartiles.

Figure 3.  The geometry of lobe magnetic field lines. (a) The JSO (Jupiter-
Sun-Orbit) equatorial plane projections of lobe magnetic fields measured 
in the 404 current sheet crossings. (b) The angles between the radial 
direction and the JSO equatorial plane projections of lobe magnetic fields. 
The color codes represent the medial values in each spatial bin.



Journal of Geophysical Research: Space Physics

LIU ET AL.

10.1029/2021JA029710

5 of 11

of magnitude smaller than the corresponding mean values. In addition, 
the mean values before and after the reversal should be opposite in sign. 
This criterion is proposed to distinguish current sheet crossings from 
large-amplitude waves and magnetic structures. In addition to the two 
criteria, we restrict radial distances to 20–100 𝐴𝐴 R𝐽𝐽 , since inside 20 𝐴𝐴 R𝐽𝐽 , the 
latitude of Juno is too high for it to cross the current sheet, and outside 
100 𝐴𝐴 R𝐽𝐽 , it is hard to distinguish current sheet crossings from large-am-
plitude waves and magnetic structures frequently occurring here. We 
note that, due to current sheet flapping, several crossings could occur in 
a short time interval. To rule them out and leave crossings only caused 
by corotation, if several crossings are identified in 2 hr, we would use the 
intermediate one to represent them. Based on these criteria, 404 current 
sheet crossings are identified.

In this paper, most statistical results are given as radial distributions, 
which are defined as a function of the radial distance to Jupiter. To ob-
tain this type of distributions, we first evenly divide 20–100 𝐴𝐴 R𝐽𝐽 into eight 
bins. Then, we classify crossings into these bins according to their radi-
al distances. Finally, we calculate the median values of these bins, and 
obtain corresponding radial distributions. In the following, error bars 
are defined according to the 25% and 75% quartiles, if they are shown. 
Crossing distributions are also used to represent statistical results. For 
simplicity, crossing distributions are defined as a function of 𝐴𝐴 𝐴𝐴𝐵𝐵 = 𝐵𝐵𝑙𝑙∕𝐵𝐵𝑙𝑙0 , 
which monotonically increases as the distance to the current sheet center 
increases. Here, 𝐴𝐴 B𝑙𝑙0 represents the asymptotic lobe fields.

3.  Results
In this section, we show the results of the statistics.

3.1.  Geometry

Figures 2a and 2b give the positions of the 404 current sheet crossings, 
together with Juno orbits shown as gray curves. Most crossings are ob-
served around the JSO equator ( 𝐴𝐴 ± 10◦ JSO latitude), although Juno also 
covers high latitude regions. The absence of crossings at high latitude 
is best illustrated by the observations in the 𝐴𝐴 𝐴𝐴 𝐴 40R𝐽𝐽 , midnight region. 
Because of the high latitude of Juno here, no crossings are identified in 
Juno data in this region, although previous studies have demonstrated 

the existence of the current sheet in this region (e.g., Khurana & Schwarzl, 2005). On the other hand, we 
note that current sheet crossings can be observed at all radial distances and local times covered by Juno, as 
long as Juno is located near the equator.

Figure 2c shows the half-thickness of the current sheet estimated from the Harris fit (please find data in Table 
S1 in Supporting Information S1). As the radial distances increase, the half-thickness first decreases and then 
increases. This radial distribution gives a minimum half-thickness of 𝐴𝐴 ∼ 0.9 𝐴𝐴 R𝐽𝐽 at 𝐴𝐴 𝐴𝐴 ∼ 65 𝐴𝐴 R𝐽𝐽 . It is interesting 
to note that this radial location approximately coincides with the reconnection x-line identified by Vogt, 
Kivelson, et al. (2014) who studied Galileo data. This coincidence indicates a potential causal relationship 
between the minimum half-thickness and reconnection x-line, although we do not have any other evidence 
at this stage. Another notable feature is the relationship between the half-thickness and ion gyro-radius. 
Within the radial distances considered here, the statistical half-thickness is about 1 𝐴𝐴 R𝐽𝐽 . On the other hand, 
previous studies (e.g., Kim et al., 2020; Mauk et al., 2004) suggest that the dominant pressure contributions 
in the current sheet come from heavy ions (O, S) of 𝐴𝐴 ∼ 10–100 keV (termed as dominant ions hereinafter). As 
we will show in the next subsection, the magnetic field strength at the current sheet center is 𝐴𝐴 ∼ 1 nT. Thus, 

Figure 4.  The radial distribution of magnetic fields. (a–d) The radial 
distributions of 𝐴𝐴 B𝑡𝑡𝑡𝑡𝑡𝑡 , 𝐴𝐴 B𝑛𝑛 , 𝐴𝐴 B𝑚𝑚 and 𝐴𝐴 B𝑙𝑙 , respectively. The red curves represent 
power-law fit of the data. The blue curves correspond to the Connerney 
models (see text). (e) The ratio between 𝐴𝐴 B𝑙𝑙 and 𝐴𝐴 |B𝑛𝑛| (blue curve), and 𝐴𝐴 |B𝑛𝑛| 
and 𝐴𝐴 B𝑚𝑚 (red curve).
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the gyro-radius of dominant ions in the current sheet is about 1 𝐴𝐴 R𝐽𝐽 , of the 
same order of magnitude as the statistical half-thickness.

To understand the geometry of current sheet magnetic field lines, we plot 
𝐴𝐴 B𝑙𝑙 as unit vectors on the JSO equatorial plane in Figure 3a. Within 𝐴𝐴 𝐴𝐴 ∼ 

20–50 𝐴𝐴 R𝐽𝐽 , 𝐴𝐴 B𝑙𝑙 is approximately within the meridian planes. In contrast, at 
larger radial distances, 𝐴𝐴 B𝑙𝑙 makes significant angles to the meridian planes. 
This feature is shown more quantitatively in Figure 3b (see Table S2 in 
Supporting Information S1 for data). The color code in this figure repre-
sents the median values of the angles between the JSO equatorial projec-
tion of 𝐴𝐴 B𝑙𝑙 and the radial direction in each bin. It is clear that the angles 
gradually increase from 𝐴𝐴 0◦ at 𝐴𝐴 𝐴𝐴 ∼ 20 𝐴𝐴 R𝐽𝐽 to ∼45◦ at 𝐴𝐴 𝐴𝐴 ∼ 100 𝐴𝐴 R𝐽𝐽 , showing 
that the magnetic field lines are increasingly bent toward the west as the 
radial distances increase. This observation suggests a sweepback config-
uration of the magnetic field lines, which has also been observed in data 
obtained by other spacecraft, like Voyager (Khurana & Kivelson, 1993) 
and Galileo (Khurana, 2001).

3.2.  Magnetic Fields

Figure 4 shows the radial distributions of the magnetic fields. Figure 4a 
shows the magnitude of the magnetic fields at the current sheet center 
where 𝐴𝐴 B𝑙𝑙   =  0. It decreases as the radial distances increase, as expect-
ed. Figure  4b gives 𝐴𝐴 B𝑛𝑛 at the current sheet center. As indicated by the 
over-plotted red curve, this profile can be well fitted by a power-law 
function,

𝐵𝐵𝑛𝑛 = −2.3 × 104𝑅𝑅−2.58,� (2)

where 𝐴𝐴 𝐴𝐴 is radial distance in 𝐴𝐴 R𝐽𝐽 , and 𝐴𝐴 B𝑛𝑛 is in nT. This fit suggests a slower 
radial decreasing rate of 𝐴𝐴 B𝑛𝑛 than a dipole field ( 𝐴𝐴 𝐴𝐴−3 ). Figure 4c shows the 
radial distribution of 𝐴𝐴 B𝑚𝑚 at the current sheet center. This profile can be 
fitted by a power-law function as well,

𝐵𝐵𝑚𝑚 = 88𝑅𝑅−1.23.� (3)

The exponent of 𝐴𝐴 B𝑚𝑚 , −1.23, is about one-half of the exponent of 𝐴𝐴 B𝑛𝑛 , −2.58. 
This indicates the ratio between 𝐴𝐴 |B𝑛𝑛| and 𝐴𝐴 B𝑚𝑚 decreases with increasing radial 
distances. However, we note 𝐴𝐴 |B𝑛𝑛| is larger than 𝐴𝐴 B𝑚𝑚 at almost all radial dis-
tances (Figure 4e red curve). Figure 4d presents the radial distribution of the 
asymptotic lobe field, 𝐴𝐴 B𝑙𝑙 . This distribution satisfies the following formula,

𝐵𝐵𝑙𝑙 = 914𝑅𝑅−1.22.� (4)

This distribution suggests the current sheet becomes more stretched at 
larger radial distances, since 𝐴𝐴 B𝑙𝑙 decreases more slowly than 𝐴𝐴 B𝑛𝑛 with in-
creasing radial distances (Figure 4e blue curve). We note that Khurana 
and Kivelson (1989b) conducted a similar power-law fit on data obtained 
by Voyager 2 in 1979. However, they got slightly different exponents: −2.4 
for 𝐴𝐴 B𝑛𝑛 and −1.54 for 𝐴𝐴 B𝑙𝑙 . At this stage, we cannot distinguish whether tem-
poral or spatial variations cause the differences.

It would be helpful to compare the statistical distributions obtained here 
with magnetic field models in the literature. To this end, here we derive 
current sheet magnetic fields from the state-of-the-art internal model 
JRM09 (Connerney et al., 2018) plus the Connerney et al. (2020) current 
sheet model, both of which are developed from Juno/MAG measurements. 

Figure 5.  The crossing distributions of 𝐴𝐴 B𝑛𝑛 and 𝐴𝐴 B𝑚𝑚 . The left and right 
columns correspond to measurements within 20–60 𝐴𝐴 R𝐽𝐽 and 60–100 𝐴𝐴 R𝐽𝐽 , 
respectively, whereas the upper and lower rows correspond to 𝐴𝐴 B𝑛𝑛 and 𝐴𝐴 B𝑚𝑚 , 
respectively.

Figure 6.  Current density at the current sheet center. (a) The JSO (Jupiter-
Sun-Orbit) equatorial plane projections of the current density vectors. 
The length of the short lines is proportional to the magnitude of the 
current density. The scale is labeled at the left-bottom. (b and c) The radial 
distributions of total, azimuthal, and radial current density, respectively.
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On the one hand, with a factor of 0.5, the model 𝐴𝐴 B𝑙𝑙 (Figure 4d blue curve) 
matches the observations well in radial tendency. This good match sup-
ports the reliability of the Connerney current sheet model, since 𝐴𝐴 B𝑙𝑙 not only 
dominates magnetic fields, but also determines the geometry of the current 
sheet. On the other hand, we note the model 𝐴𝐴 B𝑛𝑛 (Figure  4b blue curve) 
significantly deviates from the observations outside 𝐴𝐴 𝐴𝐴 ∼ 30 𝐴𝐴 R𝐽𝐽 , although it 
approximately matches the observations inside 𝐴𝐴 𝐴𝐴 ∼ 30 𝐴𝐴 R𝐽𝐽 . This deviation 
results from the fact that the current system in Connerney et al. (2020) is 
restricted to radial distance 𝐴𝐴 ∼ 10–50 𝐴𝐴 R𝐽𝐽 . Consequently, at and beyond the 
outer edge of the current system, the magnitude of 𝐴𝐴 B𝑛𝑛 at the current sheet 
center would increase with increasing radial distances. Global current sys-
tem models are required to better model the outer current sheet.

Figure  5 presents the crossing distributions of normalized 𝐴𝐴 B𝑛𝑛 and 𝐴𝐴 B𝑚𝑚 , 
with the left and right column corresponding to crossings identified with-
in 𝐴𝐴 𝐴𝐴 ∼ 20–60 𝐴𝐴 R𝐽𝐽 and 𝐴𝐴 𝐴𝐴 ∼ 60–100 𝐴𝐴 R𝐽𝐽 , respectively. Here, the normalization 
is conducted by dividing 𝐴𝐴 B𝑛𝑛 and 𝐴𝐴 B𝑚𝑚 during a crossing by their values at 

𝐴𝐴 𝐴𝐴𝑙𝑙 = 0 . Generally, 𝐴𝐴 B𝑛𝑛 and 𝐴𝐴 B𝑚𝑚 increase toward the center current sheet. 
The degree of variability is higher at larger radial distances than that at 
smaller radial distances. For example, within 𝐴𝐴 𝐴𝐴 ∼ 20–60 𝐴𝐴 R𝐽𝐽 , 𝐴𝐴 B𝑛𝑛 does not 
change much across the current sheet, whereas within 𝐴𝐴 𝐴𝐴 ∼ 60–100 𝐴𝐴 R𝐽𝐽 , 

𝐴𝐴 B𝑛𝑛 in the lobes is only about 60% of that at the current sheet center. Also, 
the degree of variability is higher for 𝐴𝐴 B𝑚𝑚 than 𝐴𝐴 B𝑛𝑛 . For example, within 𝐴𝐴 𝐴𝐴 ∼ 
60–100 𝐴𝐴 R𝐽𝐽 , 𝐴𝐴 B𝑛𝑛 and 𝐴𝐴 B𝑚𝑚 in the lobes are about 40% and 60% of 𝐴𝐴 B𝑛𝑛 and 𝐴𝐴 B𝑚𝑚 at 
the current sheet center, respectively.

3.3.  Current Density

With the magnetic field and thickness observations, one can esti-
mate the current density in the current sheet. According to the Har-
ris model, the current density at the current sheet center is given by: 

𝐴𝐴 𝐴𝐴 = ( 1
𝜇𝜇0

𝑑𝑑𝑑𝑑𝑙𝑙
𝑑𝑑𝑑𝑑

)𝑧𝑧=𝑧𝑧0 =
𝐵𝐵0
𝜇𝜇0𝐻𝐻

 . In the real current sheet, the gradient of 𝐴𝐴 B𝑚𝑚 would 
also contribute to the current density. However, as shown in Figure  4, 

𝐴𝐴 B𝑙𝑙 is an order of magnitude larger than 𝐴𝐴 B𝑚𝑚 throughout the whole radial 
extent of interest. Therefore, the contributions from 𝐴𝐴 B𝑚𝑚 can be neglected 
to a first order approximation. In the following, the current density is 
calculated from 𝐴𝐴 B𝑙𝑙 .

Figure 6a shows the JSO equatorial plane projections of the current den-
sity vectors, with the length of the projections proportional to the mag-
nitude of the current density. In general, the current density is larger at 
smaller radial distances. This dependence is shown more clearly in Fig-
ure 6b that gives the radial distribution of the current density. Approxi-
mately, the current density varies inversely with the radial distance, as 
shown by the power-law fit with an exponent of −0.98. The radial de-
pendence and the order of magnitude of the current density obtained by 
Juno are consistent with the observations obtained by Galileo spacecraft 
two decades ago (Khurana, 2001).

Another feature of Figure 6a is the deviation of the current density vec-
tors from the azimuthal direction at large radial distances. As a result, the 
radial current density builds up at the expense of the azimuthal current 
density at large radial distances. Figures 6c and 6d illustrate this phenom-
enon quantitatively. The azimuthal component of the current density 
also decreases with increasing radial distances as a power law, as the total 

Figure 7.  Energetic electrons. (a) The energy-radial distance spectrograms 
of energetic electron flux. The color codes represent the medial values in 
each bin. (b and c) The flux of energetic electrons as a function of radial 
distances and energy, respectively.

Figure 8.  The crossing distributions of energetic electron flux. (a–d) 
Energetic electron flux at different radial distances and energies. (e and f) 
The reproduced energetic electron flux, with parameters determined from 
the statistics.
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current density does (Figure 6b). However, the exponent, −1.22 , suggests 
a faster decrease than the total current density. On the other hand, the 
radial component of the current density increases with increasing radial 
distances, showing the buildup of the radial current at large radial dis-
tances. We note that the radial increase of the radial current (not current 
density) should be more significant, since the section area 𝐴𝐴 2𝜋𝜋𝜋𝜋𝜋𝜋 increas-
es with increasing radial distances.

With the distributions shown here, we can estimate the total current in 
the current sheet. First, we calculate the total azimuthal current in the 
20–100 𝐴𝐴 R𝐽𝐽 current sheet. For simplicity, here we approximate the thick-
ness of the current sheet as 1 𝐴𝐴 R𝐽𝐽 throughout the whole current sheet. 
Therefore, we have �� = ∫ 10020 �� ∫ +�−� �� 2.77�−1.22

cosh2(�∕�)
∼3 MA. The total az-

imuthal current in the current sheet is on the order of Mega-Ampere. 
For the radial current, we have 𝐴𝐴 𝐴𝐴𝑟𝑟 = 2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑟𝑟 = 7.5 × 10−3𝑅𝑅1.49 MA. As an 
example, we note the radial current at 𝐴𝐴 𝐴𝐴 ∼ 50 𝐴𝐴 R𝐽𝐽 is 𝐴𝐴 ∼ 2.5 MA, also on the 
order of Mega-Ampere.

3.4.  Energetic Electrons

Figure 7 presents the radial distributions of energetic (20–757 keV) elec-
tron flux. Figure 7a shows electron flux as a function of radial distance 
and energy (Table S3 in Supporting Information S1). In general, electron 
flux increases with decreasing radial distances and energy. Figure 7b il-
lustrates the radial variations more clearly. Not only does electron flux 
decrease with increasing radial distances, but also the maximum/mini-
mum flux ratios decrease as energy increase. As shown, the ratio between 
flux at 𝐴𝐴 𝐴𝐴 ∼ 20 𝐴𝐴 R𝐽𝐽 and 𝐴𝐴 𝐴𝐴 ∼ 100 𝐴𝐴 R𝐽𝐽 is about 100 and 50 for energy below 
and above 100 keV, respectively. Figure 7c shows the energy spectra of 
electrons at different radial distances. As indicated by the over-plotted 
lines, these spectra can be well fitted by power laws. The exponents of 
these power laws are about 2, and slightly decrease with increasing radial 
distances.

Figure 8 illustrates how electron flux varies across the current sheet. Fig-
ures 8a–8d show the crossing distributions of electron normalized flux, 
with the left and right column representing flux within 𝐴𝐴 𝐴𝐴 ∼ 20–60 𝐴𝐴 R𝐽𝐽 and 

𝐴𝐴 𝐴𝐴 ∼ 60–100 𝐴𝐴 R𝐽𝐽 , respectively, and the upper and lower row correspond-
ing to 33 and 724 keV, respectively. The normalization performed here 
is the same as the one conducted in Figure 5. It is clear that all crossing 
distributions can be fitted by Gaussian functions, 𝐴𝐴 exp(−𝑧𝑧2𝐵𝐵∕𝜎𝜎

2) . The fit 
parameter 𝐴𝐴 𝐴𝐴 , which represents the width of the distribution, generally in-
creases with increasing radial distances and energy (Table S4 in Support-
ing Information S1). This indicates a relatively lower lobe electron flux 
at smaller radial distances and lower energy. The crossing distributions 
shown here, together with the radial and energy distributions shown in 
Figure 7, give a statistical model of energetic electron flux (see Text S1 
in Supporting Information S1 for detailed information). As an example, 
Figures 8e and 8f show electron flux reproduced from this model.

3.5.  Energetic Ions

Figure 9 shows the radial distributions of energetic proton flux, with 
the same format as Figure 7 (Table S5 in Supporting Information S1). 

Figure 9.  Energetic protons. (a) The energy-radial distance spectrograms 
of energetic proton flux. The color codes represent the medial values in 
each bin. (b and c) The flux of energetic protons as a function of radial 
distances and energy, respectively.

Figure 10.  The crossing distribution of energetic proton flux. (a–d) 
Energetic protons flux at different radial distances and energy. (e and f) 
The reproduced energetic proton flux, with parameters determined from 
the statistics.
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Similarities can be found between proton and electron distributions. 
First, in the most radial extent covered by Juno, proton flux decreases 
as the radial distances increase, the same as electron flux does. Second, 
at fixed radial distances, the energy spectra of protons can be fitted by 
power laws. The exponents of these power laws are about two and de-
crease slightly with increasing radial distances. Despite these similari-
ties, there are also significant differences. First, the radial dependence 
is weaker for protons than electrons, as the ratio between flux at 𝐴𝐴 𝐴𝐴 ∼ 20 

𝐴𝐴 R𝐽𝐽 and 𝐴𝐴 𝐴𝐴 ∼ 100 𝐴𝐴 R𝐽𝐽 is 𝐴𝐴 𝐴 10 for protons and 𝐴𝐴 𝐴 50 for electrons. Second, at 
the far-end of the radial distributions, proton flux increases rather than 
decreases with increasing radial distances. Actually, the same is also 
seen for electrons of the highest energy channel. Currently, we do not 
have any solid explanation for this. Third, at fixed radial distances and 
energy, the statistical errors are larger for proton flux than electron flux, 
as shown by the error bars in Figures 7c and 9c. Since these errors pri-
marily arise from temporal variations, these results indicate a stronger 
temporal variability for proton flux than electron flux.

Figure 10 gives the crossing distributions of proton flux, with the same 
format as Figure 8. As illustrated by Figures 10a–10d, proton flux can also 
be fitted by Gaussian functions (Table S5 in Supporting Information S1). 
The fit parameter of proton distributions is close to that of electron dis-

tributions. In a similar way to what we did for electrons, the statistical radial, energy, and crossing distribu-
tions shown here provide a model of energetic proton flux. Flux reproduced from this model is shown in 
Figures 10e and 10f.

Besides protons, we also conduct statistics on energetic heavy ions. From top to bottom, Figure 11 shows the 
statistical flux distributions of alpha particles, O + S, O, and S (Table S6 in Supporting Information S1). Heavy 
ion flux also decreases as the radial distances increases. However, it decreases faster than proton flux does. For 
example, the fluxes of O + S at 𝐴𝐴 𝐴𝐴 ∼  20 𝐴𝐴 R𝐽𝐽 is 𝐴𝐴 ∼ 100 times larger than that at 𝐴𝐴 𝐴𝐴 ∼ 100 𝐴𝐴 R𝐽𝐽 , whereas for protons, 
the corresponding ratio is 𝐴𝐴 𝐴 10. Another notable feature of Figure 11 is that, at the same energy and radial dis-
tances, the flux of oxygen and sulfur ions are comparable with that of 𝐴𝐴 H+ . This result agrees with observations 
obtained by other spacecraft missions. For example, from the Galileo data, Mauk et al. (2004) concluded that 
the flux of 50 keV–50 MeV heavy ions (O, S) is comparable to or even greater than that of protons. All these 
results indicate the effects of heavy ions on the dynamics of Jupiter’s current sheet are non-negligible.

It would be helpful to compare the results obtained here with that of Kim et al. (2020) (their Figure 7), who 
investigated the density and temperature of the plasma in the 10–50 𝐴𝐴 R𝐽𝐽 current sheet based on Juno/JADE-I 
data of 𝐴𝐴 𝐴 50 keV ions. In the radial extent overlapped by both studies (20–50 𝐴𝐴 R𝐽𝐽 ), the number density of core 
( 𝐴𝐴 𝐴 50 keV) 𝐴𝐴 H+ is ∼10−2 cm−3 , while the partial number density of energetic ( 𝐴𝐴 𝐴 50 keV) 𝐴𝐴 H+ , which is obtained 
by first conversing JEDI flux into phase space densities (PSDs) (Roederer & Zhang, 2016) and then integrat-
ing the PSDs over all JEDI energy channels, is ∼10−3 cm−3 . Therefore, the energetic 𝐴𝐴 H+ contribute 𝐴𝐴 ∼ 10% to 
the total 𝐴𝐴 H+ number density. On the other hand, the temperature of core 𝐴𝐴 H+ is 𝐴𝐴 ∼ 10 keV, corresponding to an 
energy density of 0.1 keV/ 𝐴𝐴 cm3 . Based on JEDI data, we find the energy density of energetic 𝐴𝐴 H+ is 𝐴𝐴 ∼ 0.3 keV/ 

𝐴𝐴 cm3 (The contribution from corotation, ∼10−3 keV/ 𝐴𝐴 cm3 , is negligible even at 𝐴𝐴 𝐴𝐴 ∼ 50 𝐴𝐴 R𝐽𝐽 and under the rigid 
corotation assumption). Thus, energetic 𝐴𝐴 H+ contribute more to the total plasma energy density than core 𝐴𝐴 H+ 
do. In addition, we note that Kim et al. (2020) found the number density of core O and S ions ( ∼10−2 cm−3 ) 
is of the same order of magnitude as 𝐴𝐴 H+ , as is the energetic ion case.

4.  Summary
In this paper, we conducted statistics on Jupiter’s current sheet, based on four-year Juno observations ob-
tained in the 20–100 𝐴𝐴 R𝐽𝐽 , post-midnight (0–6 local time) magnetosphere.

The main results of the statistics are summarized as follows:

Figure 11.  The flux of energetic heavy ions, with (a) to (d) corresponding 
to alpha, O + S, O, and S, respectively.
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1.	 �Within 𝐴𝐴 𝐴𝐴 ∼ 20–100 𝐴𝐴 R𝐽𝐽 , the statistical half-thickness of the current sheet is comparable with the gyro-ra-
dius of ions dominating the plasma pressure ( 𝐴𝐴 ∼ 10–100 keV heavy ions, e.g., O and S).

2.	 �As the radial distances increase from 𝐴𝐴 𝐴𝐴 ∼ 20 𝐴𝐴 R𝐽𝐽 to 100 𝐴𝐴 R𝐽𝐽 , the angles between lobe magnetic fields and 
the radial direction increase from 𝐴𝐴 0◦ to 45 𝐴𝐴 ◦ , indicating a sweepback configuration of the magnetic field 
lines in the current sheet.

3.	 �The radial distribution of 𝐴𝐴 B𝑛𝑛 , 𝐴𝐴 B𝑚𝑚 and 𝐴𝐴 B𝑙𝑙 can be well fitted by power laws, with corresponding exponents 
of −2.58, −1.23, and −1.22, respectively. These exponents indicate a more stretched configuration at 
larger radial distances, as 𝐴𝐴 B𝑙𝑙 / 𝐴𝐴 |B𝑛𝑛| increases with increasing radial distances.

4.	 �In general, 𝐴𝐴 B𝑛𝑛 and 𝐴𝐴 B𝑚𝑚 increase as the distances to the current sheet center decreases.
5.	 �As the radial distances increase, the radial current density increases, while the azimuthal current den-

sity decreases. Integrated over space, the total current in Jupiter’s current sheet is on the order of a few 
Mega-Amperes.

6.	 �The flux of energetic electrons and ions increases as energy, radial distances, and the distances to the 
current sheet center decrease.

7.	 �The energy spectra of energetic electrons and protons can be fitted by power laws. The corresponding 
exponents are 𝐴𝐴 ∼ 2 for both electrons and protons.

8.	 �At the same energy and radial distances, the flux of oxygen-group ions and sulfur-group ions is compa-
rable with the flux of protons.

These statistical results provide a basic description of Jupiter’s current sheet. They can be used in numerical 
simulations as initial inputs or background, and also for the design of future Jupiter missions.

Data Availability Statement
The statistical data set is included in Supporting Information S1, and is published on Zenodo (https://doi.
org/10.5281/zenodo.5553567).
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