
1.  Introduction
The solar wind interacts with the terrestrial magnetic field forming a region called magnetosphere, which is mainly 
controlled by the solar wind dynamics through processes well described by Dungey  (1961). Magnetospheres 
formed in Jovian and Kronian systems are different from the terrestrial system on the inner processes, including 
the large corotating magnetic field and Io's (or Enceladus') geological activities (Bagenal,  2007; Connerney 
et al., 2020; Delamere, 2015; Krupp et al., 2015; Smith et al., 1974; Van Allen et al., 1974; Vasyliunas, 1983). 
In terrestrial system, the magnetic field is dragged and forms an elongated magnetotail with a current sheet (CS) 
around the equatorial plane inside the magnetotail (Artemyev & Zelenyi, 2013; Ness, 1965; Speiser & Ness, 1967). 
In Jovian system, a CS present in all local times which may be embedded in the magnetodisc is also formed, as a 
consequence of internal processes, for example, centrifugal force and internal plasma sources (Achilleos, 2018; 
A. V. Artemyev et al., 2014; Bagenal, 2007; Delamere, 2015; Van Allen et al., 1974). Although the formation 
mechanisms and characteristics of CS are different in different planetary systems, the energy release processes 
from these planetary CSs can cause many common perturbations in planetary spaces and atmospheres, such as 
aurora (Bonfond et al., 2021; Kronberg et al., 2009; Lui, 1996, 2009; Ni et al., 2016; Z. H. Yao et al., 2022), 
magnetic reconnection (Angelopoulos et al., 2013; Arridge et al., 2016; L. J. Chen et al., 2008; Guo et al., 2018; 
Øieroset et al., 2001) and plasma instabilities (Lui et al., 1991; Pu et al., 1997, 1999).

Abstract  The Jovian magnetosphere is highly dynamic, influenced by both solar wind and internal 
processes associated with the rapid planetary rotation and Io's volcanic activities. Accompanying the mass 
and energy circulations driven by the magnetospheric dynamics, the magnetic configuration also changes 
dramatically. One of the crucial parameters to characterize the magnetic configuration is magnetic field line 
curvature (FLC), which generally describes how stretched the field line is. The curvature is pivotal to influence 
particle behaviors, for example, pitch angle scattering which may lead to auroral particle precipitation. In 
this work, a method is proposed to investigate the real-time magnetic FLC in Jovian current sheet using the 
magnetic field data from the Juno spacecraft. The results indicate that the FLC scattering of ions and relativistic 
electrons are common in Jovian magnetosphere, providing a crucial insight to understand the particle behaviors.

Plain Language Summary  Both the Earth and the Jupiter have intrinsic magnetic field. When 
the planetary magnetic field interacts with the solar wind, a region called magnetosphere is formed. Particle 
behaviors in different planetary systems are different, due to the different magnetospheric dynamics. The 
curvature of magnetic field, describing the stretch level of a magnetic field line, is a basic parameter to 
describe a planetary space system, and it can significantly influence particle behaviors, for example, to scatter 
the magnetospheric particles to planetary atmosphere, causing auroral emissions. In this work, we proposed 
a method to calculate the magnetic field line curvature (FLC) near the equatorial plane inside the Jupiter's 
magnetosphere using Juno data set, for the first time to provide a global picture on the magnetic FLC. By 
comparing with the radius of particles' gyration motions, we suggest that ions and electrons can be strongly 
scattered by the magnetic FLC. We believe that the results in this study provide useful information on the 
different particle behaviors between the terrestrial system and the Jovian system.
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Accompanying the mass and energy circulations in Jovian system, which are thought to be a combination of 
Vasyliunas cycle (Vasyliunas,  1983) and Dungey cycle, the magnetic configuration also undergoes dynamical 
changes and modulations (e.g., Kronberg et al., 2009). Magnetic field line curvature (FLC) is a basic parameter to 
describe the magnetic configuration. For example, the FLC in the center of CS is crucial to indicate the thickness of 
neutral sheet (Shen et al., 2003) and estimate the growth rate of some plasma instabilities like ballooning instability 
(Pu et al., 1997, 1999). Moreover, FLC is a key physical parameter to assess the particle scattering effects. When 
the radius of FLC is on a similar scale to the particle's Larmor radius, the particle motion becomes nonadiabatic 
and pitch angle diffusion occurs (Basu & Rowlands, 1986; Birmingham, 1982, 1984; Büchner & Zelenyi, 1989; 
J. Chen, 1992; Chirikov, 1979, 1984; West et al., 1978), which is called FLC scattering (Yu et al., 2020; Zhu 
et al., 2021). Strong chaos occurs when the ratio of Larmor radius to the radius of FLC is larger than 0.2 but almost 
vanishes when the ratio is larger than 10,000, and quasi-adiabaticity with weak chaos arises when the ratio is larger 
than 1 (Büchner & Zelenyi, 1989). Hence, the scale ratio (the ratio of Larmor radius to the radius of FLC) larger 
than 0.2 shall be a key concern in understanding the particle behaviors in planetary magnetospheres as both strong 
chaos and weak chaos may cause FLC scattering, and sometimes can be a reason for the auroral particle precipi-
tation, especially the heavy energetic ions with large gyro-radii (Ni et al., 2016; Yu et al., 2020; Zhu et al., 2021).

FLC has been widely investigated in the terrestrial magnetosphere using multi-spacecraft data (Rogers et al., 2023; 
Saito et al., 2011; Shen et al., 2003; Y. C. Zhang et al., 2016) and in the inner and middle regions of Jupiter's 
magnetosphere using data from Voyager 1 and Juno (Mauk & Krimigis,  1987; Mauk et  al.,  2022; Paranicas 
et  al.,  1991) and the magnetospheric model (Birmingham,  1982,  1984). The observation-based investigation 
of FLC in the outer region of Jupiter's magnetosphere is rarely proposed so far. The main cause of pitch angle 
diffusion (into the loss cone) is thought to be waves against FLC scattering in the inner and middle regions of 
Jupiter's magnetosphere (Mauk et al., 2022), while the main cause of it in the outer regions remain uncertain. 
To comprehensively understand the magnetic structure and particle behaviors in Jupiter's magnetosphere, we 
proposed a method based on Minimum Variation Analysis (MVA) (Lepping & Behannon, 1980; Sonnerup & 
Scheible, 1998) and Harris model (Harris, 1962) to obtain FLC in Jupiter's CS using data from Juno Magnetic 
Field investigation (MAG) (Connerney, 2022). We also discussed the potential influence of FLC scattering on 
the magnetospheric particles.

2.  Methodology
The principal idea of this investigation is to reconstruct a two-dimensional magnetic distribution and obtain the 
FLC. The Juno data was first transformed into a CS coordinate using MVA (Sergeev et al., 2003; Sonnerup & 
Scheible, 1998) and then fitted into Harris model (Harris, 1962). By adding the normal magnetic component to 
the modeled magnetic field, we could obtain a two-dimensional magnetic field distribution. The change of the 
spacecraft's location in one crossing event is ignored because the velocity of spacecraft is much smaller than the 
corotation velocity of CS. The detailed steps of the methodology are described below.

1.	 �Use MVA to identify the tangential and normal direction.
�As we mainly care about the FLC at the CS center, the chosen time interval of every event represents a passing 
of the spacecraft through a structure near the CS center, which may be the thin current sheet (TCS) (A. V. 
Artemyev et al., 2014). We didn't choose the time for passing through the whole magnetodisc which can be 
identified through the magnetic field data, because the structure of magnetodisc is complex and the direction 
of tangential and normal components may change significantly. Besides, the time interval is chosen to satisfy 
the criteria shown in Section 3.

2.	 �Project the total magnetic field into the tangential and normal directions to get the tangential and normal 
components of magnetic field (called Bl and Bn, respectively).

3.	 �Fit Bl into Harris model.
�The magnetic field function of Harris CS (Harris, 1962) model can be described as

𝐵𝐵𝑓𝑓 = 𝐵𝐵0 tanh

(

𝑣𝑣𝑛𝑛(𝑡𝑡 − 𝑡𝑡0)

𝐿𝐿model

)

� (1)

�where 𝐴𝐴 𝐴𝐴model =
𝐿𝐿real

tanh-1(𝛼𝛼)
 , Lreal = vnthalf · Lmodel or Lreal is half of the thickness of the model (confined by α) or the 

real structure near the CS center, respectively, instead of the thickness of the whole magnetodisc. α is a param-
eter indicating which part of Harris model the structure near the CS center is in, as Harris model is infinite 
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in space. It can be adjusted to fit the data better. t0 is the time when the spacecraft is at the CS center, which 
is identified by the reversal of Bl. If t0 is in the center of the time duration, B0 is obtained as the average of Bl 
at the start and end times and thalf is half of the time duration. If the time duration from starting time to t0 is 
longer than the time duration from t0 to ending time, B0 is Bl at the start time and thalf is the time duration from 
starting  time to t0, or vice versa. vn, which is the relative velocity between spacecraft and the CS in normal 
direction, is obtained by projecting the corotation velocity into the normal direction. The corotation velocity 
is estimated by the velocity of rigid corotation at 20Rj, as the corotation velocity outside 40Rj suggests an 
asymptotic value around the velocity of rigid corotation at 20Rj (Frank et al., 2002; Kim et al., 2020).

4.	 �Use the result of Harris fit (Bf) and Bn to obtain the FLC.
�The FLC is given by

𝜅𝜅 =

𝜕𝜕
𝐵𝐵𝑓𝑓

𝐵𝐵𝑛𝑛

𝜕𝜕𝜕𝜕

(

1 +

(

𝐵𝐵𝑓𝑓

𝐵𝐵𝑛𝑛

)2
)

3

2

=

𝐵𝐵0

𝐵𝐵𝑛𝑛𝐿𝐿model

1

cosh2

(

𝑣𝑣𝑛𝑛(𝑡𝑡− 𝑡𝑡0)
𝐿𝐿model

)

(

1 +
𝐵𝐵2
0

𝐵𝐵2
𝑛𝑛

tanh
2
(

𝑣𝑣𝑛𝑛(𝑡𝑡− 𝑡𝑡0)
𝐿𝐿model

)

)

3

2

� (2)

�In this function, the change in Bn can be eliminated by using the constant value found at the center of CS. The 
FLC at the CS center which is thought to be the maximum is equal to

𝜅𝜅0 =
𝐵𝐵0

𝐵𝐵𝑛𝑛𝐿𝐿model

� (3)

�The radius of FLC is defined as

𝑅𝑅𝑐𝑐 =
1

𝜅𝜅
� (4)

5.	 �Use the ratio of the Larmor radius to the radius of FLC to show the scale ratio of a specific particle. The scale 
ratio is mainly used to investigate the FLC scattering under the assumption of single charge state.

The Larmor radius is given by

𝑅𝑅𝐿𝐿 =
𝑚𝑚𝑚𝑚

𝑒𝑒𝑒𝑒
=

√

2𝑚𝑚𝑚𝑚

𝑒𝑒𝑒𝑒
� (5)

The Larmor period is given by

𝑇𝑇𝐿𝐿 =
2𝜋𝜋𝜋𝜋

𝑒𝑒𝑒𝑒
� (6)

where m, e, v, and E are the mass, electric quantity, velocity and energy of a charged particle, respectively. It's nota-
ble that Equation 5 isn't applicable in all circumstances. If the energy of a particle is less than 𝐴𝐴

1

2
𝑚𝑚𝑚𝑚2 , which is called 

a nonrelativistic particle, Equation 5 is followed. m is the rest mass of the particle and c is the velocity of light in a 
vacuum. But if the particle's energy is larger than 𝐴𝐴

1

2
𝑚𝑚𝑚𝑚2 , like an 1 MeV electron, which is called a relativistic particle, 

Equation 5 requires correction. In the relativistic cases we used the velocity of light in a vacuum to estimate the veloc-
ity of particle, and the relativistic effect, which makes the particle's mass larger than the rest mass, is ignored, indicat-
ing that here we focus on estimating the lower boundary of the relativistic particle's Larmor radius and Larmor period.

3.  Database and Event Selection
In this study, the magnetic field data from the Juno MAG (Connerney, 2022) was examined, which has a temporal 
resolution of 1 s for the majority of the observing time (Connerney et al., 2017). The focus of the analysis was 
on the CS crossing events from November 2016 to July 2017, which occurred in the predawn sector of the outer 
magnetosphere, covering a wide range of radial distances from less than 50 Rj to larger than 100 Rj. Juno crossed 
the magnetodisc multiple times during this period, and 50 of the crossing events were well studied, employing the 
methodology described in Section 2. The criteria of event selection were as follows:

1.	 �When employing MVA, three eigenvalues will be computed representing the variations in three directions, 
denoted as λ1, λ2, and λ3, where the subscripts 1, 2, and 3 refer to maximum, intermediate, and minimum values, 
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respectively. The criteria for these eigenvalues were set as λ1 > 10λ2 and λ2 > 3λ3 (Lepping & Behannon, 1980; 
Sergeev et al., 2003).

2.	 �The ratio of the standard deviation of Harris fit to B0 was required to be less than 0.1.

4.  Results
In this work, the MVA determination and the Harris fit are performed in each well studied event, which provides 
the option to use either the original data or the Harris fit for a simple two-dimensional reconstruction of the CS, 
as shown in Section 4.1. When calculating the FLC, using original data alone, which only uses two or three data 
points to estimate the FLC at a given point, may introduce unlimited errors. But if the Harris fit is used, the cred-
ibility of the result is ensured by satisfying criterion (2). Based on the results of FLC which are obtained using 
Harris fit, the scale ratios (the ratio of the Larmor radius to the radius of FLC) were estimated. The statistical 
results of all identified events are presented in Section 4.2. The FLC at the center of CS, which is thought to be 
the maximum in each event, can be obtained using Bn, B0 and Lmodel only (according to Equation 3). The details 
of these three elements are shown in Section 4.3.

4.1.  Basic Structure and Properties

A typical CS crossing event, 1 December 2016 22:58:00 to 23:07:20, was chosen to make simple reconstructions 
to visualize the basic structure and properties of CS (as shown in Figure 1). Using the MVA determination, we 
can obtain the three components of magnetic field in a CS coordinate, as described in Section 2. Bl shows a 
reversal of the field line's direction in CS (Figure 1a), which is also described in the Harris model. Bl combined 
with Bn gives two-dimensional distribution of the magnetic field in CS (Figure 1b), which enable us to investigate 
the FLC. Simple reconstructions were made based on the two-dimensional data (Figure 1c). The reconstruction 
based on Bf (Harris fit) and Bn data is slightly different from others because of the exclusion of disruptions in 
Bl. However, the similarity between the black and red lines near the center of CS suggests the accuracy of the 
analysis. The reconstruction result from Bf with Bn data is used to visualize the results of FLC, Larmor radius and 
scale ratio (RL/Rc) (Figures 1d–1h) because of the confirmation of the credibility by criterion (2). At the two ends 
of the curve, the FLC is <0.0001 𝐴𝐴 𝐴𝐴−1

𝑗𝑗
 (Figure 1d), the Larmor radius of 10 keV oxygen ions is ∼0.3Rj (Figure 1e), 

and the lower boundary of the Larmor radius of relativistic electrons is ∼0.01Rj (Figure 1g). At the center of CS, 
the FLC is >10 𝐴𝐴 𝐴𝐴−1

𝑗𝑗
 (Figure 1d), the Larmor radius of 10 keV oxygen ions is ∼1.5Rj (Figure 1e), and the lower 

boundary of the Larmor radius of relativistic electrons is ∼0.05Rj (Figure 1g). The scale ratio of 10 keV oxygen 
ions (Figure 1f) and relativistic electrons (Figure 1h) are both >1 near the center, indicating that FLC will scatter 
both 10 keV oxygen ions and relativistic electrons.

4.2.  Statistical Results

To provide an imaginary picture visualizing the overall characteristics, reconstruction results using Bf with Bn 
data (like shown in Figure 1) of all identified events were compiled together, disregarding the changes in the 
tangential and normal directions, as shown in Figures 2a–2c. It is revealed that the FLC at the CS center varies 
significantly from event to event, even at the same radial distance (Figures 2a and 2d). Several events exhibit very 
small or very large FLC at the CS center, with no specific limitation on the radial distances. Besides, the sizes of 
error bars cloud the importance of overall trend given by the average and median values (Figures 2d–2f), pointing 
to the complex processes in the Jupiter's magnetosphere. As for the quantitative results, the radius of FLC at the 
center of CS ranges mainly between 0.001Rj and 0.2Rj (Figure 2d). The Larmor radius at the center of CS ranges 
mainly between 0.3Rj and 10Rj (Figure 2e). And the scale ratio at the center of CS ranges mainly between 6 and 
300 (Figure 2f), indicating that the FLC will commonly scatter 10 keV oxygen ions in the region near the center 
of CS.

4.3.  Bn, B0, and Lmodel

The FLC at the center of CS, which is thought to be the maximum of FLC in every event that we mainly cared 
about, can be obtained using Equation 3, which takes into account three elements: Bn, B0, and Lmodel. The statisti-
cal results (Figures 3a–3c) and the correlations with FLC (Figures 3d–3f) of these three elements were obtained 
to investigate the factors influencing the FLC. Although the large standard deviations emerge in the statistical 
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results (Figures 3a–3c), B0 exhibits a significant decrease as the radial distance increases (Figure 3b). The corre-
sponding trend of B0 is similar to the results of TCS (A. V. Artemyev et al., 2014), showing that the chosen time 
intervals may be the crossings of TCSs. As for the correlation with FLC, both Bn (Figure 3d) and Lmodel (Figure 3f) 
are found to be significantly correlated with FLC. Lmodel exhibits the strongest correlation. In contrast, B0 shows 
little correlation with FLC (Figure 3e). Lmodel may represent the thickness of the structure near the center of CS, as 
discussed in Section 2. Hence, the significant correlation between Lmodel and FLC suggests the strong dependence 
of FLC on the thickness of the structure near the CS center.

5.  Discussion
We have investigated the FLC and the scale ratio (the ratio of the Larmor radius to the radius of FLC) of every 
identified event. The FLC can influence the particle's motion by FLC scattering when the scale ratio is larger 

Figure 1.  Simple magnetic field reconstructions of an event, 1 December 2016 22:58:00 to 23:07:20, showing the basic structure and properties of current sheet (CS). 
(a) The basic structure of Harris model using the 60 s average Bl data. (b) The basic structure of a two-dimensional CS using the 60 s average Bl and Bn data. (c) The 
field lines simply reconstructed from the original data, 10 s average data, 30 s average data, 60 s average data and Bf with Bn data, respectively. The step size of n is 
∆n = vn∆t, and the step size of l is ∆l = ∆n∙Bl/Bn. ∆t is the time resolution. (d) The field line curvature at every data point of the field line. (e, f) The Larmor radius and 
scale ratio of 10 keV oxygen ion, respectively. (g, h) The lower boundary of the Larmor radius and scale ratio of relativistic electron, respectively.
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than 0.2 (Büchner & Zelenyi, 1989). In the statistical results we obtained the scale ratio of 10 keV oxygen ions 
at CS center in every event, showing that FLC will commonly scatter 10 keV oxygen ions (Figures 2c and 2f). 
The Larmor radius and scale ratio of other particles can be obtained using Equation 5 and the statistical results 
of 10 keV oxygen ions. The scale ratio of 10 keV oxygen ions at the center of CS ranges mainly between 6 and 
300, as shown in Figure 2f. Since the Larmor radius of 10 keV oxygen ions is 100 times larger than the Larmor 
radius of 1 eV oxygen ions, we can infer that the scale ratio of 1 eV oxygen ions at the center of CS ranges 
mainly between 0.06 and 3. Furthermore, for two different charged particles (with the same electric quantity), if 
m1E1 = m2E2, their Larmor radii and scale ratios will be the same at the same location (the same magnetic field). 
Based on this, the scale ratio of 16 eV protons and 0.5 eV sulfur ions at the center of CS can be obtained to be 
mainly between 0.06 and 3, and the scale ratio of 160 keV protons and 5 keV sulfur ions at the center of CS can 
be obtained to be mainly between 6 and 300. The lower boundary of the scale ratio of relativistic electrons at 
the center of CS can be obtained to be mainly between 0.18 and 9 by following the same reasoning. Addition-
ally, according to Equation 5, the Larmor radius has positive correlation with particle's energy, which suggests 
the positive correlation between the scale ratio and particle's energy, as FLC remains unchanged with particle's 
energy. Under this conclusion we can deduce that FLC will commonly scatter oxygen ions from 1 eV to 10 keV, 
protons from 16 eV to 160 keV, sulfur ions from 0.5 eV to 5 keV, and relativistic electrons.

The wide existence of the phenomena of FLC scattering has been shown. But if a particle passes through the 
region where FLC scatters the particle in a time duration much shorter than the Larmor period, FLC scattering 
may have little influence on the particle's motion. Therefore, here the time durations of particles spend in this 
region are examined. The thickness of this region for 10 keV oxygen ions is approximately 1Rj (Figures 1f and 2b) 
and for relativistic electrons it's about 0.3Rj (Figure 1h). Near the center of CS, the magnetic field is estimated to 
be 1 nT. The Larmor period of oxygen ions is around 1 × 10 3 s (according to Equation 6) and the time duration 

Figure 2.  Reconstruction results and statistical results of all identified events. (a–c) The magnetic field line curvature (FLC), the Larmor radius of 10 keV oxygen ion 
and scale ratio of 10 keV oxygen ion at every data point of the field line, respectively. To avoid some extreme cases, Bn at the center of current sheet (CS) is used to be 
the constant Bn in every event instead of the original data. (d–f) The statistical analysis of the FLC, the Larmor radius results of 10 keV oxygen ion and the scale ratio 
results of 10 keV oxygen ion at the CS center of every event, respectively. The x axis is the radial distance, where Rj is estimated to be 7 × 10 4 km. Diamonds represent 
each bin's average (one bin every 10Rj). Horizontal bars represent each bin's median. Vertical error bars are each bin's standard deviations.

 19448007, 2024, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
106971 by U

niversity C
ollege L

ondon U
C

L
 L

ibrary Services, W
iley O

nline L
ibrary on [03/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

GU ET AL.

10.1029/2023GL106971

7 of 10

for 10 keV oxygen ions to pass through 1Rj is longer than 2 × 10 2 s, which is not much shorter than the Larmor 
period, suggesting that FLC scattering has a noticeable influence on the motions of 10 keV oxygen ions. For 
relativistic electrons, the lower boundary of Larmor period is about 0.036 s and the time duration to pass through 
0.3Rj is longer than 0.07 s, which is longer than the lower boundary of the Larmor period, indicating the FLC 
scattering has significant impact on the motions of relativistic electrons. As for the more energetic ions, such as 
1 MeV oxygen ions, the time it takes for them to pass through this region is too short, and the large Larmor radii 
make the motions more complex. Wave-particle interaction may be the main cause of their diffusion instead of 
FLC scattering (Mauk et al., 2022).

FLC scattering plays an important role in auroral particle precipitation in the terrestrial magnetosphere (Ni 
et  al.,  2016; Yu et  al.,  2020; Zhu et  al.,  2021). This study reveals that FLC scattering widely influences the 
motions of ions and relativistic electrons in the predawn sector of Jupiter's CS, which suggests that it may be 
one of the primary sources of auroral ion precipitation. This is different from which in the inner and middle 
region of Jupiter's magnetosphere (Mauk et al., 2022), showing the differences between different regions. Jupi-
ter's X-ray aurora can be generated by precipitating ions through acceleration near the auroral region (Cravens 
et al., 2003; Dunn et al., 2017; Metzger et al., 1983) and precipitating relativistic electrons through bremsstrahl-
ung (Branduardi-Raymont et al., 2008). This is a potential mechanism to generate Jupiter's X-ray aurora in addi-
tion to electromagnetic waves (Z. Yao et  al.,  2021). The precipitation of relativistic electrons may also give 
rise to diffuse-like ultraviolet (UV) auroral activities, potentially in regions like the dayside “activity region” 
(Grodent, 2015; B. Zhang et al., 2021). But it should be noted that the main cause of UV auroras must be the 
discrete auroral process (Mauk et al., 2017). Besides, Jupiter's X-ray aurora is thought to have relation with cusp 
region (Bunce et al., 2004; Dunn et al., 2017). Therefore, ions from closed field lines generating X-ray aurora may 
be the evidence of the closed polar field lines found in numerical simulations (B. Zhang et al., 2021). Addition-
ally, the CS may become thinner under the condition of solar wind compressions (Xu et al., 2023). Thinner CS 

Figure 3.  Statistical results and correlations with magnetic field line curvature (FLC) of the three elements used to obtain the FLC at the center of current sheet. (a–c) 
The statistical results of Bn, B0, and Lmodel, respectively. The x axis is the radial distance. Diamonds represent each bin's average (one bin every 10Rj). Horizontal bars 
represent each bin's median. Vertical error bars are each bin's standard deviations. (d–f) The correlations between Bn, B0, Lmodel, and FLC, respectively. Red line in each 
panel is the linear least squares fit and r in each panel is the linear correlation coefficient.
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may result in smaller Lmodel. Due to the strong correlation between Lmodel and FLC (as shown in Section 4.3), the 
solar wind compression may cause larger FLC and subsequently more particles precipitating into auroral region. 
This is a potential process to generate the enhanced X-ray aurora (Dunn et al., 2016).

6.  Summary
Magnetic FLC is a fundamental parameter to describe the morphology of magnetic field and can influence 
particle properties as the FLC scattering will occur if the scale ratio (the ratio of the Larmor radius to the radius 
of FLC) is larger than 0.2 (Büchner & Zelenyi, 1989). This work proposed a method to investigate the FLC in 
current sheet (CS) using the magnetic field data from Juno MAG (Connerney, 2022), in the predawn sector of 
Jupiter's outer magnetosphere. Under the criterion (1, 2), 50 crossing events were selected and examined. The 
FLC was investigated, and the characteristics of the particles' motions were studied. We believe the main results 
can help to construct a comprehensive view to the structures and particles' motions in the Jupiter's CS (e.g., A. 
V. Artemyev et al., 2023).

At the center of CS, the radius of FLC ranges mainly between 0.001Rj and 0.2Rj, the Larmor radius of 10 keV 
oxygen ion ranges mainly between 0.3Rj and 10Rj, the scale ratio of 10 keV oxygen ion ranges mainly between 6 
and 300. The FLC exhibits strong dependence on Bn and Lmodel but little on B0. Based on these results, the Larmor 
radius and scale ratio of other particles can be obtained according to Equation 5. The FLC scattering is found 
to widely influences the motions of various particles including oxygen ions from 1 eV to 10 keV, protons from 
16 eV to 160 keV, sulfur ions from 0.5 eV to 5 keV, and relativistic electrons. The investigated time duration for 
particles to pass through the region affected by FLC scattering supports the wide prevalence.

The wide existence of the phenomena of FLC scattering suggests that it’s a potential mechanism for the gener-
ation of the diffuse-like Jupiter's auroras in addition to electromagnetic waves (for X-ray aurora, e.g., Z. Yao 
et al., 2021) and Alfvenic waves (for UV aurora, e.g., Pan et al., 2020). The X-ray aurora generated by ions from 
closed field lines could serve as the evidence for the existence of the closed polar field lines (Dunn et al., 2017; 
B. Zhang et al., 2021). A potential correlation between solar wind compression and FLC increasing may lead to 
the enhanced X-ray aurora (Dunn et al., 2016). In future we would further study the FLC-related magnetospheric 
dynamics, such as plasma instabilities (e.g., ballooning instabilities) (Pu et al., 1997, 1999), and compare with 
auroral observations (e.g., Grodent et al., 2018) to understand the Jovian system disruptions.

Data Availability Statement
All Juno data presented here are publicly available from NASA's Planetary Data System as part of the 
JNO-J-3-FGM-CAL-V1.0 (https://pds-ppi.igpp.ucla.edu/search/view/?f=yes&id=pds://PPI/JNO-J-3-FGM-
CAL-V1.0) dataset for the MAG instrument (Connerney, 2022).
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