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Abstract

The auroral acceleration region plays an important role in the magnetosphere-ionosphere coupling system. In this study,

signatures of an auroral U-shaped potential structure were found for the first time in the near-equatorial inner magnetosphere

by the Arase satellite at ˜6.0 RE geocentric distance and 11@ magnetic latitude. The observed magnetic and electric field

variations corresponded to the equatorward motion of the upward field-aligned current and converging perpendicular electric

field. Examining the three-dimensional velocity distribution function of H+ and O+ ions, we demonstrate that upflowing ion

beams were significantly deflected in an east-west direction with a perpendicular velocity up to ˜80 km/s, which is consistent

with the ExB drift velocity. A simple particle drift model with the inferred auroral perpendicular potential presents a new

kink-like drift path of ions from the magnetotail, implying that the auroral potential structure has a great impact on particle

dynamics in the near-earth plasma sheet.
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Key Points: (max 140 char.) 22 

• Signatures of an auroral U-shaped potential structure were found first in the near-23 
equatorial inner magnetosphere by the Arase satellite. 24 

• Upflowing ion beams, especially O+ ion beams, were significantly deflected from field 25 
lines by a converging perpendicular electric field. 26 

• The converging electric field and ion beam potentially affect the particle dynamics in the 27 
near-Earth plasma sheet.  28 
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Abstract 29 

The auroral acceleration region plays an important role in the magnetosphere-ionosphere 30 
coupling system. In this study, signatures of an auroral U-shaped potential structure were found 31 
for the first time in the near-equatorial inner magnetosphere by the Arase satellite at ~6.0 RE 32 
geocentric distance and 11˚ magnetic latitude. The observed magnetic and electric field 33 
variations corresponded to the equatorward motion of the upward field-aligned current and 34 
converging perpendicular electric field. Examining the three-dimensional velocity distribution 35 
function of H+ and O+ ions, we demonstrate that upflowing ion beams were significantly 36 
deflected in an east-west direction with a perpendicular velocity up to ~80 km/s, which is 37 
consistent with the ExB drift velocity. A simple particle drift model with the inferred auroral 38 
perpendicular potential presents a new kink-like drift path of ions from the magnetotail, 39 
implying that the auroral potential structure has a great impact on particle dynamics in the 40 
near-earth plasma sheet. 41 

 42 

Plain Language Summary 43 

The auroral arc involves multiple physical processes over a wide altitude range in the upper 44 
atmosphere. While the primary energy sources are at high altitudes, the accelerated electrons 45 
that are directly responsible for auroral emissions are mainly produced at lower altitudes. In the 46 
region where the electrons are accelerated downward, known as the auroral acceleration 47 
region, a peculiar electric field structure is formed. We clarified whether this electric field 48 
structure exists up to near the energy source region and how it affects the plasma dynamics by 49 
an in situ observation by the Arase satellite. We found for the first time that ions accelerated 50 
from below the satellite were supplied to the energy source region, and were deflected by the 51 
observed auroral electric field structure. Our model calculation shows that the electric field 52 
structure can significantly meander the motion of the entire near-Earth space plasma as it flows 53 
toward the Earth. Our result invites a new perspective that the structure of the electric field 54 
from low altitudes associated with the auroral arc has a significant impact on the dynamics of 55 
near-Earth space plasmas. 56 

 57 

1 Introduction 58 

 The quasi-electrostatic electric field parallel to the magnetic field is a fundamental 59 
element of the auroral processes of discrete auroral arcs and the magnetosphere-ionosphere 60 
current systems. Typical phenomena observed on auroral arcs, such as a converging 61 
perpendicular electric field (Mozer et al., 1977), inverted-V shape energy spectra of downgoing 62 
electrons (Frank & Ackerson, 1971), and upflowing ion beams (Shelley et al., 1976), have 63 
supported the view of a U-shaped potential structure (e.g., Gurnett, 1972; Karlsson et al., 64 
2020). Such a potential structure causes a decoupling of the plasma convection between above 65 
and below the region of the parallel electric field, known as the auroral acceleration region 66 
(e.g., Haerendel, 2007). Thus, the altitude at which the legs of the U-shaped potential surface 67 
extend is an important issue when considering the influence of the auroral potential structure 68 
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on the magnetospheric plasma dynamics. Janhunen et al. (1999) concluded that converging 69 
electric fields were rarely observed at geocentric distances above 4RE using the POLAR satellite. 70 
They suggested that an O-shaped potential explains the low occurrence of high-altitude 71 
converging electric fields. In contrast, a more comprehensive study by Janhunen et al. (2004) 72 
found that the converging electric field could occur even at high altitudes when the 73 
geomagnetic activity is high. Recently, using the Arase satellite, Imajo et al. (2021) found a new 74 
acceleration region extending to very high altitudes; a converging electric field, ion beam, and 75 
satellite potential rise corresponding to an electron density decrease, as well as inverted-V like 76 
monoenergetic electrons and empty loss cones at a geocentric distance of 5.9 RE around the 77 
plasma sheet boundary layer. These observations were made in the off-equatorial region; to 78 
date, it is not known whether the legs of the U-shaped potential structure extend throughout 79 
the entire field line to the equatorial magnetosphere. 80 

There have been some studies of in-situ observations in the near-equatorial inner 81 
magnetosphere with conjugate discrete auroras; however, but there is a lack of the 82 
observational knowledge that related magnetospheric source processes to the aurora potential 83 
structure. Motoba, Ohtani, Anderson, et al. (2015) investigated the magnetospheric source 84 
region of growth phase/onset arcs using the Van Allen Probe B (RBSP-B) at a geocentric 85 
distance of ~5.0 RE and magnetic latitude (MLAT) of ~10˚. With the RBSP-B, they observed an 86 
upward field-aligned current (FAC) located within the tailward part of a spatially localized 87 
plasma pressure peak, suggesting the role of local pressure gradients as a driver for the upward 88 
FAC in the arcs. Shiokawa et al. (2020) comprehensively analyzed the source region of auroral 89 
arcs during a substorm expansion phase using the Arase satellite at a geocentric distance of 90 
~5.8 RE and ~−17˚ MLAT. They found strong electric field fluctuations with large 91 
earthward/tailward Poynting fluxes and bidirectional electrons that can be considered as 92 
earthward plasma injections through the Fermi-type electron acceleration at energies above a 93 
few keV and upward field-aligned potential difference at energies below a few keV. However, 94 
evidence of a U-shaped potential structure extending to near the magnetic equator, such as a 95 
converging electric field accompanied by an inverted-V ion beam, has not been reported. If the 96 
auroral converging electric field can be mapped to the magnetic equator, substantial shear 97 
flows can exist and possibly play an important role in plasma transport processes. In addition, 98 
the fate of ion beams in the magnetosphere may be an important aspect of ion beams as seeds 99 
of background hot or energetic ions in the inner magnetosphere. Although statistical studies 100 
have shown that ion beams are common at high altitudes (> ~4 RE geocentric distance) (Alm et 101 
al., 2015; Kondo et al., 1990), there has been no detailed analysis of the three-dimension 102 
velocity distributions of different ion species. 103 

This paper aims to demonstrate how the structures and phenomena in the auroral flux 104 
tubes appear in the near-equatorial magnetosphere, based on comprehensive particle and field 105 
observations made by the Arase satellite. We use the observed electric field and ion beam 106 
energy, in addition to the model convection and corotation potential, to run a simple drift path 107 
model to evaluate the impact of the auroral potential structure on the plasma transport from 108 
the magnetotail into the inner magnetosphere during substorms. 109 
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Figure 1. Overview of ion beam events on May 20, 2017, observed by the Arase satellite. Energy 110 
spectrum of (a) H+ and (b) O+ differential energy fluxes with a pitch angle range of 150˚–180˚. 111 
Pitch angle distribution of (c) H+ and (d) O+ differential energy fluxes with an energy range of 112 
0.83–11 keV. (e) Residual magnetic fields subtracted by the IGRF model field and constant 113 
values in VDH coordinates. (f) Perpendicular electric fields and (g) ExB drift velocity calculated 114 
from the measured electric and magnetic fields. Blue and red lines indicate the eastward and 115 
outward components, respectively. (h) Perpendicular plasma pressure calculated from H+ and 116 
O+  ions with an energy range of 10–180 keV and electrons with an energy range of 7–88 keV. 117 
Blue, red, green, and black colors denote H+ pressure, O+ pressure, electron pressure, and their 118 
total, respectively. Vertical dashed lines are the time chosen for the snapshot of the velocity 119 
distribution in Figure 2. 120 
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2 Arase Observation of the near-equatorial inner magnetosphere 121 

 The Arase satellite has an elliptical orbit with a perigee of 400 km, an apogee of 32,000-122 
km altitude, and an inclination of 31˚ (Miyoshi, Hori, et al., 2018; Miyoshi, Shinohara, et al., 123 
2018). In this study, we analyzed the data from the instruments onboard Arase: the LEP-i for 124 
ions with an energy range of 0.6–25 keV (Asamura, Kazama, et al., 2018; Asamura, Miyoshi, et 125 
al., 2018), the MEP-i for ions with an energy range of 10–180 keV (Yokota et al., 2017, 2018), 126 
the MEP-e for electrons with an energy range of 7–88 keV (S. Kasahara, Yokota, Hori, et al., 127 
2018; S. Kasahara, Yokota, Mitani, et al., 2018), the MGF for the magnetic field (Matsuoka et al., 128 
2018a; 2018b), and the PWE/EFD for the electric field (Kasaba et al., 2017; Y. Kasahara et al., 129 
2018). 130 

On May 20, 2017, the Arase satellite at 6.0 RE geocentric distance, 11˚ MLAT, and 1.1 h 131 
magnetic local time observed two consecutive ion beam events. Figure 1 shows an overview of 132 
these events. Inverted-V shape spectra are seen in the energy spectrum of upgoing H+ and O+ 133 
during 13:32–13:38 UT and 13:40–13:47 UT labeled by beams 1 and 2, respectively (Figures 1a 134 
and 1b). These inverted-V spectra indicate that the auroral acceleration region was located 135 
below the satellite altitude. Figures 1c and 1d show the pitch angle distributions of the H+ and 136 
O+ differential energy fluxes for each 10˚ bin. The H+ beams were highly collimated along the 137 
field line within a 170˚–180˚ pitch angle, while the O+ beams were spread over a wider pitch 138 
angle than H+, consistent with early observations made at lower altitudes (Collin et al., 1981; 139 
Ghielmetti et al., 1986), which were interpreted in terms of species-dependent heating. Despite 140 
the relatively near-equatorial location, ion beams were unidirectional; that is, the satellite saw 141 
no ion beams coming from the southern hemisphere. To the best of our knowledge, no ion 142 
beam at very close to the magnetic equator (e.g., within ±5˚) has been reported. As discussed 143 
by Nosé et al. (2016) for energy-dispersed O+ outflow in the inner magnetosphere, the 144 
unidirectional feature of the ion beams implies that some processes around the equatorial 145 
plane break the collimated beam distributions of ions and merge them into the background 146 
plasma. 147 

Figure 1e shows the residual magnetic fields in VDH coordinates: H is antiparallel to the 148 
dipole axis, V is radially outward, and D is azimuthally eastward. The IGRF13 Earth's internal 149 
model field (Alken et al., 2021) and constant values for the baseline adjustment were 150 
subtracted from the measured field. The magnetic field showed a westward excursion in 151 
association with each ion-beam event. These magnetic variations corresponded to the 152 
satellite's outward (poleward) motion relative to the east-west-aligned upward current sheets 153 
typically accompanied by upflowing ion beams. Because the radial satellite motion in the rest 154 
frame was minimal (~0.4 km/s inward), the observed features were interpreted rather as the 155 
inward motion of two separated upward current sheets consecutively passing through the 156 
satellite. 157 

The PWE/EFD instrument measures the electric field only in the satellite spin plane; thus 158 
here the electric field parallel to the spin axis is complemented by the assumption of relatively 159 
small electric fields parallel to 𝑩, as 𝑬 ∙ 𝑩 ≈ 0, where 𝑬 and 𝑩 are the electric and magnetic 160 
field vectors, respectively. The angle between 𝑩 and the spin plane was ~75˚ during the event, 161 
which was sufficiently large to deduce the spin-axis component with this assumption. Then we 162 



manuscript submitted to Geophysical Research Letters 

 

subtracted the 𝑣 × 𝐵 field due to the satellite orbital motion and the corotation electric field. 163 
We used the satellite-centered field-aligned coordinate system (𝐞!", 𝐞!#, 𝐞∥): the radially 164 
outward vector 𝐞!" is defined by 𝐞%!" × 𝐞∥, where  𝐞∥ is parallel to the magnetic field and 165 
𝐞%!"  is the azimuthally eastward direction in solar magnetic (SM) coordinates (equal to D in 166 
VDH coordinates), and the eastward vector 𝐞!# completes the orthogonal right-hand system. 167 
Figure 1f shows the electric field data. For beam 1, the outward electric field (𝐸!") variation 168 
from 12 to –8 mV/m was much stronger than the east-west variation (𝐸!#) from −7 to 3 mV/m, 169 
indicating that the equipotential contours in the plane perpendicular to 𝑩 were mostly east-170 
west aligned. Beam 2 is also accompanied by at first a stronger outward electric field (6 mV/m) 171 
than the eastward electric field, but the eastward electric field became stronger than the 172 
former afterward. This change in the dominant field direction may be attributed to changes in 173 
the orientation of the auroral arc. The electric field was reversed from outward to inward near 174 
the center of the ion inverted-V structures (at times labeled by ii and v). This reversal is 175 
interpreted as a converging electric field that the satellite observed as it moved outward 176 
relative to the electric field structure. Figure 1g shows the flow velocity of the ExB drift derived 177 
from the observed magnetic and electric fields. Flow reversals occurred as expected from the 178 
electric field variation, and the eastward flow reached up to 80 km/s at the time labeled i and 179 
then reversed westward. 180 

A possible magnetospheric closure of the FACs was the diamagnetic current driven by 181 
the pressure gradient. Figure 1h shows the perpendicular plasma pressure calculated from H+ 182 
and O+  ions at 10–180 keV and electrons at 7–88 keV. Note that these plasma pressures did not 183 
include those of the ion beam component below 10 keV. There was a decreasing trend during 184 
the plotted interval, but its slope slightly changed during both ion beams. The plasma pressure 185 
was relatively constant before and in the initial part of the ion beams, while its slope became 186 
larger after the initial part of the ion beams, implying that small pressure bumps are embedded 187 
in the equatorward side of the U-shaped potential structure. Although the pressure bump near 188 
the upward FAC region in the inner magnetosphere has been reported in the previous studies 189 
(Imajo et al., 2018; Motoba et al., 2015), the present study shows for the first time that 190 
pressure bumps are embedded near the U-shaped potential structure as well as the upward 191 
FAC. 192 
  193 
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Figure 2. Three-dimensional distribution of ions in the satellite-centered field-aligned 194 
coordinate system. (a–f) Velocity distribution in the 𝐞!#-𝐞∥ plane of V!" = 0 (a, d) before,  (b, e) 195 
near, and (c, f) after the electric field reversals at the center of converting electric fields during 196 



manuscript submitted to Geophysical Research Letters 

 

the ion beam events. Top and bottom panels for each figure part indicate distributions of H+ 197 
and O+ ions, respectively. The time of each figure part corresponds to the vertical dashed lines 198 
labeled by i–vi in Figure 1. Vertical dashed lines show	V!# = ±50	km/s. The center and 199 
dispersion of the beam were estimated by fitting a shifted bi-Maxwellian function, and the 200 
fitted Maxwellian distribution and its peak location are drawn with black contour lines and blue 201 
dots, respectively. Values of center location (bulk velocity: 𝑉&) and standard deviations 202 
(Temperature:	𝑇) of the fitted shifted bi-Maxwellian distribution are written by white texts in 203 
each plot box. Time series of the gyro phase distribution of (g) H+ and (h) O+ ions with a pitch 204 
angle of 150˚–175˚. Vertical dashed lines show the times for snapshots as a reference. 205 

 206 
 Here, we examine whether the electric field affects the motion of plasmas. The 207 
observed velocity distribution functions were interpolated over regular grids in the velocity 208 
space in the satellite-centered field-aligned coordinate system using ISEE3D (Keika et al., 2017) 209 
to visualize velocity distributions and estimate the beam center location. Figures 2a–2f show 210 
the velocity distributions of H+ and O+ ions in the 𝐞!"-𝐞∥ plane of V!" = 0	 before, near, and 211 
after the electric field reversals. The center of each beam was estimated by fitting a shifted bi-212 
Maxwellian function to the interpolated velocity distribution. The perpendicular width of the 213 
beam was much smaller than that of the background ions, indicating that the beam is still 214 
colder (< 100 eV) than the background plasma sheet population. At the center of the U-shaped 215 
potential (Figures 2b and 2e), the ion beams were almost directed almost antiparallel to the 216 
magnetic field. For the first time, we find that the beam center is not always field-aligned; 217 
beams were deflected westward (Figures 2a and 2d) and eastward (Figures 2c and 2f), before 218 
and after the electric field reversals, respectively. The perpendicular velocity of the deflected 219 
beams was ~30–80 km/s, which is consistent with the estimated ExB drift velocity (Figure 1g). 220 
The deflection was more evident in the O+ beams than the H+ beams because the field-aligned 221 
velocity of the H+ beams was 3–4 times larger than that of the O+ beams while both species had 222 
a comparable perpendicular velocity. The difference in the parallel velocity was naturally 223 
expected from the field-aligned potential acceleration: it gives the same energy to ions with the 224 
same charge regardless of species, leading to slower parallel velocities for heavier ions, while 225 
the ExB drift gives the same perpendicular velocity. Figures 2g–2h show the time series of the 226 
gyrophase distribution of the ion beams. The westward (−𝐞!#) flux was dominant in the 227 
gyrophase before the electric field reversal, while the eastward (+𝐞!#) flux was dominant after 228 
the reversal. These features were somewhat more evident for O+ beams owing to the larger 229 
deflection angle. Such a non-gyrotropic distribution can result in a significantly broadened pitch 230 
angle distribution if derived by simply averaging fluxes in each pitch angle bin in the rest frame, 231 
not in the ExB drifting frame, causing a wider pitch angle distribution of O+ beams, as shown in 232 
Figure 1d. We simulated this effect using a simple model, as shown in Figure S1. The result 233 
indicates that the apparent broadening of the pitch angle distribution was not negligible if the 234 
ratio between perpendicular and parallel bulk velocities of a beam exceeded ~0.1. 235 
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 236 
Figure 3. Guiding-center particle trajectory of single charged ions with 90˚ pitch angle in the 237 
localized auroral converging electric field, as well as the corotational electric field and Kp-238 
dependent Volland-Stern convection electric field with Kp=4 at the event time. Magnetic 239 
moments were set to (a) 0, (b) 0.03, and (c) 0.32 keV/nT. Blue lines are drift paths, and red lines 240 
are the energy contour of particles in unit of keV. The background color shows the absolute 241 
value of modeled auroral potential drop given by a two-dimensional Gaussian function in the 242 
radial-azimuthal plane with the center at 7 Re midnight of –5 kV peak value and dispersions of 243 
0.1 Re and 15˚. 244 

3 Effects of the auroral converging electric field on particle trajectory 245 

  Using the Arase satellite observations, we demonstrated that the legs of U-shaped 246 
potential above the auroral acceleration region extended through the near-equatorial inner 247 
magnetosphere. Based on the proton beam energy, the potential difference between the edge 248 
and center of the auroral flux tube at the satellite altitude was estimated to be ~ –5 kV. Using a 249 
simple electric/magnetic field model, we examined the effect of this potential drop structure on 250 
the drift path of charged particles in the magnetic equatorial plane. Figure 3 shows the guiding-251 
center trajectory of singly charged ions with different magnetic moments in the corotational 252 
electric field and Kp-dependent Volland-Stern convection electric field (Maynard & Chen, 1975; 253 
Stern, 1975; Volland, 1973) with a localized auroral converging electric field. The potential of 254 
the converging electric field was given by a two-dimensional Gaussian function of 𝜌 (radial in 255 

XSM-YSM plane) and 𝜙 (azimuthal), as Φ'()(𝜌, 𝜙) = −5 exp C− (+,+#)$

#.%$
− (%,%#)$

#.&
$ D [kV] with the 256 

center at 7 RE around midnight (𝜌/ = 7 RE and 𝜙/ =180˚) and standard deviations of 𝜎+ =0.05 257 
RE and 𝜎% =15˚. We used 𝐾𝑝 =4, observed at the event time, for the Volland-Stern model. The 258 
magnetic moments were set to 0, 0.03, and 0.32 keV/nT, corresponding to energies of 0, 1, and 259 
10 keV, respectively, and at a radial distance of 10 RE in the Earth's dipole magnetic field. The 260 
maximum electric field for this potential drop was ~9.5 mV/m, which was similar to the 261 
observed value. The auroral converging electric field causes a kink-like drift path on the 262 
nightside in all cases; particles from the magnetotail drift eastward and then westward near the 263 
converging electric field region while convecting earthward. Energetic ions (10 keV, Figure 3c), 264 
they drift westward because of the magnetic gradient in the region beyond the U-shaped 265 
potential region and then eastward due to the inward electric field of the U-shaped potential 266 
region. Note that these kink-like drift paths may not be evident in the ionospheric plasma drift 267 
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due to the decoupling of the perpendicular electric field between above and below the 268 
acceleration region. 269 
 270 

 271 
 272 
Figure 4. Schematic illustration of the auroral potential structure extending through the near-273 
equatorial inner magnetosphere. The deflected ion beam corresponding to the converging 274 
electric field, the magnetic variations generated by the upward FAC, the plasma pressure bump 275 
considered as the source of the FAC were observed by the Arase satellite. The kink-like drift 276 
paths of the convecting plasma are indicated by purple streamlines. 277 

4 Conclusions 278 

Figure 4 is a schematic illustration of the auroral potential structure extending through 279 
the near-equatorial inner magnetosphere found by the Arase satellite observation. The Arase 280 
satellite at 6.0 RE geocentric distance and 11˚ MLAT simultaneously observed upflowing H+ and 281 
O+ ion beams with converging electric fields, and upward FACs. The ion beams were deflected 282 
by the converging electric field and were thus not always exactly field-aligned. The O+ ion 283 
beams have a larger deflection angles because their field-aligned velocity was slower than that 284 
of H+ ions with a comparable perpendicular drift velocity. The perpendicular drift velocity of up 285 
to ~80 km/s in the magnetosphere is consistent with the ExB drift velocity estimated from the 286 
measured magnetic and electric fields. The azimuthal excursion of the magnetic field indicates 287 
that the FAC passed through the flux tube traversed by Arase. The perpendicular plasma 288 
pressure had a small bump during both ion beam events, and the resultant pressure-gradient 289 
perpendicular current partly contributed to the closure of the FAC. This result indicates that the 290 
legs of the U-shaped potential extended through the near-equatorial inner magnetosphere, 291 
that is, the auroral energy source in the magnetosphere, while the perpendicular electric field 292 
may not be fully mapped into the ionosphere owing to the non-equipotential field line 293 
associated with the auroral acceleration region. Such an electric potential can "kink" the drift 294 
path for charged particles from the magnetotail. Our results suggest that the auroral U-shaped 295 
potential structure has a signeficant impact on particle dynamics near-Earth plasma sheet via 296 
east-west flow shear corresponding to the converging electric field as well as the energetic ion 297 
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supply by field-aligned acceleration. Further quantitative studies are required to evaluate the 298 
impact of the potential structure and ion beam above auroral arcs on magnetospheric 299 
dynamics, such as plasma transport from the magnetotail into the inner magnetosphere during 300 
substorms. 301 
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 318 
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