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Abstract Using Exploration of energization and Radiation in Geospace (ERG or Arase) spacecraft
data, we studied low-frequency magnetic field and energetic particle flux oscillations and high-frequency
waves deep in the inner magnetosphere at a radial distance of ~4-5 R, during substorm dipolarization.
The magnetic field oscillated alternately between dipole-like and taillike configuration at a period of ~1 min
during dipolarization. When the magnetic field was dipole-like, the parallel magnetic component of the
Pi2 waves was at trough. Both energetic ion and electron fluxes with a few to tens of kiloelectronvolts
enhanced out of phase, indicating that magnetosonic waves were in slow mode. Field-aligned currents
also oscillated. These observations are consistent with signatures of ballooning instability. In addition,
we found that broadband waves from the Pil range to above the electron cyclotron frequency tended to
appear intermittently in the central plasma sheet near dipole-like configuration.

Plain Language Summary Dipolarization is an important magnetospheric process for
substorm onset and development, but its mechanism has not been well understood yet. Using spacecraft
data, we studied low-frequency magnetic field and energetic particle flux oscillations and high-frequency
waves deep in the inner magnetosphere during substorm dipolarization. The present results will shed light
on instabilities causing substorm dipolarization.

1. Introduction

The substorm-triggering mechanism is a major issue in magnetospheric research. During substorms vari-
ous phenomena occur in the magnetosphere, in the ionosphere, and on the ground. Among them, magnetic
reconnection and current disruption/dipolarization in the near-Earth magnetotail are important for sub-
storm triggering (e.g., Baker et al., 1996; Lui, 1996), but their mechanisms, as well as their causal relation-
ship, are not fully understood yet.
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A main candidate for causing current disruption/dipolarization is ballooning instability (e.g., Bhattacharjee
et al., 1998; Chang & Cheng, 2015; Chen et al., 2003; Cheng & Lui, 1998; Erickson et al., 2000; Kalmoni
et al., 2015; Nishimura et al., 2016; Park et al., 2010; Pu et al., 1997, 1999; Roux et al., 1991; Saito et al., 2008;
Samson et al., 1996; Voronkov et al., 1997; Xing et al., 2013). It is related to low-frequency waves at 1-2 min
or Pi2 period range. Previous studies showed that the magnetic field and particle fluxes oscillated at
~1-2 min period at geosynchronous orbit (Holter et al., 1995; Roux et al., 1991; Saka et al., 1999) and at larg-
er distances of R ~ 8and 11 R, (Keiling et al., 2008a, 2008b) at and during dipolarization. These oscillations
are correlated with ground Pi2 pulsations at high and low latitudes, modulation of auroral brightening, and
wave-like (bead-like) structure of the auroral onset arc (e.g., Keiling et al., 2008a, 2008b; Saka et al., 1999).
Rouxet al. (1991) and Keiling et al. (2008b) proposed that the oscillations are related to ballooning instability.

In the present study, we studied three dipolarization events that were observed by the Exploration of en-
ergization and Radiation in Geospace (ERG or Arase) spacecraft (Miyoshi et al., 2018c) deep in the inner
magnetosphere at radial distances of R ~ 4-5 R;. Here we analyzed not only magnetic field and particle
oscillations at the Pi2 frequency range but also higher-frequency waves from the Pil range to above the
electron cyclotron frequency. We found that signatures of ballooning instability were observed deep in the
inner magnetosphere, accompanied by intermittent high-frequency waves.

2. Observations

We selected three dipolarization events, where the ERG footprint was in the field of view of an all-sky cam-
era at Syowa (SYO) station in Antarctica (—-66.60° geomagnetic latitude and 72.24° geomagnetic longitude).
Of the selected events, we show the June 30, 2017 event in detail, while we show the June 17 and September
2, 2017 events briefly.

2.1. The June 30, 2017 Event

Figure 1 shows selected auroral images obtained by a white-light all-sky imager at Syowa for the June 30,
2017 event (see also Movie S1 for the full sequence). The auroral onset arc associated with the substorm,
seen in the poleward part of the field of view, developed in four steps (cf. Mende et al., 2009; Miyashita &
Ieda, 2018). Preonset auroral fading began in the eastern part of the auroral arc at 21:42:47 UT. At 21:44:04
UT initial brightening began at the same place as fading. The arc's wave-like structure grew gradually and
then enhanced further in the middle of the arc at 21:59:21 UT. A few examples of bright spots constituting
the wave-like structure are indicated by the small arrows in the 22:05:08 UT image. The luminosity oscilla-
tion at ~1-2 min period can also be seen in Figure S1. Finally, poleward expansion began in the middle of
the arc at 22:10:31 UT. In this event, the aurora suddenly expanded equatorward from the poleward edge
of the field of view at 22:16:43 UT, similarly to north-south aurora reported by Nakamura et al. (1993).
This aurora spread extensively and reached ERG's footprint at 22:18:09 UT (see below for the timing). Here
the times of initial brightening, enhancement of the wave-like structure, poleward expansion, and sudden
equatorward expansion were determined by the method of Miyashita and Ieda (2018) that combines visual
inspection of auroral images and a segmented (piecewise) linear fitting with one breakpoint for the count
data (see Figure S1 for the fitting results). The interval of ~26 min from initial brightening to the beginning
of poleward expansion for the present event was extremely longer than a typical interval of 30 s to 4 min
(Lyons et al., 2002; Morioka et al., 2010). Since the luminosity of the onset arc tended to increase without
suppression (see Figure S1), we conclude that the onset arc and its wave-like structure developed slowly for
some reason.

We checked ground magnetic field data from Syowa (Yamamoto et al., 2008), as shown in Figure S2. The
geomagnetic signatures of initial auroral brightening and enhancement of the wave-like structure were
missed, probably because Syowa was located equatorward of the auroral onset arc. Small-amplitude Pi2
and Pil pulsations as well as the deflection of the D component due to field-aligned current began just after
auroral poleward expansion. Just after auroral equatorward expansion, a large positive bay began, possibly
due to enhanced field-aligned current, and Pi2 and Pil pulsations were amplified.

Figure 2 shows an overview of the June 30, 2017 dipolarization event observed by ERG deep in the in-
ner magnetosphere at a radial distance of ~5.5 Ry (Miyoshi et al., 2018b). The top three panels show the
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Figure 1. Auroral snapshots of the onset arc development for the June 30, 2017 event. The images were obtained by a white-light all-sky imager at Syowa.
South (pole) is to the upper left, and west is to the upper right. The maximum count values of the black-white scale are set to 150 for the first three images and
255 for the later images. The green dot indicates Exploration of energization and Radiation in Geospace's (ERG) footprint calculated using the T96 magnetic
field model (Tsyganenko, 1995). The large white arrows indicate approximate locations of the beginnings of the auroral steps. Average count variations for areas
of 0.5° longitudinal width in the magenta box in the 21:42:47 UT image are shown in Figure S1. See Movie S1 for the full sequence.

magnetic field in VDH coordinates at 8 s resolution from the magnetic field experiment (MGF; Matsuoka
et al., 2018b, 2018c), where the residuals after subtracting the thirteenth-generation International Geomag-
netic Reference Field (IGRF; Alken et al., 2021) are shown. In the cylindrical VDH coordinate system, H
is defined as being antiparallel to the dipole axis, V is radially outward and parallel to the magnetic equa-
tor, and D completes the right-hand orthogonal system (positive eastward). In this event, B, was negative
(earthward) throughout the interval. Dipolarization (persistent increase in the residual northward B, and
decrease in the residual radial IB,[) began along with ~1 min period oscillations at ~22:18 UT, when the
equatorward-expanding aurora reached ERG's footprint, consistent with Liou et al. (2002). Since ERG's
footprint was located equatorward of the auroral onset arc (Figure 1), ERG observed inward expansion of
the dipolarization region. Dipolarization ended at ~22:25 UT. ERG also observed oscillation of the residual
B, during dipolarization, probably due to field-aligned current oscillation.

The high-frequency electric field power spectrogram (Figure 2, the fourth panel) from the high-frequency
analyzer (HFA; Kasahara et al., 2018e, 2021; Kumamoto et al., 2018) of the plasma wave experiment (PWE;
Kasahara et al., 2018c) shows that until 21:47 UT the upper hybrid resonance frequency was ~60 kHz, which
corresponds to the electron number density of ~40 cm™, and then the upper hybrid resonance frequency
(the electron number density) decreased between 21:47 and 21:49 UT (see also Figure S3). This decrease
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Figure 2. Exploration of energization and Radiation in Geospace (ERG) magnetic field, wave, and particle data from 21:20 to 22:50 UT on June 30, 2017.
From top to bottom shown are the residual earthward (B, [), eastward (B,), and northward (B,,) magnetic field after subtracting the International Geomagnetic
Reference Field (IGRF), electric field power spectrogram at high frequencies with the electron cyclotron frequency shown by the magenta line, wavelet
scalogram for the parallel component of the wave magnetic field at low frequencies, proton and electron omnidirectional spectrograms for medium and low
energies, the ion (proton) pressure, and the ion £. The dashed vertical line indicates the beginning of preonset auroral fading (F). The solid vertical lines

from the left indicate the beginnings of initial auroral brightening (IB), enhancement of the wave-like structure (EW), poleward expansion (PE), and sudden
equatorward expansion (EE). The spacecraft position is shown at the bottom in solar magnetospheric (SM) coordinates.

indicates that ERG exited from the plasmasphere after initial brightening. Auroral kilometric radiation at
~100-200 kHz was seen after auroral poleward expansion. High-frequency waves at ~10 kHz around and
above the electron cyclotron frequency (the magenta line) were also seen after ERG exited the plasmas-
phere, but they were more intense and broadband during dipolarization. Note that the intense broadband
noises between 21:51 and 21:58 UT were artificial signals caused by PWE calibration. The wavelet scalo-
gram for the wave magnetic field parallel to the ambient magnetic field (200 s running average) at low
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frequencies from MGF (Figure 2, the fifth panel) shows that weak Pi2 pulsations in a lower frequency range
of ~0.006-0.01 Hz appeared around initial auroral brightening and subsequent enhancement of wave-like
auroral structure, and then intense Pi2 pulsations appeared after auroral poleward expansion. During dipo-
larization intense Pi2 pulsation in a high-frequency range of >~0.01 Hz and Pil (Pi1B) pulsations appeared.

Figure 2 (the sixth and seventh panels) shows proton and electron omnidirectional spectrograms for me-
dium and low energies from the medium-energy particle experiments ion mass analyzer (MEP-i; Yoko-
ta et al., 2017, 2018), the low-energy particle experiments ion mass analyzer (LEP-i; Asamura, Kazama,
et al., 2018; Asamura, Miyoshi, & Shinohara, 2018), the medium-energy particle experiments electron ana-
lyzer (MEP-e; Kasahara et al., 2018a, 2018b), and the low-energy particle experiments electron analyzer
(LEP-e; Kazama et al., 2017; Wang et al., 2018). After plasmapause crossing at ~21:50 UT, ERG was in the
plasma sheet. High-energy (>~10 keV) proton and electron fluxes decreased between ~22:10 UT and 22:19
UT, together with increase in the residual IB, |, which was probably due to plasma sheet thinning. After a
few transient high-energy proton and electron flux enhancements at ~22:19 to 22:24 UT, higher-energy
proton and electron fluxes persistently enhanced. Accordingly, the ion (proton) pressure (the second panel
from the bottom), derived by combining LEP-i and MEP-i data, also enhanced during dipolarization. These
enhancements were probably caused by plasma sheet thickening and particle acceleration associated with
dipolarization (Miyashita et al., 2010; Ohtani et al., 2002). The ion S (the bottom panel) was low, ~0.02-0.06,
during this event.

Figure 3 shows the auroral count at ERG's footprint (+0.5° in magnetic latitude and +2° in magnetic lon-
gitude) obtained from Syowa, the magnetic field, ion moments, and proton and electron spectrograms for
medium and low energies at 0°, 90°, and 180° (+30°) pitch angles obtained by ERG during dipolarization.
We can confirm that dipolarization and associated oscillation began at the same time as a large increase
in the auroral count at ~22:18 UT due to the equatorward-expanding aurora. The magnetic field oscillated
alternately between dipole-like and taillike configuration at ~1 min period during dipolarization. At most
troughs of the parallel component of the wave magnetic field in the Pi2 frequency range (the sixth panel, the
solid vertical lines), except for the first trough (the dashed vertical line), the residual northward B, increased
and the residual earthward |B, | decreased, that is, the magnetic field was dipole-like. On the other hand,
at most peaks of the parallel component of the Pi2 wave, the magnetic field was taillike. Some peaks and
troughs of B, and |B, |did not necessarily occur exactly at the same time as those of the Pi2 waves, possibly
because the observed waves were not necessarily purely in a single mode, due to mixture of some waves in
another mode or fluctuations. At the first trough of the Pi2 wave, both northward and earthward compo-
nents of the magnetic field decreased, possibly due to the explosive growth phase or rapid increase in the
cross-tail current in the flux tube just outward of the ERG position (cf. Ohtani et al., 1992b).

The eastward magnetic field B, (Figure 3, the fourth panel) oscillated during dipolarization. Comparing
the Pi2 troughs and peaks, in most cases, B, oscillations and Pi2 waves were in phase in the outer plasma
sheet before ~22:20 UT, and after ERG entered the inner plasma sheet, they were out of phase. That is, in
dipole-like configuration (the vertical lines), B, deviated westward in the outer plasma sheet, while it devi-
ated eastward in the inner plasma sheet. On the other hand, in taillike configuration (between the vertical
lines), the deviations were in the opposite directions. As discussed later, these B, oscillations were possibly
generated by alternate changes of field-aligned currents. Meanwhile, we also checked the peaks and troughs
of the B, component, including those of rapid oscillation. In Figure S4, the solid magenta lines are drawn at
the troughs in the outer plasma sheet and at the peaks in the inner plasma sheet, while the dashed magenta
lines are drawn at the peaks in the outer plasma sheet and at the troughs in the inner plasma sheet. In ad-
dition to the above-mentioned tendency for the B, peaks and troughs to be located near the Pi2 peaks and
troughs, some B, peaks and troughs can be seen between the Pi2 peak and trough.

The ion and electron spectrograms (Figure 3, the bottom six panels) show that at the troughs of the Pi2
wave, including the first trough, energetic ion and electron fluxes with a few to tens of kiloelectronvolts
enhanced in parallel, antiparallel, and perpendicular directions, although this change does not seem clear
for the second trough at ~22:20 UT. The ion and magnetic pressures in the Pi2 frequency range (the seventh
panel) had nearly the same amplitudes and were out of phase during dipolarization. These out-of-phase
oscillations indicate that the magnetosonic waves were in slow mode (cf. Holter et al., 1995; Southwood
& Saunders, 1985). Furthermore, antiparallel (outward) low-energy proton fluxes, as well as parallel and
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antiparallel low-energy electron fluxes, enhanced periodically during dipolarization between 22:22 and
22:25UT.

Figure 3 (the eighth panel) shows the ion (proton) velocities perpendicular and parallel to the magnetic
field (in field-aligned coordinates, FAC) derived from LEP-i and MEP-i. Here the Z axis is in the ambient
magnetic field direction (200 s running average), X is defined as the cross product of the negative azimuthal
vector (—¢, westward vector) of the spacecraft position in solar magnetospheric (SM) coordinates and Z
(positive inward), and Y completes the orthogonal right-hand system and is on the plane defined by ¢ and
Z (positive westward). Just after auroral poleward expansion, a westward flow at ~100 km/s persisted from
~22:12 to ~22:18 UT. At the beginning of dipolarization, the perpendicular ion flow was inward and west-
ward, although it was not very fast. During dipolarization, the flow oscillated, and eastward flows reached
—300 km/s. The behavior of these flows is similar to a flow pattern in a more outward region reported by
Lee et al. (2012).

Figure 4 shows wave spectra in a frequency range of the Pi2 and Pil waves to megahertz. The magnetic and
electric field spectra in the third and fourth panels, respectively, were taken from the onboard frequency
analyzer of PWE (OFA-SPEC; Kasahara et al., 2018d; Matsuda et al., 2018), and the electric field spectra in
the fifth panel were taken from the double probe of the electric field detector of PWE (EFD-DPB; Kasaba
et al., 2017; Kasahara et al., 2019). The wavelet scalograms in the bottom three panels were obtained from
the 64 Hz sampling magnetic field data from MGF (Matsuoka et al., 2018a) in field-aligned coordinates.
During dipolarization, various kinds of wave appeared from low to high frequencies, such as Alfvén and
magnetosonic Pil waves, electromagnetic waves below the electron cyclotron frequency, and electrostatic
waves near and above the electron cyclotron frequency. The relatively intense Pil and higher-frequency
waves tended to appear when the magnetic field was dipole-like (near the vertical lines), and they were
more intense mainly in the central plasma sheet after ~22:22 UT. Note that all of these waves were not
always observed at the same time. That is, all of these waves were observed in some times (the third and
fourth solid lines), but only some of them were observed in the other times (the first, second, and last solid
lines).

2.2. The September 2, 2017 Event

Although auroral data from Syowa for this event (Figures 5 and S5 and Movie S2) were contaminated by
moonlight, auroral onset arc development was partially observed in the equatorward part of the field of
view. Preonset fading possibly began in the eastern part of the arc at 22:15:49 UT. At 22:22:27 UT initial
auroral brightening began at nearly the same place as fading. The arc's wave-like structure was not clearly
seen, but the relatively bright spots indicated by the small black arrows in the 22:27:39 UT image possibly
constituted wave-like structure. The luminosity oscillation at ~1-2 min period can be seen in Figure S5.
Then poleward expansion began at 22:28:51 UT. The poleward-expanding aurora reached ERG's footprint
in the western part of the field of view at 22:30:19 UT.

Ground magnetic field data from Syowa (Figure S6) show that a small negative excursion of the H com-
ponent began just after initial auroral brightening, although Pi2 and Pil pulsations were not seen. About
2 min after auroral poleward expansion a large negative excursion began, reaching ~—300 nT and accompa-
nied by Pi2 and Pil pulsations. The small and large negative excursions at initial brightening and poleward
expansion, respectively, are consistent with the results of Morioka et al. (2010, 2014).

ERG was outside the plasmasphere (Figure S7) and in the outer plasma sheet or the plasma sheet boundary
layer at R ~ 4.2 R until ~6 min after auroral poleward expansion (Figure 6, the sixth and seventh panels).
The residual northward B, (the third panel) as well as the proton and electron fluxes decreased due to

Figure 3. Auroral count at Exploration of energization and Radiation in Geospace's (ERG) footprint, and ERG magnetic field, wave, and particle data from
22:15 to 22:30 UT on June 30, 2017. Shown are (top and second panels) the auroral count and the component in the Pi2 frequency range at ERG's footprint
(+0.5° in magnetic latitude and +2° in magnetic longitude) obtained from Syowa, (third to fifth panels) the three components of the residual magnetic field,
(sixth and seventh panels) the parallel component of the wave magnetic field and the ion and magnetic pressures in the Pi2 frequency range, (eighth panel)

the ion (proton) velocities perpendicular and parallel to the magnetic field, and (bottom six panels) proton and electron spectrograms for medium and low
energies at 0°, 90°, and 180° (+30°) pitch angles obtained by the ERG spacecraft. The vertical lines indicate the times of the troughs of the parallel magnetic field
component of the Pi2 wave (sixth panel).
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Figure 5. Auroral snapshots of the onset arc development from Syowa for the September 2, 2017 event. The black-white scale ranges from 180 to 255. The large
black arrows indicate approximate locations of the beginnings of the auroral steps. Auroral count variations in the magenta box in the 22:15:49 UT image are
shown in Figure S5. See Movie S2 for the full sequence.

plasma sheet thinning from ~22:13 to ~22:31 UT. Dipolarization (increase in the residual northward B,)
began with ~1 min period and more rapid oscillations due to intense Pi2 and Pil pulsations (the fifth pan-
el), respectively, at 22:31 UT, when the poleward-expanding aurora reached ERG's footprint. Since ERG's
footprint was located poleward of the auroral onset arc (Figure 5), ERG observed outward expansion of
the dipolarization region. At 22:35 UT, the residual earthward |B, | (Figure 6, the top panel) decreased, and
higher-energy proton and electron fluxes and hence the ion pressure (the second panel from the bottom)
largely enhanced, compared to the presubstorm level, indicating plasma sheet expansion and particle accel-
eration. The ion S (the bottom panel) was low, ~0.01-0.04, after 22:36 UT. Dipolarization ended at ~22:44
UT. Auroral kilometric radiation at ~100-300 kHz was seen at and before initial auroral brightening, and
more intense radiation at and below this frequency occurred at poleward expansion (the fourth panel). This
two-step development is consistent with Morioka et al. (2010, 2014). Intense electrostatic waves near the
electron cyclotron frequency were also seen in the plasma sheet during dipolarization. Note again that the
intense broadband noises between 22:53 and 23:00 UT were artificial signals caused by PWE calibration.

During dipolarization, ERG observed the same particle and wave features as the first event shown above. As
shown in Figure 7, the magnetic field oscillated alternately between dipole-like and taillike configuration
at ~1 min period (the third and fifth panels), with dipole-like configuration nearly at Pi2 wave troughs (the
sixth panel, the vertical lines). The eastward magnetic field B, (the fourth panel) tended to oscillate in phase
with the Pi2 waves in the outer plasma sheet or plasma sheet boundary layer before ~22:35 UT and then
out of phase in the inner plasma sheet, possibly related to field-aligned currents. In addition, some B, peaks
and troughs were seen between the Pi2 peak and trough (Figure S8). In the plasma sheet after 22:35 UT,
energetic proton and electron fluxes with a few to tens of kiloelectronvolts (Figure 7, the bottom six pan-
els) enhanced near dipole-like configuration and Pi2 wave troughs. The ion and magnetic pressures in the
Pi2 frequency range (the seventh panel) were comparable and out of phase, indicating that magnetosonic

Figure 4. Exploration of energization and Radiation in Geospace (ERG) magnetic field and wave data from 22:15 to 22:30 UT on June 30, 2017. Shown are
(top) the residual magnetic field, (second to fifth panels) electric and magnetic field power spectrograms at high frequencies, and (bottom three panels) wavelet
scalograms for the two perpendicular and parallel components of the wave magnetic field at low frequencies. The magenta, yellow, cyan, light blue, and blue
lines in the spectrograms and scalograms indicate the electron cyclotron, lower-hybrid, proton cyclotron, helium cyclotron, and oxygen cyclotron frequencies,
respectively. The vertical lines indicate the times of the troughs of the parallel magnetic field component of the Pi2 wave shown in Figure 3.
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Figure 6. Exploration of energization and Radiation in Geospace (ERG) magnetic field, wave, and particle data from 22:00 to 23:00 UT on September 2, 2017
in the same format as Figure 2. The dashed vertical line indicates the beginning of preonset auroral fading (F). The solid vertical lines from the left indicate the
beginnings of initial auroral brightening (IB) and poleward expansion (PE).

waves were in slow mode. The antiparallel (outward) low-energy proton flux and parallel and antiparallel
low-energy electron fluxes appeared intermittently as well. The ion flow (the eighth panel) was slow at the
beginning of dipolarization and then oscillated during dipolarization. As shown in Figure 8, intense Pil
pulsations (the bottom three panels), electromagnetic waves below the electron cyclotron frequency (the
third to fifth panels), and electrostatic waves near the electron cyclotron frequency (the second panel), if not
all, tended to appear at the Pi2 wave troughs during dipolarization.
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Figure 7. Auroral count at Exploration of energization and Radiation in Geospace's (ERG) footprint, and ERG magnetic field, wave, and particle data from
22:30 to 22:45 UT on September 2, 2017 in the same format as Figure 3. The vertical lines indicate the times of the troughs of the parallel magnetic field
component of the Pi2 wave. Note that the auroral count was saturated (flat) after ~22:35 UT.
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format as Figure 4. The vertical lines indicate the times of the troughs of the parallel magnetic field component of the Pi2 wave shown in Figure 7.
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Figure 9. Ground magnetic field and Pil and Pi2 pulsations of the # component obtained by the fluxgate
magnetometer at Syowa for the June 17, 2017 event. The vertical lines from the left indicate the beginnings of small
(SE) and two large (LE) negative excursions of the H component, which possibly correspond to initial auroral
brightening and poleward expansion, respectively.

2.3. The June 17, 2017 Event

Because auroral data from Syowa were unavailable for this event, we checked ground magnetic field data
from Syowa instead. Syowa was located less than 1 h (in MLT) westward of ERG's footprint. As shown in
Figure 9, a small negative excursion of the H component began at 23:27:17 UT, accompanied by a low-fre-
quency portion of small-amplitude Pi2 pulsation. A large negative excursion then began at 23:32:45 UT,
reaching ~—300 nT and accompanied by Pil pulsation and a high-frequency portion of large-amplitude Pi2
pulsation. According to Morioka et al. (2010, 2014), the small and subsequent large negative excursions pos-
sibly correspond to initial auroral brightening and auroral poleward expansion, respectively. Subsequently,
the second large excursion of the H component began at 23:40:12 UT, reaching —500 nT and accompanied
by another large-amplitude Pi2 pulsation and small-amplitude Pil pulsation. This excursion may corre-
spond to the second auroral poleward expansion.

In this event ERG was outside the plasmasphere (Figure S9) and in the outer plasma sheetat R ~ 5.1 R until
~7 min after the second large geomagnetic excursion (Figure 10, the sixth and seventh panels). High-energy
proton and electron fluxes and the residual northward Bj, (the third panel) decreased and the residual earth-
ward |B, | (the top panel) increased after ~23:30 UT, due to plasma sheet thinning. Dipolarization (increase
in the residual northward B, and decrease in the residual IB,|) began with ~1 min period and more rapid
oscillations due to intense Pi2 and Pil pulsations (the fifth panel), respectively, at ~23:47 UT, ~7 min after
the second large geomagnetic excursion. Simultaneously, high-energy proton and electron fluxes and the
ion pressure (the second panel from the bottom) largely enhanced, indicating plasma sheet expansion and
particle acceleration. The ion S (the bottom panel) was ~0.02-0.03 during dipolarization. Dipolarization
ended at ~23:59 UT. For this event, since we could not determine the relative location of ERG's footprint to
the auroral onset arc, we could not determine the expansion direction of the dipolarization region at ERG.
Auroral kilometric radiation at ~100-300 kHz occurred after the small geomagnetic excursion, and more
intense radiation at and below this frequency occurred after each of the two large geomagnetic excursions
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Figure 10. Exploration of energization and Radiation in Geospace (ERG) magnetic field, wave, and particle data from 23:10 UT on June 17, 2017 to 00:10 UT
on June 18, 2017 in the same format as Figure 2. The vertical lines from the left indicate the beginnings of small (SE) and two large (LE) negative excursions of
the H component of the ground magnetic field shown in Figure 9.

(the fourth panel). Intense electrostatic waves near the electron cyclotron frequency were also seen in the
plasma sheet during dipolarization.

Particle and wave features similar to the other events can be seen during dipolarization in this event (Fig-
ures 11 and 12). Both residual B, and |B, | decreased at ~23:47 UT (the dashed vertical line), possibly related
to the explosive growth phase. After that, ERG observed alternate magnetic field oscillation between di-
pole-like and taillike configuration at ~1 min period, B, oscillation (see also Figure S10), enhancements of
energetic proton and electron fluxes with a few to tens of kiloelectronvolts, and tendency of appearance of
intense Pil, electromagnetic, and electrostatic waves near dipole-like configuration and Pi2 wave troughs
(the vertical lines). Note that the ion and magnetic pressures in the Pi2 frequency range (Figure 11, the fifth
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Figure 11. Exploration of energization and Radiation in Geospace (ERG) magnetic field, wave, and particle data from 23:45 UT on June 17, 2017 to 00:00 UT
on June 18, 2017 in the same format as Figure 3. The vertical lines indicate the times of the troughs of the parallel magnetic field component of the Pi2 wave.
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Figure 12. Exploration of energization and Radiation in Geospace (ERG) magnetic field and wave data from 23:45 UT on June 17, 2017 to 00:00 UT on June
18, 2017 in the same format as Figure 4. The vertical lines indicate the times of the troughs of the parallel magnetic field component of the Pi2 wave shown in
Figure 11.
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Figure 13. Schematic illustrating the observed features of the dipole-like and taillike configuration regions. The field-
aligned currents in between are omitted. See text for details.

panel) were not always out of phase during this interval. They were even in phase sometimes, for example,
at ~23:49 UT. Fast and slow modes may have been mixed during this interval, which is possibly why sev-
eral peaks and troughs of B, and |B, | did not necessarily occur exactly at the same time as those of the Pi2
waves. Furthermore, the ion and magnetic pressure perturbations were not comparable nearly throughout
the interval. Since the ion pressure was low near the plasma sheet boundary at ERG, slow mode waves were
possibly difficult to exist there. At the dipolarization onset, the parallel ion flow was directed inward, while
the perpendicular flow was westward.

3. Discussion

Using ERG spacecraft data, we studied magnetic field and energetic particle flux oscillations in the Pi2 fre-
quency range and high-frequency waves deep in the inner magnetosphere at R ~ 4-5 R, during substorm
dipolarization for three events. The magnetic field oscillated alternately between dipole-like and tail-like
configuration at ~1 min period during dipolarization. When the magnetic field was dipole-like, the parallel
component of the Pi2 waves was at trough. Both energetic ion and electron fluxes with a few to tens of
kiloelectronvolts enhanced out of phase, indicating that magnetosonic waves were in slow mode. Field-
aligned currents also oscillated. In addition, we found that broadband waves from the Pil frequency range
to above the electron cyclotron frequency tended to appear in the central plasma sheet near dipole-like
configuration. A schematic of these results is presented in Figure 13. Note that our events are related to
near-Earth large-scale dipolarization, different from the “dipolarization front” (Nakamura et al., 2002; Ru-
nov et al., 2009) or reconnection jet front, for which Yang et al. (2017) showed high-frequency electrostatic
waves near and above the electron cyclotron frequency in a tailward region.

In the present events dipolarization occurred deep in the inner magnetosphere (inside geosynchronous or-
bit) when the expanding aurora reached ERG's footprint during the substorm expansion phase. Irrespective
of the expansion direction of the dipolarization region, the observed ~1 min period oscillations are similar
to previous observations reported as signatures of ballooning instability (e.g., Roux et al., 1991). Chang and
Cheng (2015), Cheng and Lui (1998), and Saito et al. (2008) suggested that ballooning instability occurs un-
der high g (>1) in the near-Earth magnetotail, but in the present events £ was very low, ~0.01-0.06, away
from the magnetic equator deep in the inner magnetosphere (Figures 2, 6, and 10). Hence it is possible that
ballooning instability occurred at the high-/# equator, while ERG observed the effects of equatorial oscilla-
tions away from the equatorial source region.

In addition, while Cheng and Lui (1998) and Saito et al. (2008), and more recent studies with THEMIS data
(e.g., Chang & Cheng, 2015; Kalmoni et al., 2015; Park et al., 2010; Xing et al., 2013) analyzed dipolariza-
tion events observed beyond geosynchronous orbit, some others analyzed those observed at and near (even
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inside) geosynchronous orbit, where the background northward dipole field as well as the radial field is
larger (e.g., Erickson et al., 2000; Pu et al., 1997, 1999; Roux et al., 1991). Although plasma and magnetic
conditions differ between near and beyond geosynchronous orbit, the growth of ballooning instability is
determined from the balance between the pressure and magnetic gradient forces and the curvature force of
stretched field lines. The northward magnetic field may not necessarily be very small initially, but how far
magnetic field lines become stretched is important as a condition for the instability. In fact, ERG observed
the signatures of field line stretching, that is, B, decrease, B, | increase, and plasma sheet thinning before
dipolarization onsets in the present events (Figures 2, 6, and 10).

Ballooning instability, which can grow under the pressure gradient, is thought to trigger current disruption
and dipolarization. Once ballooning instability grows sufficiently in a localized current disruption/dipolar-
ization onset region, the resulting increase in the pressure gradient may promote the same process on the
outward side. Repeating this process may correspond to outward expansion of the dipolarization region and
hence auroral poleward expansion associated with substorms. The outward expansion speed of the dipo-
larization region is typically ~200-300 km/s or ~2-3 R;/min (Jacquey et al., 1991; Ohtani et al., 1992a). On
the inward side of the onset region, the pressure gradient presumably does not change very much or even
decreases, suppressing ballooning instability. That is, inward expansion of the dipolarization region and au-
roral equatorward expansion may usually be less explosive than outward/poleward expansion. The inward
expansion speed of the dipolarization region is typically ~50 km/s or ~0.5 R;/min (Ohtani et al., 2018).

The June 30, 2017 event, however, may be unusual. ERG's footprint was equatorward of the auroral onset
arc, that is, ERG was located inward of the dipolarization onset region. According to mapping with the T96
model, the auroral onset arc and the ERG location roughly correspond to X ~ —10 and —7.8 Ry, respec-
tively, at the equatorial plane of the magnetosphere at the beginning of auroral equatorward expansion.
Since auroral equatorward expansion took ~1.5 min between these positions, the inward expansion speed
of the dipolarization region is estimated at ~160 km/s or ~1.5 Rz/min, which is ~3 times higher than usual.
Another unusual feature is that inward expansion began suddenly. Some magnetospheric and ionospheric
conditions possibly changed largely just before aurora equatorward expansion. A possible factor may be the
westward flow observed by ERG before auroral equatorward expansion and dipolarization (Figure 3, the
eighth panel). This flow may correspond to subauroral polarization streams (SAPS), resulting in shear flow
ballooning instability (cf. Henderson et al., 2018).

For another possible interpretation of the Pi2 waves, Liu et al. (2017) and Wang et al. (2020) discussed earth-
ward-propagating Pi2 waves generated by magnetic reconnection or reconnection jet fronts (or dipolarizing
flux bundles, DFBs). Since such waves propagate across the magnetic field, they should be in fast mode, not
in slow mode. In Liu et al.'s (2017) event, the THEMIS P5 spacecraft observations are similar to our events,
because fast earthward flows were not seen away from the DFBs outside the plasmasphere at the beginning
of dipolarization (net B, increase). Here note that slow, weak dipolarization occurred there in their event as
well, although they do not seem to have mentioned it in their paper. They showed out-of-phase plasma and
magnetic pressure perturbations during dipolarization. Although such perturbations are usually regarded
as being in slow mode and fast mode waves should be evidenced by in-phase pressure perturbations, Liu
et al. (2017) attributed the observed perturbations to vertical motion of the plasma sheet, suggesting from
the large Poynting flux perpendicular to the background magnetic field that fast mode waves were domi-
nant. For our dipolarization events, V;, . (Figures 3, 7, and 11), which was nearly in the —Z direction in SM
coordinates, oscillated, but did not necessarily change its direction alternately, inconsistent with up and
down motion of the plasma sheet. Hence, we can conclude that the observed waves accompanied by out-
of-phase pressure perturbations were in slow mode or at least contained slow mode, if not pure, which are
unlikely to have been generated by a fast earthward flow from the reconnection site.

Tuner et al. (2015) suggested that energetic particle injection deep in the inner magnetosphere is limited
up to 250 keV in contrast to that at higher L, resulting from interaction with a fast magnetosonic wave in
the Pi2 frequency range unlike injection at higher L. The region and mode of Pi2 waves differ between
Turner et al. (2015) and our events, however. Turner et al. (2015) Pi2 waves were observed inside the plas-
masphere and were in fast mode. On the other hand, our Pi2 waves were observed outside the plasmas-
phere (Figures S3, S7, and S9) for the three events and were mainly in slow mode for the first and sec-
ond events (Figures 3 and 7) and at least contained slow mode for the third event near the plasma sheet
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boundary (Figure 11). Our observations are similar to those at larger distances, as mentioned above. Hence
the mechanism of dipolarization and particle injection most likely differs between inside and outside the
plasmasphere.

The eastward magnetic field B, oscillated during dipolarization (Figures 3, 7, and 11). In dipole-like con-
figuration (the vertical lines), B, tended to deviate westward in the outer plasma sheet and eastward in the
inner plasma sheet. On the other hand, in taillike configuration (between the vertical lines), the deviations
tended to be in the opposite directions. If these alternate changes were generated by field-aligned currents,
the field-aligned currents were possibly located somewhere between the outer and inner plasma sheet and
changed its direction alternately, upward in dipole-like configuration and downward in taillike configura-
tion, as depicted in Figure 13. This tendency can be confirmed in Figures S4, S8, and S10, where the solid and
dashed magenta lines can be regarded as corresponding to upward and downward field-aligned currents,
respectively. The alternate field-aligned currents were inferred from ionospheric shear flows by Hosokawa
et al. (2013), who suggested that upward field-aligned currents correspond to auroral wave-like structure.
Similar correspondence seems to be the case with the June 30, 2017 event shown here. That is, most Pi2
troughs (Figure 3, the first, second, fourth, and fifth solid lines) coincided with enhancement of the auroral
luminosity at ERG's footprint; the large enhancement at ~22:21 UT may be related to slight increase in the
residual B,,. (For the September 2, 2017 event, such correspondence is difficult to see because of saturation
of the auroral count.) Roux et al. (1991) also inferred alternate field-aligned currents from magnetospher-
ic observations, but they suggested that because of ion and electron separation in westward-propagating
ballooning waves, the resulting upward and downward field-aligned currents be seen alternately during
taillike-then-dipole-like (Pi2 peak-then-trough) changes and during dipole-like-then-taillike (Pi2 trough-
then-peak) changes, respectively. Such field-aligned currents can be seen in some cases in Figures S4, S8,
and S10 (but are omitted in the schematic of Figure 13). Thus, it is likely that the field-aligned currents are
generated not only between the dipole-like and taillike configuration regions, as expected from the balloon-
ing instability theory, but also in the dipole-like and taillike regions. The upward field-aligned currents in
dipole-like configuration are possibly generated by electron acceleration discussed below.

From observations of the wavelength of wave-like auroral structure, the scale size of a field-aligned current
pair can be regarded as ~1-3° in magnetic longitude or ~100-200 km in the ionosphere, which corresponds
to ~1,000-3,000 km in the magnetic equator (Chang & Cheng, 2015; Liang et al., 2008). Saito et al. (2008)
also obtained similar results of the wavelength of ballooning waves from magnetotail observations. If Sai-
to et al. (2008) method can be applied to the interval from the first trough of the Pi2 wave to the begin-
ning of dipolarization (net B, increase) for our June 30 and 17, 2017 events, the wavelength was estimated
at ~3,000 km, taking the wave period as 60 s and the azimuthal velocity fluctuation V| y as 50 km/s. These
scales are smaller than that of the wedgelet that consists of the field-aligned current pair located at the
western and eastern flanks of an equatorward-moving streamer in the ionosphere (the western flank cor-
responds to the auroral streamer), ~600 km, and the corresponding fast earthward flow in the magnetotail,
~2-3 R; (Nishimura et al., 2020).

‘We showed that high-frequency waves in a wide range from the Pil range to above the electron cyclotron
frequency tended to appear in the central plasma sheet intermittently, accompanied by energetic ion and
electron fluxes, when magnetic field configuration was dipole-like during dipolarization-associated oscil-
lation. The high-frequency waves are possibly related to the cross-field current instability (Lui et al., 1991).
Ohtani et al. (2002) showed that electrons were energized near the neutral sheet during dipolarization simi-
larly to the present events, suggesting that this can be explained by the ion Weibel and modified two-stream
instabilities. Note that other acceleration mechanisms, such as Fermi acceleration (Yao et al., 2017), may
also work in dipole-like configuration.

Meanwhile, the high-frequency waves may be excited by coupling with enhanced ballooning instability
(Cheng, 2004; Cheng & Lui, 1998). Alternatively, the opposite may be a possibility or the association may
be just coincidental (Lui, 2020). In any case, the observed intermittency of the high-frequency waves may
indicate current filamentation associated with the cross-field current instability (Lui, 2004), which causes
field-aligned electron acceleration (upward field-aligned current) and possibly periodic auroral brightening
during auroral poleward expansion/breakup. The high-frequency waves in dipole-like configuration seem
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