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Abstract Four closely located satellites at and inside geosynchronous orbit (GEO) provided a great
opportunity to study the dynamical evolution and spatial scale of premidnight energetic particle

injections inside GEO during a moderate substorm on 23 December 2016. Just following the substorm onset,
the four spacecraft, a LANL satellite at GEO, the two Van Allen Probes (also called “RBSP”) at ~5.8 Rg, and
a THEMIS satellite at ~5.3 Rg, observed substorm-related particle injections and local dipolarizations

near the central meridian (~22 MLT) of a wedge-like current system. The large-scale evolution of the electron
and ion (H, He, and O) injections was almost identical at the two RBSP spacecraft with ~0.5 Rg apart.
However, the initial short-timescale particle injections exhibited a striking difference between RBSP-A and
-B: RBSP-B observed an energy dispersionless injection which occurred concurrently with a transient, strong
dipolarization front (DF) with a peak-to-peak amplitude of ~25 nT over ~25 s; RBSP-A measured a
dispersed/weaker injection with no corresponding DF. The spatiotemporally localized DF was accompanied
by an impulsive, westward electric field (~20 mV m ™). The fast, impulsive E x B drift caused the radial
transport of the electron and ion injection regions from GEO to ~5.8 Rg. The penetrating DF fields
significantly altered the rapid energy- and pitch angle-dependent flux changes of the electrons and the H and
He ions inside GEO. Such flux distributions could reflect the transient DF-related particle acceleration
and/or transport processes occurring inside GEO. In contrast, O ions were little affected by the DF fields.

1. Introduction

Particle injections, characterized as sudden enhancements of energetic particle fluxes in the near-Earth tail
and inner magnetosphere, are one of the most important and well-known manifestations of the expansion
onset of magnetospheric substorms. The enhanced energetic particle fluxes can either be formed due to a
local acceleration, or can be accelerated in a more tailward region and then become further accelerated dur-
ing their inward transport. Magnetic field dipolarizations around substorm onset are a powerful source of
particle acceleration, responsible for transporting energetic particles into the inner magnetosphere. The
extensive studies of injections and dipolarizations have been done using the geosynchronous spacecraft
located at 6.6 Rg (e.g., Birn et al., 1997a, 1997b, 1998; Kokubun & McPherron, 1981; Nagai, 1982; Reeves
et al., 1990, 1991). On the other hand, a launch of the CRRES (Combined Release and Radiation Effects
Satellite) mission in 1990 provided a new opportunity to study injections and dipolarizations inside geosyn-
chronous orbit (GEO), although the mission lifetime was only ~15 months (Fu et al., 2002; Maynard
et al.,, 1996; Sergeev et al., 1998). Further studies of injections and dipolarizations inside GEO have been fol-
lowed by observations from the twin satellite Van Allen Probes mission (formerly named the Radiation Belt
Storm Probes: RBSP) launched in 2012 (e.g., Dai et al., 2015; Gkioulidou et al., 2015; Malaspina et al., 2015;
Turner et al., 2015). Recent statistical results from the RBSP mission showed the responses of energetic par-
ticles to local dipolarizations inside GEO by performing a superposed epoch analysis (Liu et al., 2016; Motoba
etal., 2018, 2020; Nosé et al., 2016). Whereas these statistical results yielded the average picture of the energy-,
species-, and charge-state-dependent behaviors of particle injections associated with local dipolarizations,
they did not capture the dynamic evolution of injections and dipolarizations and their spatial extent.

Dipolarizations inside GEO are observed in two different ways: (1) sustained (large-scale) dipolarizations
with a lifetime of 30 min or longer (Ohtani et al., 2018), and (2) transient (pulse-like) dipolarizations with
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a lifetime of the order of minutes (the so-called dipolarization fronts, DFs) (Liu et al., 2016). Sustained dipo-
larizations are usually observed at GEO or even closer to Earth, and considered to be a manifestation of
large-scale substorm current wedge formation. DFs, on the other hand, are usually observed in the magneto-
tail plasma sheet beyond GEO, carry field-aligned currents (FACs) that form a current “wedgelet,” and occur
concurrently with transient, spatially localized high-speed plasma flows (called bursty bulk flows [BBF], or
flow bursts) which play a major role in the magnetotail mass, energy, and magnetic flux transport. DFs in the
magnetotail are accompanied not only by a transiently enhanced electric field, but also by dispersionless par-
ticle injections (e.g., Gabrielse et al., 2012, 2014). A recent numerical simulation by Merkin et al. (2019) has
demonstrated that a direct impact by a deeply penetrating DF results in a sharp geosynchronous dipolariza-
tion, while geosynchronous dipolarization longitudinally away from the DF meridian becomes much more
gradual. A similar conclusion has been drawn by Gkioulidou et al. (2015) when examining premidnight
dipolarizations measured by RBSP.

However, observations by two radially separated spacecraft have indicated that only a small portion of flow
bursts (or DFs) in the magnetotail have a clear linkage with near-Earth and geosynchronous dipolarizations
(Dubyagin et al., 2011; Ohtani et al., 2006; Takada et al., 2006). The observational fact has spurred an
ongoing debate, which is whether sustained dipolarizations are an accumulation of DFs which penetrate
deeper than the flow-breaking region. For instance, Liu et al. (2015) hypothesized that a large-scale substorm
current wedge is the combined effect of many wedgelets associated with mesoscale DFs, based on the statis-
tical distribution of wedgelets in the dawn and dusk sectors of the magnetotail. Ohtani and Gjerloev (2020),
however, found that throughout the nightside, the magnitude of midlatitude positive bays changes in corre-
lation with the SML index, SuperMAG equivalent to AL, and therefore, they concluded that as a first approx-
imation the substorm current system is a globally coherent system rather than an ensemble of wedgelets. In
terms of the amount of magnetic flux transport, on the other hand, Lui (2015) doubted that penetrating DFs
play a significant role in the formation of near-Earth dipolarization, because the accumulated flux transport
within the DFs is insufficient in supplementing magnetic flux increase in the sustained dipolarization in the
near-Earth region. However, this appears to contradict the recent numerical prediction by Merkin
et al. (2019), who showed that a global, sustained substorm dipolarization in the inner magnetosphere
(within 8 Rg) is a result of an accumulation of many azimuthally localized DFs.

The particle acceleration and transport processes for injections are a subject of ongoing research. By inves-
tigating the dynamics of single-particle trajectories in simulations of the substorm expansion phase with
focus on ions, Delcourt (2002) demonstrated that the nonadiabatic ion behavior in the magnetotail can lead
to dramatic local acceleration, mainly in the perpendicular direction. Particularly, since heavy ions with lar-
ger Larmor radii are unmagnetized more easily, they are considered to get much more energized by local
electric field accompanying dipolarization (or DF) in the plasma sheet. Birn et al. (1997a, 1998), by tracing
test particle orbits in the dynamic fields of a three-dimensional MHD simulation of dipolarization in the
magnetotail, found that most energized particles experience betatron acceleration as the particles are trans-
ported into a stronger magnetic field region by a dipolarization-related dawn-dusk electric field. On the
other hand, in situ pitch angle observations have shown that DF-induced energetic particle flux enhance-
ment in the magnetotail is caused by betatron acceleration, Fermi acceleration, or a combination of them,
depending on whether the spacecraft location is close to or far from the equatorial plane (Runov et al., 2013),
and on whether the particle enhancement occurs inside the growing or decaying flux pileup region (Fu
et al., 2011).

Because of significant differences between the ambient magnetic field and the DF properties in the magne-
totail and the inner magnetosphere, however, the physical mechanisms of particle acceleration at DF in the
inner magnetosphere may be different from those in the magnetotail. Recent high-resolution MHD/particle
simulations have demonstrated that some mesoscale flow bursts (or DFs) can penetrate inside GEO and
that they drive particle injections responsible for the buildup of ring current ions and radiation belt elec-
trons (Sorathia et al., 2018; Ukhorskiy et al., 2017, 2018). The simulations have also introduced a new
energization process for which the stable magnetic trapping of energetic particles at each of the DFs can
potentially accelerate the particle population in the inner magnetosphere, even in the absence of large
electric fields. However, it remains to be understood observationally about the dynamical behavior of ener-
getic particles in deeply penetrating DFs, particularly the energy-, species-, and pitch angle-dependent
properties.
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In this study we investigate the dynamic evolution of energetic particle injections inside GEO during a sub-
storm event on 23 December 2016, by combining fields and energetic particles data from multipoint space-
craft being located closely at and inside GEO near the onset meridian and ground-based magnetometer data
from various stations. In the initial stage of the injections that occurred concurrently with local dipolariza-
tions, the electron and ion dispersionless injections accompanying a sharp, transient DF were observed only
by one of the two RBSP spacecraft which traveled near apogee with a small azimuthal separation of ~0.5 R,
corresponding to ~20 min in magnetic local time (MLT). By comparing and differentiating the simultaneous
observations at the two RBSP spacecraft, we seek to examine the impact of the highly localized DF on ener-
getic particles inside GEO.

The remainder of the paper is organized as follows. Section 2 describes the instrumentation and data.
Section 3 presents the observations. Section 4 presents discussion, and section 5 gives conclusions of this
study.

2. Instrumentation and Data

In this study we primarily used data from NASA's Van Allen Probes (RBSP) mission, consisting of two iden-
tically instrumented spacecraft with apogee of 5.8 R, perigee of ~600 km, and an orbital period of 9 hr
(Mauk et al., 2013). The data are taken from the four different instruments: Electric and Magnetic Field
Instrument Suite and Integrated Science (EMFISIS) instrument (Kletzing et al., 2013); Electric Fields and
Waves (EFW) instrument (Wygant et al., 2013); Radiation Belt Storm Probes Ion Composition Experiment
(RBSPICE, Mitchell et al., 2013); and Magnetic Electron Ion Spectrometer (MagEIS, Blake et al., 2013) that
is part of the Energetic Particle, Composition, and Thermal Plasma Suite (ECT, Spence et al., 2013). We use
the 1-s averaged data of magnetic field vectors measured by EMFISIS. The magnetic field data are converted
into the VDH coordinate system, in which H (northward) is antiparallel to the geomagnetic dipole axis, D
(positive eastward) is perpendicular to the local dipole meridian, and V (radially outward) is the radial com-
ponent and parallel to the magnetic equator. The VDH coordinate system is widely used for identifying the
transition of the magnetic field configuration from tail-like to dipole-like (or vice versa) in the inner magne-
tosphere, where the terrestrial dipole field is dominant. EFW consists of two orthogonal centripetally
deployed booms in the spin plane with tip-to-tip separations of 100 m to measure electric field vectors in
the spin plane at a cadence of 32 samples per second. The electric field data are represented in the
Modified Geocentric Solar Ecliptic (MGSE) coordinate system, which is a near GSE coordinate system. In
this study the y component of the electric field (Ey) in MGSE, being a good approximation of the
dawn-dusk electric field near midnight, is used. We also use differential flux data of energetic ion composi-
tion (including hydrogen, helium, and oxygen ions) and energetic electrons measured by RBSPICE and
MagkEIS, respectively.

To provide a more global context for this event, we also use the following space- and ground-based data sets.
The space-based data are acquired from field and particle measurements at two spacecraft with small radial
and/or azimuthal separation from RBSP: magnetic field vector data (3 s, Auster et al., 2008) from NASA's
Time History of Events and Macroscale Interactions during Substorms (THEMIS) probe-A
(Angelopoulos, 2008); and spin-averaged (~10 s) differential energetic electron and proton flux data from
the Synchronous Orbit Particle Analyzer (SOPA) observations onboard one of the Los Alamos National
Laboratory (LANL) geosynchronous satellite, LANL-04A (cf. Reeves, Belian, et al., 1996). The
ground-based data are from ground magnetometers (1 min average) at several nightside middle-latitude sta-
tions, as described below.

3. Observations

3.1. Event Overview

We investigate a substorm event on 23 December 2016 that took place during a high-speed solar wind stream
(HSS, ~700 km s') and weak geomagnetic storm (minimum Dst = —40 nT). From 1800 to 1830 UT, four
different spacecraft were closely spaced in the premidnight (2200-2300 MLT) inner magnetosphere, as
shown in Figure 1a. The two Van Allen Probes (RBSP-A and -B) moved near their apogees (r = 5.8 Rg) with
a small azimuthal separation of ~0.5 Rg (corresponding to a local time separation of ~20 min). On the other
hand, two other satellites, THEMIS-A and LANL-04A, were located at different radial distances. THEMIS-A
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Figure 1. (a) Locations of the RBSP-A, RBSP-B, THEMIS-A, and LANL-04A spacecraft from 1800 to 1830 UT on 23
December 2016, together with five ground magnetometer stations at nightside middle latitudes (see text). (b) SML
index and the H and E components at the five ground magnetometer stations during the interval of 1730-1900 UT.

(c) Electron and proton fluxes at LANL-04A; the By component variations at RBSP-A (blue), RBSP-B (orange), and
THEMIS-A (green); and the magnetic elevation angles measured by the three spacecraft for 1730-1900 UT. Dashed
curves in the third to fifth panels represent the quiet time (Kp = 0) T89 model fields at RBSP-A, RBSP-B, and THEMIS-A.
A zoomed-in view of a sharp dipolarization front (DF) signature at RBSP-B for 1810-1813 UT is also shown in the fourth
panel. Vertical dashed line denotes substorm onset time (1808 UT) defined by SML index.

moved radially outward from r = 5.0 to 5.9 Rg near the 2300 MLT meridian, while LANL-04A moved from
2220 to 2250 MLT at GEO.

In order to characterize the geomagnetic substorm activity, Figure 1b presents the SuperMAG AL (SML)
index (Gjerloev, 2012; Newell & Gjerloev, 2011) for the 1.5-hr interval of 1730-1900 UT on 23 December
2016, together with the H and E components of the ground magnetic field at five middle-latitude stations
in the midnight sector: Irkutsk (IRT, geomagnetic latitude = 47.8°, MLT = UT + 6.90 hr), Novosibirsk
(NVS, 51.3°, MLT = UT + 54 hr), Arti (ARS, 52.9°, MLT = UT + 3.8 hr), Borok (BOX, 54.5°,
MLT = UT + 2.6 hr), and Moscow (MOS, 51.9°, MLT = UT + 2.5 hr).

A strong negative excursion of the SML index started at 1808 UT (dashed line), which is defined as the sub-
storm onset in this study. After that, the SML index reached its minimum (about —800 nT) at 1824 UT, and
then recovered rapidly. The SML variations reflect the intensity of westward auroral electrojet that devel-
oped as a result of substorm current system formation. Coincident with the developing westward electrojet,
the five middle-latitude stations observed positive bays in the magnetic H component. The magnetic positive
bays on the ground are usually interpreted in terms of the formation of substorm wedge-type FAC system,
consisting of a pair of upward FAC at its eastern edge and downward FAC at its western edge
(McPherron et al., 1973). Thus, the middle-latitude magnetometer data suggest that the wedge-type current
system extended at least ~5 hr in MLT. On the other hand, the concurrent magnetic E component variations
are often used to infer the central meridian of the wedge current because they are asymmetric with respect to
the central meridian: i.e., a positive change at earlier local time than the central meridian and a negative
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change at later local time. During the positive bay interval, the E component increased at BOX and MOS in
the earlier local time sector than 2100 MLT, while it decreased at NVS and IRT in the later local time sector
than 2300 MLT. At the in-between station, ARS (~2200 MLT), the E component remained almost unchanged
for 5 min after the onset, and then decreased. Judging from these H and E component variations, it is sug-
gested that the large-scale wedge current system extending ~5 hr in MLT was formed after the onset, center-
ing around ARS.

Figure 1c shows observations of geosynchronous electron and proton injections at LANL-04A for the inter-
val of 1730-1900 UT, together with local magnetic dipolarizations at RBSP-A, RBSP-B, and THEMIS-A
inside GEO. From top to bottom, displayed are the energetic electron (60-280 keV) and proton (60-
320 keV) fluxes at LANL-04A; the By components at the three spacecraft inside GEO; and the magnetic ele-
vation angles, as defined by 6; = tan "' (Byy/ (Bv? + Bp?)Y2. Here 6; > 45° indicates that the spacecraft was in
a By-dominant region closer to the magnetic equator. Dashed curve represents the By component of the
model magnetic field, given by the Tsyganenko 1989 “T89” (Tsyganenko, 1989). Before the substorm onset,
the 6y value was >80° (Z = —0.07 Rg in solar magnetic, SM, coordinates) at RBSP-B, ~65° (Z = —0.35 Rg) at
RBSP-A, and ~45° (Z = —0.85 Rg) at THEMIS-A. At the same time, LANL-04A was located at Z = —0.45 R,
which means that LANL-04A was slightly away from (closer to) the magnetic equator compared to RBSP-A
and -B (THEMIS-A). These results ensure that the four spacecraft were continuously close to the magnetic
equator throughout the event.

Approximately 2 min after the substorm onset, LANL-04A observed a gradual electron flux enhancement
following a weak, short flux drop. The gradual electron flux enhancement had no significant energy disper-
sion, i.e., electron dispersionless injection. At the initial weak electron flux drop, on the other hand, the pro-
ton fluxes sharply increased over the range of 60-320 keV. In other words, the proton dispersionless injection
onset preceded the electron dispersionless injection onset by about 1 min. The proton flux enhancement sus-
tained a higher flux level in the two lowest energy channels, while it became a more transient signature
(<4 min) in higher energy channels. The duration of the transient proton flux enhancement tended to be
shorter with increasing energy. Such a proton flux signature may be explained by a combined effect of loca-
lized energization, rapid radial transport, and energy-dependent magnetic curvature/gradient drift. The
electron and proton flux observations indicate that LANL-04A was positioned in the electron and proton
injection regions. Two other LANL satellites, LANL-97A in the 1830-1900 MLT sector and LANL-02A in
the 0245-0315 MLT sector, observed the energy-dispersed signatures of corresponding proton and electron
injections, respectively (not shown here).

Before the geosynchronous injections, the magnetic field at RBSP-A and -B was stretching tailward, as iden-
tified by a gradually decreasing By; with a slope of ~1 nT min™". Both probes observed a further negative
excursion in the By component around the substorm onset, although the small negative By excursion started
slightly earlier at RBSP-A (~1804:45 UT) than at RBSP-B (~1806:20 UT). Following the negative excursion, a
strong, sustained local dipolarization was observed by both probes. Whereas the sustained local dipolariza-
tions at RBSP-A and -B exhibited roughly similar evolution on the substorm timescale, their
shorter-timescale By variations behaved differently: RBSP-B observed large By; fluctuations at the early stage
of dipolarization development, but no corresponding By fluctuations were seen at RBSP-A. Particularly, the
first By enhancement at RBSP-B, which was initiated at ~1811 UT, was of the sharpest, shortest-lived (~25 s)
nature with a peak-to-peak amplitude of ~25 nT. Such a transient By spike apparently resembles DFs: an
earthward-propagating boundary which is formed on the leading edge of BBFs in the near-Earth tail and
can separate BBF's plasma from the ambient plasma sheet (e.g., Nakamura et al., 2002; Runov et al., 2009).
We call here simply the transient By spike “DF” in order to differentiate from the large-scale, sustained dipo-
larization in the inner magnetosphere. The justification of the use of the term “DF” is partly supported by the
fact that the accompanying electric field and energetic particle changes had similarities to those associated
with previously reported magnetotail DFs, which we will show later. The clear distinction between RBSP-A
and -B suggests that the DF was highly localized around RBSP-B.

Before the substorm onset, on the other hand, THEMIS-A moved radially outward from r = ~4 R to r = ~5
Rg. Due to the radially outward motion of the spacecraft, By; at THEMIS-A decreased steeply from ~400 to
~100 nT. After the onset, THEMIS-A, which was located at r = 5.3 Rg around 2300 MLT, observed a local
magnetic dipolarization but no corresponding DF.
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Figure 2. The three components of the residual magnetic field variations, By-By(1s9), Bn-Bp(T89), and By—Bpi(Tgo), observed by RBSP-A (blue), RBSP-B
(orange), and THEMIS-A (green) during 1730-1900 UT on 23 December 2016. B(1go) is the quiet time (Kp = 0) T89 model field. Vertical dashed line denotes

the substorm onset time at 1808 UT.

3.2. Dipolarization Signatures Inside GEO

Figure 2 presents the three components of the residual magnetic field (ABy = By—By(ts9), ABp = Bp—Bp(Ts9),
and ABy = By—Bi(tse)) at RBSP-A, RBSP-B, and THEMIS-A during 1730-1900 UT, after subtracting the T89
model field from the observed field. At RBSP-A and -B, the ABy component decreased before the onset,
while ABy increased. Such ABy and ABy changes indicate that the magnetic field was stretching into a more
tail-like configuration. On the other hand, the ABy; decrease at THEMIS-A was little pronounced, while the
ABy increase was more significant than that at RBSP-A and -B. This is likely because THEMIS-A moved in
the radially outward direction. After the substorm onset, the three satellites observed local magnetic dipolar-
izations, characterized by a large ABy enhancement and ABy depression.

The dipolarization-related B change is a good indicator to infer the location of a substorm wedge-like cur-
rent system (Nagai, 1982). When a probe is located eastward (westward) of the central meridian of the wedge
current system, Bp at the probe should undergo a negative (positive) excursion. RBSP-A and -B observed a
large-scale negative excursion in Bp, after the onset, although transient positive and negative enhancements
were superimposed on the large-scale negative excursion. The amplitude of the negative excursion was rela-
tively smaller at RBSP-B than at RBSP-A. The Bp, variations suggest that both RBSP-A and RBSP-B were east-
ward of the central meridian of the wedge-like current system but RBSP-B was relatively closer to the central
meridian. The central meridian is almost consistent with that inferred from the magnetic positive bays on
the ground (Figure 1b).

Unlike the Bp excursion at the two RBSP spacecraft, a large positive excursion in Bp was detected at
THEMIS-A that was located eastward of RBSP-A. However, the positive Bp excursion is inconsistent with
that inferred from the region-1-sense wedge current system. One possible scenario is that the positive Bp
excursion at THEMIS-A may be caused by the inner loop of double-loop wedge current system, i.e., the east-
ern upward FAC of the region-2-sense system which is paired with the original region-1-sense system in the
outer region (Ohtani et al., 1990; Sergeev et al., 2014). If the region-2-sense upward FAC develops at a radial
distance between THEMIS-A and RBSP-A/-B, THEMIS-A might detect positive changes in By and Bp,
which are qualitatively consistent with our observations.

3.3. Injection Signatures Inside GEO

To understand how energetic particle injections were correlated with the concurrent local dipolarizations
inside GEO, Figure 3 presents the RBSP-A (left panels) and -B (right panels) observations of
spin-averaged differential fluxes of 30-470 keV electrons, and 54-270 keV hydrogen (H), 65-400 keV helium
(He), and 140-400 keV oxygen (O) ions at 1730-1900 UT on 23 December 2016. During the local dipolariza-
tions, RBSP-A and -B observed typical signatures of energetic electron and ion flux enhancements
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Figure 3. Spin-averaged fluxes of electrons and hydrogen, helium, and oxygen ions measured by RBSP-A (left) and -B
(right) during 1730-1900 UT on 23 December 2016. Vertical dashed line represents the onset of substorm at 1808 UT.

(injections) inside GEO, as seen in the statistical results of Motoba et al. (2020). Whereas the large-scale
injection signatures were roughly similar between the closely aligned RBSP-A and -B, the
shorter-timescale variations and/or flux levels at the early stage of the injections were different between
the two probes. The most noticeable difference is that the initially injected electrons exhibited a transient
dispersionless signature at RBSP-B, but not at RBSP-A. The transient electron dispersionless injection at
RBSP-B concurred exactly with the transient DF. Further details of their relationship will be
demonstrated later. On the other hand, RBSP-A observed the corresponding electron injection signature,
but it seemed to be energy-dispersed.

In contrast to the electron injections with distinctly different signatures, both RBSP-A and -B observed H ion
flux enhancements almost simultaneously over the range from ~80 up to 220 keV, representing a dispersion-
less character. When taking a close look at the H ion injection signatures, however, it is noticeable that the
higher-energy H ion flux enhancements became sharper and stronger at RBSP-B than RBSP-A. Such differ-
ent H ion injection signatures could be associated with the presence or absence of the concurrent transient
DF. The H ion fluxes dropped within about 5 min, and then they were followed by a recovery toward preonset
flux levels. A similar transient flux enhancement can also be seen in the He ion fluxes at >180 keV, but the
upper threshold energy of the He ion injections (~600 keV) is at least twice higher than that of the H ion injec-
tions. On the other hand, the lower-energy (<150 keV) He ion fluxes underwent a gradual rise and subse-
quent gradual decay. Unlike the H and He ion injections, the O ion injections were much more gradual.
Indeed, the O ion flux enhancement reached a peak after 1815 UT. The O ion injections had no/little apparent
difference between RBSP-A and -B at the initial stage (before 1815 UT), but at the late stage (after 1815 UT)
the intensity of the sustained O ion flux enhancement was slightly stronger at RBSP-B than at RBSP-A.

3.4. Radial Evolution of Injections

In this section we investigate how differently energetic particles behave not only between RBSP-A and -B but
also between LANL-04A and RBSP-A/-B, with a focus on the early stage of the injections of interest. Figure 4
displays spin-averaged fluxes of electrons (left panels) and H ions (right panels) in the 10 different energy
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Figure 4. Spin-averaged electron (left) and hydrogen ion (right) fluxes at 10 different energy channels, observed by
RBSP-A (blue) and -B (orange) for 1800-1830 UT. The By variations at both probes are shown in the top panel.

The first and second vertical dashed lines denote the substorm onset time (1808 UT) and DF peak time (1811:17 UT) at
RBSP-B, respectively.

channels of 30-470 keV observed at RBSP-A and -B for the interval of 1800-1830 UT, together with their
ABy component variations in the top panel. The first and second vertical dashed lines indicate the ground
substorm onset time (1808 UT) and DF peak time (1811:17 UT).

At the initial stage of the large-scale electron injection, there were some shorter-timescale flux enhance-
ments which behaved differently between RBSP-A and -B. It is clear that the first electron flux enhance-
ments at RBSP-B appeared as a dispersionless, short-timescale injection pulse which occurred
concurrently with the transient DF. The electron dispersionless injection had the most significant flux
enhancement at 32 keV and its signature became less clear at > ~ 350 keV. On the other hand, RBSP-A
observed the corresponding electron flux enhancements in the same energy range, but the electron flux
enhancements represented an energy dispersion, i.e., a dispersed injection. Indeed, the initial electron injec-
tion pulses at RBSP-A lagged them at RBSP-B by ~20-25 s at > ~ 75 keV (~45 s at 30-55 keV). Such dispersion
signals likely arise from the energy-dependent electron drift velocities after electrons are injected simulta-
neously from an injection region. The different electron injection signatures between RBSP-A and -B allow
us to conclude that the RBSP-B location was inside the electron injection region, while the RBSP-A location
was slightly eastward away from the injection region. Based on the time lag and azimuthal distance between
RBSP-A and -B, we estimated the energy-dependent eastward propagation speeds to be 125-160 km st at
> ~75keV and 70 km s at 30-55 keV. Such propagation speeds are roughly consistent with those inferred
from the energy-dependent magnetic curvature/gradient drifts.
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Figure 5. Electron and hydrogen ion fluxes at five different energy channels, observed by RBSP-A (blue), RBSP-B
(orange), and LANL-04A (purple) for 1800-1830 UT. The first and second vertical dashed lines are the same as those
in Figure 4.

In contrast to the electron injection signature, the H ion injection represents a more transient, shorter-lived
nature, particularly at 99-220 keV. Both RBSP-A and -B observed the H ion flux enhancements to start at
~1 min before the DF onset and persist for ~3 min following the onset. The flux intensity was elevated by
factors of 2 up to 10, depending on the energy. In addition to such common features between RBSP-A and
-B, the local presence or absence of the sharp DF seemed to lead to two main differences in the H ion disper-
sionless injection signature between RBSP-A and -B. One difference is that the intensity of the H ion flux
enhancement was much higher at RBSP-B than RBSP-A. Another is that at the DF peak the H ion flux at
RBSP-B experienced a sudden drop embedded within the H ion injection, while no corresponding flux drop
was seen at RBSP-A. Such a transient H ion flux depression at RBSP-B became much more pronounced
(sharper) in lower-energy channels. The H ion flux depression associated with rapidly increasing magnetic
field could be understood as a diamagnetic nature.

Figure 5 displays comparison of local energetic particle injections at LANL-04A and RBSP-A/-B to examine
the radial development of the injections transported earthward from 6.6 to 5.8 Rg. For the comparison, we
used the five nearest energy channels of RBSP-A/-B and LANL-04A. Overall, the large-scale evolution of
<200 keV electron injections at LANL-04A resembled that at RBSP-A and -B in terms of the temporal varia-
tions and flux levels, although there were some differences in the short-timescale variations. The arrival time
of the initial electron flux enhancement at LANL-04A was ~1810 UT, preceding that at RBSP-A/-B by
~1 min. Given that the delay between the electron injection arrival times at 5.8 and 6.6 R results from
the earthward transport of injected electrons, the earthward propagation speed is estimated to be ~85 km s™*.
On the other hand, the >200 keV electron flux levels were dramatically different between RBSP-A/-B and
LANL-04A. This is likely because higher energy electrons that are injected at GEO are filtered out of the dee-
per electron injections inside GEO due to magnetic curvature/gradient drift.

As mentioned above, the arrival of the geosynchronous ion injection preceded that of the geosynchronous
electron injection by ~1 min and the ion injection had a sharper dispersionless character than the electron
injection. The ion dispersionless injection became more transient with increasing energy and its upper
threshold energy was ~500 keV (not shown). A similar ion dispersionless injection signature was detectable
at both RBSP-A and -B. At > ~ 80 keV, the onset of the initial ion flux enhancement at RBSP-A/-B lagged that
at LANL-04A by ~1 min. The time lag is consistent with that for the electron injection. This result indicates
that energetic particles were radially transported at a species-independent propagation speed of ~85 km s™".
At RBSP-A (-B), little or no clear transient ion flux enhancement was seen in energy channels above 220 keV
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(269 keV), which is about half of the upper threshold energy at LANL-04A.
The different upper threshold energies at LANL-04A and RBSP-A/-B
could be explained in terms of energy-dependent magnetic curvature/
gradient drift. In other words, the higher energy ions should undergo the

strong westward drift before they reach the RBSP site.

3.5. Properties of DF-Related Fields

Figure 6 presents the By component and Ey component at RBSP-B for the
interval of 1808-1814 UT, in order to characterize the short-lived DF-

Universal Time

related fields that impacted energetic particles. In the top panel, the By
component at RBSP-A (gray) is overplotted just for comparison. At the

Figure 6. The top panel shows the By component of the magnetic field at ~ early stage of the large-scale dipolarizations at both probes, only RBSP-B
RBSP-B (black) and RBSP-A (gray) from 1808 to 1814 UT on 23 December  observed the transient DF, of which By began to abruptly jump at
2016. The bottom panel indicates the Ey component of the electric field 1811:10 UT and reached its maximum at 1811:17 UT. The DF had a

(red) and the time derivative of By (blue: dBy/dt). The DF interval is

shaded in light gray.

peak-to-peak amplitude of ~25 nT in By. After that, the By amplitude
returned to the pre-DF levels within ~12 s after the DF peak. The DF
was preceded by a short-duration (~30 s) negative dip in By (often called
“DF-dip”).

The bottom panel of Figure 6 displays 1-s averages of the Ey, component (red curve) in MGSE coordinates
observed by RBSP-B. Ey increased sharply up to ~20 mV m™ at the DF. Such a strong E, enhancement
can be a mixture of the inductive and convection fields, although it is impossible to distinguish explicitly
the relative contribution of each component. Inductive electric fields during dipolarizations/DFs are sug-
gested to be an important driver for local nonadiabatic energization of preexisting oxygen ions in the inner
magnetosphere when the temporal/spatial scale is comparable to the oxygen gyroperiod/gyroradius (Keika
et al., 2013, and references therein). One possible way to assess the inductive effect qualitatively is to com-
pare with the time derivative of By (6By/dt: blue curve) as a proxy (Ohtani et al., 2010). Although there
are exceptions, both Ey and 6By/6t enhancements are roughly correlated, particularly at 6By/St > 0. This
suggests that the inductive component was more or less effective at the transient DF.

The impulsive, westward E, enhancement at the DF is also responsible for the rapid earthward E X B drift,
being up to ~180 km s~ in maximum and ~100 km s™" on average. The earthward collapse of the DF fields
can transport energetic particles into GEO or even closer to Earth. Indeed, the average E X B drift speed is
almost comparable to the radial propagation speed (~85 km s™') of energetic electrons and ions injected
from GEO to 5.8 R. The radial propagation speed is faster than the average speeds of injections (~24 kms™",
Reeves, Friedel, et al., 1996) and dipolarizations (~50 km s™*, Ohtani et al., 2018) inside GEO. Using the pro-
pagation speed (~100 km s~ 1) and duration (7 s) of the DF, the DF thickness is estimated to be ~700 km, com-
parable to a scale of a few ion gyroradii. These properties of the DF-related fields inside GEO are very similar
to those of typical DFs, usually embedded in BBFs in the Earth's magnetotail (e.g., Nakamura et al., 2002;
Runov et al., 2009; Sergeev et al., 2009).

Following the short-lived DF, RBSP-B observed a relatively longer-lived By enhancement. Whereas the posi-
tive By slope was more gradual than that of the DF, the accompanying positive E, spike had almost the same
timescale and amplitude as the DF-related E, spike. If the Ey spike at dBy/dt > 0 is inductive, the Ey spike
should be much sharper and stronger at the DF than at the following gradual By enhancement. Indeed, such
a sharper and stronger E, spike is recognizable within the first 10 s of the DF by using the 32-Hz sampling
EFW data (not shown here), rather than the presented 1-s average data.

3.6. DF Effects on Energetic Particles

Let us here turn back to electron and H ion flux changes at RBSP-B, with more focus on the pitch angle dis-
tributions (PADs) of energetic particles in response to the DF. As the DF was of an extremely transient nat-
ure, we analyzed the electron and H ion PADs using the “unbinned” MagEIS and RBSPICE Level 3 data with
a time resolution of sector samples per spin. For this analysis, we removed the RBSPICE data in which the
Poisson statistical percent error was larger than 50% (for more details on the error, see the RBSPICE Science
Data Handbook at http://rbspice.ftecs.com/Data). Figures 7a and 7b, respectively, show the By variations
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Figure 7. (a) By, (b) electron and hydrogen ion fluxes at « = 90°, and (c-i) electron and hydrogen ion PADs at seven
different energy channels observed at RBSP-B for the 2-min interval of 1810-1812 UT.

and stacked plots of electron (left) and H ion (right) flux data at local pitch angle (cr) = 90° for the 2-min
interval of 1810-1812 UT around the DF. For the stacked H ion flux plots, we used only the H ion flux
data at times when the five RBSPICE telescopes 1-5 other than the telescope 0 looked at a = ~90°.
Figures 7c-7i present electron and H ion PADs in the seven different energy channels.

The 34-208 keV electron fluxes at a = 90° began to increase simultaneously at the DF onset. However, a
close look at the DF-related electron flux peaks in Figure 7b represents a small but identifiable time differ-
ence (~5 s) between higher- and lower-energy channels: the higher-energy (>130 keV) electron flux
enhancement peaked at the DF arrival, while the lower-energy (<75 keV) electron flux peak took place at
the DF peak time. After the DF peak, the lower-energy electron flux decreased steeply. As seen in
Figures 7c and 7d, the lower-energy (32-54 keV) electron fluxes were quasi-isotropically enhanced during
the DF. On the other hand, it is clear from Figures 7g and 7h that the higher-energy electron flux enhance-
ments were most significant around o = 90° at the DF onset, but less pronounced at the other pitch angles.
These results suggest that the injected electrons were trapped and accelerated by the earthward-penetrating
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Figure 8. Electron and hydrogen ion PADs at four different time intervals (i), (ii), (iii), and (iv) around the DF at RBSP-B,
shown in the top panel of Figure 7.

DF, but the higher-energy electrons drifted away from the localized DF region inside GEO where the
magnetic curvature/gradient drift was a strong effect.

Compared to such remarkable electron flux enhancements on the DF time scale, the DF-related H ion flux
changes were relatively less pronounced. During the interval 1810-1802 UT, there is a general tendency for
the <54 keV (>81 keV) H ion fluxes at o = 90° to decrease (increase) gradually. The H ion fluxes at 54 keV
underwent a further transient depression at the DF. Such a sudden transient flux depression can be seen at
all pitch angles (see Figure 7d). The higher-energy (=81 keV) H ion fluxes at « = 90°, on the other hand,
exhibited two peaks: the first and second peaks appeared around the DF-dip (~1810:50 UT) and a By mini-
mum (~1811:30 UT) just after the DF, respectively. Overall, the short-timescale H ion flux variations at
>81 keV seemed to be in approximately antiphase with the By variations.

Figure 8 displays one-spin (~11 s) averaged PADs of electrons and H ions for the four different time intervals
of (i) pre-DF, (ii) DF-dip, (iii) DF, and (iv) post-DF, as shown in Figure 7. The electron PADs for both (i) and
(ii) represented a gradual pancake shape (peaked at 90°) at 32-54 keV and a flat-top shape (approximately
equal flux at most pitch angles) at >75 keV. For (iii), the 32 keV electron fluxes at all pitch angles increased
dramatically by more than one order of magnitude. Such an isotropic electron flux enhancement result in a
flat-top-like PAD. As mentioned above, on the other hand, the >100 keV electrons had an extreme
pancake-type PAD (i.e., a significant flux enhancement only around a = 90°), which results likely from local
betatron acceleration at the earthward-propagating DF. For (iv), the 32-54 keV electron fluxes dropped shar-
ply, particularly at oo = 0° and 180°. The resulting electron PADs exhibited a pancake shape with higher flux
levels than the pre-DF. The >168 keV electron PADs quickly returned to a flat-top-like shape, like those at
the pre-DF.
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Figure 9. Same as Figure 7 but for the 2-min interval of 1812-1814 UT.

On the other hand, the H ion PADs for (i) were pancake-shaped at <54 keV and butterfly-shaped (peaked at
45° and 135°) at >81 keV. For (ii), in contrast to the electron PADs, the H ion PADs changed dramatically:
the H ion fluxes at <54 keV exhibited a flat-top-like PAD resulting from a significant depression around
a = 90°, while the H ion fluxes at 81-121 keV had a pancake PAD with a significant enhancement around
a =90°. For (iii), the higher-energy (>147 keV) H ion fluxes increased around o = 90°, resulting in a pancake
PAD. In contrast, the <99 keV H ion fluxes decreased, presumably reflecting a local plasma pressure depres-
sion at the DF. For (iv) when By decreased again, the H ion PADs became a pancake shape at 81-121 keV
and a flat-top-like shape at <54 keV, similar to those at the DF-dip for (ii). Particularly, the 99-121 keV H
ions around o = 90° were most significantly enhanced in response to the By depression.

One may wonder whether the DF-related energetic particle behaviors are exceptional. To address the ques-
tion we compare them with the response of energetic particles to subsequent relatively gradual By enhance-
ment which started to increase at ~1812:15 UT. Figures 9 and 10 are, respectively, in the same formats as
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Figure 10. Same as Figure 8 but for the four different time intervals (i), (ii), (iii), and (iv) shown in the top panel of
Figure 9.

Figures 7 and 8, but display the pitch angle dependent responses of energetic electron and H ion fluxes to the
gradual By enhancement observed by RBSP-B at 1812-1814 UT.

From these comparisons, it is clear that the electron and H ion injection properties have many commonal-
ities between the transient DF and subsequent gradual By; enhancement: (1) the electron flux enhancement
followed the gradual By enhancement (Figures 9a-9b); (2) the electron flux enhancement was almost isotro-
pic at <102 keV, while at >132 keV it was mostly confined around a = 90° (Figures 9c-9i); (3) the energetic
H ion fluxes at 81-147 keV varied in almost antiphase with By (Figures 9a-9b); and (4) the H ion flux
enhancement preceded the electron flux enhancement by ~1 min. On the other hand, some differences
existed in the PAD properties: (1) the 54 and 75 keV electron fluxes were more strongly elevated for the gra-
dual By enhancement than for the DF; and (2) the electron fluxes at >100 keV was much stronger perpen-
dicular anisotropy for the DF than for the gradual By; enhancement. We suggest that such differences are
caused by the different sharpness and/or timescale of By enhancement that could influence the degree of
particle acceleration and/or transport.

4. Discussion
The principal results from this study include the following:

1. Substorm particle injections and local dipolarizations were observed by four closely located spacecraft at
and inside GEO near the central meridian (~22 MLT) of an initially formed current wedge system. Their
large-scale evolution was almost identical between the two RBSP spacecraft at ~0.5 Rg apart in the azi-
muthal direction.
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2. In contrast, a distinctly different signature was found in the first injections at the two RBSP spacecraft:
RBSP-B, located closest to the onset meridian, observed a dispersionless injection which occurred con-
currently with a transient DF (timescale of ~25 s, peak-to-peak amplitude of ~25 nT), while RBSP-A,
located slightly eastward from RBSP-B, observed a dispersed electron injection and a weaker dispersion-
less H ion injection with no corresponding DF.

3. The radial propagation speed of the injections from the LANL-04A to RBSP location was ~85 km s™*, in
good agreement with the average speed of the E X B earthward drift by the DF-related fields.

4. The transient DF fields significantly affect the energy- and pitch angle-dependent flux changes of the
electrons and the H and He ions inside GEO. In contrast, the heavier O ions were much less affected
by the DF fields.

Critical for this study were the limited spatial separations of the well-instrumented spacecraft. The
LANL-04A and RBSP-A/-B satellites had a small radial separation of ~0.8 Ry in the same MLT meridian,
while the RBSP-A and -B satellites were azimuthally separated by only ~0.5 Rg (20 min in MLT) at the same
radial distance. Based on the time delay between the injection arrivals at and inside GEO, the radial propa-
gation speed of the injection region was estimated to be ~85 km s™. This injection propagation speed was
approximately equal to the average speed (~100 km s™) of the transient earthward E x B drift estimated
from the DF-related fields at RBSP-B.

However, the determined earthward propagation in this study is relatively fast compared to some prior
reports by two radially separated spacecraft at and inside GEO. For instance, Moore et al. (1981), using data
from the ATS-6 and SCATHA satellites, reported that the hot plasma propagates earthward in close associa-
tion with an equally abrupt magnetic field increase at velocities in the range of 10-100 km s™*. Based on the
CRRES-LANL satellite pair within +1 hr of local time, Reeves, Friedel, et al. (1996) reported that essentially
all injection cases (nine events) were consistent with an earthward propagation of the substorm injection
region, with an average earthward propagation speed inside GEO of ~24 km s™". Ohtani et al. (2018) found,
although not for the injection region, that the dipolarization region inside GEO expands earthward at a finite
speed of 50 km s™'. The event studied here occurred under an HSS-driven magnetic storm condition.
Therefore, it would be reasonable to speculate that the flow-breaking region during this substorm event
was much closer to the Earth than that under nonstorm conditions. As a result, the DF and its accompanying
injection region might be able to reach further inside GEO without significant deceleration.

The azimuthal scale of the penetrating injection region is important for understanding the dynamics of the
process. In this study with the two closely spaced RBSP spacecraft, the measurements suggest that RBSP-B
was in the core injection region in which local acceleration and/or rapid transport could be caused by the
sharp DF, while RBSP-A was outside the core region. With no spacecraft measurements to the west of
RBSP-B, however, we cannot conclusively determine how far in MLT the westward edge of the core region
was extended. Typical special scale of DFs (or BBFs) in the near-Earth tail is 2-3 Rg (Nakamura et al., 2004;
Runov et al., 2011). Given that the DF (injection region) has the same azimuthal scale and its eastern edge is
the RBSP-B location, the westward edge might extend up to ~20 MLT meridian, roughly corresponding to
the westward edge of the initial substorm current wedge.

It is interesting to note that, whereas the initial electron injection at RBSP-A was dispersed, the H ion injec-
tion represented a dispersionless signature but had a weaker flux enhancement than that at RBSP-B. This
suggests that the eastward edge of the ion injection region extended to the RBSP-A location, unlike that of
the electron injection region. This picture is not consistent with the conventional picture of electron and
ion dispersionless injection boundaries, which are in the midnight to dawn MLT sector and in the dusk to
midnight MLT sector, respectively (Birn et al., 1997b). Our measurements imply that both electron and
ion injection regions are highly localized, but that they have different spatial extends with respect to the
accompanying DF.

The transient DF impacts on energetic particle population inside GEO depended on species. As shown in
Figure 4, the RBSP A-B comparison demonstrates that the local presence or absence of the penetrating
DF determines whether the concurrent electron injection is a dispersionless or energy-dispersed signature.
This is consistent with previous magnetotail observations of DFs (Gabrielse et al., 2014). Contrary to the elec-
tron injections, the H ion flux enhancements (i.e., injections) at >81 keV represented a dispersionless signa-
ture at both spacecraft, although the flux intensity was much stronger in the presence of the DF than
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without, particularly for energies >100 keV. An interesting feature is that the DF was accompanied by a tran-
sient depression in the energetic H ion fluxes, rather than their enhancement. The H ion flux depression
could be explained as the diamagnetic nature of plasma pressure by the sharp DF (By enhancement).

Like the H ion injection, the He ion injection also represents a transient dispersionless signature; its flux
intensity is much stronger at RBSP-B than at RBSP-A. This suggests that the dynamics of He ions inside
GEO are also affected by the transient DF-related fields. In contrast to such lighter ion species, the heavier
ions exhibited a more gradual flux enhancement. In contrast to these lighter ion species, the heavier O ions
exhibited a more gradual flux enhancement. An O ion flux enhancement is usually considered to be caused
by local acceleration in the inner magnetosphere, or by adiabatic heating through the impulsive earthward
transport of source population in the near-Earth plasma sheet. The local O ion gyroperiod at the RBSP loca-
tion is ~10 s, which is slightly longer than (or comparable to) the timescale of the DF-related electric field.
Therefore, one may expect that preexisting O ions at the RBSP location would experience a DF-induced non-
adiabatic local acceleration and that the resulting O ion flux enhancement would be stronger for the
with-DF case than the without-DF. Contrary to the expectation, however, the closely aligned RBSP observa-
tions indicated no/little significant differences in the O ion flux enhancement between the with-DF and
without-DF cases. This result therefore implies that the transient DF-related fields have no significant effect
on the local acceleration of O ions inside GEO, even though the DF timescale is shorter than (or comparable
to) the O gyroperiod.

5. Conclusions

In conclusion, by examining fields and energetic particles data from four closely located satellites (RBSP-A,
RBSP-B, LANL-04A, and THEMIS-A) we found that electron and ion dispersionless injections inside GEO
were accompanied by a spatiotemporally localized DF. This DF occurred at the beginning stage of a sus-
tained local dipolarization near the central meridian of a wedge-like current system formed immediately
after the substorm expansion onset. The DF-related particle flux changes inside GEO at this epoch exhibited
strong species-, energy-, and pitch angle-dependent features. This multispacecraft study clearly demon-
strates that the electron and ion dispersionless injection regions inside GEO are well correlated with a highly
localized DF that penetrates deeper in the inner magnetosphere. Future multispacecraft studies will be
required to examine the spatial occurrence patterns of dispersionless injections inside GEO and the factors
controlling their occurrence. In addition, the magnetic and electric field changes associated with such dis-
persionless injections will need to be examined to identify the operative physics processes at these times.

Data Availability Statement

Data from Van Allen Probes used in this study are available at CDAWeb (https://omniweb.gsfc.nasa.gov)
and also at the individual instrument websites as follows: EMFISIS (https://em!sis.physics.uiowa.edu/
data/index); EFW (http://www.space.umn.edu/rbspefw!data/); RBSPICE (http://rbspice.ftecs.com/Data.
html); and MagEIS (https://www.rbsplect.lanl.gov/science/DataDirectories.php). SuperMAG indices and
magnetometer data are available at the SuperMAG website (http://supermag.jhuapl.edu/) maintained by
J. W. Gjerloev and the SuperMAG team with support from NSF in international collaboration with many
organizations and institutes. THEMIS-A FGM data are available at the THEMIS Mission website (http://the-
mis.ssl.berkeley.edu). LANL!0O4A SOPA data, although available by request to G. D. Reeves and M. G.
Henderson at Los Alamos, are archived online (10.6084/m9.figshare.12292775).
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