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Abstract The Van Allen Probes Helium Oxygen Proton Electron instrument observed a new type of
enhancement of O+ ions in the inner magnetosphere during substorms. As the satellite moved outward in
the premidnight sector, the flux of the O+ ions with energy ~10 keV appeared first in the energy-time
spectrograms. Then, the enhancement of the flux spread toward high and low energies. The enhanced flux of
the O+ ions with the highest energy remained, whereas the flux of the ions with lower energy vanished near
apogee, forming what we call the void structure. The structure cannot be found in the H+ spectrogram. We
studied the generation mechanism of this structure by using numerical simulation. We traced the trajectories
of O+ ions in the electric and magnetic fields from the global magnetohydrodynamics simulation and
calculated the flux of O+ ions in the inner magnetosphere in accordance with the Liouville theorem. The
simulated spectrograms are well consistent with the ones observed by Van Allen Probes. We suggest the
following processes. (1) When magnetic reconnection starts, an intensive equatorward and tailward plasma
flow appears in the plasma lobe. (2) The flow transports plasma from the lobe to the plasma sheet where the
radius of curvature of the magnetic field line is small. (3) The intensive dawn-dusk electric field transports the
O+ ions earthward and accelerates them nonadiabatically to an energy threshold; (4) the void structure
appears at energies below the threshold.

1. Introduction

Sudden enhancement of the energy flux of ions is one of the common features in the inner magnetosphere
during substorms [e.g., McIlwain, 1974; Konradi et al., 1975; Belian et al., 1978; Ejiri, 1978; Ejiri et al., 1980;
Mauk and Meng, 1983; Daglis and Axford, 1996; Fu et al., 2002; Mitchell et al., 2003; Ohtani et al., 2007;
Keika et al., 2010, 2013; Gkioulidou et al., 2014, 2015]. The flux enhancement can be explained by accelera-
tion and transport of particles from the nightside plasma sheet [e.g., Delcourt, 2002; Fok et al., 2006; Ashour-
Abdalla et al., 2009; Peroomian et al., 2011; Birn et al., 2013]. During the substorm expansion phase, the plas-
masheet ions are accelerated and transported into the inner magnetosphere due to an intense dawn-dusk
electric field [e.g., Li et al., 1998; Zaharia et al., 2000; Ashour-Abdalla et al., 2011; Birn et al., 2013; Ebihara and
Tanaka, 2013]. After the transport, the energetic ions become a major constituent of the ring current
[Gkioulidou et al., 2014].

Various in situ observations of particle injections show several structures in energy-time spectrograms includ-
ing the dispersionless structure [Akasohu, 1977; Mauk and Meng, 1983; Reeves et al., 1991; Li et al., 1998; Fu
et al., 2002; Keika et al., 2010; Gkioulidou et al., 2015], the nose structure [e.g., Smith and Hoffman, 1974;
Ejiri, 1978; Ejiri et al., 1980], and the wedge-like dispersion structure [Yamauchi et al., 1996; Ebihara et al.,
2001; Yamauchi et al., 2006; Ebihara et al., 2008]. Recently, Zhang et al. [2015] reported a new structure by
using Van Allen Probes observations, termed “trunk-like structure,” which is characterized by the decrease
of the energy of the flux of O+ ions as the spacecraft moves earthward.

Numerical simulations have been adopted in various studies as a useful tool for understanding specific struc-
tures in particle flux energy-time spectrograms found by in situ observations. Ejiri [1978] and Ejiri et al. [1980]
have calculated the trajectories of ions along with their travel times. They showed that ions at a certain
energy penetrate deeper and faster into the inner region, resulting in the nose structure of newly injected
ions. Ebihara et al. [2001] performed particle drift simulation to investigate the generation mechanism of
the wedge-like dispersion structure observed by Viking. They showed that the dispersion structure can be
due to the energy-dependent drift motion of ions from a short-lived plasma flow channel that exists in the
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near-Earth tail. Zhang et al. [2015] used a numerical simulation to trace the particle drift backward in time to
understand a trunk-like structure and concluded that the trunk-like structure is likely caused by a gap in the
nightside ion source or greatly enhanced impulsive electric fields.

The purpose of this study is to report the characteristics of a new type of structure “void structure,” which is
observed by the Helium Oxygen Proton Electron (HOPE) instrument of the Van Allen Probes and understand
its generation mechanisms by using the numerical simulation introduced by Nakayama et al. [2015].

2. Van Allen Probes Observation

The Van Allen Probes mission is designed for understanding the energetic plasma environment in the inner
magnetosphere. The two Van Allen Probes spacecraft (Probe A and Probe B) are in nearly identical orbits, with
a perigee altitude of ~600 km, an apogee geocentric distance of 5.8 RE, and an orbital inclination of 10° [Mauk
et al., 2013]. The HOPE instrument onboard Van Allen Probes measures the fluxes of helium, oxygen, protons,
and electrons with an energy range from a few eV to ~50 keV with energy resolution<20% [Kessel et al., 2013,
Funsten et al., 2013].

2.1. Observation of the Void Structure

Figure 1 shows an overview of energy-time spectrograms of H+ ions and O+ ions observed by HOPE on the
two satellites on 7 March 2013. Figure 1a shows the time evolution of the SML index, which is similar to the
conventional AL index but is derived from the SuperMAG data set [Gjerloev, 2012]; the original data are col-
lected by stations distributed worldwide, and therefore, the SML index tends to be a better measure of the
westward electrojet if its peak intensity takes place in a longitudinally limited area or off the typical latitu-
dinal range of the auroral oval. The SML sharply decreased to ~�200 nT at 07:50 UT and to ~�270 nT at
11:10 UT as shown in Figure 1a. It is likely that at least two substorms took place. Figures 1f and 1g show
the trajectories of the satellite drawn in the SM coordinates. During this interval, the apogees of the Van
Allen Probes were located at 5.8 RE and at ~1 h in magnetic local time (MLT) and Probe B was ahead of
Probe A by ~2.5 h. Figures 1b and 1c (Figures 1d and 1e) show the energy-time spectrograms of the omni-
directional flux of H+ and O+ ions observed by HOPE A (HOPE B), respectively. On the outbound pass of
Probe A, at 10:40 UT, the H+

flux started to increase first at ~10 keV at L = ~5.3 (at ~5 keV at L = ~5.2 for
inbound) and the flux increase spread to both higher and lower energies with increasing L-value. The
reverse pattern was seen on the inbound pass. This structure is known as the nose structure. The structure
was not perfectly symmetric with respect to the apogee. This probably means that the structure depends
on MLT as well as on universal time [Ejiri et al., 1980]. The O+

flux showed a similar nose structure at
L =~5.3 on the outbound pass and at L = ~5.2 on the inbound pass. However, the observed O+

flux was
significantly low at energies below ~8 keV near apogee. Only the outer envelope of the nose structure is
observed in the energy-time spectrogram. About 2.5 h ahead of Probe A, Probe B proceeded almost the
same trajectory and observed a similar structure. Again, the O+

flux near apogee was depleted below
~5 keV. The shape of the dispersion is somewhat different from that observed by Probe A. The difference
probably can be attributed to a temporal variation rather than a spatial variation. Hereinafter, we call the
structure a void structure. As will be discussed later, the void structure is different from the structures
previously reported.

Figure 2a shows an example of the energy-L spectrogram of O+
flux measured by Probe A during a different

event (an interval between ~01:30 UT and ~06:00 UT on 12 April 2013). During this event, the apogees of the
Van Allen Probes were located at ~5.9 RE and at ~00:00 MLT. A substorm took place on its outbound pass as
determined by the SML index (Figure S1g in the supporting information). A clear nose structure was observed
at L> 4.6, and the O+

flux below ~10 keV depleted at L> 5.6 (>~01:00 MLT). In order to specify the charac-
teristics of the void structure quantitatively, we introduced two parameters for this study as shown in Figure 2
b, an earthward boundary and a threshold energy of the void structure. For the observation (inbound pass of
the event on 11 April 2013), the earthward boundary of the void structure was located at L = ~5.6, and the
threshold energy of the void structure was ~10 keV at L =~5.9.

2.2. Analysis of Van Allen Probes Data

We surveyed data from HOPE on Van Allen Probes acquired between 1 January 2013 and 30 May 2013
during which the apogees of the two spacecraft were located on the nightside. Nine void structures were
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Figure 1. (a) SML index (similar index to AL index), (b–e) energy-time spectrograms of omnidirectional energy flux of H+

and O+ from HOPE on Probe A and Probe B on 3 March 2013, and (f and g) orbits of Probe A and Probe B in the SM
coordinate system: x-y plane in the top row and x-z plane in the bottom row. Enhancements of high-energy particles are
observed in the inner magnetosphere associated with small substorms.
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identified by either one or two
spacecraft and are summarized in
Table 1. The SML index and the
energy-time spectrogram of O+

flux
measured by Probe A and Probe B
for all the events are provided in
Figure S1. We excluded the intervals
when minimum Dst<�30 nT
because the energy-time spectro-
grams of the ions tended to be
rather complicated during magnetic
storms. The void structure was
observed by at least one spacecraft
within ~1 h after the SML decrease
for all the cases. Note that the void
structure did not always appear dur-
ing substorms. The reason is dis-
cussed in the discussion section.
Figure 3 shows the trajectories of
Probe A and Probe B when the nine

void structures were observed. The color indicates the flux in a specific energy range. To clearly identify
the earthward boundary of the void structure, we chose the energy ranging from ~0.7 keV to ~4.8 keV.
The energy was kept constant through one revolution of orbit. For the H+ ions observed on 11 April
2013, the flux sharply increased around x=�4.4 RE, y= 2.3 RE (L = ~5.0) on the outbound pass (solid arrow)
and decreased around x=�4.6 RE, y=�2.3 RE (L = ~5.1) on the inbound pass (solid arrow). For the O+ ions,
however, the flux showed a sharp decrease (open arrow) soon after the sharp increase (solid arrow) on the
outbound pass. The same happened on the inbound pass. These banded structures appeared when the
satellite passed through the earthward boundary of the void structure, which is schematically shown in
Figure 2b. For the observation on 11 April 2013, the earthward boundaries of the void structure are located
at L =~5.6 on the outbound and inbound passes.

We investigated the energy that satisfies the following criterion
df
�
d log10Kð Þ > 103; K > 103; (1)

where f is the flux in 1/cm2 str s keV and K is the kinetic energy in eV. Figure 4 is the same as Figure 3, but the
colors indicate the maximum energy that satisfies equation (1). If we did not identify any energy that meets
the criterion, we did not plot dots at the position. The open arrows in Figures 4a and 4b set at the same posi-
tions as in Figures 3e and 3f show the earthward boundaries of the void structure observed on 11 April 2013.
Around the earthward boundaries of the void structure, the energy sharply increased to ~10 keV. The energy
outside the earthward boundaries may be equal to the threshold energy of the void structure. For the obser-
vation on 11 April 2013, the threshold energy of the void structure distributed ~10 keV.

3. Numerical Simulation

We adopted the same simulation
introduced by Nakayama et al.
[2015], in which we traced the trajec-
tories of O+ ions by using the electric
and magnetic fields generated by a
global MHD simulation [Tanaka et al.,
2010; Ebihara and Tanaka, 2013].
The global MHD simulation devel-
oped by Tanaka et al. [2010] and
Tanaka [2015] successfully demon-
strated several important features

Table 1. Event List of the Void Structure

Date

Event 1 01-Feb-13
Event 2 05-Feb-13
Event 3 10-Feb-13
Event 4 26-Feb-13
Event 5 07-Mar-13
Event 6 09-Mar-13
Event 7 10-Apr-13
Event 8 11-Apr-13
Event 9 14-May-13

Figure 2. (a) Energy-L spectrogram of O+
flux acquired by Probe A during the

interval between ~01:30 UT and ~06:00 UT on 12 April 2013. (b) Schematic
drawing of the spectrogram explaining the void structure studied in this
paper.We call ions in the earthwardmost edgeof this spectrogramasGroupA
and ions in the upper edge of this spectrogramasGroupB. A faint line-shaped
spectrum (L = 3 ~ 5) of low-energy particles seen around 1 keV is outside the
scope of this paper.
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that emerge during a substorm such as the current wedge [Tanaka et al., 2010], energetic particle injection
[Ebihara and Tanaka, 2013], westward traveling surge [Tanaka, 2015; Ebihara and Tanaka, 2015], and themag-
netic disturbance at auroral latitudes [Tanaka et al., 2010] as well as magnetic equator [Ebihara et al., 2014]. In
this study, we utilized the same global MHD simulation result performed by Ebihara and Tanaka [2013] and
Nakayama et al. [2015] in which the solar wind speed was held constant at 500 km/s, and interplanetary mag-
netic field (IMF) turned from (0, 2.5, 5.0) to (0, 2.5, �5.0) nT. The result showed that the calculated AL index
decreased to ~�800 nT [Ebihara and Tanaka, 2013]. Just after the AL decrease, the dawn to dusk electric field
is enhanced to ~13mV/m at >~6 RE in longitudinally narrow regions in the premidnight and postmidnight
sector [Nakayama et al., 2015]. In the present study, the onset of substorm expansion phase is defined as
the moment at which the AL index suddenly decreases, and hereinafter referred to as T= 0.

Figure 3. (a–d) Trajectories of Probe A and Probe B in x-y plane in the SM coordinate and L-value as a function of time
during the nine substorm events. The color indicates the flux of H+ ions at energy between ~0.7 keV and ~4.8 keV. (e–h)
Same as Figures 3a–3d but for O+ ions.
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In the test particle simulation, O+ ions were launched from off-equatorial positions with initial energies from
1 eV to 1 keV at every integer minute during T=�20 to 15min. Those O+ ions were launched at Z=�2 RE,
ranging from X=�7 to �17 RE and from Y=�10 to 10 RE. The real number of particles ΔN is calculated
assuming a drifting Kappa distribution in the source region given by as

f i ¼ n

π3=2θ3
Γ κ þ 1ð Þ

κ3=2Γ κ � 1=2ð Þ 1þ v� VMHDð Þ2
κθ2

 !� κþ1ð Þ
(2)

and

θ ¼ 2κ � 3
κ

kT
m

� �1=2

(3)

where n, κ, k,m, v, T, and VMHD are the density, the spectral index, the Boltzmann constant, the mass of particle,
the velocity of particle, the temperature, and the bulk velocity of plasma given by the MHD simulation. In this
study, we assumed that cold O+ ions (temperature is 10 eV) are continuously supplied from the ionosphere to
the lobe region. This process is observed by many studies [e.g., Vaisberg et al., 1995; Moore et al., 1997] and
assumed as a main source of the ring current O+ ions [Fok et al., 2006]. On the other hand, an impulsive supply
of energetic O+ ions (a few keV) from the nightside aurora region [e.g.,Gazey et al., 1996; Sauvaud et al., 2004] was
not assumed in this study. As initial parameters of the cold ions, we used n=0.1 cm�3, κ =4.5, and kT=10eV.
After the tracing, we resembled the flux of O+ ion in the inner magnetosphere by accumulating the real number
of the O+ ions falling into a small bin in configuration space and velocity space. The numerical simulation success-
fully reconstructed the O+

flux enhancement with a dispersion-less structure in the midnight region, a dispersed
structure in the dusk region, and a nose structure around the inner edge of the plasmasheet at dusk region.
Nakayama et al. [2015] have shown that most of the O+ ions undergo nonadiabatic motion and that the kinetic
energy of some ions increases to a level on the order of 100 keV. See Nakayama et al. [2015] for more details.

3.1. Energy-L Spectrogram

Figure 5a is the same figure as Figure 2a. Figures 5b–5e show energy-L spectrograms of the simulated O+ ion
fluxes at 00:00 MLT and 22:00 MLT in the equatorial plane. We defined that the L value and the radial distance
are same in the equatorial plane. Note that the energy scale of the simulation plots is shifted by an order of
magnitude from the observational plot. At 00:00 MLT, the energy of the ions increases with increasing L. The

Figure 4. (a–d) Same as Figures 3e–3h but the colors indicate the energy that satisfies equation (1).
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structure that appears in the energy-
L spectrograms reproduces the void
structure shown in Figure 2. In parti-
cular, the structure has a clear earth-
ward boundary and the threshold
energy can be defined. The earth-
ward boundary moved earthward as
time progresses. The threshold
energy increases between T= 0min
and 5min. After T=5min, the thresh-
old energy remains almost constant
or slightly decreases. At T=15min,
for example, the earthward boundary
of the void structure is located at
L = 5.8 and the threshold energy of
the void structure is ~30 keV at
L = 6.0. At 22:00 MLT, the ions with
energy from ~20 keV to ~60 keV
appear first with increasing R. The
spectral shape is morphologically
consistent with that shown in
Figure 5a. Although our simulation
successfully shows general features
of the void structure, the threshold
energy is a bit higher than the
observed values. This is because solar
wind parameters and IMF conditions
are different from the observation.
In the simulated substorm, the mini-
mum AL is ~�800 nT which is nega-
tively much larger (~�290 nT) than
the event on 11 April 2013. During
the larger substorm, the more inten-
sive dawn to dusk electric field can
be generated and results in the
higher threshold energy in the calcu-
lated energy-L spectrogram as shown
in Figure 5. Our purpose is to under-
stand a general feature of the void
structure emerging during sub-
storms, and reproducing exactly that
the observation is beyond the scope
of this study.

3.2. Spatial Distribution of the Threshold Energy of the Void Structure

We also calculated the threshold energy of the simulated void structure by means of the same procedure
described above. Figure 6 shows the spatial distribution of the threshold energy of the void structure. The
region where threshold energy of the void structure is not identified is filled with white. In general, the void
region is widely distributed in the nightside region. The spatial peak of the threshold energy of the void struc-
ture increases with time and reaches ~200 keV at x=�7 RE, y= 2 RE at T= 15min.

3.3. Formation of the Void Structure

To investigate the generation mechanisms of the void structure, we divided ions in the void structure into
two groups. Group A resides at the earthward edge of the envelope of the void structure. Group B resides

Figure 5. (a) Reproduction of Figure 2a. (b–e) Energy-L spectrograms of the
simulated O+ ions at 00:00 MLT in the equatorial plane. (f–i) Energy-L
spectrograms of the simulated O+ ions at 22:00 MLT in the equatorial plane.
Time in minute (min) is elapsed time after the substorm onset.
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at the upper edge of the envelope of the void structure. The groups are schematically drawn in Figure 2. As a
representative of Group A, we chose the ions with energies below 20 keV and located at L = 5.6, at 00:00 MLT
and at T=15min. As a representative of Group B, we chose the ions with energies between 100 keV and
200 keV and at L = 8.0, at 00:00MLT and at T= 15min. We did not choose ions around the earthward boundary
as a representative of the Group B because generationmechanisms of the ions located around a turning point
are unclear. Figure 7a shows the flux as a function of the time of departure from the source for theGroupA ions
andGroupB ions, and Figure 7b shows the flux as a functionof the initial position of the ions in the source plane
in the northern hemisphere. The vertical axis of Figure 7a and the color in Figure 7b show the flux values
mapped from that of Group A and B ions. Most of the Group A ions departed the source region ~10min before
the substorm onset. The initial positions are between x=�9 RE and x=�17 RE in themidnight region. Most of
the Group B ions departed the source region after the substorm onset between T=~�4min and T=~11min.
The initial positions are distributed in the postmidnight region (x=�8 RE to�16 RE, y=~�6 RE).

In Figure 8, the black arrows show the MHD plasma flow velocities in the x-z plane (Vxz) at y= 0 RE and y=�6
RE. The black and red lines indicate themagnetic field lines projected into the x-z plane and the location of the
O+ source plane set by Nakayama et al. [2015]. As mentioned above, the initial distribution function of the O+

ions in the source plane is given by a drifting Kappa distribution in this simulation. This means that O+ ions
are launched with the thermal velocity in the frame of the MHD plasma flow velocity (VMHD in equation (2)).
For Group A ions, from Figure 8a, the average of the x-z component of VMHD (Vxz) at the source positions
(z=�2 RE) is ~10 km/s that is equivalent to ~10 eV for O+ ion. On the other hand, the temperature of the
launched ions (kT in equation (2)) is assumed tobe10 eV in the simulationmodel. This indicates that the thermal
speed (θ in equation (2)) is comparable to Vxz for Group A ions when they are launched.

After the substorm onset, at y=�6 RE and z=�2 RE, the flow is directed equatorward and tailward with a
significant intensification (Figure 8d). This (1) equatorward and (2) tailward flow enhancement at the off-
equatorial position is due to the following: (1) The formation of the near-Earth neutral line (x=~�11 RE in
Figure 8d) results in the largedifference ofmagneticfield strengthbetweenequator (z=~0RE) andoff-equator
(|z| = ~1 RE). The difference of magnetic field strength increases the magnetic pressure force accelerating the
background plasma toward the equatorial plane. (2) After the substorm onset, the high-pressure region
(x=~�7 RE) expands antiequatorward across the magnetic field line, results in the pressure gradient force
along magnetic field lines accelerating the background plasma toward the tail [Yao et al., 2015]. Another

Figure 6. (a–d) Spatial distributioninthex-yplaneofthethresholdenergyofthesimulatedvoidstructureatT = 0,5,10,15min.
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feature to be noted is the reversal of the flow direction (Figure 8d). This flow pattern has been investigated in
Yao et al. [2015] by using a same global MHD simulation. They show that the flow is directed earthward in the
high-pressure region and tailward in the low-pressure region. |Vxz| is greater than ~100 km/s at y=�6 RE and
z=�2 REwhich is equivalent to>~1 keV for O+ ion. For Group B ions, because the temperature at the source
position is also assumed tobe kT= 10 eV,Vxz ismuch larger than the thermal speedθ at the launchposition. This
strongflowbringsmost of the lobeO+ ions to theplasmasheet (x<�10RE)where the radius of curvatureof the
magnetic field line is small and the dawn to dusk electric field is enhanced.

Figure 9 shows one typical trajectory of Group A ions. Figure 9a shows the trajectory of a sample ion in the
equatorial plane together with the black contours indicating the Y component of the electric field Ey at
T=0min. Figure 9b shows the trajectory of the ion in the noon-meridian plane, and the black lines show
the magnetic field lines. The ion departed at (�16, �1, 2) RE at T=�10min and reached (~�8.5, ~0.5, 0)
RE at T=~3min. When the ion departed, VMHD is (26, 2,�8) km/s at the launched postion, which is equivalent
to ~60 eV and the ion has the kinetic energy of ~30 eV in the frame of the flow. After the launch, the ion heads
earthward and moves toward the equatorial plane. The ion passes through the equatorial plane just before
the substorm onset. Then it is accelerated to ~12 keV (Figure 9c) and transported to the inner region after a
subtorm onset. The magnetic moment fluctuates around 100 eV/nT during the acceleration, which suggests
that the ion is adiabatically accelerated (Figure 9d).

Figure 7. (a) Flux as a function of launched time of the Group A ions (black line) and Group B ions (red line), and (b) distri-
bution of launched position of the ions in the source plane in the northern hemisphere for Group A ions (left) and for Group
B ions (right).
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Figure 10 shows one typical trajectory of Group B ions with the same format as Figure 9 except for the dawn
to dusk electric field at T= 15min (black contour) and the magnetic field lines at T= 15min (black lines). The
ion departed at (�9, �5, 2) RE where the flow velocity is (125, 2.9,�53) km/s at T = 10min. The VMHD value at
the position is equivalent to ~1.5 keV, and the ion has the kinetic energy of ~30 eV in the frame of the flow at
the launch. After the launch, the ion moves tailward, duskward, and toward the equatorial plane. The direc-
tion of the ion velocity turns from tailward to earthward when the ion reaches the equatorial plane, and then
the ion is immediately accelerated by the enhanced dawn to dusk electric field. The magnetic moment is vio-
lated between T=13min and 14min, which indicate that the acceleration process is nonadiabatic. Finally,
the energy reaches ~200 keV within 2min.

3.4. Generation Mechanisms of the Void Structure

We found that the ions residing at the earthward most edge of the plasma sheet (Group A ions) departed the
source plane before the substorm onset (Figure 7a). Before the substorm onset, VMHD is comparable to the
thermal speed θ (Figure 8a). This means that the ions do not follow the background flow, so the ions direct
to various directions at the launched position before the substorm onset. Just before the substorm onset, the
ions already exist around the equatorial plane with energy at tens of eV. Those preexisting particles are imme-
diately “pushed” earthward together with the generation of the dawn to dusk electric field. The acceleration
process is adiabatic because the gyroradius of these low-energy ions is small. For the adiabatic acceleration,
the guiding center approximation may be valid in evaluating the change of particle energy. In such case, the
gain of the kinetic energy can be described as follows

dK
dt

¼ qvd ·E; (4)

where vd is the grad-B and curvature drift velocity. The energy gain associated with magnetic field changes is
ignored. The ions get various energies depending on the drift velocity and the electric field that they experi-
enced and develop the earthward most edge of the envelope of the void structure.

Most of Group B ions are launched after the substorm onset. During the substorm expansion phase, the
strong equatorward and tailward flow developed in the plasma lobe (Figure 8d). The Group B ions follow
the background plasma flow because VMHD dominates thermal speed θ. According to the flow pattern, most

Figure 8. MHD plasma flow velocities in the x-z plane (Vxz) at (a and c) y = 0 RE and (b and d) y =�6 RE at T =�10min
(before the onset) and 10min (after the onset).
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of them reach at x<~�10 RE in the equatorial region. When they reach the equatorial region, the dawn to
dusk electric field is already enhanced and the radius of curvature of the magnetic field line is small.
Therefore, the acceleration process of the Group B ions is basically nonadiabatic. In such a case, the energy
gain of the ion can be described by the equation

dK
dt

¼ qv · E; (5)

where v is the velocity of the ion and E is the electric field. The ions are nonadiabatically accelerated within
one gyromotion; thus, the acceleration process can be treated as quasi-electrostatical acceleration traveling
through the electric potential. As we stated above, the reversed plasma flow pattern brings the plasma lobe
O+ ions to outer region in the equatorial plane (x<~�10 RE) where an intense dawn to dusk electric field is
generated. Therefore, most of the ions experience the dawn to dusk electric field and get a kinetic energy
that is comparable to the electric potential. The energetic ions drift westward due to the grad-B and curvature
drifts, which has the energy dependence. This causes a decrease of the threshold energy with decreasing L,
and the value of the threshold energy at L<~5.8 is identified at <~10 keV.

Figure 9. (a) Trajectory of the Group A ion in the x-y planewith the color code and the contour lines, respectively, indicating
instantaneous kinetic energy and |Ey| at t = 0. The interval of Ey is 5 mV/m, and the maximum Ey (dawn to dusk) is located at
x = ~�8 RE near midnight. (b) Same figure as Figure 9a but in the x-z plane, and the black lines indicate the magnetic field
lines at T = 0min. (c) The kinetic energy and (d) the magnetic moment as a function of time.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023013

NAKAYAMA ET AL. VOID STRUCTURE OF O+ ION 11,708



Weincreased the initial temperatureof theO+ ions from10 eV to10 keV. In this case, the thermal speedθ is com-
parable toVMHDevenduring the substormexpansionphase. Figure11 shows theenergy-L spectrogramsof the
O+ ionswith initial temperatureof kT= 10 keV. InFigure11, thegapof thevoid structureappears tobefilled. The
ion,whichhasalargekineticenergyintheframeofMHDflow,candirectly reachtheinnerregionintheequatorial
plane. Around the substorm onset, the dawn to dusk electric field has a peak at x=�8 RE near midnight and it
decreases with decreasing L [Nakayama et al., 2015]. When the temperature of the O+ ions in the lobe is high,
the ions can directly reach the plasmasheet inner region (x>~�8 RE). They will not be highly accelerated
because the potential drop between the position and at L = 6 and at 00:00MLT is small. Therefore, the ions are
observedintheinnerregionwithoutthesignificantenergyincreaseandthevoidstructureappearstobeunclear.

4. Discussion

We reported the void structure and investigated its generation mechanisms. The HOPE observation shows
that the void structure is seen in the energy-L spectrogram near apogee. The void structure is clearly

Figure 10. (a–d) Same figure as Figure 9 but for Group B ion. The black lines in Figure 10b indicate the magnetic field lines
at T = 15min (after the onset). Depolarized magnetic configuration is observable in Figure 10b.
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identified in the O+ ions but not in
the H+ ions. Because the void struc-
ture was observed by at least one
spacecraft within ~1 h after the SML
decreases for all the cases, we specu-
lated that the void structure is asso-
ciated with ion injection. We
focused on the void structure identi-
fied in the substorms when
Dst>�30 nT, because the void struc-
ture was sometimes unclear during
storms (Dst<�30 nT). As shown in
Figure 11, O+ temperature in the
plasma lobe region increases during
storms and the void structure is not
clearly defined.

We used the same technique as in
Nakayama et al. [2015] to investigate
the void structure. Our simulation
reproduced the void structure well
and revealed that the generation
mechanisms of the void structure
consist of (1) the formation of the
strong equatorward and tailward
plasma flow and (2) the intensive
nonadiabatic acceleration. (1) Yao
et al. [2015] reported that the Time
History of Events and Macroscale
Interactions during Substorms obser-
vations also showed a formation of

the reversed plasma flow pattern (tailward flow in the high-pressure region and earthward flow in the low-
pressure region). This suggests that the formation of the intensive plasma flow pattern is a realistic phenom-
enon. (2) The nonadiabatic acceleration of O+ ions during substorms has been reported [e.g., Delcourt, 2002;
Ashour-Abdalla et al., 2009; Peroomian et al., 2011; Nosé et al., 2012; Birn et al., 2013; Nakayama et al., 2015].
Therefore, we assume that the two mechanisms are commonly occuring during substorms. One possible
question is whether the void structure can be developed only with (1) the formation of the strong equator-
ward and tailward plasma flow or (2) the intensive nonadiabatic acceleration. (1) The strong plasma flow
brings most of the plasma lobe O+ ions to the plasmasheet where the curvature radius of the magnetic field
line is small and the dawn to dusk electric field is strong. If it is not developed, the plasma lobe O+ ions can
flow into various regions, including the position where the dawn to dusk electric field is weak. Consequently,
the ions are observed in the inner region without a significant energy increase and the void structure will not
be formed. (2) If O+ ions are adiabatically accelerated, the energy increase follows the equation (3). This indi-
cates that low-energy ions (especially zero-energy ions) cannot gain sufficient kinetic energy because the
grad-B and curvature drift velocity is small. In an extremely case, the distribution function (and the flux) of
the zero-energy ions will be unchanged according to Liouville’s theorem, and so the void structure will not
be formed. From these points of view, we concluded that both mechanisms are essential for a development
of the void structure. As we stated in section 2, the void structure does not always appear during substorms.
This may be because the O+ temperature in the plasmasheet region is high even before the substorm or the
substorm is not strong enough to trigger the nonadiabatic acceleration for O+ ions.

One notable feature of the void structure is that it is more clearly seen in the O+ spectrum than the H+

spectrum. This can be explained as follows. Our analyses showed that nonadiabatic acceleration contributes
to the formation of the void structure. It is widely known that nonadiabatic acceleration occurs when the
Larmor radius of the charged particle is comparable to the radius of curvature of the magnetic field line

Figure 11. (a–d) Energy-L spectrograms of the simulated O+ ions at 00:00
MLT in the equatorial plane with the initial temperature of kT = 10 keV.
Increase of initial temperature makes the void structure unclear.
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[Sergeev et al., 1983]. Because the mass of the H+ ion is one sixteenth of that of the O+ ion, it is plausible that
the nonadiabatic acceleration process is less effective for H+ ions than for O+ ions.

The wedge-like structure has been observed primarily in the dayside region at low energies (less that a few
keV) [Yamauchi et al., 1996; Ebihara et al., 2001; Yamauchi et al., 2006; Ebihara et al., 2008]. Ebihara et al. [2001]
suggested that the temporal variation of the ion source or the development of longitudinally narrow flow
channels of ion injections can explain the wedge-like structures observed by the Viking spacecraft. Our
simulation is consistent with these expectations. We showed that the source region of the injected ions is
dynamically changing around the substorm onset due to the variation of background plasma flow pattern
[Yao et al., 2015]. Further investigations are needed to understand the fate of the injected ions in the course
of their drift motion.

The trunk-like structure is observed on the dayside during the recovery phase of magnetic storms [Zhang
et al., 2015]. Zhang et al. [2015] concluded that the generationmechanism is a gap in the nightside ion source
or a greatly enhanced impulsive electric field associated with an elevated geomagnetic activity. The trunk-like
structure is likely the same as the wedge-like one because of the reasons listed below. (1) Both the trunk-like
and the wedge-like structures are primarily observed on the dayside. (2) The ions that constitute the trunk-
like and the wedge-like structures probably originate from the nightside plasma sheet. As the ions drift from
the nightside to the dayside, they undergo the grad-B and curvature drifts that depend on energy. When the
source population is longitudinally and/or radially confined in the plasma sheet, the trunk-like and the
wedge-like structures appear, according to the simulation studies. A normal distribution function of ions,
which decreases with energy in the nightside plasma sheet, is sufficient to explain the trunk-like and the
wedge-like structures that are observed on the dayside. On the other hand, the void structure is observed
on the nightside, and an unusual distribution function, which increases with energy in the nightside plasma
sheet, is necessary. The unusual distribution function can be generated by nonadiabatic acceleration under
the presence of a strong dawn to dusk electric field.

5. Conclusion

We obtained the following major conclusions.

1. During substorms, a new type of O+ ion spectral feature void structure was observed by the Van Allen
Probes. In total, the void structure was identified at nine substorm events between 1 January 2013 and
30 May 2013. The inner edge and the threshold energy of the void structure are usually located at
L =~5.5 and ~10 keV.

2. We simulated a sub-storm-time O+ ion injection in the global MHD electromagnetic fields. Our simulation
well reproduced the void structure observed by the Van Allen Probes. The simulation result revealed that
the generation mechanisms of the void structure consist of (1) the formation of the strong equatorward
flow in the low-pressure region and tailward flow in the high-pressure region and (2) the intense nonadia-
batic acceleration of O+ ions.
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