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Abstract Energetic O+ outflow is observed from both the dayside cusp and the nightside aurora, but the
relative importance of these regions in populating the plasma sheet and ring current is not known. During a
storm on 16 July 2017, the Arase and MMS satellites were located in the near‐earth and midtail plasma sheet
boundary layers (PSBL). During the stormmain phase, Arase andMMS both observe O+ in the lobe entering
the PSBL, followed by a time period with energy‐dispersed bursts of tailward‐streaming O+. The ions at
MMS are at higher energies than at Arase. Trajectory modeling shows that the ions coming in from the lobe
are cusp origin, while the more energetic bursty ions are from the nightside aurora. The observed and
simulated energies and temporal dispersion are consistent with these sources. Thus, both regions directly
contribute O+ to the plasma sheet during this storm main phase.

Plain Language Summary The magnetosphere is the region of space encompassed by Earth's
magnetic field. The plasma trapped in the magnetosphere can come both from the Sun and from the
ionosphere, the ionized layer of the atmosphere. The ionospheric contribution to the plasma increases
during geomagnetic storms. These ions get energized in the auroral oval and flow out along magnetic field
lines. During storms, this outflow can contain a large fraction of O+. There are two particular regions where
this O+ outflow occurs, one on the dayside and one on the nightside. This study looks at the contribution of
O+ from these two regions. Two spacecraft in different locations in the magnetosphere during the storm
were able to observe the signatures of ions from both regions indicating that both regions are important
during the peak of the storm.

1. Introduction

There are two main regions where energetic (>100 eV) O+ outflow is observed: the cusp and the nightside
aurora. The processes leading to this ion outflow and the outflow characteristics have been recently reviewed
by Maggiolo (2016). Ions are accelerated from both regions by a two‐step process. Solar EUV is the primary
source of ionization and heating of the ionosphere, but in the auroral zone, the solar wind‐magnetosphere
coupling drives additional energy into the ionosphere through both particle precipitation and electromag-
netic Poynting flux that provides the additional heating that leads to ion upflow. At higher altitudes, both
transverse ion acceleration due to wave particle interactions and parallel acceleration due to quasi‐static
electric fields further accelerate the ions, allowing them to escape into the magnetosphere. While the various
mechanisms that accelerate ions can occur in both regions, the drivers vary with local time, and so the tim-
ing of the outflow and the energies reached can be different in the two regions. In the cusp, the energy input
comes from the direct interaction with the solar wind. Cusp outflow is enhanced by solar wind dynamic
pressure (Fuselier et al., 2002; Moore et al., 1999), as well as with the solar wind electric field (Cully et al.,
2003). Thus, increased cusp outflow may occur when a solar wind pressure enhancement reaches the
Earth prior to a storm main phase as well as during the main phase. For the nightside aurora, the precipita-
tion comes predominantly from the plasma sheet and plasma sheet boundary layer. Nightside outflow is
strongly correlated with substorm activity and increases significantly during storm times (Wilson et al.,
2004). In general, the cusp outflow number flux exceeds the nightside outflow (Cully et al., 2003; Peterson
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et al., 2008), while the nightside outflow has higher energies (Andersson et al., 2005). While the character-
istic energy of the outflow is relatively low, ~30 eV in the cusp and ~50 eV in the nightside aurora at 4,000
km (Andersson et al., 2005), the tail of the spectrum can extend to more than a keV. Auroral beams, which
are caused by the quasi‐static electric fields, can have energies approaching 10 keV (Collin et al., 1987;
Möbius et al., 1998) while the conic distributions, caused by transverse acceleration, tend to be less than a
keV (Tung et al., 2001). Clearly, both the cusp and the nightside auroral outflow are strong during storms,
but the timing and characteristics of the two outflow sources may differ, and so the contributions of both
to the magnetospheric population need to be considered.

Both the cusp and the nightside aurora can supply ions to the plasma sheet. From the cusp, ions move over
the polar caps and enter the plasma sheet through the lobes. The O+ ion streams in the lobe have been
observed and well characterized with the International Sun/Earth Explorer‐2 (ISEE‐2; Candidi et al.,
1982), Geotail (Mukai et al., 1994), Polar (Liemohn et al., 2005), and Cluster (Liao et al., 2010). Their
observed energy increases with distance from the neutral sheet and distance down the tail. During storms,
their flux increases, and they are observed continuously from the cusp to the lobes and then entering the
plasma sheet for many hours (Kistler et al., 2010). When they enter the plasma sheet, they are accelerated
and heated (Hirahara et al., 1994; Orsini et al., 1990). The source of the acceleration and heating has not been
definitely established. In some cases it is completely consistent with the enhanced E × B drift under the con-
vection electric field as the ion moves toward the neutral sheet, but there are also arguments for more local
effects. Lindstedt et al. (2010) argued that the acceleration was due to a localized electric field at the bound-
ary, and Lennartsson (2003) proposed that the localized electric fields could be due to the difference in gyro-
radius between protons and electrons at the boundary.

As discussed above, nightside auroral outflow can also occur at all times, with an intensity that varies both
with substorms and storms (Wilson et al., 2004). Nosé et al. (2016) has shown that for the L range from 4.5 to
6.6, 80% of nightside dipolarizations are accompanied by bursts of O+ that exhibit an energy dispersion con-
sistent with their flight time from the ionosphere, indicating that most substorms result in enhanced ion out-
flow. Kistler et al. (2016) showed examples of this energy dispersed outflow at Van Allen Probes apogee
during the stormmain phase. However, the number of reported observations of these ions reaching themore
distant plasma sheet is limited. Sauvaud et al. (2004) reported two examples from Cluster of “injections” at
17–19 Re. The ions were observed as strongly field aligned, energy dispersed structures, and a timing analysis
showed that the dispersion was consistent with a time‐of‐flight effect with an origin at the nightside aurora.
In these cases, the injections provided a large fraction (80%) of the O+ observed. Lund et al. (2018) examined
the Cluster database of large storm‐time substorms associated with sawtooth events, and found that only 2
out of 33 events showed O+ with the energy dispersion characteristic of the nightside auroral source. The
other events showed features that were more consistent with O+ from the lobes entering the plasma sheet.
Other observations (e.g., Daglis & Axford, 1996; Gazey et al., 1996) showed the fast appearance of energetic
(>30 keV) oxygen in the plasma sheet, but did not observe the actual injection itself, and so the origin could
have been from the nightside aurora, but could also have been from the cusp. Thus, how often the nightside
outflow reaches downtail beyond geosynchronous orbit is not known.

How far downtail the O+ reaches the equatorial plasma sheet is critical in determining its ultimate fate and
impact. Modeling has shown that the further down the tail the ions enter the plasma sheet, the more they are
energized in their earthward transport (e.g., Chappell et al., 2008). When the O+ ions enter the plasma sheet
where the neutral sheet is thin, the O+ ions scatter and isotropize as they cross it, and can move cross‐tail in
the direction of the electric field, gaining energy. When the O+ ions enter closer to the Earth, where the field
is more dipolar, their motion can remain adiabatic and the O+ ions can bounce and drift, only gaining
energy proportional to the change in magnetic field, conserving their magnetic moment (Delcourt et al.,
1988). At 15–19 Re, the location where the Cluster satellites normally cross the plasma sheet, the cusp ions
are clearly observed entering the plasma sheet far enough down the tail to become isotropized and heated,
becoming part of the hot plasma sheet (Kistler et al., 2010), but how often the auroral ions reach this far is
not known. It has also been found that there is a significant radial gradient in the O+/H+ ratio, with the ratio
decreasing by a factor of 5 between L = 6.6 and L = 15 (Maggiolo & Kistler, 2014). Thus, there is significant
additional O+ entering the plasmasheet between 6.6 and 15 Re, but it is not known if this is from the cusp or
the nightside aurora.
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The ring current is the population of particles that contributes the most to the energy density, or pressure, in
the inner magnetosphere. The dominant energy range contributing to the ring current during storm times is
from ~10 to ~200 keV (Williams, 1981). Kistler et al. (2016) used Van Allen Probes data during one storm to
determine which source was more important in populating the ring current. They found that the population
that contributed the most to the ring current O+ was the hot, more isotropic component of the plasma sheet,
the population above ~5 keV, not the lower energy, less than 1 keV, ions observed coming directly from the
nightside aurora. Because this higher‐energy O+ population increased prior to the storm main phase in this
storm, after a large‐pressure pulse had hit the Earth's magnetosphere but before there was a large increase in
auroral activity, it was inferred that the cusp was the source for this enhanced O+. However, because the
direct entry of the cusp ions was not observed in this case, it cannot be excluded that the nightside auroral
ions were getting far enough downtail prior to the storm to also scatter, and become part of the hot, isotropic
component. Thus, more studies determining where and when the nightside auroral ions are able to reach
further down the magnetotail are required.

In this paper, we examine an event where two spacecraft were fortuitously located in the plasma sheet
boundary layer in the region between 6.6 and 15 Re during the main phase of a storm so that the input of
the two sources to the plasma sheet as a function of radial distance can be observed.

2. Instrumentation

The ERG (Arase) satellite was launched in December 2016 into a 31° inclination orbit with apogee altitude of
~32,000 km and perigee altitude of ~400 km (Miyoshi et al., 2018). The satellite is well instrumented to mea-
sure the full particle and wave populations in the inner magnetosphere. In this paper, we concentrate on
measurements of ion composition using both the Low Energy Particle Experiments–ion mass analyser
(LEPi; Asamura et al., 2018) and the Medium‐energy particle experiments–ion mass analyzer (MEPi;
Yokota et al., 2017). LEPi and MEPi both measure 3‐D distribution functions of the major ion species, H+,
He++, He+, O++, O+, and molecular ions, with LEPi covering the energy range <0.1 to 25 keV/q, and
MEPi covering the range from 10 to 180 keV/q. The Magnetic Field Experiment (MGF) data are used for
determining pitch angle distributions (Matsuoka et al., 2018).

The Magnetospheric MultiScale (MMS) satellites are in a 28.5° inclination orbit with a low perigee (1.2 Re)
and an apogee that depends on the phase. During the time period discussed in this paper, the spacecraft was
in “phase 2b,” with an apogee of 25 Re. The MMS satellites are also well instrumented to measure 3‐D dis-
tributions of the major ion species, with the Hot Plasma Composition Analyzer (HPCA) instrument (Young
et al., 2014) covering energies from ~1 eV to 40 keV, and the Energetic Ion Spectrometer (EIS; Mauk et al.,
2016) measuring H+ above ~15 keV and oxygen above 130 keV. The MMS data in this paper are all
from MMS‐2.

3. Observations

Figure 1 shows the orbits of the MMS and Arase satellites from 6:00 to 12:00 UT on 16 July 2017. The top
panels show the x‐y and x‐z projections of the orbit in GSM coordinates. MMS was located on the dawnside
of the magnetotail, and during this time moved earthward from xgsm of 16 to 10. The Arase satellite moved
outbound from dusk, across midnight, and then inbound on the dawn side. The x‐z projection shows that
both spacecraft were at high latitudes. The bottom panel shows the x‐z projection along with field lines from
a T89 (Tsyganenko, 1989) magnetic field for Kp= 6. Both spacecraft are well above the neutral sheet, close to
the PSBL.

Figure 2 shows MMS‐2 and Arase data, along with the solar wind parameters, from this time period. The
solar wind parameters, from the OMNI database, have been propagated to the bow shock location.
Figures 2a–2c show the solar wind dynamic pressure, the z component of the interplanetary magnetic field
(IMF), and the SYM‐H index. A strong pressure enhancement, followed by a southward turning of the IMF,
drove a moderate geomagnetic storm. There is unfortunately a data gap in the solar wind pressure measure-
ment just when the enhancement hits, but the timing of the enhancement hitting the Earth is clearly iden-
tified by the sharp increase in the SYM‐H index. This index shows a strong increase when the pressure pulse
hits, and then a decrease for the next 8 hr, indicating the main phase of the storm. TheDst index (not shown)
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reached a minimum of −72 nT at 15:00. Figure 2d shows the plasma beta on MMS. This gives a good
indication when the spacecraft is in the plasma sheet (beta > 0.1) and when it is in the lobe (beta < 0.1).
MMS starts in the lobe, and enters the plasma sheet at 6:25, after the pressure pulse hits. Figures 2e and
2f show the H+ data from EIS and HPCA on MMS. When MMS is in the lobe prior to 6:25, a low‐energy
narrow‐energy H+ population is observed at ~20 eV. After the dynamic pressure pulse hits, the spacecraft
moves into the plasma sheet, and enhanced H+ is observed from ~100 eV up to ~500 keV. Figures 2g and
2h show the oxygen at MMS. Only a few oxygen counts are observed in the lobe prior to the pressure
pulse. Then, when MMS enters the plasma sheet, first the energetic oxygen is observed. Then, when the
spacecraft is closer to the plasma sheet boundary layer (PSBL), as indicated by the decreasing beta, a
separate population of O+ just below 1 keV is observed, starting at ~7:20. This population continues,
while decreasing in energy, when the spacecraft moves into the lobe at ~8:27. The energetic O+ is absent
during this time, but a diffuse H+ population is still present in the lobe. When the spacecraft re‐enters the
PSBL at 9:38, a population with a broader energy distribution is observed. There is a final lobe excursion
from 11:04 to 11:17. Then the spacecraft re‐enters the plasma sheet.

Figures 2i and 2j show H+ from the Arase satellite. Arase is on an outbound pass at the start of the time per-
iod. Typical inner magnetosphere quiet‐time energy spectra are observed on the outbound pass. When the
pressure enhancement hits, there is an initial enhancement above 10 keV, likely due to the compression.
At 6:20 an energy dispersed enhancement is observed, starting at the highest energies, and then decreasing.
At 7:36, the H+ spectrum changes, as the spacecraft moves closer to the boundary layer. It enters the lobe at

Figure 1. Orbits of the ERG spacecraft (red) and the MMS 2 spacecraft (green) for the time period from 6:00 to 12:00 on 16
July 2017. The top two panels show the projects into the x‐y and x‐z GSM plane, and the bottom panel shows the orbits
projected onto a Tsyganenko T89 Kp = 6 magnetic field.
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8:30, just a few minutes after MMS entered the lobe, with the H+ dropping out almost completely. Arase re‐
enters the plasma sheet at 9:05. After 11:00, the spacecraft moves inbound to perigee.

The final two panels show O+ from the Arase satellite. There is a small enhancement in the energetic O+

when the pressure pulse hits, followed by an injection, similar to that observed in the H+. Then, as at the
MMS spacecraft, a separate low‐energy population is observed that continues as the spacecraft moves into
the lobe. When the spacecraft re‐enters the plasma sheet, two populations are evident: an energetic popula-
tion, and at lower energies, a set of bursts that start at higher energies, and then decrease. Then, at 11:00, the
spacecraft inbound pass toward perigee begins. During this time, there is a separate low‐energy population
that decreases in energy as the spacecraft moves earthward.

Figure 3 shows the lower energy (HPCA and LEPi) O+ data and magnetic field data for the time period
7:00 to 11:30. Figure 3a shows the magnetic field on MMS, indicating that MMS is north of the neutral sheet
(Bx > 0). Figures 3b and 3c show the MMS HPCA O+ energy spectra for two pitch angle ranges: 0–90°,

Figure 2. Data from 5:00 to 12:00 on 16 July 2017. (a and b) solar wind dynamic pressure and Bz, from the Omni data set;
(c) SYM‐H index; (d) plasma beta from MMS2; (e and f) H+ omnidirectional energy flux from MMS2; (g and h) O+

omnidirectional energy flux, fromMMS2; (i and j) H+ omnidirectional differential energy flux fromERG; and (k and l) O+

omnidirectional differential energy flux from ERG.
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corresponding to earthwardmotion, and 90–180°, corresponding to tailwardmotion. Figures 3d–3f show the
pitch angle distributions in three energy ranges, ordered from high to low energy. Figure 3g shows the
magnetic field on Arase, and Figures 3h–3m show the Arase LEPi O+ energy spectrum, and the pitch
angle distributions in four energy ranges, again ordered from high to low energy. Pitch angles are
calculated in the spacecraft frame.

From 7:30 to 9:00, both spacecraft are first in the PSBL and then move into the lobe. The low‐energy popula-
tions at the two spacecraft are observed almost simultaneously. The pitch angle distributions show that these
particles are tailward moving, and narrow in both energy range and pitch angle range. However, the popu-
lation observed at MMS is at a higher energy than the population at Arase. In the lobe (~8:30 to 9:00 UT), the
population observed at MMS is at ~200 eV, while the population observed simultaneously at Arase is at ~30
eV. The black line in Figure 3b indicates the energy associated with the perpendicular O+ velocity (calcu-
lated as a moment of the distribution), while the line in Figure 3c indicates the energy associated with the
parallel O+ velocity. The parallel velocity line closely follows the energy of the tailward moving population.

Figure 3. O+ and magnetometer data from 7:00 to 11:30 on 16 July 2017. (a) Magnetic field at MMS. (b) MMS O+

differential energy flux in the earthward (pitch angle 0–90°) and energy corresponding to the perpendicular velocity. (c)
MMS O+ differential energy flux in the tailward (pitch angle 90–180°) direction and energy corresponding to the parallel
velocity. MMSO+ pitch angle spectra for the energy ranges (d) 1–10 keV, (e) 0.5–1.0 keV, and (f) 0.1–0.5 keV. (g) Magnetic
field at ERG. (h) ERG O+ omnidirectional flux. ERG O+ pitch angle spectra from the energy ranges (i) 1–5 keV, (j) 0.5–1.0
keV, (k) 0.1–0.5 keV, and (l) 10–100 eV. (m) AL index.
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From 9:40 to 10:40, different behavior is observed at the two spacecraft. At the Arase spacecraft, there is a
bursty population that shows a clear energy dispersion starting from ~1 keV and decreasing to ~100 eV.
The bursty population is well separated from the higher‐energy plasma sheet population. The pitch angle
distributions indicate that this population is also tailward and close to field aligned.

Simultaneous with these observations, MMS also observes similar bursts. However, they are not as clear as
on Arase because they are more energetic, and so there is not a clear gap between this population and the hot
plasma sheet population, as there is for Arase. However, by separating the earthward from the tailward spec-
tra, in Figures 3b and 3c, it can be more clearly seen that there is an additional tailward moving population
that also shows energy dispersion. The line indicating the energy of the parallel component in Figure 3c
shows the energy variation clearly. For example, there is one burst starting at 10:02, another smaller one
at 10:18, and another at 10:28. This shows that the energy variations are predominantly in the parallel com-
ponent. The variations in the perpendicular component, shown by the line in Figure 3b, do not follow the
energy changes. The pitch angle distributions also indicate that these are tailward streaming ions.
However, once again, MMS observes the ions at higher energies than Arase. At MMS the dispersed ions start
at ~10 keV, and go down to 1 keV. The bottom panel shows the AL index. The decrease in AL at 9:00, at the
same time that the bursty ions are observed, indicates the association of these bursts with substorm activity.
At 11:04, the MMS spacecraft again moves into the lobe. The low‐energy monoenergetic population is
still observed.

4. Discussion

During the main phase of this storm, both the Arase satellite and the MMS satellite show signatures of two
different populations of O+ entering the plasma sheet. The first population is observed in the lobe and then
enters the plasma sheet through the PSBL. The second population is bursty with clear dispersion, indicating
more direct access from a time‐varying source. As discussed in section 1, it is well known that there are two
dominant regions of energetic ion outflow, the dayside cusp and the nightside auroral region. Both are
enhanced during storm times, and can provide outflow with energies close to the energies observed. Thus,
a reasonable hypothesis would be that these two sources are the origin of the two populations.

To understand the characteristics of the ions from these two sources observed in the plasma sheet, it is
important to understand the properties expected as a result of the transport. From both locations, the ion
motion is a combination of parallel motion along the field, which is higher for higher‐energy ions, and con-
vective motion perpendicular to the field, which is the same for ions of all energies. Because the parallel velo-
city scales with the energy, while the perpendicular velocity does not, the ion trajectories are different for
different energy ions. For cusp ions, as the magnetic field convects from the dayside over the polar cap
and into the nightside lobes, the higher‐energy ions travel further down the field than lower energy ions.
Thus, the higher‐energy cusp ions reach the PSBL further down the tail than lower energy ions. This disper-
sion of the ions is called the “velocity filter effect” or the “tail lobe ion spectrometer” (Candidi et al., 1988;
Horwitz, 1986). Ions from the nightside aurora also move with a combination of field‐aligned motion and
convective perpendicular motion. Thus, this population can also exhibit spatial dispersion. As with the cusp
ions, the spatial dispersion results because the field line is convecting toward the central plasma sheet as the
O+ ions move up the field line. Thus, for ions from the nightside aurora, the lower energy ions will end up
closer to the central plasma sheet at a given distance and closer to the Earth when they reach the neutral
sheet than higher‐energy ions. However, temporal dispersion can also occur. The temporal dispersion occurs
because the auroral outflow is bursty, and higher energies will take less time to move up the field line. Nosé
et al. (2016) modeled the transit time for O+ ions to reach 15° GMLAT at L = 6.6, and found a range from ~3
min for 5 keV ions to 20 min for 100 eV ions, consistent with the temporal dispersion they observed.

Thus, qualitatively, the observations of Arase and MMS are consistent with the two sources. The ions
observed in the lobe, coming in through the PSBL, are the cusp‐source ions. As expected from the velocity
filter effect, MMS, further down the tail, observes the ions at higher energies than Arase, located closer to
the Earth. The bursty population observed in the plasma sheet shows the characteristics expected from
the nightside auroral source. The temporal dispersion comes from the time that it takes for different energy
ions to make it up the field line, as shown by Nosé et al. (2016). But spatial dispersion also plays a role. The
strongest nightside auroral outflow occurs at the polar cap boundary, which maps to the plasma sheet
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boundary layer (Tung et al., 2001). However, because of the convection
toward the neutral sheet, only the fastest ions will stay close to the bound-
ary and make it further down the tail. The slower ions will be observed
closer in. The fact that MMS, located further down the tail, only observes
the higher‐energy ions, from 1 to 10 keV while the closer in Arase space-
craft usually observes the lower energy ions, from 0.1 to 1 keV, is consis-
tent with this spatial dispersion. Thus, the combination of MMS and
Arase observations show both the temporal dispersion, in the time delay
of the different energies in each individual burst, and spatial dispersion
in the different energies that are able to reach MMS and Arase.

In order to test whether the qualitative understanding of these observa-
tions also holds quantitatively, we have modeled the trajectories of ions
from the dayside cusp and nightside auroral region using a Tsyganenko,
1989 magnetic field, with no dipole tilt, for Kp = 6 combined with a
Volland (1978) electric field, using the particle tracing code of Delcourt
(1985) and Sauvaud and Delcourt (1987). To model this main‐phase storm
time event, a cross‐polar‐cap potential of 150 kV is assumed, which is a
reasonable storm‐time value (Hairston et al., 2005). The transport of the
ions from the two sources to the plasma sheet is illustrated in Figure 4.
For the cusp, in Figure 4a, ions are started from 4,000 km, and 75° latitude
at 13:00 MLT with energies of 3, 5, 10, 25, and 50 eV at 100° pitch angle.
This is to simulate ions perpendicularly accelerated in the cusp region.
The energy of the particles is indicated by the color of the trajectory. As
has been shown previously (e.g., Cladis, 1986; Delcourt et al., 1993;
Kitamura et al., 2010; Yau et al., 2012), in addition to the dispersion by
the velocity filter effect, there is also significant acceleration of the ions
along the trajectory from the cusp. This is due to centrifugal acceleration
along the field as the field line convects over the polar cap. Thus, the cusp
ions that start at energies from 5 to 50 eV end up in the lobe adjacent to the
plasma sheet with energies ranging from 30 to 300 eV, consistent with the
energies observed in the lobe by MMS and Arase. In addition, the ion
energies continue to increase as the ions move toward the central plasma
sheet, also as observed in the data. The ion energies when they reach the
neutral sheet are 500 eV to 1 keV between 10 and 20 Re, again, consistent

with the observations. The spatial dispersion of the trajectories of different energy ions is clearly seen,
explaining the different energies observed at Arase and MMS in the lobe.

Figure 4b shows the trajectories of nightside auroral ions in the same magnetic and electric field configura-
tion. Particles are started from 4,000 km with a pitch angle of 100°, fromMLT 22.6 hr and 70° latitude, simu-
lating the nightside aurora. Trajectories are shown for ions with initial energies of 50, 100, 500, 1,000, 5,000,
and 10,000 eV. In contrast to the cusp, there is very little acceleration along the trajectory due to the straigh-
ter paths, particularly for the high‐energy ions. Thus, the ions that are observed in the plasma sheet bound-
ary were accelerated almost to these energies in the auroral regions. Again, the spatial dispersion is clear.
High‐energy ions (5,000 and 10,000 eV) remain very close to the plasma sheet boundary layer, while lower
energy ions are convected toward the neutral sheet. Thus, only high‐energy ions from this source can reach
the MMS location, while lower energy ions can be observed at Arase. If Arase is close to the boundary, it
should also see the highest‐energy ions. Figure 3g shows that this is the case. At 9:03, when Arase enters
the plasma sheet, the first dispersed burst is observed, and it starts at ~10 keV. The pitch angle distribution
in Figure 3h shows that just as Arase enters the plasma sheet, the pitch angle is perpendicular, but a fewmin-
utes later it is parallel, and the energy is still high, and then decreases. It is later, when Arase is further from
the boundary, that it only sees the lower energies.

To determine if the energy dispersion is consistent with a time‐of‐flight effect, Table 1a gives the time for the
ions from the nightside aurora to reach 5 Re, the location of the Arase satellite, in the simulation. Ions of 100

Figure 4. (a) Ion trajectories from 75 latitude, 13.0 MLT, 4,000 km. Initial
energies are 3, 5, 10, 25, and 50 eV at 100 pitch angle. The trajectory color
indicates the particle energy. (b) Ion trajectories from 70 latitude, 22.6 MLT,
4,000 km. Initial energies are 50, 100, 500, 1,000, 5,000, and 10,000 eV. In
both plots the red dot indicates the ERG location and the green dot indicates
the MMS‐2 location. Note that the color bar ranges are different in the two
plots.
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eV take 13.1 min, while ions of 1 keV take only 4.1 min, so we expect
the time of the energy dispersion from 1 keV to 100 eV to be a little
over 9 min. This timing agrees with the observed dispersion. For
example one burst goes from ~10:04 to 10:13, while the next one goes
from 10:16 to 10:25. Similar dispersion is also expected at MMS. MMS
is at ~12 Re during this time. Table 1 also shows the time for the ions
to reach 12 Re. From the flight times, we would expect about an 8‐
min difference between 10 and 1 keV. This is on the order of the dis-
persion observed in the burst, for example, from 10:30 to 10:40.
However, in general, the dispersion is less clear at the MMS location.
This is likely because there is field line motion at the boundary, indi-
cated by MMS moving in and out of the lobe, and this motion will
change the field line that maps to MMS, bringing a different ion
energy to the spacecraft. This type of motion makes it more difficult
to discern the temporal dispersion.

Finally, Table 1b gives the amount of time it takes the cusp ions to
reach the neutral sheet. The ions from 5 eV and above take around

2 hr to reach neutral sheet. Thus, it is quite reasonable that these ions can reach the plasma sheet during
the main phase of a storm and get injected into the ring current.

The exact trajectories will of course depend on the cross polar cap potential. While a weaker polar cap poten-
tial will increase the distance and time and decrease the energies at which the ions reach the neutral sheet,
the relative dispersion of ions by their velocity will remain the same. As a measure of the sensitivity, for the
10‐eV ion from the cusp, for example, a change in the potential from 150 to 100 kV would increase the neu-
tral sheet crossing distance from 15 to 20 Re and decrease the energy at the neutral sheet from 800 to 600 eV.

An alternative possibility for the tailward streaming populations observed at MMS is that these ions are
cusp‐origin ions, accelerated in the PSBL, as suggested by Lindstedt et al. (2010) or Lennartsson (2003).
As has often been observed, the energy of the cusp ions increase as they enter the plasma sheet and move
toward the neutral sheet. However, the mechanisms proposed for this would accelerate the ions in the
perpendicular direction. The argument against this is that, as shown in Figure 3b, the changes in the tail-
ward streaming ions are predominantly in the parallel component, indicating that they have been accel-
erated at a location closer to the Earth and are just reaching the spacecraft, rather than that they are a
locally accelerated population. There is no doubt that some perpendicular acceleration does occur along
the transport path. As noted, some perpendicular motion was observed at Arase. In addition, if the ions
observed at MMS were only accelerated in the auroral acceleration region, the mirror force would make
the pitch angle distribution much narrower than observed. Another possibility is that the tailward ions at
MMS are accelerated through reconnection. While reconnection would normally be tailward of the MMS
location, leading to earthward flows, reconnection is sometimes observed inside 16 Re (Genestreti et al.,
2014). Thus, it cannot be excluded that tailward O+ was accelerated through reconnection. But the com-
bination of the Arase and MMS observations of the bursty field‐aligned populations strongly points to the
nightside aurora as the source.

5. Conclusions

In this paper we have shown that during the main phase of a storm, ions from both the nightside auroral
sources and the cusp are observed entering the plasma sheet in the L = 6 to 15 Re region. The entering cusp
ions tend to be at lower energies in the lobe, and their energy increases as they move toward the neutral
sheet. The nightside aurora brings ions of up to 10 keV into the plasma sheet boundary layer. Lower energy
ions are observed earthward and closer to the neutral sheet. Thus, O+ from both sources are entering the
plasma sheet during the main phase of a storm.

In some cases, the two sources are easy to distinguish. The low‐energy (20–200 eV) ions in the lobe are
clearly not from the nightside aurora, and when these ions are observed clearly coming into the plasma sheet
through the boundary layer, their source is clear. On the other hand, the 10‐keV tailward beam in the 10–20‐
Re plasma sheet boundary layer is very unlikely to come from the cusp, and so more likely indicates an

Table 1
Travel Times of Ions From the Source Region to the Tail

a) Travel from the nightside auroral source region

Source
Initial energy
(eV) Time to 5 re (min)

Time to 12 re
(min)

Nightside 100 13.12
Nightside 500 5.73 16.24
Nightside 1000 4.08 11.36
Nightside 5000 1.83 5.07
Nightside 10000 1.3 3.06
b) Travel from the dayside cusp region
Source Initial energy (eV) Time to neutral sheet (min)
Cusp 3 174
Cusp 5 124.9
Cusp 10 117.9
Cusp 25 113.8
Cusp 50 110
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auroral source. But somewhat surprisingly, despite the difference in acceleration along their paths, both
sources can provide ~1‐keV ions to the 10–20‐Re neutral sheet. Thus, in cases when there is not a clear dis-
persed burst or a clear contiguous connection to the lobe, the source can be ambiguous.

The importance of the two sources may vary from event to event, and may also change with time during the
storm. In some cases, such as the event discussed by Kistler et al. (2016), a pressure pulse hit the Earth 8 hr
before the main phase of the storm. Because of this, the O+ in the plasma sheet increased significantly before
the storm occurred, likely due to cusp outflow, so that the plasma sheet was already full of O+ when the
storm began. The strongly enhanced AE and the bursty nightside outflowwas only observed during themain
phase. For the storm discussed in this paper, the pressure pulse occurs only approximately half an hour
before the southward turning of the field, so there was no preconditioning of the plasma sheet, and both
sources contributed strongly during the main phase.

The fact that such low‐energy cusp outflow is able to reach the plasma sheet in reasonably short time scales
means that a significant fraction of the cusp outflow may reach the plasma sheet during storms. Kitamura
et al. (2010) reached a similar conclusion. Akebono measured high fluxes of very low energy O+ (<10 eV)
originating in the cleft ion fountain. Trajectory calculations similarly showed that these ions were likely
to reach the plasma sheet and from there into the ring current under strong convection. Similarly,
Nakayama et al. (2017) simulated ions from both the dayside polar regions and the nightside aurora and
found that the dayside ions were more likely to reach the plasma sheet, get accelerated and reach the ring
current, while the contribution from the nightside aurora is small.

However, this event does show that the high‐energy (>1 keV) portion of the nightside auroral outflow can
get far enough down the tail that it will reach a thin neutral sheet and get scattered, similar to the cusp ions.
In fact, the two populations reach the midtail plasma sheet with about the same energies. Both can bring ~1‐
keV ions into the 15–20‐Re neutral sheet, where their further trajectories will be similar. Thus, determining
which source has the greater contribution needs to be done with a careful analysis of the spatial and tem-
poral extent of the outflow during the storm, and with observations of the ions on their transport paths to
the plasma sheet.
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