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Abstract The Van Allen Probes have reported frequent flux enhancements of 100s keV electrons in the
slot region, with lower energy electrons exhibiting more dynamic behavior at lower L shells. Also, in situ
electric field measurements from the Combined Release and Radiation Effects Satellite, Time History of
Events and Macroscale Interactions during Substorms (THEMIS), and the Van Allen Probes have provided
evidence for large-scale electric fields at low L shells during active times. We study an event on 19 February
2014 where hundreds of keV electron fluxes were enhanced by orders of magnitude in the slot region
and electric fields of 1–2mV/m were observed below L= 3. Using a 2-D guiding center particle tracer and a
simple large-scale convection electric field model, we demonstrate that the measured electric fields can
account for energization of electrons up to at least 500 keV in the slot region through inward radial transport.

1. Introduction

Recent observations by the Magnetic Electron Ion Spectrometer (MagEIS) [Blake et al., 2013] on board the Van
Allen Probes have highlighted the dynamic nature of 100s keV electrons at low L shells (L< 3.5) in the inner
magnetosphere [e.g., Zhao et al., 2014; Turner et al., 2015; Reeves et al., 2016]. The quiet time structure of the
radiation belts consists of an inner belt (L<~2.5), an outer belt (L>~3.5), and a slot region (~2.5< L<~3.5)
that contains fewer energetic electrons. The structure of the slot region is energy dependent, with the outer
edge of the inner belt extending to larger L shells for lower energies. Frequently during storms, the hundreds
of keV electron flux increase by orders of magnitude at low L shells (L< 3), sometimes filling the slot region to
the point that there is no clear distinction between the inner and outer belts.

Figure 1 shows MagEIS spin-averaged electron fluxes for energies between 169 and 731 keV sorted by L shell
from 15 May 2013 to 15 October 2014. For electron flux plots in this study, we use McIlwain L computed from
the OP77 magnetic field model, which is provided in the MagEIS level 2 and level 3 data. The outer radiation
belt is more dynamic than the inner belt, and the inner belt is mostly composed of relatively lower energy
electrons. Many of the variations in the outer belt extend to L=3 or below, and some enhancements appear
to connect the inner and outer belts, filling the slot region. These slot-filling events occur frequently for lower
energies but become much less common for electrons above ~500 keV.

Spin-averaged fluxes for 169–731 keV electrons at specific L shells are plotted for a series of events between
15 June 2013 and 15 November 2013 in Figure 2. Flux enhancements of an order of magnitude or more are
common at L= 3 for 169 keV electrons, and the flux is more variable at higher L shells. The enhancements are
characterized by a fast rise phase followed by a slow decay: the rise phase corresponds to the period where
the energization mechanism is dominating loss, and the decay is likely caused by slow pitch angle scattering
from plasmaspheric hiss [e.g., Lyons and Thorne, 1973].

We are focused on electric fields during the rise phase of the enhancements in order to investigate the
mechanism that is energizing 100s keV electrons at low L shells. Radiation belt electron energization is typi-
cally discussed in terms of radial transport and local acceleration. If a particle is transported radially inward
and the first adiabatic invariant is conserved, the particle will gain energy as the magnetic field strength
increases. The electric field is important in this scenario because inward radial transport across magnetic field
lines requires an azimuthal electric field.
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Local acceleration by chorus has been identified as a mechanism for energizing electrons to MeV energies
[e.g., Reeves et al., 2013], but there is ongoing debate over the effect chorus may have on 100s keV electrons.
Some authors expect chorus to primarily cause loss for 100s keV electrons [e.g., Shprits et al., 2008], while
others have attributed hundreds of keV electron enhancements to acceleration by chorus [e.g., Thorne
et al., 2007].

In situ measurements by CRRES, Time History of Events and Macroscale Interactions during Substorms
(THEMIS), and the Van Allen Probes have demonstrated that large-scale electric fields of up to a few mV/m
can exist below L=3 during storms [e.g., Rowland and Wygant, 1998; Califf et al., 2014, 2016; Thaller et al.,
2015]. Some of the mechanisms that can generate enhanced electric fields deep within the inner magneto-
sphere include penetration electric fields, subauroral ion drifts, subauroral polarization streams, substorm
injections, and interplanetary shocks. The purpose of this study is to investigate the relationship between
hundreds of keV electron enhancements in the slot region and large-scale electric fields at low L shells.

Recently, Su et al. [2016] modeled inner belt electrons under the influence of various Kp-driven electric field
models for the 17 March 2013 storm. They found that the low L electric fields required to reproduce observed
flux enhancements at L=1.5 were stronger than any existing model. That study applied a 2-D guiding center
code to electrons with μ=2.5MeV/G and K= 0.3 REG

1/2, which roughly corresponds to 350 keV at L=1.5
and 35 keV at L= 4.4. Selesnick et al. [2016] also showed that rapid injections of 100s keV electrons below

Figure 1. Spin-averaged fluxes for electrons between (a–d) 169 and 731 keV measured by both Van Allen Probes and
(e) the Dst index from 15 May 2013 to 15 October 2014.
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L=2 during the 22–23 June 2015 storm could be caused by a 5mV/m convection electric field; however,
they were unable to verify this electric field with in situ measurements due to uncertainties related to v×B
subtraction near perigee.

We study an event on 19 February 2014 where flux enhancements for 100s keV electrons were observed
below L= 3 by the Van Allen Probes. Electric field and plasmapause measurements by the Van Allen
Probes and THEMIS E provide direct evidence of large-scale electric fields at low L shells during the event.
We model the evolution of electron phase space density (PSD) over a range of energies using a 2-D guiding
center particle tracer and a simple uniform dawn-to-dusk electric field to demonstrate that the observed elec-
tric fields are sufficient to explain the slot region electron enhancements.

2. Event Overview

On 18 February 2014, the interplanetary magnetic field (IMF) turned southward, initiating a geomagnetic
storm with minimum Dst=�116 nT. The main phase of the storm was separated into two phases: Dst began
to recover near 02 UT on 19 February 2014 and then an abrupt increase in solar wind speed and further
southward turning of the IMF due to a coronal mass ejection extended the main phase until the IMF turned
sharply northward at 08UT. Large flux enhancements for 100s keV electrons were observed in the slot region

Figure 2. Spin-averaged fluxes at specific L shells from June to November 2013 smoothed with a 1 day moving average.
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at the beginning of the recovery phase. Figure 3 shows the solar wind data and geomagnetic indices during
this storm.

Spin-averaged electron fluxes observed by the Van Allen Probes over the course of the event are shown in
Figure 4. Flux is plotted against L shell, and the time of each observation is displayed in color. Flux enhance-
ments of more than 2 orders of magnitude were observed for electrons with energies below 350 keV at L= 3,
and 900 keV electrons were enhanced near L= 3.5. The initial observations (blue lines) display a typical inner
belt, outer belt, and slot region structure, with the outer edge of the inner belt extending to larger L shells for
lower energies. During the enhancement, the inner edge of the outer belt moved earthward over the course
of ~10 h until the outer belt effectively merged with the inner belt for energies below 350 keV. The apparent
gradual inward movement of the inner edge of the outer belt is common in slot-filling events.

3. Flux and Phase Space Density (PSD) Evolution

We have identified two outbound Van Allen Probes passes on 19 February 2014 where the hundreds of keV
electron flux increased by more than an order of magnitude at low L shells over ~1.5 h. In order to evaluate

Figure 3. Solar wind data and geomagnetic indices for the 19 February 2014 geomagnetic storm. (a) Interplanetary mag-
netic field, (b) solar wind speed, (c) flow pressure, (d) AE index, and (e) Dst index.
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the relationship between large-scale electric fields and the electron dynamics, we converted flux to PSD as a
function of the three adiabatic invariants, μ, K, and L* [e.g., Green and Kivelson, 2004]. A 100 keV equatorially
mirroring electron corresponds to μ=10MeV/G at L= 3 in a dipole field, and if μ is conserved, the energy
would be 14 keV for the same electron at L= 6. Therefore, complete radial profiles (L~ 2–6) for lower μ
values require combined data from the Helium, Oxygen, Proton, and Electron Mass Spectrometer (HOPE)
(1 eV to 50 keV) [Funsten et al., 2013] and MagEIS (30 keV to 4.8MeV).

The flux data are provided at fixed pitch angles and energies, which do not correspond to fixed μ and K. In
order to create profiles for constant μ and K, multiple levels of interpolation were required. First, measured
fluxes at each pitch angle were converted to PSD for each energy channel. This resulted in a PSD distribution
for each pitch angle corresponding to an irregular grid in μ. We defined μ based on the measured magnetic
field. Next, we interpolated the PSD to a constant μ grid at each pitch angle. This step was performed sepa-
rately for HOPE and MagEIS because the level 3 data for the two instruments are provided at different pitch
angle intervals. At this point, we have PSD at a constant μ grid for specific pitch angles that do not map to a
fixed K grid. Next, we computed a set of pitch angles using the TS04 magnetic field model [Tsyganenko and

Figure 4. Spin-averaged electron flux profiles sorted by L shell during the 19 February 2014 geomagnetic storm for
(a) 138 keV, (b) 218 keV, (c) 346 keV, (d) 596 keV, and (e) 897 keV. Time is plotted in color.
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Sitnov, 2005] corresponding to a fixed grid of K values and then interpolated the PSD for each μ to the
computed pitch angles at each time step, resulting in PSD for fixed μ and K over the entire orbit.

After interpolating the PSD to constant μ and K, we chose values for μ and K that have complete coverage
across L shells for both passes. K=0 (G1/2RE) corresponds to equatorially mirroring particles, which cannot
be measured when the spacecraft is located off the magnetic equator. We selected K= 0.1 (G1/2RE) to obtain
complete radial PSD profiles, which corresponds to electrons with equatorial pitch angles of ~45°.

Figure 5 shows the electron flux and PSD profiles measured by the two Van Allen Probes. Flux is plotted
against McIlwain L, and PSD is plotted against L*. Van Allen Probe B passed L= 3 at 07:52UT, and Van Allen
Probe A passed L= 3 at 09:33UT. The minimum hourly Dst of �116 nT was recorded at 08:00 UT, so these
observations occur near the beginning of the recovery phase of the storm. The flux profiles exhibit a large
increase below L= 3 for electrons up to 350 keV between the two passes.

The PSD profiles in Figure 5b correspond to roughly the same energies as the fluxes in Figure 5a for 90° pitch
angle electrons at L* = 3.5. When sorted by PSD coordinates, the enhancements appear to be more orga-
nized, with a sharp gradient in PSD that moves radially inward between consecutive outbound passes.

Figure 5. (a) Spin-averaged flux and (b) PSD evolution between successive outbound Van Allen Probes passes on 19
February 2014. The (c) L sampling and (d) orbits projected into the GSE XY plane for the Van Allen Probes and THEMIS E.
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Growing local peaks in PSD have been used to identify local acceleration processes [e.g., Green and Kivelson,
2004]. The absence of local peaks and the similar shape of the radial PSD profiles between passes in Figure 5b
suggests that the flux enhancements in Figure 5a were caused by inward radial transport.

The PSD profiles in Figure 5 show a steep radial gradient that is located at higher L for higher μ. Between
observations separated by ~1.5 h, the location of the steep PSD gradient moves inward by ~0.3 L. This
demonstrates that a relatively small inward displacement of the preexisting electron population can create
a dramatic change in the flux profile, especially in the slot region where fluxes are initially low. The PSD pro-
files suggest inward transport as amechanism, raising the question, were there enhanced electric fields in the
slot region that could have transported the electrons?

4. Electric Field and Plasmapause Observations

The flux enhancements near L=3 under study occurred between 07:52 UT and 09:33UT on 19 February 2014,
which correspond to an outbound Van Allen Probe B and an outbound Van Allen Probe A pass, respectively.
The Van Allen Probes crossed through L= 3 near dusk on the inbound pass and dawn on the outbound pass.
Between the flux enhancement observations, THEMIS E passed through the inner magnetosphere across
similar local times as the Van Allen Probes, providing an additional set of electric field measurements. The
Van Allen Probes and THEMIS E orbits are shown in Figure 5d along with the times of inbound and outbound
L sampling (Figure 5c) for each spacecraft on 19 February 2014.

Figure 6 shows data from both Van Allen Probes on inbound duskside passes prior to the flux enhancement.
Beginning at ~04UT, Van Allen Probe B observed an elevated dawn-dusk (+Ey) electric field of approximately
1mV/m spanning from L= 6 to below L= 2 on the duskside (blue line, Figure 6a). Measurements from Van
Allen Probe A, which was trailing Van Allen Probe B by ~1.5 h, display similar duskside electric fields until
at least 08UT (green line, Figure 6a). There are variations on top of an average positive Ey, with larger varia-
tions at higher L shells. The electric field data were provided by the Electric Field andWaves (EFW) instrument
[Wygant et al., 2013], and spacecraft v×B and the corotation electric field have been subtracted, leaving the
electric field in the frame corotating with Earth. The modified geocentric solar ecliptic (MGSE) coordinate
system is defined by the spacecraft spin configuration and is similar to geocentric solar ecliptic (GSE) coordi-
nates: MGSE Y lies in the spin plane and is approximately aligned in the dawn-to-dusk direction.

At ~04UT, the plasmapause can be inferred to be located near L= 5.8 by both the radial gradient in spacecraft
potential (and density) (blue lines, Figures 6b and 6c) and the presence of plasmaspheric hiss (Figure 6d)
measured by Van Allen Probe B, which is identified by the broadband wave power between 100 and
1000Hz [Malaspina et al., 2015]. The variations in spacecraft potential beyond L= 5.8 may be due to a plasma-
spheric plume, which is often observed on the duskside during active times and is a consequence of
increased convection in the inner magnetosphere [e.g., Darrouzet et al., 2008]. The density (Figure 6c) is
derived from spacecraft potential [Kurth et al., 2015], and the spectral data (Figure 6d) are combined from
the Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) Waveform Receiver
(WFR) (10Hz to 12 kHz) and High-Frequency Receiver (HFR) (10 to 500 kHz) [Kletzing et al., 2013].
Approximately 1.5 h later, Van Allen Probe A passed though the duskside inner magnetosphere, and similar
1mV/m electric fields were observed extending to low L shells with more variation at higher L shells (green
line, Figure 6a).

Figure 7 displays the consecutive outbound Van Allen Probes passes on the dawnside that revealed a
large increase in flux for 100s keV electrons in the slot region. Both spacecraft measured small positive
or possibly even negative quasi-static electric fields across most of the dawnside, in contrast to the
positive 1mV/m dawn-dusk electric fields on the duskside. Similar dawn-dusk asymmetry in the electric
field with stronger electric fields near dusk has been reported in statistical data during active times
[e.g., Califf et al., 2014].

The data in Figure 7 show a dramatic difference in the plasmapause location compared to the previous
inbound pass on the duskside (Figure 6). The extended plasmasphere on the duskside is caused by combina-
tion of convection and corotation electric fields, which act against each other near dusk, causing the Alfven
boundary for cold plasma to move to larger L shells [e.g., Carpenter et al., 1993]. The gradient in spacecraft
potential (and density) indicates that the plasmapause was located near L=2.2 at 07:30 UT, and was below
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L=2 at 09 UT (Figures 7b and 7c). This interpretation is also supported by the lack of plasmaspheric hiss
outside of L= 2, the existence of chorus (~10 kHz) starting at L= 2 and the broadband electrostatic waves
below 100Hz. Chorus waves can only propagate efficiently outside the plasmapause, and broadband
electrostatic waves have been associated with the plasmapause boundary [Malaspina et al., 2015].

The dynamics of the plasmasphere are driven by large-scale electric fields [e.g., Goldstein et al., 2003], so the
inward motion of the plasmapause to L< 2 provides further evidence of enhanced large-scale electric fields
extending to low L shells. If we assume that the plasmapause moved steadily from L= 2.2 at 07:30 UT to
L=1.9 at 09:00UT, we can estimate the electric field. At L= 2, the magnetic field is approximately 3875 nT
assuming a dipole, and an electric field of 1.4mV/m would be required to move the plasmapause by 0.3 RE
in 1.5 h, which is consistent with the in situ electric field observations.

Electric field measurements by the spacecraft only occur at specific local times, and the radial profile is
sampled over hours, so these measurements alone cannot definitively distinguish between localized and
large-scale features in time and space. However, when placed in the context of statistical electric field mea-
surements [e.g., Califf et al., 2014], the in situ measurements suggest a large-scale convection pattern across a

Figure 6. Inbound passes for both Van Allen Probes sorted by L shell (UT increases from right to left). (a) Electric field
MGSE Y measurement in the frame corotating with Earth, (b) spacecraft potential, (c) density derived from spacecraft
potential, (d) combined EMFISIS WFR and HFR electric field wave power from Van Allen Probe B, and (e) electric field wave
power from Van Allen Probe A.
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wide range of L shells persisting for at least 1.5 h, and the plasmapause observations add confidence to this
interpretation. Inward plasmapause motion is commonly observed during slot-filling events, suggesting that
the electric field responsible for eroding the plasmasphere may also be responsible for transporting 100s keV
electrons into the slot region. We identified 35 events between January 2013 and September 2015 where the
200 keV electron flux was observed to increase by more than an order of magnitude at L=3 and the radial
flux profiles evolved in a similar manner to those in Figure 4b, filling the slot region over a period of hours.
The plasmapause was observed inside L= 3 in all of the events except for one, where the minimum
plasmapause was measured at L= 3.25 on the duskside. The plasmapause was observed at L= 2.5 or below
in 13 of the 35 events, and most of these plasmapause crossings occurred when the Van Allen Probes
were on the dawnside.

Electric field data from THEMIS E are plotted in Figure 8 spanning the time period between the Van Allen
Probes electron flux observations. Spin fit data are shown from the Electric Field Instrument in the Despun
L-vector Z (DSL) coordinate system with spacecraft v×B and the corotation electric field subtracted
[Bonnell et al., 2008]. DSL Y points in the dawn-to-dusk direction projected into the spin plane, which is within
~10° of the GSE XY plane. The inbound THEMIS E pass shows a 2mV/m dawn-dusk electric field across the
duskside inner magnetosphere extending below L= 3 (Figure 8a) in agreement with the Van Allen Probes

Figure 7. Outbound passes for both Van Allen Probes sorted by L shell in the same format as Figure 6 except that UT
increases from left to right.
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measurements in Figures 6 and 7. Also, the dawn-dusk asymmetry is apparent in the THEMIS E data with
electric fields of ~0.5mV/m on the dawnside outbound pass (Figure 8b).

A negative deviation in Ey of�1mV/mwas observed by THEMIS E and both Van Allen Probes below L= 2.5 on
the dawnside. There is increased uncertainty in the electric field measurement at low L shells due to v×B
subtraction errors. Due to the similar orbital trajectories for the Van Allen Probes and THEMIS E, it is unclear
whether these measurements are real or are a result of a common v×B subtraction error between the three
spacecraft. Above L= 3 the measurements are more reliable: spacecraft v×B is only ~5mV/m at L=3, and a
conservative 5% scale factor error would only introduce 0.25mV/m v×B subtraction error, which is much
smaller than the observations of 1–2mV/m electric fields.

5. Connection Between the Measured Electric Fields and Electron
Flux Enhancements

The PSD profiles in Figure 5 suggest that the slot region flux enhancements were caused by inward radial
transport, and the electric field and plasmapause data in Figures 6–8 show that there were 1–2mV/m electric
fields at low L shells during the same time period. Next we evaluate whether these electric fields are capable
of transporting 100s keV electrons inward to create the observed flux enhancements.

5.1. Initial Assessment of the Required Versus Measured Electric Fields

If we assume that the electrons moved steadily earthward during the entire 1.5 h interval between observa-
tions, we can calculate the electric field required to transport the particles by

E ¼ �v x B: (1)

Assuming a dipole magnetic field and a purely azimuthal electric field, an electric field of 0.25mV/m is
needed to move the particles by 0.3 L over 1.5 h at L= 3.5, and at L= 3, a 0.4mV/m would be required. The

Figure 8. THEMIS E (a) inbound and (b) outbound electric field DSL Y measurements surrounding the flux enhancements
observed by the Van Allen Probes.
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in situ measurements presented in Figures 6–8 show 1–2mV/m electric fields inside L= 3. The required elec-
tric fields are also reasonable given the typical electric field measurements during storms: statistical averages
show that there can be ~0.5mV/m below L= 3 during moderate storms, and the electric field can be as large
as a few mV/m during the strongest storms [e.g., Califf et al., 2014]. It is also possible that the electron PSD
profile changed more abruptly during a short interval between observations, so these estimates are a lower
limit for the electric field required to transport the electrons.

5.2. Quantitative Modeling Based On a Simple Convection Electric Field Model

We developed a particle tracer to test the idea that a simple enhancement in the large-scale convection elec-
tric field could cause the observed inward transport for 100s keV electrons in the slot region. Radiation belt
electrons are not normally associated with the convection electric field because high-energy electrons drift
around the Earth relatively quickly (e.g., a 1MeV electron at L=6.6 drifts in 10min), so slow changes in the
large-scale potential structure have little net effect on the radial location. Radial transport for MeV
electrons is typically related to ULF oscillations (f = 1mHz to 1Hz) [e.g., Elkington et al., 2003] or inductive elec-
tric fields from interplanetary shocks [e.g., Li et al., 1993]. Lower energy electrons (100 s keV) have drift periods
on the order of an hour, so it is conceivable that slower changes in large-scale electric fields could play an
important role in their dynamics.

The particle tracer applies a 2-D guiding center approximation under a uniform dawn-dusk electric field
to model the drift paths of equatorially mirroring electrons assuming a static dipole magnetic field. The
guiding-center velocity is given by

vGC ¼ μ
B� ∇B
qB2

þ E � B

B2
; (2)

where μ is the first adiabatic invariant. The first term is the gradient B drift, which causes the particle to drift
azimuthally about the Earth along trajectories of constant magnetic field strength, and the second term is the
E×B drift, which allows particles to be transported to regions of stronger or weaker magnetic field. We have
neglected the additional drift term related to the curvature of the magnetic field line because we are only
modeling equatorially mirroring particles.

Drift paths for two electrons with μ= 20MeV/G under the influence of a uniform dawn-to-dusk 2mV/m elec-
tric field for 30min are shown in Figure 9. The electrons are initialized at L= 3 for 06 magnetic local time (MLT)
and 18MLT. In the absence of an electric field, both electrons would drift counterclockwise along the dashed
line at L= 3. The dawn-to-dusk electric field introduces a sunward drift that causes the electron on the night-
side to move radially inward, while the electron on the dayside moves radially outward. Although the electric
field is uniform, the dayside electron experiences ~0.5 L outward transport, and the nightside electron moves
inward by only ~0.3 L. This asymmetry is due to the 1/L3 dependence of the magnetic field, which causes the
E×B drift to be faster at larger L shells for a given electric field. For a purely azimuthal electric field, the E×B
drift velocity reduces to

vE�B ¼ E
B
: (3)

Due to conservation of the first adiabatic invariant, the inward transport on the nightside causes an increase
in energy from ~190 to 250 keV, while the outward transport on the dayside results in a loss of energy from
~190 to 130 keV. Under the influence of a large-scale electric field, some of the particles on a given drift
shell will gain energy, and others will lose energy. However, only a fraction of the particles need to move
inward and be energized to create a large increase in flux given the steep radial PSD gradients in the inner
magnetosphere.

In order to model the evolution of PSD profiles, we simulate 5808 electrons evenly spaced by 0.05 L and
0.5 MLT between L= 2 and 8. Each simulation models electrons of constant μ, and the PSD profiles are
obtained by binning simulated particles by L shell and applying a weight based on the initial PSD profile.
The weighting function is given by

W ¼ f 0
L0 * dL0 * dMLT0

Lf * dLbin * dMLTbin
(4)
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where f0 is the initial PSD applied to the particle, L0 is the initial L shell, Lf is the final L shell, dL0 and dMLT0 are
the initial L and MLT spacing of simulated particles, and dLbin and dMLTbin are the widths of the L and MLT
bins. The ratio of the initial to final L shell accounts for the fact that simulated particles at larger radial
distances represent proportionally more real particles given that the simulated particles are distributed on
a uniform (L and MLT) grid.

The initial distributions are assumed to be symmetric in local time, and the final PSD profiles are averaged
across all local times. We used PSD data from the two passes shown in Figure 5 to simulate the evolution
of PSD under the influence of a uniform 2mV/m dawn-to-dusk electric field. Figure 10 (left column) compares
the measured PSD profiles to the simulated profiles after the electric field has been applied for 13.5min. The
μ values range from 20 to 100MeV/G, which translates to 190–690 keV at L=3. This simple convection model
matches the inward transport for 40–100MeV/G electrons, but it underpredicts the change in location of the
steep radial gradient for 20MeV/G electrons. We chose the 13.5min simulation time to achieve the best
match to the observed PSD profiles.

An important consideration for interpreting these results is the drift period of the electrons relative to the dura-
tion of the applied electric field. A given particle will experience no net radial transport under the influence of a
large-scale electric field for exactly the drift period—the particle may move radially inward or outward during
the drift orbit, but it will return to the initial position after one complete orbit if the electric field is constant. At a
given L shell, higher-energy electrons drift faster due to the μ dependence of the gradient B drift.

v∇B ¼ μ
B� ∇B
qB2

: (5)

Figure 11 shows drift periods for different μ values as a function of L shell. Near L= 3, 40MeV/G electrons have
a drift period of roughly 1 h and 100MeV/G electrons drift in about 30min. The drift periods begin to increase
sharply for μ< 40MeV/G.

A possible explanation for the discrepancy for lower μ values is that a low-amplitude electric field persisted
for a long duration in addition to a shorter 2mV/m enhancement. Due to the energy-dependent drift periods,
the lower energy electrons would be influenced by the long-duration electric field, and the faster-drifting,
more energetic electrons would not be affected. Figure 10 (right column) shows the simulation results for
a 0.5mV/m electric field applied for 54min followed by a 2mV/m electric field for 13min. The steady, low-
amplitude convection electric field created net inward transport for 20MeV/G electrons, but the shorter drift
period for 40–100MeV/G electrons led to little net transport until the 2mV/m electric field was applied. The
combination of these two effects is able to match the observed transport for μ=20–100MeV/G.

Figure 9. Trajectories for equatorially mirroring electrons with μ = 20MeV/G under the influence of a 2mV/m uniform
dawn-to-dusk electric field for 30min. (a) Electron positions in the equatorial plane and time evolution of (b) L shell and
(c) energy.
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After achieving a solution that matched electrons with μ=20–100MeV/G, we extended the simulation to
higher μ values to test where this simple model breaks down. Using MagEIS data only, we were able to pro-
duce PSD profiles up to 400MeV/G that covered a large enough L range to observe the differential move-
ment of the sharp PSD gradient between passes. μ= 400MeV/G corresponds to 1.3MeV at L= 3.5. The
results for 100–400MeV/G electrons are shown in Figure 12 under the influence of a 2mV/m dawn-to-dusk
electric field applied for 13min. The previous results in Figure 10 show that the long-duration 0.5mV/m elec-
tric field had little effect on electrons above μ= 40MeV/G, so we only focus on the impact of the larger-
amplitude electric field.

The results from the simple convection model begin to diverge from the observations at μ= 200MeV/G, and
the μ=400MeV/G electrons are barely affected by this electric field. This can be understood by the drift per-
iods in Figure 11: electrons with μ greater than 200MeV/G at L=3 drift around the Earth in less than 25min,
and the electric field was applied for 13min, which is a significant fraction of the drift period. Large-scale
electric fields applied for an entire drift period have zero net effect on radial transport for a given particle.
These results suggest that shorter-duration electric field enhancements would be required to match the
observed behavior of higher-energy electrons. Close inspection of the electric field data show variations

Figure 10. Observed PSD profiles and a simulation for a uniform 2mV/m dawn-to-dusk electric field applied for (left
column) 13.5min and a 0.5mV/m electric field applied for 54min followed by a 2mV/m electric field applied for (right
column) 13min.
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of 0.5–1mV/m on timescales of 2–3 min, which may explain the observed transport for higher-energy
electrons. Alternatively, the disagreement for higher energies may indicate a transition point where ULF
waves or local acceleration become important.

6. Discussion

The results in the previous section show that the evolution of electrons over a wide range of energies
(~130–500 keV) at low L shells in the slot region can be explained by radial transport through a simple, uni-
form, large-scale convection electric field model. In situ electric field measurements by the Van Allen Probes
and THEMIS E support the picture that the convection electric field penetrated to low L shells during this
event. Electric fields were measured by all three spacecraft on the order of 1–2mV/m below L=3. Also, the
plasmapause is known to be driven by large-scale electric fields, and gradients in spacecraft potential as well
as boundaries for plasmaspheric hiss and chorus suggest that the plasmapause moved inward to below L=2
during this period. The simulation demonstrates that the same large-scale electric fields responsible for alter-
ing the shape of the plasmasphere are also capable of transporting 100s keV electrons radially inward, creat-
ing the observed electron flux enhancements.

The duration of the applied electric field creates a differential effect on electrons of different energies due to
the energy-dependent drift periods of the electrons. This concept is analogous to drift resonance with ULF
waves, which is used to explain radial diffusion for MeV electrons. However, the physical interpretation is fun-
damentally different: ULF waves are interpreted as resonant oscillations at particular frequencies determined
by the magnetic field and plasma populations, but convection is a large-scale sunward flow driven by the
solar wind; ULF oscillations are zero mean, but the convection electric field has a net DC component pointing
from dawn to dusk. The simulated 2mV/m electric field enhancement for 13min could be viewed as a ULF
wave with a frequency of 1.2mHz, but physically, it represents short-duration increase of sunward flow in
the inner magnetosphere.

This model is also differentiated from radial diffusion by ULF waves because the transport occurs in a rela-
tively large step over a short period of time. Although the complete filling of the slot region typically occurs
over many hours, it is unclear based on the sparse spatial and temporal sampling from only two spacecraft
whether the flux enhancements are a result of a series of impulsive steps or are due to a slow diffusive

Figure 11. Drift periods as a function of L shell for constant μ electrons.
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process. Our simple model using electric fields similar to the observations shows that the enhancements
could be described by nondiffusive transport related to increases in the convection electric field.

The uniform convection model that matched the observed transport for 20–100MeV/G electrons did not
reproduce the behavior of the higher-energy electrons. There are several interpretations of this result. The
actual large-scale electric field may vary on timescales faster than the simulated 13min, which would allow
the faster-drifting electrons to be affected. This may be more realistic given the 2–3min electric field varia-
tions present in the data.

Also, the steep PSD gradient is located at higher L shells for higher energies, so there may be fluctuations that
are better described as ULF waves, rather than convection, which interact with the higher-energy electrons
through conventional radial diffusion at these radial distances. The electric field measurements often exhibit
more steady characteristics at lower L shells and increased variation at higher L shells (Figures 6–8).

Local acceleration may also explain the electron dynamics for both the lower and higher ends of the energy
range under study. The broadband wave power below ~100Hz observed by the Van Allen Probes (Figures 7d
and 7e) is an indication of kinetic Alfvén waves, which are often observed in the inner magnetosphere during

Figure 12. Observed PSD profiles and simulation results with a uniform 0.5mV/m dawn-to-dusk electric field applied for
54min, followed by a 2mV/m dawn-to-dusk electric field applied for 13min.
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geomagnetically active times [e.g., Malaspina et al., 2014; Chaston et al., 2015]. These electric field structures
can accelerate lower energy electrons (~100 eV) to keV energies, providing a seed population that can be
further accelerated by the observed chorus waves through quasi-linear diffusion to 100–150 keV [Ma et al.,
2016]. This process may explain the additional acceleration of 20MeV/G electrons that was not reproduced
by the single 2mV/m enhancement in convection (Figure 10, left column).

The increase in flux occurring first for lower energies and then later at higher energies near L= 3–3.5
(Figure 4) is qualitatively consistent with quasi-linear diffusion through interaction with the observed
chorus waves (Figure 7) [e.g., Thorne et al., 2013]. However, the timescale for acceleration by quasi-linear
diffusion for 100s keV electrons is on the order of hours, and it increases to days for MeV electrons
[Horne et al., 2005]. Our observations show 1–2 orders of magnitude flux enhancement for 900 keV elec-
trons between L=3.5–4 over 1.5 h. This rapid acceleration for higher energies might be achieved by non-
linear trapping by parallel chorus waves [e.g., Albert, 2002; Artemyev et al., 2015], which could accelerate
100s keV electrons to >1MeV in less than 1 h [e.g., Omura et al., 2015].

While we cannot definitively distinguish between radial transport and local acceleration given the sparse
spatial and temporal observations, the success of a simple convection model in matching the dynamics of
20–100MeV/G (~190–700 keV at L= 3, ~130–500 keV at L=3.5) electrons suggests that radial transport is
the dominant energization mechanism for these energies. Also, the relative radial displacement of the
steep PSD gradient was consistently ~0.3 L for electrons up to at least 400MeV/G (Figure 12), and there
were no peaks in PSD that would suggest local acceleration, even for the higher energies. Therefore,
the PSD profiles alone do not clearly point to a transition between radial transport and local acceleration
in this energy range.

7. Summary and Conclusions

This study focused on the relationship between large-scale electric fields and hundreds of keV electron
enhancements in the slot region. The Van Allen Probes frequently observe slot region enhancements, and
previous studies have shown that strong electric fields exist at low L shells during active times. We identified
two consecutive dawnside passes by the Van Allen Probes separated by 1.5 h that showmore than 2 orders of
magnitude increase in hundreds of keV electron flux near L= 3. Converting flux to PSD revealed a sharp radial
PSD gradient that moved radially inward between the two observations, suggesting radial transport as a
mechanism. In situ electric field observations by the Van Allen Probes and THEMIS E provided direct evidence
of 1–2mV/m electric fields below L= 3 during the same time period. The presence of low L electric fields was
also supported by spacecraft potential, plasmaspheric hiss, and chorus observations, which indicated that the
plasmapause eroded below L=2.

A 2-D guiding center particle tracer was developed to model the evolution of PSD under the influence of a
uniform dawn-to-dusk electric field. We demonstrated that a 2mV/m uniform convection electric field
applied for 13.5min could reproduce the observed changes in PSD profiles for 40–100MeV/G electrons.
However, the simulation did not produce enough inward transport to match the observations for
20MeV/G electrons. We were able to resolve this discrepancy by applying a 0.5mV/m electric field for
54min prior to the 2mV/m enhancement. The long-duration electric field was more effective in transporting
the more slowly drifting low-energy electrons while having little effect on the higher energies, matching the
observations for 20–100MeV/G electrons.

We then applied the 2mV/m uniform electric field to higher-energy electrons and found that same model
could not explain the behavior for μ=200–400MeV/G (~0.8–1.3MeV at L= 3.5), which have drift periods of
less than 25min. This suggests that the actual electric field may have varied faster than the 13min
enhancement in the model, and the in situ electric field measurements do show variations on the order
of 2–3 min. However, the presence of chorus waves in the same spatial region as the enhancements
leaves the possibility open that local acceleration was at least partially responsible for the higher-energy
electron dynamics.

Our results show that large-scale convection at low L shells with similar magnitude to the in situ measure-
ments is sufficient to explain slot region enhancements for 130–500 keV electrons, and it is possible that
variations in convection are important for even higher-energy electrons.
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