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Abstract we present twin Van Allen Probes spacecraft observations of the effects of a solar wind shock
impacting the magnetosphere on 8 October 2013. The event provides details both of the accelerating
electric fields associated with the shock and the response of inner magnetosphere electron populations across
a broad range of energies. During this period, the two Van Allen Probes observed shock effects from the
vantage point of the dayside magnetosphere at radial positions of L =3 and L=35, at the location where
shock-induced acceleration of relativistic electrons occurs. The extended (~1 min) duration of the accelerating
electric field across a broad extent of the dayside magnetosphere, coupled with energy-dependent relativistic
electron gradient drift velocities, selects a preferred range of energies (3-4 MeV) for the initial enhancement.
Those electrons—whose drift velocity closely matches the azimuthal phase velocity of the shock-induced
pulse—stayed in the accelerating wave as it propagated tailward and received the largest increase in energy.
Drift resonance with subsequent strong ULF waves further accentuated this range of electron energies.
Phase space density and positional considerations permit the identification of the source population of the
energized electrons. Observations detail the promptness (<20 min), energy range (1.5-4.5 MeV), energy
increase (~500 keV), and spatial extent (L* ~3.5-4.0) of the enhancement of the relativistic electrons. Prompt
acceleration by impulsive shock-induced electric fields and subsequent ULF wave processes therefore
comprises a significant mechanism for the acceleration of highly relativistic electrons deep inside the outer
radiation belt as shown clearly by this event.

1. Introduction

Understanding the processes that cause the energization of radiation belt particles to relativistic energies is a
prime objective of NASA's Van Allen Probes mission [Mauk et al., 2012]. During both disturbed and more
quiescent conditions, the population of outer radiation belt electrons is affected by multiple processes,
and the Van Allen Probes mission has to date made significant advances in our understanding of the
characteristics of these processes [Baker et al., 2013; Turner et al., 2014]. Baker et al. [2014] contrasted the
gradual effects of slow inward diffusion with impulsive events that can produce drastic losses, energization,
and reconfiguration. Reeves et al. [2013] presented evidence for storm time local acceleration of electrons to
relativistic energies in the core regions of the outer zone, and Thorne et al. [2013] developed a theoretical
description of that acceleration process in terms of resonant interaction with whistler mode waves. Foster
et al. [2014] described the role of impulsive substorm processes in providing both the seed population of
energetic electrons and the wave amplification required for in situ prompt acceleration of energetic electrons
to highly relativistic energies.

In this paper we present direct experimental observations of the effects of a solar wind shock impacting the
magnetosphere, providing a significant mechanism for prompt acceleration of electrons to highly relativistic
energies in the inner magnetosphere. The twin Van Allen Probes spacecraft provide detailed observations
both of the accelerating electric fields associated with the shock impulse and the response of inner
magnetosphere electron populations across a broad range of energies.

A crucial feature of the present study is the observation of the shock encounter from the vantage point of the
dayside magnetosphere by the two Van Allen Probes at radial positions of L =3 and L =5, at the location
where abrupt shock-induced acceleration of relativistic electrons occurs. By contrast, previous observations
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of shock acceleration with the Combined Release and Radiation Effects Satellite (CRRES) [Blake et al., 1992;
Wygant et al., 1994] were obtained on the nightside of Earth’s magnetosphere. The simultaneous dayside
observations at two different locations provide strong evidence of the spatial extent and duration of the
shock-induced electric field along with the spatial regions over which acceleration took place. Van Allen
Probe observations from the Relativistic Electron-Proton Telescope (REPT) instrument [Baker et al., 2012]
further allow the identification of the source population of the energized electrons, along with crucial
information such as phase space density and position relative to the energized population. Finally, the Van
Allen Probes relativistic particle detectors’ energy and pitch angle resolution allow for the first time a direct
assessment of the energy of the particles that are the most efficiently accelerated. During a shock encounter
that conserves the first and second adiabatic invariants, but which violates the third invariant, application of
Liouville’s theorem indicates that the phase space density of both the source population and energized
population should be conserved along a phase space trajectory. This allows us to identify with a high level of
confidence the original position of the source population and to assess whether the measured electric fields
can effectively inject and energize the source electrons to form the energized population.

Previous work modeled various aspects of the dramatic effects of a strong solar wind shock on the radiation
belt. The CRRES observations of the March 1991 shock acceleration event reported by Blake et al. [1992]
were the most remarkable. Wygant et al. [1994] described in detail the in situ electric and magnetic field
measurements by CRRES and estimated the characteristics of the accelerated particles produced. Li et al.
[1993] and Elkington et al. [2002] examined and modeled electron acceleration as the shock-induced
magnetosonic impulse propagated into the magnetosphere. The extensive radiation belt perturbations
associated with the October-November 2003 multiple shock events and storms were well observed by the
low-altitude polar-orbiting SAMPEX satellite [Baker et al., 2004] and modeled using MHD test particle
simulations [Kress et al., 2007]. Prior investigations examined the impulsive acceleration of the preexisting
population of MeV electrons to higher energies via interaction with the azimuthal electric field impulse that
accompanies magnetopause compression. Other work examined the subsequent effects of drift-resonant
acceleration by “ringing” ULF electric field oscillations that follow the initial shock impulse (see Hudson et al.
[1997] and Hudson et al. [2004] for CRRES observations, Zong et al. [2009] for Cluster observations, and
Eriksson et al. [2006] for a summary of earlier observations). Such effects are implicitly included in MHD
test particle simulation studies. Persistent coherent ULF oscillations over hours following a coronal mass
ejection (CME) shock are a resonant mode of the system and are potentially a consequence of continued
strong solar wind forcing [Tan et al., 2011; Claudepierre et al., 2013; Mann et al., 2013].

For the March 1991 highly relativistic (15 MeV) event seen by CRRES, the energization from 5 to 15 MeV
follows from first invariant conservation and inward transport of a multi-MeV electron source population from
L~7 to L=2.6 over a fraction of an electron drift period. The resonant electron population gradient-curvature
drifts at a velocity comparable to the fast-mode speed of the azimuthal electric field impulse such that

the electrons see an approximately constant electric field in their frame of reference. This magnetosonic
electric field impulse was also inferred by other spacecraft and ground magnetometer measurements to be
propagating azimuthally at approximately the fast-mode speed [Araki et al., 1997], matching results from
MHD simulations of such events [Kress et al., 2007]. In particular, Wygant et al. [1994] estimated an initial
azimuthal electric field amplitude of ~200 mV/m on the dayside (CRRES observations were made at 22:00
magnetic local time (MLT) on the nightside). We note that this intense inferred dayside impulse is comparable
to that seen in MHD simulations for the Halloween 2003 storm [Kress et al., 2007] and is larger by an order of
magnitude than the measured dayside impulse during the 8 October 2013 event reported herein.

We summarize in this study the multipoint observations from the 8 October 2013 event and discuss at a
heuristic level the physical mechanisms involved in the shock acceleration and its aftermath. The 8 October
event represents a moderate solar wind shock at a time when the Van Allen Probe spacecraft (A and B)
were inside the low-energy plasmasphere on the dayside of the magnetosphere. Both spacecraft were
within the well-developed outer radiation belt, containing an enhanced relativistic electron population
due to a disturbance several days earlier. The 8 October event is thus distinct from the March 1991 event,
particularly in the availability of measurements from spacecraft in the upstream interplanetary medium,
allowing determination of solar wind input parameters and shock properties driving the observed
acceleration event. These additional observations provide a crucial boundary condition on the chain of
events that ensued.
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Figure 1. Equatorial plane positions are shown in GSM coordinates (X directed toward the Sun) for the two Van Allen
Probes in the inner magnetosphere on the dayside, the two ARTEMIS spacecraft (i.e.,, THEMIS B and C) orbiting the Moon
in the solar wind, and the THEMIS A, D, and E spacecraft on the dusk flanks in the magnetosphere. The inset shows the
magnetic signature of the interplanetary shock in the solar wind (THEMIS C) and of the shock-induced magnetosonic
impulse in the nightside magnetosphere (THEMIS D).

2. Observations
2.1. Shock Observations

Figure 1 shows the equatorial plane position of the two Van Allen Probes in the inner magnetosphere on
the dayside; the two ARTEMIS spacecraft (i.e., Time History of Events and Macroscale Interactions during
Substorms (THEMIS) B and C) orbiting the Moon in the solar wind; and the THEMIS A, D, and E spacecraft on
the dusk flanks in the magnetosphere. (The availability of the ARTEMIS data for this event is critical because of
a dropout in OMNI data from the ACE and Wind spacecraft during the time of shock arrival.) The inset
provides measurements of the interplanetary shock and its magnetic signature in the solar wind (THEMIS C)
and nightside magnetosphere (THEMIS D). Figure 2 presents the measurements of the shock-induced electric
field signature in the dayside inner magnetosphere as observed by the Van Allen Probes. The shock in the
interplanetary medium was first seen by the two ARTEMIS spacecraft at about 20:16:20 UT (inset of Figure 1).
These spacecraft were orbiting the Moon at about 60 R; geocentric distance in the upstream solar wind

at ~15 MLT. About 5 min later (20:21:25 UT), Figure 2 shows that Van Allen Probe A observed a strong electric
field enhancement (~12 mV/m) in the dayside magnetosphere, followed ~20 s later by a similar signal in Van
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Figure 2. (left) The shock-induced electric field signatures (Vscx B subtracted) in the dayside inner magnetosphere as
observed by the Van Allen Probes. (right) The shock in the interplanetary medium was seen by the two ARTEMIS spacecraft
at about 20:16:20 UT. Probe A observed a strong electric field enhancement (~12 mV/m), followed ~20s later by a similar
signal at Probe B (20:21:45 UT).

Allen Probe B (20:21:45 UT). At each probe, the electric field signature was associated with an increase in the
magnetic field magnitude of ~40 nT (not shown) over an ~60s time span.

We interpret these observations as evidence that the bipolar electric field signature of magnetopause
compression observed inside the magnetosphere was the consequence of an encounter with the
interplanetary shock. In the interplanetary medium (THEMIS C), the time scale for the increase in the
magnetic field at the magnetic ramp was at or below the ARTEMIS instrument sample cadence of 65s.
However, the magnetic ramp and induced electric field in the dayside inner magnetosphere observed
by the Van Allen Probes were seen to be on the order of 40-100s, spanning many sample periods. This
longer time scale can be explained by the characteristic time scale of the piston-like compression of
the magnetosphere by the interplanetary shock and the consequent launching of a fast-mode wave
into the magnetosphere. We can qualitatively estimate this time scale as the ratio of the spatial scale of
the magnetic dipole radial gradient in the equatorial plane at the point of maximal compression
(Ls~B/V|B|~R/3~8/3 Rg) and the velocity of the shock compression (V,). We take V. to be the fast-mode
speed ~450 km/s as determined by local plasma parameters at the spacecraft (see section 2). Thus, the time
scale for compression is T~(8/3) R¢/V.~40ss, in good agreement with the in-situ Van Allen Probe
observations. (A more precise estimate can be derived in future studies using global MHD simulations.)

At the time of the shock-driven wave encounter, Van Allen Probe B was located at L =5, MLT =17.3, with a
magnetic latitude (MLAT) = 14°. Van Allen Probe A was located further inside the magnetosphere at L =3,
MLT = 13.5, and MLAT = 16.3°. The Probe B position vector was Rz = (16,500, 21,500, 15,000) km in a geocentric
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ecliptic coordinate system (GSE), while the Probe A position vector was R, = (16,000, 6000, 7000) km GSE. It is
noteworthy that the Xgse (sunward) positions of the two spacecraft were nearly identical and that the total
separation of Probe A and Probe B was 17,450 km and was nearly all in the Ygse direction (approximately
azimuthal at this location). The negative pulses in the electric field lasted on the order of 60, and the time
delay between the signals observed by the two spacecraft was on the order of 20 s with Probe A, at a smaller
radial distance, observing the signal first. This strongly suggests that the pulse was propagating azimuthally
in the prenoon to postnoon direction. Total propagation velocity between Probes A and B (17,450 km/20s)
was ~850 km/s. The pulse propagation speed is important in determining the energy of electrons that drift
in resonance with an impulse propagating azimuthally at the fast-mode speed.

2.2, Shock Interpretation

In most simple scenarios, a shock impacting the subsolar point of the magnetosphere drives the magnetopause
earthward in a piston-like motion that launches a fast-mode wave that propagates both radially inward
(earthward) and azimuthally around the Earth [Araki et al., 1997; Gannon et al., 2005]. The local fast-mode speed
can be estimated from Van Allen Probe spacecraft measurements of in situ magnetic field and density. At the
time of shock pulse encounter, both spacecraft were in the high-density plasmasphere. Probe B, at L =5,
measured a local magnetic field of ~300 nT with density ~200 cm™>. The temperature is not directly measured,
but characteristic thermal energy in the plasmasphere is ~1 eV. Thus, the fast-mode speed is on the order of
450 km/s in the appropriate cold plasma limit. Probe A, at L =3, measured a local density of 1500 cm3and a
local magnetic field of 1500 nT, resulting in a fast-mode speed of 715 km/s. The observed total propagation
speed (~850km/s) is quite comparable to these estimates of the fast-mode velocity. The difference between
the fast-mode speed ~500 km/s and the azimuthal phase velocity of the shock-induced pulse (~850 km/s) can
be due to the obliquity of the phase front normal vector to a (local) azimuthally directed vector. An obliquity
angle of 30° could account for the observed difference.

The measurements from the two spacecraft provide evidence that a substantial portion of the dayside equatorial
magnetosphere was occupied for periods of 1-2 min with a strong dusk-dawn/azimuthal component of the
electric field. This component is of special interest because charged particles that drift azimuthally as a
consequence of the gradient and curvature drifts in the Earth’s magnetic field will traverse this electric field,
acquiring significant amounts of energy.

In general, a lower energy charged particle on the dayside drifting comparatively slowly within the Earth's
magnetic field will encounter the shock-induced electric fields over a time scale set by the duration of
the shock electric field presence on the dayside. A higher (lower) energy particle may drift across the
dayside on a time scale shorter (longer) than the time scale for the existence of the electric field on the
dayside. Finally, as the wavefront associated with the accelerating electric fields expands azimuthally
around the magnetosphere to the nightside, some “resonant” particles may drift at nearly the same velocity
as the front and through a resonant interaction experience the electric field for a longer period of time
[Kress et al., 2007].

For example, if the electric field is present over the entire spatial extent from 09:00 MLT to 15:00 MLT at L =4,
a distance of about 6 R in the equatorial plane, it will traverse an electric potential of ~6 R x 6400 km/
Rex 12 mV/m ~38,000 km x 12 mV/m~400 kV. This estimate provides a broad constraint on the maximum
amount of energy any particle can obtain traversing the region of strong electric field. Only particles with
sufficient perpendicular energy to drift across the dayside over a period of 1-2 min or faster can obtain this
energy. This corresponds to a perpendicular energy of 3-4 MeV at L =4,

Figure 3 presents the energy dependence of the relativistic electron drift period for a range of L values,
following the method of Schulz and Lanzerotti [1974]. For comparison with the shock impulse propagation
speed inside the magnetosphere ~850 km/s estimated above, a 3.6 MeV electron at L =5 has a 235 s drift
period which corresponds to a 855 km/s azimuthal velocity V

V4(3.6 MeV) = 27 5 Re(Re = 6400 km) /235 s = 855 km /s

In considering the energization of drift-resonant electrons, the value of the E x B drift of the particles in
the wavefields provides important information. The E x B drift is 6€ x B/B*~12 mV/m/280 nT = ~40 km/s at
spacecraft B and ~20 km/s at spacecraft A. Therefore, if an electron encounters these fields for a period of
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black arrow indicates the increasing energy of an electron that remains in have the same phase space density
resonance with the wave as the electron moves radially inward (see discussion

as the energized population for the

in section 2.2). . .
) same first and second invariants.

We conclude from these analyses of the impulse propagation that ~4 MeV electrons would be preferentially
accelerated in the L~4-5 region of the electron observations described in the next section. Additionally,
we would expect the source population to be ~0.3 Rz beyond the energized population and expect a
maximum energization of ~400 keV. We show observationally below (e.g., Figure 7) that just such a source
population exists, with the same phase space density as the energized population of 4 MeV electrons at
L*~4.0. L* is inversely proportional to the third adiabatic invariant or the magnetic flux through a drift orbit
[Roederer, 1970]. L* is not conserved in the shock impulse interaction. In this paper L* is calculated using the
Tsyganenko and Sitnov [2005] magnetic field model.

2.3. Relativistic Electron Observations

Figure 4 shows the relativistic electron flux increases in the 3.6 MeV channel from the REPT instrument [Baker
et al, 2012] on the Van Allen Probes A and B at about 20:22 UT on 8 October 2013. Figure 4 (bottom) presents
the measurements of color-coded electron flux in the 3.6 MeV REPT channel as a function of pitch angle
(vertical scale) and time (horizontal scale) from each of the two probes. The shock-driven electric field at each
spacecraft is included in Figure 4 (top) for reference purposes. The measurements from Probe B show
relativistic electron drift echoes with a regular periodicity on the order of 350-400s. In particular, the drift
echoes observed by Probe B are characterized by “quasiperiodic pulse-like” enhancements in the relativistic
flux by about an order of magnitude and are a consequence of prompt energization of electrons due to
the shock-induced fields on a time scale that is a fraction of the orbital drift period around the Earth. At least
six such echoes are observed. The periodicity in the pulse corresponds to the drift period of a 3.6 MeV
electron around the Earth at L =5 due to the gradient B and curvature drift in the Earth’s dipole magnetic field
(see Figure 3).

Relativistic electron drift echoes are also observed by Probe A. Despite the similarities in the electric field
amplitude and duration observed by Probe A, the intensity of the fluxes in the initial drift echoes observed by
Probe A are much less than those observed by Probe B. As Probe A moved outward along its orbit by 1-2 Rg
over the next 15 min, it encountered the region of strongest electron acceleration at L~4 (cf., Figure 6)

and observed 3-4 drift echoes with about the same intensity as those more promptly observed at L~5 by
Probe B.
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Figure 4. Relativistic electron flux increases in the 3.6 MeV channel from the REPT instrument on Van Allen Probes A and B is
shown. (top) The shock-driven electric field at each spacecraft is included for reference. (bottom) Measurements of electron
flux in the 3.6 MeV REPT channel are shown as functions of pitch angle and time from each of the two probes.

The duration (full width at half maximum) of the pulse of energized electrons observed by Probe A at 90° pitch
angle in the 3.6 MeV channel, coincident with the shock impulse, is 40%-50% of the measured drift period
of that electron energy at L* =3.8 Rg. This implies that the acceleration event occurred over a significant
fraction of a drift path, consistent with acceleration over a large portion of the dayside magnetopause. If we
define the fractional increase in energy of a particle as the kinetic energy KEf gained divided by the initial
kinetic energy KEy; i.e., (KEr— KEq)/KEq~JKE/KE,, the particles that gain the greatest fractional increase in
kinetic energy are those that spend the longest time in the accelerating electric fields. Higher-energy electrons
(>3.6 MeV) will drift through the dayside region of strong shock electric fields on a time scale much faster than
the 60-100s duration of the magnetosonic impulse electric field. Such particles are likely to see an upper
bound on their acceleration set by the azimuthal amplitude of the electric field (E) times its azimuthal spatial
scale, or [E - d~250-500 keV. This estimate of the maximum expected energization compares well with that
estimated from the adiabatic energy change due to the inward displacement of the electrons (400 keV)
described in section 2b.

In Figure 5, we present the energy and temporal extent of the relativistic electron drift echoes observed by
Van Allen Probe A across several discrete detector channels. We note significant shock response and drift
echoes across a two-decade electron energy range interval of 50 keV to >5 MeV, as determined by combined
Magnetic Electron lon Spectrometer (MagEIS) [Blake et al., 2013] and REPT observations from the Van Allen
Probe Energetic particle, Composition, and Thermal plasma instrument suite [Spence et al., 2013]. The variations
in drift period apparent in this figure (e.g., at 20:36 to 21:00 UTC) depend both on electron energy and the
spatial variation of |B| as Probe A moves outward to a greater radial distance.

2.4, Dual-Spacecraft Observations

Afforded by the Van Allen Probes provide a unique viewpoint of shock effects as functions of time, L, and
energy. During the 8 October event, Probe A follows Probe B across L* (or L) space by ~1 h with both
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Figure 5. The energy and temporal extent of relativistic electron drift echoes observed by Probe A across several discrete
detector channels. The variations in drift period apparent in this figure (e.g., at 20:36 to 21:00 UTC) depend both on electron
energy and the spatial variation of |B| as Probe A moves outward to a greater radial distance.

spacecraft traversing essentially the same orbital path. Figure 6 presents an overlay of the Probe A and Probe
B L* profiles of 3.6 MeV REPT electron energy flux along the outbound orbits during which the shock effects
were observed. The arrows indicate the 20:22 UT of shock observation at each spacecraft. At shock time,
Probe B was at L* ~5, and Probe A was further inward near L* ~3.3. With this orbital configuration, Probe B
observed the preshock background for electron flux and phase space density (PSD) out to L* ~5 (i.e., prior to
its position at 20:22 UT) ~1 h before Probe A observed the postshock conditions across that range of L*.
Both spacecraft observed enhanced fluxes of highly relativistic electrons and an interval of distinct drift
echoes following the shock arrival.

3. Prompt Shock-Induced Effects

Figure 7 presents the Probe A phase space density for constant first and second adiabatic invariants

(1 =3500 MeV/G and K =0.114 Rg G"?) plotted versus L* for two orbits before the shock encounter (green), for
the orbit of Probe A during the shock encounter (red), and for two orbits after the shock encounter (blue). The
black curve was observed by Probe B on its outbound orbit during the shock encounter and sampled the
background PSD profile ~1 h prior to the Probe A observations at the same value of L*. We note the good
agreement of the black curve with the preshock (green) profiles for L* <5. (For details of the PSD calculation,
see Boyd et al. [2014].)

These REPT observations indicate that the shock effects promptly created a new, enhanced relativistic
electron population with peak in phase space density (PSD) on the inner radial gradient of the preshock outer
radiation belt where the strong drift echo pulses observed by Van Allen Probe A were seen (cf., Figure 6).
Under the effects of the shock-induced electric field, the source population electrons E x B drifted radially
inward, conserving the first and second adiabatic invariants and preserving phase space density along their
trajectory. Examination of the figure establishes the relationship between the initial seed population and
the accelerated population immediately after the shock-induced acceleration. As we have calculated in
section 2, these two populations should be related by the physical displacement given by the shock electric
field amplitude times its temporal duration. As described in section 2.2, the source population should lie
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Figure 6. Van Allen Probe A and Probe B L* profiles of 3.6 MeV REPT electron energy flux are overlaid along the outbound

orbits during which the shock effects were observed. The arrows indicate the 20:22 UT of shock observation at each
spacecraft. At shock time, Probe B was at L*~5, and Probe A was further inward near L*~3.3.
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Figure 7. Probe A phase space density for constant first and second adiabatic invariants is plotted versus L* for two orbits
before the shock encounter (green), for the orbit during the shock encounter (red), and for two orbits after the shock
encounter (blue). The black curve was observed by Probe B on its outbound orbit during the shock encounter and sampled
the background PSD profile ~1 h prior to the Probe A observations at the same value of L*. Comparison of the red and block
profiles indicates an inward displacement of ~0.25 Rg for 4.5 MeV electrons.
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Figure 8. REPT and MagEIS observations are combined to illustrate the change in the electron PSD determined as the ratio
of the postshock observations by Probe A to the preshock (background) observations by Probe B. The log10 of the

ratio (Probe A PSD/Probe B PSD) for constant K (second invariant) is shown plotted against log u (first invariant) over a
two-decade range of u from 100 MeV/G to 10,000 MeV/G and for L* between 3.6 and 5.2.

within about ~0.3 R of the accelerated population. This is roughly the offset between the red and the black
(Probe B background) PSD profiles and provides a good indication of the source population and its evolution
history. Poleward of L* ~4.2, electron losses due to outward diffusion, and magnetopause shadowing resulted in
the significant decrease in PSD and flux seen at higher values of L [Hudson et al., 2015].

We conclude that the enhancement near L*~3.8 represents a freshly accelerated population of electrons that was
not transferred from further out in L adiabatically, i.e,, not a population conserving all three invariants. (This is
an important check on the shock energization scenario because many of the properties of the energization
process are tied to this displacement and to the fact that the first and second adiabatic invariants are conserved.)
The prompt nature of the shock-induced energization is constrained by the Van Allen Probe A observation of the
PSD enhancement at L* =4, approximately 15 min following the electric field impulse.

The spatial extent and energy range of the prompt electron acceleration seen during the 8 October 2013
shock event is described in Figure 8, combining observations over the broad range of electron energies
observed with the REPT and MagEIS instruments on both Van Allen Probes A and B. During the 1h

prior to the shock arrival, Probe B traversed the range of L*=3.5 to 5, providing an excellent observation
of the unperturbed electron population (cf., Figure 6). Subsequent observations by Probe A across

the same extent of L* sample the postshock electron population as a function of both space and time.
Figure 8 presents the change in the electron PSD at each observation point determined as the ratio

of the postshock observations by Probe A to the preshock (background) observations by Probe B. The
log10 of the ratio (Probe A PSD/Probe B PSD) for constant K (second invariant) is shown, plotted against
log u (first invariant) over a two-decade range of x from 100 MeV/G to 10,000 MeV/G and for L* between
3.6 and 5.2. The accelerated population at 1000-5000 MeV/G centered at L*~3.8 was observed within
20 min of the shock arrival as Probe A traveled outward across that range of L*. Figure 8 illustrates the
promptness (<20 min) and both the spatial extent (L*~3.5 to 4.0) and energy range (2.0 to 5.0 MeV) of the
inner region enhancement. This enhanced region remained essentially unchanged in that location for
many hours following the shock impact (see Figure 10 below). At higher L* (>4.5), significant (>10X) loss
of the relativistic electron population in the outer regions was observed within ~1 h of the time of shock
onset. Radiation belt losses during this and similar events will be treated in a separate publication.
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Figure 9. The 3.6 MeV electrons were in drift resonance with a 300 s period ULF wave train that followed the initial
shock-induced impulse at the L*~5 position of Probe B. (top) The Ygsg component of the electric field observed by the EFW
instrument. A clear 300 s periodicity is seen in the negative Ey component (vertical black lines). (bottom) REPT differential
electron energy flux is plotted for channels 1 through 5 (2.0 MeV through 5.6 MeV).

4, Drift-Resonance Effects

Across a broad range of energies, the entire dayside electron population experiences the accelerating electric
field impulse shown in Figure 2. As discussed in section 2.2, the extended (~1 min) duration of the accelerating
electric field across a broad extent of the dayside magnetosphere, coupled with energy-dependent gradient
drift velocities (cf., Figure 3), selects a preferred range of energies for the resulting initial enhancement (JE/E)
of the outer radiation belt electrons, i.e., those which can stay in the accelerating wave as it propagates tailward.
As seen in the Van Allen Probe electric field observations [Wygant et al., 2013] of Figures 2 and 4, the initial
accelerating shock impulse was followed by an ~30 min interval of strong ULF oscillations with ~200-400 s
period. As the shock-accelerated electrons drift around the Earth, those energies with drift period comparable
to ULF wave periods can be resonantly accelerated or decelerated either coherently [Elkington et al., 1999] or
by a random walk in the radial direction conserving the first and second invariants [Fdlthammar, 1968;
Elkington et al., 2003, and references therein]. With reference to Figure 3, for the L*~3.8 center of the strong
acceleration region seen in Figure 8, drift-resonant acceleration with the observed ULF waves occurs for
relativistic electrons with 2.5 MeV-4 MeV energy. The observed energies of the electrons with a clear drift echo
response in Figure 5 have drift periods comparable to the ULF wave periods seen in Figures 2 and 4. These are
electrons with u~1000 MeV/G-4000 MeV/G that correspond to the center of the observed accelerated
population (Figure 8).

Figure 9 demonstrates the drift resonance of 3.6 MeV electrons with a 300 s period ULF wave train that
followed the initial pulse at the L*~5 position of Probe B. Figure 9 (top) presents the Yssg component of the
electric field observed by the Electric Field and Waves (EFW) instrument. A clear 300 s periodicity is seen in the
negative E, component (vertical black lines). In Figure 9 (bottom), REPT differential electron energy flux is
plotted for channels 2 through 5 (2.25 MeV through 5.6 MeV). Prompt flux enhancements were seen in all
energy channels (with largest proportional increases seen at 3.6 MeV and 4.5 MeV—channels 3 and 4),
followed by energy-dependent drift echoes. (Probe B was near apogee throughout the interval shown, so
there is no significant change in drift echo period due to motion through a changing magnetic field.) At this
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Figure 10. Sequential passes for (top) Probe A and (bottom) Probe B across the outer radiation belt before (green), during
(black), and after (red) the shock are presented. The postshock (red) profiles reveal the new population of shock-accelerated
electrons that was formed inside L*~4.

position, the drift period for the electrons in the 3.6 MeV channel closely matches the ULF wave period. The
observed peak enhancements of the 3.6 MeV flux align closely with enhancements in negative E, indicative
of drift resonance that may be responsible for additional electron acceleration over multiple electron drift
and wave periods.

For strong enough ULF waves with 300's period, 2.5 MeV resonant electrons at L~6 experiencing E, < 0 on the
dayside will be energized and displaced inward. The heavy black arrow in Figure 3 indicates the trajectory taken
by an electron that receives exactly enough energy from the wave to remain in resonance with the wave as
the electron moves radially inward. (In detail, the frequency of the standing Alfvén waves would increase with
increasing |B| at lower values of L, but the description above suffices for the first-order analysis presented
here.) If too much energy is received, the electron falls out of resonance with the wave and gives up energy,
falling back to the resonance position. If it receives too little, it falls out of resonance and remains at constant L.
For an electron following the path of the black arrow, significantly larger energy gain might be achieved

(>2 MeV) than from the energization associated with the initial shock-induced impulse (<500 keV).

5. Residual Enhancement

The preceding sections have described the promptness (<20 min), energy range (1.5-4.5 MeV), and spatial
extent (L* ~3.5-4.0) of the enhancement of relativistic electrons observed by the Van Allen Probes in the
minutes immediately following the 8 October 2013 shock event. Figure 10 presents the sequential passes for
Probe A (top) and Probe B (bottom) across the outer radiation belt before (green), during (black), and after
(red) the shock. Subsequent orbits show the persistent nature of the new population of shock-accelerated
electrons that was formed inside L*~4.

6. Conclusions

The spatial separation and excellent energy and pitch angle resolution of the Van Allen Probe observations
during the 8 October 2013 solar wind shock event provide new detailed insights into the acceleration of
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electrons to relativistic energies. In particular, the dual-spacecraft observations and detector characteristics
allow conversion to phase space density and mapping of observations at constant first and second invariants,
removing adiabatic effects associated with both changing magnetic fields during the storm and rotation
of the Earth’s dipole axis relative to the orbital plane. Our results demonstrate that prompt acceleration by
impulsive shock-induced electric fields and subsequent ULF wave processes comprises a significant
mechanism for enhancing relativistic electron populations inside the plasmasphere and the heart of the
outer zone.

The energy gain and L* value of enhanced PSD is a function of the electric field amplitude. Thus, the 24 March
1991 event observed on the nightside by CRRES produced a “new belt” of 15 MeV electrons at L~2.5 with
an inferred dayside electric field amplitude of ~200 mV/m. In the present study, we are able, with two dayside
Van Allen Probes spacecraft, to confirm that the observed ~10 mV/m electric field impulse, present over a
longitudinal extent consistent with dual-spacecraft measurements, could transport the measured source
population inward to produce the observed peak in flux and PSD at L*~3.5. This mechanism occurs on an
electron drift time scale of minutes immediately following shock arrival, producing a peak in PSD at a
comparable location to the local acceleration seen in other CME shock events observed by the Van Allen
Probes [Reeves et al., 2013; Thorne et al., 2013] and in simulations [e.g., Li et al., 1993]. A key ingredient for the
shock acceleration mechanism is the presence of a robust source population of multi-MeV electrons on
the outer edge of the outer zone that can experience drift resonance. A preceding CME shock-driven storm at
the beginning of October 2013 produced the source population for the 8 October event.
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