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Electron Acceleration in the Heart of
the Van Allen Radiation Belts
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The Van Allen radiation belts contain ultrarelativistic electrons trapped in Earth’s magnetic
field. Since their discovery in 1958, a fundamental unanswered question has been how electrons
can be accelerated to such high energies. Two classes of processes have been proposed:
transport and acceleration of electrons from a source population located outside the radiation
belts (radial acceleration) or acceleration of lower-energy electrons to relativistic energies in situ in
the heart of the radiation belts (local acceleration). We report measurements from NASA’s
Van Allen Radiation Belt Storm Probes that clearly distinguish between the two types of
acceleration. The observed radial profiles of phase space density are characteristic of local
acceleration in the heart of the radiation belts and are inconsistent with a predominantly radial
acceleration process.
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ries of the formation of the Van Allen radiation
belts focused on betatron and Fermi acceleration
processes that act when electrons are transported
from the outer magnetosphere where magnetic
fields are weak (<100 nT) to the radiation belts,
in the inner magnetosphere, where the magnetic
fields are strong (1, 2). The single-point measurements and low time resolution of early satellite
observations suggested that radial diffusion could
generally explain the equilibrium structure of the
radiation belts and its evolution on the longer time
scales (days to weeks) revealed in early satellite
observations. In the 1990s, a growing network of
satellites provided multipoint measurements with
temporal and spatial resolutions, revealing com-
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plex structure and rapid dynamics that were difficult to explain with conventional theory.
In January 1997, a solar coronal mass ejection
produced a strong geomagnetic storm and a dramatic intensification of radiation belt electron fluxes
at energies up to several MeV (3, 4). Comparison
of the dynamics at geosynchronous orbit [~6.6RE
(RE is Earth’s radius, 6372 km) or 42,000 km
geocentric distance] and in the heart of the electron belt (~ 4.2RE or 27,000 km) showed that the
intensification of relativistic electron fluxes occurred first in the heart of the belts and on extremely rapid time scales (~12 hours) and only
later and more slowly at higher altitudes. In contrast with radial diffusion theory, these observations strongly suggested an energization process
operating locally in the heart of the radiation belts
(3). A leading candidate for that process was proposed to be acceleration by resonant interactions
between radiation belt electrons and naturally occurring electromagnetic very low frequency (VLF)
(≳ 1 kHz, i.e., radio) waves (5–10). However,
around the same time other observations (11)
showed a strong correlation between radiation belt
electron enhancements and the power in global
ultralow frequency (ULF) waves, which are enhanced during geomagnetic storms. Subsequent
studies suggested that rapid enhancements of the
radiation belts could be explained by acceleration
from rapid, time-varying radial diffusion driven
by the strong ULF field fluctuations (12–17).
Measurements of electron flux (electrons cm–2
s–1 sr–1 MeV–1) cannot distinguish between local
acceleration and acceleration by radial transport
because both can produce radial peaks in electron
flux. However, phase space density, which is the
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Fig. 1. The geometry of the radiation belts and RBSP orbits shown to
scale. The positions of the RBSP satellites at 07:57 UT on 9 October are
indicated. Also shown, in a cut-away view, is a single drift shell for electrons
with 15° equatorial pitch angles starting at the position of RBSP-A at a radial
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adial diffusion of geomagnetically trapped
electrons occurs continuously in Earth’s
time-varying magnetic field. Early theo-
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distance L* ≈ 4.2. Representative magnetic field lines are plotted in light blue
between the northern and southern magnetic mirror points. The radial profiles
of phase space density expected from radial-diffusive acceleration (A) and
local wave-particle acceleration (B) are indicted schematically.
VOL 341

30 AUGUST 2013

991

REPORTS
electron flux divided by the square of the momentum, does show unique signatures for local
versus radial acceleration when expressed as a function of “magnetic coordinates.” NASA’s recently
launched Van Allen Radiation Belt Storm Probes
(RBSP) mission was designed to make the measurements needed to distinguish whether local or
radial acceleration is the primary driver behind
radiation belt electron acceleration events (18).
Here, we report on the radial profiles of phase
space density observed during the first major radiation belt enhancement event of the RBSP mission.
In Earth’s magnetic field, the motion of electrons is constrained to “drift shells” where electrons
bounce between northern and southern magnetic
mirror points and drift azimuthally around Earth
(Fig. 1). To distinguish between local and radial
acceleration, we must express phase space density
not as it is measured—as a function of energy,
pitch angle, and position—but rather as a function of the magnetic coordinates, m, K, and L*,

that constrain electron motion (figs. S1 and S2).
For radiation belt electrons, the quantity L* defines their radial location, as measured from the
center of Earth. Radial diffusion moves electrons
in L* while conserving the quantities m and K.
Because it is a stochastic process, diffusion moves
electrons from regions of higher to lower phase
space density. Therefore, enhanced radial diffusion from a source population at high L* can
increase the phase space density at lower L*, but
the gradients will still exhibit a monotonic decrease from the source or, equivalently, a monotonic increase with increasing L* (Fig. 1A). In
contrast, local acceleration processes keep an
electron’s position (L*) essentially constant while
increasing its energy. Therefore, local acceleration processes produce increases in phase space
density over a limited range of L*, which, if sufficiently strong, will lead to a local peak in the
radial profile with negative radial gradients at
higher L* (Fig. 1B).

Beginning with the January 1997 radiation belt
electron event, studies have analyzed the radial profiles of phase space density and have provided
growing evidence for local acceleration (4, 19–22).
However, those studies were limited by a number
of factors, including detector limitations, high backgrounds from penetrating radiation, poor energy
coverage or resolution, limitations imposed by
the satellite inclination or orbital period, and limited radial coverage (23). The RBSP mission was
designed specifically to overcome those limitations
by providing measurements near the magnetic
equator, with broad and continuous energy coverage and rapid radial cuts through the heart of
the radiation belts, and simultaneous measurements from spatially separated satellites (24). The
two RBSP satellites were launched on 30 August
2012 into a near-equatorial, elliptical orbit with
apogee at 5.7RE.
On 9 October 2012, the twin RBSP satellites
measured an intense relativistic electron acceler-
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Fig. 2. An overview of the October 2012 geomagnetic storm and
radiation belt electron event. The top graph shows the flux (intensity) of
2.5 MeV electrons from the MagEIS magnetic spectrometer (30) on NASA’s
twin RBSP satellites. The second graph shows the fluxes at a radial distance
of L = 4.2. The bottom three graphs show solar wind speed (Vsw), the
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interplanetary magnetic field north-south component (IMF Bz), and the disturbance storm time index (Dst, a measure of geomagnetic storm intensity).
The geomagnetic activity late on 8 October and into 9 October produced a
very intense and very rapid increase in fluxes. More information on solar wind,
geomagnetic, and VLF wave conditions is in the supplementary materials.
SCIENCE

www.sciencemag.org

REPORTS
ation event (Fig. 2). Geomagnetic storms can either intensify or deplete the fluxes of MeVelectrons
in the outer belt (25). A storm on 1 October
strongly depleted the outer electron belt (26), and
electron fluxes remained exceptionally low and
fairly constant until 8 October. The fluxes of outer
belt electrons continued to gradually decrease
until early on 9 October, when the fluxes of MeV
electrons began to rapidly increase. In many radiation belt electron acceleration events, the fluxes

rise gradually over the course of a day or two. This
event more closely resembles the January 1997
event in that the fluxes rose nearly three orders of
magnitude in a period of less than 12 hours.
We plotted the time-dependent radial profiles
of phase space density in order to look for the
characteristic signatures of either radial or local acceleration (Fig. 3). In the first pass on 8 October
(labeled 18:22), the RBSP-A spacecraft was outbound starting at L* = 3.6 at 17:32 UT, reaching
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Fig. 4. Simultaneous
measurements of phase
space density from
RBSP-A (squares) and
RBSP-B (circles). Points
are color-coded as a function of time when the
two satellites were making simultaneous measurements of the radial
gradients (07:22 to 08:12
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and figs. S8 and S9.
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an apogee of L* = 5.2 at 21:17 UT. Comparison
with the subsequent profiles at 18:27 and 23:17
UT shows that there was little temporal evolution,
and each pass can essentially be considered a snapshot of the phase space density profile.
Between the passes labeled 23:17 (8 October)
and 03:32 UT (9 October), the radiation belts experienced a rapid increase in phase space density
that continued for the next 10 hours. The increase
in phase space density is most rapid in the heart
of the radiation belts, in the vicinity of L* = 4.2.
In the early stages of the event, the phase space
densities at higher L* (e.g., 4.8) change only
slightly to produce a pronounced peak in the radial profiles. In the passes labeled 4:12 and 7:57
UT, the radial peak in phase space density and the
negative gradients at high L* continue to grow.
The pass labeled 3:32 UT is complicated because
the magnetosphere was changing on time scales
that are comparable to the transit of the RBSP-A
satellite through the belt (figs. S6 and S7).
In the passes labeled 8:22 and 13:02 UT, the
negative radial gradients at high L* began to
smooth out even as the peak phase space density increased, indicating that, in addition to local
acceleration, radial diffusion also affected the radiation belt electrons by transporting them radially
outward (and inward) from the newly formed peak.
From 10:22 UT on 9 October through 12 October
(labeled “late times”), the phase space density
profiles show very little change, which is consistent with the abrupt decrease of energy input into
the magnetosphere as the IMF turned northward
(Fig. 2).
As noted in previous studies (18, 20, 22),
single-satellite studies of phase space density gradients are subject to some spatial-temporal ambiguity because of the finite time for a single
satellite to move from one L* to another. By using
simultaneous measurements of the phase space
density measured at different L* by the two RBSP
satellites, we can further test whether instantaneous gradients are consistent with those seen in
a finite-duration satellite pass. Starting at 05:57,
RBSP-A was on the inbound leg of its orbit (labeled 7:57 in Fig. 3). RBSP-A measured a negative radial gradient with phase space densities that
increased from 2.2 × 10−9 at L* = 4.9 to 5.4 × 10−8
at L* = 4.2. At about 07:22, RBSP-B entered the
outer electron belt moving outward (orbit labeled
8:22 in Fig. 3). RBSP-B measured a positive radial gradient with phase space densities that increased from 1.6 × 10−12 at L* = 3.4 to 6.5 × 10−8
at L* = 4.2. Starting at 07:22, the two satellites
were making simultaneous observations on opposite sides of the peak (Fig. 4). From 7:22 to
8:12 UT, RBSP-A moved inward from L* = 4.5
to 4.1 and measured phase space densities went
from 3.0 × 10−8 to 4.4 × 10−8. Although this is on
the order of the uncertainty in the measurements,
the inward-directed gradients are a smooth continuation of the gradients measured earlier. The twin
RBSP measurements confirm that the radial peak
in phase space density is indeed a real spatial structure and not the result of spatial-temporal aliasing.
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Numerical simulations (27) and other analyses (20) have shown that radial peaks in phase
space density can in some cases be produced by
radial diffusion in combination with a boundary
condition at the outer edge of the belts that first
increases to levels higher than the observed peak
at lower L* then decreases to levels below it. The
shortness of the time between subsequent RBSP
apogee passes provides stringent constraints on
such a scenario but does not disprove it. Comparison between RBSP and geosynchronous phase
space densities from five geosynchronous satellites
that orbit outside RBSP’s apogee and provide nearcontinuous monitoring of the outer boundary of
the radiation belts confirms the negative radial
gradient at high L*, the lack of a potential source
population at the outer boundary, and the necessity
of an internal local acceleration process (fig. S10).
Although it is possible that radial acceleration
may dominate in other relativistic acceleration
electron events (28), the RBSP measurements of
phase space density profiles on 8 and 9 October
show signatures of local acceleration by waveparticle interactions in the heart of the radiation
belts (29). The entire acceleration took place
over a period of ≈ 11 hours between 23:17 UT
on 8 October and 13:02 UT on 9 October. The
primary acceleration was centered at L* ≈ 4
with evidence of acceleration observed between
L* = 3.5 to 4.5.
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A Uranian Trojan and the Frequency of
Temporary Giant-Planet Co-Orbitals
Mike Alexandersen,1* Brett Gladman,1 Sarah Greenstreet,1 J. J. Kavelaars,2
Jean-Marc Petit,3 Stephen Gwyn2
Trojan objects share a planet’s orbit, never straying far from the triangular Lagrangian points,
60° ahead of (L4) or behind (L5) the planet. We report the detection of a Uranian Trojan; in our
numerical integrations, 2011 QF99 oscillates around the Uranian L4 Lagrange point for >70,000 years
and remains co-orbital for ∼1 million years before becoming a Centaur. We constructed
a Centaur model, supplied from the transneptunian region, to estimate temporary co-orbital
capture frequency and duration (to a factor of 2 accuracy), finding that at any time 0.4 and
2.8% of the population will be Uranian and Neptunian co-orbitals, respectively. The co-orbital
fraction (∼2.4%) among Centaurs in the International Astronomical Union Minor Planet
Centre database is thus as expected under transneptunian supply.

D

uring 2011 and 2012, we used the CanadaFrance-Hawaii Telescope to perform a
20-square-degree survey designed to de-
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tect trans-Neptunian objects (TNOs) and objects
between the giant planets with apparent r-band
magnitude mr < 24.5 and track all detections for
up to 17 months. The project was accurately calibrated (1) to constrain the size and orbital parameter distributions of populations resonant with
Neptune. Constraining the distribution of these
populations is essential, as they in turn set constraints on models of the evolution of the outer
solar system.
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As part of this survey, we detected 2011 QF99
(2) at a heliocentric distance of 20.3 astronomical
units (AU), where its apparent magnitude mr =
22.6 T 0.1 sets its absolute magnitude at Hr = 9.6
(Hg = 10.3, assuming a typical color g − r ≈ 0.7).
This magnitude indicates that 2011 QF99 is
∼60 km in diameter, assuming a 5% albedo. As
more observations constrained the orbit, it became
clear that 2011 QF99 was not simply a Centaur
that happened to be near the distance of Uranus.
Our current astrometry, consisting of 29 measurements from seven dark runs with a total arc of
419 days, indicates the following orbital elements:
a = 19.090 T 0.004 AU, e = 0.1765 T 0.0007, i =
10.811° T 0.001°, Ω = 222.498° T 0.001°, w =
287.51° T 0.11°, and T = 246 4388 T 11 JD. Here,
a, e, i, Ω, w, T are the osculating J2000 barycentric
semimajor axis, eccentricity, inclination, longitude of ascending node, argument of pericenter,
and Julian day of pericenter. The low eccentricity
along with a semimajor axis similar to that of
Uranus (aU ≈ 19.2 AU) indicated that 2011 QF99
might be a Uranian co-orbital. Co-orbital bodies
are in the 1:1 mean-motion resonance with a planet
(thus having the same orbital period) and a librating (oscillating) resonant angle f11 = l − lPlanet.
Here, l is the mean longitude, which is the sum of
Ω, w, and the mean anomaly. f11 roughly measures how far ahead in orbital phase the object
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