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Many spacecraft fly within or through a natural and variable particle accelerator powered by
the coupling between the magnetosphere and the solar wind: the Earth’s radiation belts.
Determining the dominant pathways to plasma energization is a central challenge for
radiation belt science and space weather alike. Inward radial transport from an external
source was originally thought to be the most important acceleration process occurring in
the radiation belts. Yet, when modeling relied on a radial diffusion equation including
electron lifetimes, notable discrepancies in model-observation comparisons highlighted a
need for improvement. Works by Professor Richard M. Thorne and others showed that
energetic (hundreds of keV) electrons interacting with whistler-mode chorus waves could
be efficiently accelerated to very high energies. The same principles were soon transposed
to understand radiation belt dynamics at Jupiter and Saturn. These results led to a
paradigm shift in our understanding of radiation belt acceleration, supported by
observations of a growing peak in the radial profile of the phase space density for the
most energetic electrons of the Earth’s outer belt. Yet, quantifying the importance of local
acceleration at the gyroscale, versus large-scale acceleration associated with radial
transport, remains controversial due to various sources of uncertainty. The objective of
this review is to provide context to understand the variety of challenges associated with
differentiating between the two main radiation belt acceleration processes: radial transport
and local acceleration. Challenges range from electron flux measurement analysis to
radiation belt modeling based on a three-dimensional Fokker-Planck equation. We also
provide recommendations to inform future research on radiation belt radial transport and
local acceleration.
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1 INTRODUCTION

The outer radiation belt of the Earth’s magnetosphere contains a
complicated balance of acceleration and loss processes. Previous
studies have found that while some geomagnetic storms acted as a
significant driver of energetic electron enhancements, others did
not (Summers et al., 2004; Hudson et al., 2008). Studies of flux
changes following geomagnetic storms reveal that the system is
highly non-linear, with a wide range of driving inputs resulting in
either enhancement or depletion events (Reeves et al., 2003; Baker
et al., 2004). Multiple results have shown the importance of
southward interplanetary magnetic field, IMF Bz, for driving
electron enhancements (Blake et al., 1997; Li X. et al., 2011),
although high-speed solar wind also contributes to the effect
(Paulikas and Blake, 1979; Baker et al., 1997; Kanekal et al., 1999).
The need to forecast and predict these events has spurred
increasing interest in the mechanisms by which acceleration
takes place in the outer radiation belt. High energy electrons
have deleterious effects on spacecraft systems as they can
penetrate through satellite walls and cause deep-dielectric
charging (e.g., Baker et al., 1987, 2018; Horne et al., 2013).
Findings and models established in the case of the Earth’s
radiation belts have been transposed to the outer planets, and
in particular the giant planets, Jupiter, and Saturn, with the shared
objective of furthering our understanding of the physics of a
magnetosphere.

Determining the dominant pathways to plasma energization
in the radiation belts usually means focusing on either 1)
relatively slow, large-scale acceleration processes associated
with radial transport or 2) localized acceleration processes
occurring on relatively smaller spatiotemporal scales, i.e., local
acceleration. The objective of this review is to provide tools to
approach this dichotomy. The review was motivated by a joint
panel discussion on “Radial Transport vs. Local Acceleration” in
the radiation belts, that took place during the Geospace
Environment Modeling (GEM) Virtual Summer Workshop in
July 2021 (Drozdov et al., 2022). It exemplifies the profound
impact of Professor Richard M. Thorne on radiation belt science
(e.g., Horne and Tsurutani, 2019; Li W. and Hudson, 2019). It
provides the necessary context to navigate the (still) controversial
topic of electron radiation belt acceleration. It is organized as
follows:

Section 2 provides observational and theoretical background.
Specifically, the characteristics of MeV electron flux
enhancements are summarized (Section 2.1). The most
commonly discussed mechanisms for electron radiation belt
acceleration are introduced (Section 2.2), together with the
modeling framework used to quantify their effects (Section
2.3). In Section 3, we show how the picture for radiation belt
acceleration evolved over the years in response to measurements
from new missions, from an initial emphasis on radial diffusion
(Section 3.1) to an emphasis on local wave-particle interactions
(Section 3.2). We also provide a summary of the current state of
the art at the outer planets (Section 3.3). The topic is summarized
and further discussed in Section 4. In particular, we provide a
synthesis of the challenges associated with differentiating between
the leading processes for electron radiation belt acceleration

(Section 4.1) and we present a few suggestions for future
research directions (Section 4.2).

2 OBSERVATIONAL AND THEORETICAL
BACKGROUND

Electron flux enhancements at MeV energies are viewed as
signatures of radiation belt acceleration. The main characteristics
of these electron flux enhancements are provided in Section 2.1. The
two main mechanisms thought to drive radiation belt acceleration
are introduced in Section 2.2. These processes are included in a
radiation belt model, detailed in Section 2.3, in order to quantify,
compare and contrast the overall effects of these two acceleration
mechanisms on radiation belt dynamics.

2.1 Observations Motivating the Research
on Electron Radiation Belt Acceleration
A significant component of energetic (up to 10MeV) electrons is
rapidly produced at times in the Earth’s outer radiation belt, within a
couple of days or less (e.g., Baker et al., 1994; Foster et al., 2014).
Figure 1 (from Baker et al., 2019) displays six years (September
2012–2018) of >1MeV electron fluxes measured by the Relativistic
Electron-Proton Telescope (REPT, Baker et al., 2021) onboard the
Van Allen Probes (Fox and Burch, 2014), together with information
on solar wind properties. It reveals the highly variable and energy-
dependent nature of MeV electron dynamics in the outer radiation
belt. Despite radiation belts being one of the first discoveries of the
space age, numerous questions remain regarding the nature of the
processes that can accelerate radiation belt electrons and produce the
dynamics observed in Figure 1.

2.1.1 Characteristics of Electron Flux Enhancements
in the Earth’s Outer Belt
Electron fluxes routinely increase by several orders of magnitude
within days in the Earth’s outer radiation belt (Figure 1, the
article by Reeves et al., 2013). This flux increase may or may not
be preceded by a brief, large decrease (e.g., Blake et al., 1997).
Broadly speaking, the radiation belt electron flux enhancements
are coherent: Increases occur on similar timescales across the
radiation belt energy spectrum (50 keV–10 MeV) and across the
outer zone (equatorial radial distance, L, between ~3 Re and 6.5
Re), regardless of altitude (e.g., Kanekal et al., 2001). Yet, the
specific characteristics of these enhancements are variable.
Figure 1 shows that the magnitude of MeV electron flux
usually peaks at a variable location within the outer region
(i.e., below geostationary orbit). The rise time for electron flux
enhancements increases with energy (e.g., Blake et al., 1997). In
addition, the frequency and the L-coverage for electron flux
enhancements generally decrease with energy (e.g., Reeves
et al., 2013; Zhao et al., 2016).

2.1.2 Association With Solar Activity and Solar Wind
Properties
An association between the state of the Earth’s outer belt and the
Sun was established in the early days of radiation belt science
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(Williams, 1966). It has remained a subject of research ever since
(e.g., Hudson et al., 2008; Kellerman and Shprits, 2012; Kilpua
et al., 2015; Zhao et al., 2019a; Ripoll et al., 2020). Connecting the
Sun and solar wind properties with the state of the radiation belts
is of prime importance for two main reasons. First, it provides
observational constraints to radiation belt acceleration theories.
Second, it constitutes the basis of radiation belt model
developments, whether they are physics-based models (e.g.,
Xiang et al., 2021), empirical models such as AE9 and
predecessors (Ginet et al., 2013), or machine learning models
(e.g., Katsavrias et al., 2021a).

The most pronounced signature of the solar wind properties in
the state of the Earth’s outer radiation belt is the correlation between
solar wind speed and MeV electron flux magnitude (Paulikas and
Blake, 1979; Reeves et al., 2011; Wing et al., 2016). The sign of the
north-south component of the interplanetary magnetic field (IMF),
Bz, is also key (Blake et al., 1997). Most of the time, MeV electron

flux enhancements occur when the speed of the solar wind is high (≳
500 km/s) and the IMF Bz is southward, i.e., during conditions that
are associated with geomagnetic storm times (e.g., Baker et al., 2019).
While these solar wind conditions are the most common conditions
for MeV electron flux enhancements, not all of them are necessary.
SignificantMeV electron flux enhancements have also been reported
during non-storm times (e.g., Schiller et al., 2014) and without a
high-speed solar wind (e.g., Li X. et al., 2011). A sustained southward
IMF is the only necessary condition for MeV electron flux
enhancements at geosynchronous orbit according to Li X. et al.
(2011). Yet, this necessary condition is not a sufficient condition to
guarantee radiation belt enhancements. Indeed, even though
geomagnetic storms are associated with a strong and sustained
southward IMF, not all geomagnetic storms result in electron
flux enhancements (Reeves et al., 2003). The most significant
relativistic electron flux enhancements occur outside the
plasmapause, in association with periods of prolonged substorm

FIGURE 1 | Six years of MeV electron fluxes in the Earth’s radiation belts, at (A) 1.8 MeV, (B) 2.6 MeV, (C) 4.2 MeV, and (D) 6.3 MeV, measured by both Van Allen
Probes between 1 September 2012 and 1 September 2018, together with information on the solar wind properties, namely, the three-day running averages for (E) the
solar wind speed, (F) the magnitude of the interplanetary magnetic field (IMF), (G) the north-south component of the IMF, Bz, and (H) the product of solar wind speed, V,
and Bz (from Baker et al., 2019).
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activity, as quantified by the AE index (Meredith et al., 2003).
Moreover, MeV electron enhancements have been tied to High-
Intensity Long-Duration Continuous AE Activity (HILDCAA)
events (Tsurutani et al., 2006; Miyoshi and Kataoka, 2008; Hajra
et al., 2015) and substorm clusters during geomagnetic disturbances
(e.g., Rodger et al., 2022).

When electron flux enhancements occur during geomagnetic
storms, the location of the peak in MeV electron flux enhancements
during recovery phase is strongly correlated with the magnitude of
the storm, as quantified by the Dst index (Tverskaya et al., 2003) or,
equivalently, with the plasmapause location (O’Brien et al., 2003;
Moya et al., 2017; Bruff et al., 2020). The equatorial pitch angle
distribution of MeV electron flux enhancements at the center of the
outer belt is most anisotropic (i.e., 90° peaked) within a day of the
start of the recovery phase, and the degree of anisotropy increases
with energy (e.g., Ozeke et al., 2022). The pitch-angle distribution of
MeV electron flux becomesmore isotropic in the week following the
start of the recovery phase (Greeley et al., 2021).

One consequence of the relationship between the state of the
Sun and the state of the Earth’s outer radiation belt is that
periodicities of the Sun, of the solar activity, and of the Sun-
Earth connection lead to periodicities in the intensity of the outer
belt occurring on a variety of timescales. For instance, the 27-day
periodicity of the electron flux enhancements (Williams, 1966) is
associated with the 27-day recurrence of geomagnetic activity.
The latter comes from the fact that long-lived solar wind features,
such as high-speed streams, recur at Earth after every Sun
rotation period of ~27 days (e.g., Paulikas and Blake, 1979).
The strong semiannual variations of MeV electron fluxes have
been tied to the semiannual variation in the orientation between
the Earth’s magnetic dipole axis and the Sun vector, and more
precisely, to the Russell-McPherron effect (McPherron et al.,
2009; Katsavrias et al., 2021b). MeV electron fluxes are also
more intense during the declining phase of the solar cycle
than during the ascending phase. This is due to the fact that
the declining phase of the solar cycle is dominated by recurrent
high-speed solar wind streams while the ascending phase is
dominated by more sporadic coronal mass ejection events
(Kanekal, 2006; Reeves et al., 2011), and radiation belts
respond differently to storms driven by coronal mass ejections
(CMEs) and storms driven by corotating interaction regions
(CIRs) (e.g., Turner et al., 2019).

2.2 Electron Radiation Belt Acceleration
Mechanisms
Before relating observed electron flux enhancements (Section
2.1) to radiation belt energization (Section 2.2.2), we first provide
a brief introduction to the theoretical framework associated with
radiation belt dynamics (Section 2.2.1). While the concepts of
adiabatic invariant theory are general, they are applied to the case
of the Earth’s radiation belts in the next paragraph.

2.2.1 Brief Introduction to Trapped Particles Dynamics
and Adiabatic Invariant Theory
It takes a few hours down to a few minutes for the 50 keV to
5 MeV electrons of the outer belt to orbit around the Earth.

During that time, these particles, trapped by the geomagnetic
field, bounce 500 to 50,000 times from one hemisphere to the
other while they gyrate 105 to 109 times around the magnetic field
direction. In this context, it is convenient to describe the motion
of radiation belt particles as the superposition of three quasi-
periodic motions, each of them evolving on a very different
timescale (e.g., Schulz and Lanzerotti, 1974):

1) A very fast motion of gyration around the magnetic field
direction,

2) A slower bounce motion between the planet’s
hemispheres, and

3) A slow drift motion around the planet.

Each quasi-periodic motion is determined by the particle’s
characteristics (charge, mass, kinetic energy, pitch angle) as well
as by the characteristics of the magnetic and electric fields
(magnitude, direction, as well as spatial and temporal
variability of the fields).

The magnitude of each quasi-periodic motion is quantified by
an adiabatic coordinate, that is, by a quantity that is a constant of
motion under certain spatial and temporal conditions. In
particular, an adiabatic coordinate remains constant as long as
the time variations for the fields are negligible on the timescale of
the corresponding quasi-periodic motion (e.g., Northrop, 1963).
That is why the reformulation of trapped particle dynamics in
terms of adiabatic coordinates allows for a simplified description
of radiation belt dynamics (e.g., Roederer, 2014).

In the absence of significant time variations in the fields,
trapped radiation belt particles remain at about the same
average equatorial radial distance from the center of the
planet. They move along closed surfaces called drift shells.
Their kinetic energy is conserved on average. In other words,
in the steady state, there is neither net acceleration nor net
deceleration occurring in the radiation belts. Energy variation
for the trapped radiation belt particles requires time variations of
the electric and/or magnetic fields. Since the magnetic force does
no work, it is the electric field that exchanges energy with the
trapped particles. This electric field may be induced by magnetic
field time variations, or it may be due to variations in the electric
potential. It is usually assumed that there is no component of the
electric field parallel to the magnetic field direction, a good
approximation in the inner magnetosphere on timescales
longer than the gyro-period. In the DC realm, the electrical
conductivity is orders of magnitude greater in the parallel
direction of the magnetic field than in the perpendicular
direction of the magnetic field so that the parallel conductivity
is often approximated to be infinitely high (e.g., Stern, 1977).

2.2.2 Interpreting MeV Electron Flux Enhancements in
Terms of Radiation Belt Acceleration
Electron flux enhancements are conventionally viewed as
indicative of radiation belt acceleration because radiation belt
spectra typically decrease with energy. Thus, the energization of a
population of trapped particles is expected to manifest as a flux
enhancement. The standard practice is to split the mechanisms
driving radiation belt irreversible (i.e., non-adiabatic)

Frontiers in Astronomy and Space Sciences | www.frontiersin.org June 2022 | Volume 9 | Article 8962454

Lejosne et al. Electron Radiation Belt Acceleration

https://www.frontiersin.org/journals/astronomy-and-space-sciences
www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


acceleration into two categories, depending on the source location
of the population that is accelerated:

• The non-adiabatic acceleration is local when the energized
population is already present within the drift shell.

• On the other hand, the non-adiabatic acceleration is radial
(i.e., considered to be due to radial transport) when the
energized population comes from another drift shell
(i.e., roughly speaking, when the population was initially
drifting at another average equatorial radial distance).

We focus below on the two most favored mechanisms for
radiation belt energization, namely: 1) global acceleration via
radial transport (Section 2.2.2.1) and 2) local acceleration via
resonant interactions with chorus waves (Section 2.2.2.2). That
said, many other mechanisms have been proposed over the years
(see for instance the review by Friedel et al. (2002) for details).

2.2.2.1 Radial Acceleration and Radial Transport, Assuming
Conservation of the First Two Adiabatic Anvariants
Acceleration by radial transport is usually associated with
relatively slow field variations, occurring on a timescale longer
than the bounce period. This includes ultra-low frequency (ULF)
waves in the Pc4 and Pc5 ranges (2–22 mHz, (Jacobs, 1970)),
which can be confined in magnetic local time (e.g., Li L. et al.,
2017). One of the prevailing assumptions of radial transport
mechanisms is that the first two adiabatic coordinates are
conserved, as assumed below. That said, other types of radial
transport processes have been proposed, and are expected to
occur at times (e.g., Ukhorskiy et al., 2011; O’Brien, 2014).

In the following, we detail why acceleration is usually related to
inward radial motion, and we illustrate the importance of analyzing
radiation belt dynamics in terms of adiabatic coordinates.

2.2.2.1.1 Energization in a Dipole Field. In the special case of a
dipole magnetic field, the association between inward radial
transport and acceleration is straightforward. Drift shells are
still in space, and they are conveniently labelled by their
normalized equatorial radial distance, L (McIlwain, 1961). In
that context, a particle transported from one drift shell to the
other is displaced radially and its energy varies.

The relationship between radial transport and kinetic energy
variation is straightforward when considering the conservation of
the first two adiabatic invariants of the trapped particle. In the
case of an equatorially trapped particle, we obtain that:
p2/B � constant, which is equivalent to: p2L3 � constant in a
dipole field, where p � ������������

T(T + 2moc2)
√

/c is the relativistic
momentum, T is the kinetic energy, and B is the equatorial
magnetic field strength. As a result, the amount of kinetic energy
variation, dT, associated with the radial transport, dL, is
defined as:

dT

T
� −R (γ + 1)

γ

dL

L
(1)

where γ is the Lorentz factor and R> 0 is a function of pitch angle
(e.g., Lejosne and Mozer, 2020, Eq. 9). The pitch-angle function is

such that R � 3/2 for equatorial particles. It decreases
monotonically with decreasing pitch angle, until reaching a
minimum value of R � 1 for field-aligned particles. This
means that, for the same amount of radial transport, dL,
equatorial particles experience the greatest amount of kinetic
energy variation, dT. In all cases, Eq. 1 details why inward radial
transport (dL< 0) is usually associated with trapped particle
energization (dT> 0). It also shows that radial transport is
energy dependent: For the same amount of kinetic energy
variation, dT, the amount of relative radial transport, dL/L,
decreases with increasing kinetic energy, T.

2.2.2.1.2 Energization in a Distorted Field. At times, especially
during active times in the Earth’s outer belt, the magnetic field
significantly departs from the dipole assumption. In that case, the
relationship between inward radial transport and acceleration is
more complex than Eq. 1. There is no longer a one-to-one
correspondence between drift shell and normalized average

FIGURE 2 | The adiabatic coordinates (Lp , cos(αp),Ep
c ) associated with

a 1.8 MeV electron population measured by Van Allen probes A on the
dayside during the 27 February 2014 event, as a function of the time of the
measurement and for different equatorial pitch angles, α. From
(Roederer and Lejosne, 2018).
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equatorial radial distance. The conservation of the first two
adiabatic invariants only relates an amount of kinetic energy
variation to an amount of magnetic field variation. Thus, an
amount of kinetic energy variation does not inform about the
amount of radial transport or change of drift shell for the trapped
population. In the case of an equatorial particle, the relationship
with kinetic energy variation, dT, and equatorial magnetic field
variation, dB, is:

dT

T
� 1
2
(γ + 1)

γ

dB

B
(2)

Trapped particles gain energy as they experience regions of
higher magnetic field magnitude. Yet, this relationship does not
tell us if particles travel from one drift shell to the other, or not. In
other words, it does not inform us on the variation of the third
adiabatic invariant. In fact, a population can gain kinetic energy
andmove radially in space while remaining on the same drift shell
(i.e., while all three adiabatic invariants remain constant). Hence,
“energization by radial motion” does not necessarily mean
“violation of the third adiabatic invariant”, because inward or
outward radial motion can be fully adiabatic (see also, Lejosne
and Kollmann, 2020). Such consideration demonstrates the
importance of carefully defining the terms used to describe
radiation belt acceleration.

To further illustrate this idea, Figure 2 provides the
(Lp, αp, Ep

c ) adiabatic coordinates associated with a population
of 1.8 MeV electrons measured by Van Allen Probes A during the
geomagnetic storm of 27 February 2014 (e.g., Xiang et al., 2017).
The (Lp, αp, Ep

c ) coordinates were introduced by Roederer and
Lejosne (2018) to provide a more intuitive quantification of the
more commonly used adiabatic coordinates. They correspond to
the equatorial radius of the drift shell (Lp), to the equatorial pitch
angle (αp), and to the kinetic energy (Ep

c ) that the trapped
1.8 MeV electrons would have if the distorted magnetic field
slowly turned into a dipole field (i.e., on a timescale that is slow
enough to guarantee conservation of all three adiabatic
coordinates). In the case of Figure 2, the quantities were
computed assuming that the magnetic field is described by the
model of Tsyganenko and Sitnov (2005). The spacecraft location
and magnetic activity indices required by the magnetic field
model were updated every 5 min. There is a small pocket of
1.8 MeV near-equatorial electrons with Ep

c > 3 MeV at Lp ~ 4.4
measured by Van Allen probes A around 19:40 UT, when the
spacecraft is at L � 5.5. This means that, if no other processes
occurred besides a slow magnetic field dipolarization
(i.e., occurring on a timescale slower than their 10-min drift
period), these trapped particles would be transported inward,
from their current location in the compressed magnetic field, at
L � 5.5, down to an equatorial altitude of 4.4 Earth radii, moving
inward by 1.1 Earth radii while maintaining all three adiabatic
coordinates constant (including Lp � constant ~ 4.4). They
would become >3 MeV electrons: a >1.2 MeV energy gain that
represents more than 65% of their initial kinetic energy. This
amount of kinetic energy variation is altered by non-adiabatic
effects that occur when field variations take place on a shorter
timescale (<10 min). In short, it is important to take into account

fully adiabatic processes when discussing trapped particle
acceleration during active times in the Earth’s outer belt (see
also, Dessler and Karplus 1961; Kim and Chan 1997).

During data analysis, the component of radiation belt
energization that is due to fully adiabatic processes
(i.e., processes conserving all three adiabatic invariants) is the
first component to be isolated by converting flux measurements
into phase space density (PSD) parameterized in terms of
adiabatic coordinates. The remaining dynamics result from
processes that violate at least one adiabatic coordinate.
Figure 3, from Jaynes et al. (2018), illustrates how mapping
measured fluxes into adiabatic space provides a significantly
different picture of radiation belt dynamics.

In this context, the correlation between the state of the Earth’s
outer belt and solar wind properties, as well as geomagnetic
activity (Section 2.1.2) was revisited and quantified in terms of
electron PSD and PSD dynamics (Zhao et al., 2017). In particular,
electron PSD enhancements were shown to correlate well with the
AL index, strengthening the role played by substorms in radiation
belt acceleration.

2.2.2.1.3 Radial Transport, From One Drift Shell to Another.
Defining radial transport as a motion from one drift shell to
another, i.e., from one Lp coordinate to the other, allows us to
disentangle adiabatic from non-adiabatic energization processes.
The motion of a trapped particle from one drift shell to the other
is associated with a violation (i.e., time variation) of its third
adiabatic coordinate. The violation of a population’s third
adiabatic coordinate requires that 1) the time variations of the
field occur on a timescale that is relatively short with respect to
the drift period, and that 2) the time variations are asymmetric,
i.e., that they vary with magnetic local time (e.g., Northrop, 1963).
A detailed discussion of this process is provided in the review by
Lejosne and Kollmann (2020), together with a derivation of the
expression for the instantaneous rate of change of Lp.

When discussing radial transport from one drift shell to the
other in the context of radiation belt acceleration, the focus is on
two main regimes:

1) A coherent, sudden and significant variation of the third
adiabatic coordinate, as in the case of a shock-induced
acceleration associated with an injection or a drift resonant
interaction, with an immediately significant effect on trapped
particle dynamics (Li X. et al., 1993; Zong et al., 2009; Schiller
et al., 2016; Hudson et al., 2017; Hao et al., 2019), or;

2) Many small uncorrelated variations in Lp, with a cumulative
effect that becomes progressively significant for the trapped
particle dynamics. This effect is conventionally assumed to be
diffusive on sufficiently long timescales (e.g., Ukhorskiy and
Sitnov, 2012). The magnitude of this radial diffusion process,
i.e., the diffusion coefficient, DLL, is defined as:

DLL �
[(ΔLp)2]

2Δt (3)

where the operator [ ] is the average over all magnetic local time
sectors, and over many events (i.e., over many drift periods), and
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ΔLp corresponds to the total variation in Lp after a time interval,
Δt. In theory, [(ΔLp)2] grows linearly with time once the time
interval Δt is greater than the autocorrelation time for the
variations of the field. As a result, DLL is independent of the
choice of Δt under this regime of normal diffusion.

These two regimes correspond to 1) non-linear and 2) quasi-
linear descriptions of the large-scale wave-particle interactions.

Regardless of the type of radial transport process considered
(fully adiabatic radial motion, rapid transport from one drift shell
to the other, or slow diffusion from drift shell to drift shell), the
amount of energy variation remains constrained by the
conservation of at least the first two adiabatic coordinates. In
the 1990s, it was suggested that fluxes of 20–200 keV electrons in
the solar wind were insufficient to account for fluxes of MeV
electrons measured in the Earth’s outer belt, assuming that these
electrons were simply transported radially inward (e.g., Li X. et al.,
1997). While this finding was later questioned (e.g., Turner et al.,
2021), it highlighted the need for an additional acceleration
process at the time, and local acceleration by chorus waves
was brought forward (e.g., Thorne, 2010).

2.2.2.2 Local Acceleration Associated With the Violation of
the First Adiabatic Invariant
The other dominant mechanism for the acceleration of energetic
(≳100 keV) electrons is resonant interactions with very low
frequency (VLF) whistler-mode chorus waves outside the
plasmasphere (e.g., Horne and Thorne, 1998; Summers et al.,
1998; see also the reviews by: Bortnik et al., 2016; Koskinen and
Kilpua, 2022). Chorus waves are naturally occurring
electromagnetic emissions, commonly found in the Earth’s
radiation belt region. Plasma sheet electrons supplied to the
inner magnetosphere during geomagnetically active times are
unstable to the generation of whistler-mode chorus waves (e.g.,

Kennel and Thorne, 1967). The chorus emissions grow from
thermal noise with a linear rate driven by the anisotropic
distribution of these injected electrons, whose perpendicular
temperature is greater than their parallel temperature (Kennel
and Petschek, 1967). The path-integrated gain is sufficient to raise
wave amplitudes to nonlinear levels (Li W. et al., 2007) where
nonlinear trapping of electrons takes place (Nunn et al., 2003).
Omura and Summers (2004) showed that chorus waves then
ultimately grow non-linearly to a saturation level. As chorus
waves propagate, they can interact resonantly with energetic
electrons.

A resonance occurs when the Doppler-shifted wave frequency
matches a multiple of the cyclotron frequency of an energetic
electron moving through the wave packet, i.e., when:

ω − k‖v‖ � nΩce

γ
(4)

where ω is the frequency of a single wave, n is an integer
(n � 0,± 1,± 2, . . .), Ωce/γ is the magnitude of the electron
gyrofrequency retaining the sign of the electron charge, k is
the wave vector, and v is the electron velocity, where the
parallel suffix indicates the direction parallel to the
background magnetic field. The case of n � 0 corresponds to
the Landau resonance where ω � k‖v‖, and can arise when the
chorus waves have an electric field component parallel to the
background magnetic field, i.e., a non-zero wave normal angle.
The cases n � ± 1, ± 2, . . . correspond to Doppler shifted
cyclotron resonances. Here, in the frame of reference of the
electron moving along the magnetic field, the wave frequency
is Doppler shifted to the electron’s cyclotron frequency and the
electron experiences an electric field rotating at n times its rate of
gyration. The electron is then accelerated or decelerated by this

FIGURE 3 | (left) Time evolution of the 6.3 MeV electron flux as a function of the normalized equatorial radial distance, L, from 17 March 2015 to 26 March 2015;
(right) Time evolution of the phase space density (PSD) of near equatorial electrons as a function of the Lp coordinate (for a first adiabatic invariant set to 10,000 MeV/G).
From Jaynes et al. (2018).
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electric field depending on the phase of the wave in relation to the
electron’s gyration phase. Whistler waves have frequencies below
the electron cyclotron frequency, and so, in the case of a chorus
wave propagating along the magnetic field, the frequency must be
Doppler shifted up in order to achieve an n � −1 resonance with
electrons. In the case of relativistic particles, where γ > 1, a
smaller upwards Doppler shift is necessary for resonance than
in the case of non-relativistic particles. The negative sign on the
left-hand side of Eq. 4 then needs to become positive, which can
be achieved when k‖ and v‖ have different signs and, therefore, the
waves resonate with electrons traveling in the opposite direction.
Resonances where |n|> 1 take place for obliquely propagating
waves as the wave field is then elliptically polarized, constructed
from left- and right-handed wave components. In the non-
relativistic case, γ = 1, and we can solve Eq. 4 to obtain the
parallel velocity of an electron in Doppler-shifted cyclotron
resonance with the wave. As relativistic effects become
important, the perpendicular component of the electron
velocity, v⊥, is introduced to the resonance condition via γ
and a semi-ellipse in v‖ and v⊥ space defines the resonant
velocities, constraining the resonant electron energies.

In case of resonance, the wave phase velocity, ω/k‖, and the
components of the particle’s velocity perpendicular and parallel to
the ambient magnetic field, v⊥ and v‖, respectively, become linked.
This relationship allows for efficient energy exchange between the
wave and the electron. Gendrin (1981) showed that, for small
amplitude waves, the kinetic energy of the electron is conserved
in the reference frame of the wave. Transforming back to the lab
reference frame in the non-relativistic case:

(ω

k‖
− v‖)

2

+ v2⊥ � constant (5)

and the electron can gain or lose energy to the monochromatic
wave, potentially changing both the pitch angle and energy of the
electron. For the interested reader, the relativistic case is shown by
Summers et al. (1998). As v‖ (and for the relativistic case v⊥)
changes, the phase velocity, and therefore the frequency of the
wave that the electron resonantly interacts with, also changes in
accordance with the resonance condition.

In practice, chorus waves are notmonochromatic, i.e., they have a
band width. For each wave frequency, Eq. 5 defines a circle (or in the
relativistic case, an ellipse) in v‖ and v⊥ space known as a single wave
characteristic. The single wave characteristics cross the resonance
condition in velocity space. Thus, a diffusion curve is defined in v‖
and v⊥, every point of which is tangential to some single wave
characteristic, corresponding to a particular wave frequency. As
mentioned above, electrons in Doppler-shifted cyclotron resonance
can be accelerated or decelerated by the choruswave according to the
angle between the wave’s magnetic field and the instantaneous
perpendicular velocity of the electron. As such, electrons move
randomly up or down single wave characteristics and the net
behavior is in the direction of the decreasing particle distribution
function along the single wave characteristic. A series of resonant
interactions with chorus waves covering a range of frequencies then
results in a net change of the particle’s energy and pitch angle. The
usual assumption is that each wave-particle interaction results in a

small perturbation of the particles’ characteristics. In that case, the
cumulative effect of many interactions between chorus waves and
radiation belt electrons is diffusive in energy and pitch angle.

When introducing more realistic conditions, including large
amplitude waves, significant variations in energy and pitch angle
can occur during a single interaction, and non-linear behaviors need
to be considered (e.g., Bortnik et al., 2016). Theoretical analysis and
test particle simulations have enabled detailed descriptions of the
microphysics of chorus wave-particle interactions (e.g., Omura,
2021). They have shown how energetic electrons phase-trapped
in coherent whistler waves can gain significant amount of energy
over very short timescales (e.g. Albert, 2002). In particular, they have
highlighted effective electron energization mechanisms, such as the
relativistic turning acceleration of radiation belt electrons by chorus
waves of sufficiently large amplitude (Omura et al., 2007), combined
with ultra-relativistic acceleration interactions (Summers and
Omura, 2007; Omura et al., 2015). Effective acceleration can
occur through successive nonlinear trappings by consecutive
multiple sub packets of a chorus wave element (Hiraga and
Omura, 2020).

As a result, there is a dichotomy similar to what exists for
radial transport modeling when it comes to describing local
acceleration associated with the violation of the first adiabatic
invariant in the radiation belts:

1) A non-linear framework, which can detail coherent, sudden
and significant variations of the trapped electrons’ energy and
pitch angle via phase-trapping with realistic chorus wave
models, and;

2) A quasi-linear model, where many small uncorrelated
variations in pitch angle and energy have a cumulative
effect that becomes progressively significant for the trapped
particle dynamics, and that is assumed to be diffusive on
sufficiently long timescales.

2.3 Modeling Framework to Quantify and
Compare the Effects of Local and Radial
Acceleration on Radiation Belt Dynamics
In order to quantify the effects of local and radial acceleration,
and to put them into context, it is necessary to choose a global
framework in which to model radiation belt dynamics. Here, it is
important to realize that modeling implies trading off accuracy
against practicality. A limit to the level of accuracy achievable by a
radiation belt model is a potential limit to the level of accuracy
with which the effects of local and radial acceleration can be
quantified. Thus, it is important to keep in mind the set of
assumptions underlying a radiation belt model and to
remember the scope of the modeling framework. The
formalism adopted by most radiation belt models (Section
2.3.1) as well as the limits to its accuracy (Section 2.3.2) are
summarized below.

2.3.1 The Fokker-Planck Formalism, a Convenient
Approximation for Radiation Belt Models
A detailed and accurate modeling of radiation belt particle
dynamics is nothing short of impossible: It would require a
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complete and highly accurate specification of the spatial and
temporal variations of the electromagnetic fields on a multiplicity
of spatio-temporal scales—from the drift-scale down to the gyro-
scale. Particle-in-cell simulations allow for self-consistent
interactions between particles and wave fields to be simulated,
however computational requirements are high and only small
spatial scales and time periods can be modelled this way (e.g.,
Camporeale, 2015; Allanson et al., 2019). Even when the fields are
specified by numerical models (e.g., MHD fields), injecting test
particles to simulate radiation belt dynamics remains
cumbersome. This impossibility calls for necessary tradeoffs. A
powerful way to reduce the number of variables to handle is the
use of the adiabatic theory of magnetically trapped particles
(Section 2.2.1). Adiabatic theory “provides correct answers only
as long as we don’t look too close and are not expecting too detailed
information” (Roederer and Zhang, 2014). To account for
uncertainties in electromagnetic field dynamics, we leverage
probability theory, in particular the Fokker-Planck formalism.
This formalism accounts for uncertainty by assuming random
changes in the variables, relating average characteristics of the
electromagnetic fields to average properties of the radiation belt
dynamics. It is these tools (Fokker-Planck equation and adiabatic
invariant theory) that have been successfully combined for more
than 25 years (Beutier and Boscher, 1995) to facilitate operational
radiation belt modeling. In particular, these simplifications allow
for radiation belt simulations over long time intervals (months to
years) (e.g., Glauert et al., 2018).

Specifically, most physics-based radiation belt models consist
of solving a Fokker-Planck equation reduced to a diffusion
equation, with the objective of providing an approximate
description for the time evolution of the radiation belts:

zf

zt
� ∑

i,j

z

zJi
(Di,j

zf

zJj
) + Sources − Losses (6)

where f(J1, J2, J3) is the drift-averaged particle distribution
function, Ji are the action variables, proportional to the
adiabatic coordinates, and Di,j are the drift-averaged diffusion
coefficients (e.g., Schulz and Lanzerotti, 1974). The “Sources” and
“Losses” terms account for other non-diffusive processes
affecting the distribution function. In practice, diffusion in
terms of action variables is often reformulated in different
coordinate systems. In particular, diffusion in terms of pitch
angle, energy and Lp is often preferred. Thus, diverse
reformulations of the same Eq. 6 exist.

Defining realistic boundary conditions and performing
model-observation comparisons require relating the variables
of Eq. 6 to measurable quantities. On one hand, it is
straightforward to relate the trapped particle distribution in
phase space (i.e., the phase space density, PSD) to
experimental data: PSD is proportional to the directional
differential flux, a measurable quantity (e.g., Roederer, 1970,
p.93). On the other hand, defining the adiabatic coordinates
cannot be done relying solely on experimental data. Indeed,
since the adiabatic coordinates are:

1) μ � p2
⊥/2moB, where mo is the particle rest mass.

2) J � ∮p‖ds, where the integral goes over the full bounce
motion along the magnetic field line, and

3) Φ � ∮Γ A · dl∝ 1/Lp, where A is the magnetic potential vector

and Γ is the instantaneous drift contour delimiting the drift
shell,

Quantifying the adiabatic coordinates of MeV populations
associated with a PSD sample requires information on the
instantaneous magnetic field topology along the full drift contour.
This means working with a magnetic field model. In addition, the
adiabatic coordinates of a measurement can be undefined under
certain conditions, as in the case in the presence of open drift
shells—where particles are lost before completing a full drift around
the Earth. This is a spatial limit to the scope of the model and outer
boundary specification (e.g., Albert et al., 2018).

2.3.2 Limits to the Diffusion-Driven Radiation Belt
Model
Diffusion-driven radiation belt models solving Eq. 6 are thought
to work best for very high energy particles (e.g., Fok, 2020). That
said, they remain limited in several ways, as discussed below.

First, Eq. 6 assumes that radiation belt dynamics are mainly due
to physical processes whose overall effects can be encapsulated by
diffusion coefficients. In other words, according to Eq. 6, radiation
belt dynamics are primarily due to many very small, uncorrelated,
time-stationary field fluctuations, resulting in many very small
(ΔJi/Ji ≪ 1), uncorrelated, perturbations of the trapped particle
dynamics, akin to random walks in phase space at all
scales—from the drift-scale down to the gyro-scale. In this
diffusive picture, the scattering of a population of particles with
the same initial characteristics increases linearly with time in phase
space. This concept is illustrated in Figure 4 in the case of pitch angle
diffusion.

FIGURE 4 | A long-run simulation of 24 electrons experiencing
cumulative linear scattering interactions, resulting in quasilinear diffusive
behavior. (A) Change in equatorial pitch angle of all particles as a function of
time. (B) The variance of all particles equatorial pitch angles increases
linearly as a function of time, consistent with diffusive scattering. The rate of
change of the variance yields the pitch angle diffusion coefficient, Dαα.
Adapted from Bortnik et al. (2016).
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The postulate of a regime that is mainly diffusive also means
that Eq. 6 is ill-suited at times when particle dynamics are
coherent, in particular at times when significant particle
injections occur, and at times when large amplitude waves
result in non-diffusive regimes (e.g., nonlinear phase bunching,
phase trapping) (e.g., Riley and Wolf, 1992; Albert, 2002; Bortnik
et al., 2008; Ukhorskiy et al., 2009; Omura et al., 2015).

Second, Eq. 6 cannot resolve radiation belt dynamics on a
timescale shorter than that of drift phase mixing. The dynamics of
the PSD described by Eq. 6 are drift-averaged. As a result, all
equation variables are independent of magnetic local time by
design. This means, for instance, that radiation belt drift echoes
(e.g., Lanzerotti et al., 1967) cannot be reproduced using Eq. 6.
That is also why this framework cannot reproduce shock-
injections during sudden storm commencements for instance.
In this case, the modelling efforts favor test particle simulations
(e.g., Li X. et al., 1993; Hudson et al., 1997: Kress et al., 2007:
Hudson et al., 2017).

3 ACCELERATION IN THE RADIATION
BELTS: AN EVOLVING PICTURE

Keeping the observational (Section 2.1) and theoretical (Sections
2.2, 2.3) context in mind, this section describes how the picture of
radiation belt acceleration has evolved over the past 25 years,
from an emphasis on radial diffusion (Section 3.1.1) to a
paradigm shift underscoring the role of local acceleration in
the radiation belts (Section 3.1.2). At the outer planets, a
consensus is still pending, as detailed in Section 3.2.
Unambiguously solving this puzzle remains a challenge,
discussed in Section 3.3.

3.1 From the Importance of Radial Diffusion
to the Importance of Local Wave Particle
Interactions in the Earth’s Radiation Belts
Radial diffusion from an external source towards the planet was
originally thought to be the main mechanism for radiation belt
acceleration (e.g., Fälthammar, 1965). Whenmodeling relied on a
radial diffusion equation including electron lifetimes,
shortcomings in model-data comparisons highlighted a need
for improvement. As a result, the role of local acceleration was
brought forward (e.g., Horne and Thorne, 1998; Green and
Kivelson, 2004; Horne et al., 2005; Koller et al., 2007; Reeves
et al., 2013). This was supported in particular by observations of a
growing peak in the radial PSD profile of the most energetic
electrons of the Earth’s outer belt, derived from measurements
made during the recovery phase of geomagnetic storms (e.g.,
Brautigam and Albert, 2000; Iles et al., 2006). These points are
detailed in this Section 3.1.

3.1.1 From Radiation Belt Modeling Based on the
Normal Diffusion Equation
A first version of Eq. 6 focuses on the effects of 1) radial diffusion
and 2) losses due to pitch angle scattering into the loss cone,
meaning finite electron lifetimes:

zf

zt
� L2 z

zL
(DLL

L2

zf

zL
) − f

τ
(7)

where L stands for Lp, inversely proportional to the third
adiabatic coordinate, DLL is the radial diffusion coefficient,
and τ is the electron lifetime resulting from the combined
effect of the pitch angle scattering induced by different waves.

The use of the master Eq. 7 to describe radiation belt dynamics
constrains the range of possible time variations for the modeled
PSD. Indeed, following Fick’s first law of diffusion, the net
“current” of particles that flow through a unit area of drift
shell per unit of time, i.e., the diffusion flux, is (e.g., Walt, 1994):

}Current} � −DLL

L2

zf

zL
(8)

This means that radial diffusion acts to smooth the PSD radial
profile. In other words, radial diffusion decreases peaks and
increases valleys present in the PSD radial profile. An
illustration is provided in Figure 5, in the case of a 1D
diffusion equation in the absence of loss.

DLL contains all the information on the physical processes that
drive cross drift shell motion, i.e., it quantifies the efficiency of the
radial diffusion process, and it directly relates to the field
dynamics. Yet, the magnitude of DLL alone is not enough to
determine how much radial diffusion affects radiation belt
dynamics. Indeed, it is the }Current} quantity,
i.e., −(DLL/L2)(zf/zL) (Eq. 8), that determines the
manifestation of the diffusion process – that is, it is this
quantity that drives the PSD time variations, zf/zt (Eq. 7).
Thus, if the PSD radial gradient, zf/zL, is significant, the effect of
radial diffusion may appear significant, even if the magnitude of
the radial diffusion coefficient DLL is relatively small (as is the
case at very low L shells in the Earth’s inner radiation belt for
instance). Conversely, if the PSD radial gradient is relatively
small, radial diffusion may appear unimportant for the
dynamics of this region of the belts, regardless of the
magnitude of the radial diffusion coefficient. This reasoning
applies to all diffusion modes. It demonstrates the importance
of taking into account PSD gradients when comparing the effects
of various diffusion processes (i.e., various waves) on the time

FIGURE 5 | Time evolution of a PSD described by a normal radial
diffusion equation (from Green and Kivelson, 2004).
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evolution of the PSD. This also highlights the difficulty of directly
relating measured wave power to PSD and/or flux variations (e.g.,
Simms et al., 2021).

Solving Eq. 7 for the PSD, f, requires characterizing the radial
diffusion coefficient, DLL, the electron lifetime, τ, and setting
boundary conditions. Different studies choose different settings.
The time-varying coefficients, DLL, are often provided by an
empirical law for electromagnetic radial diffusion, such as defined
by Brautigam and Albert (2000) for example based on a
combination of in situ and ground-based measurements of
time-varying magnetic fields parametrized by a geomagnetic
activity index (Kp). More recent data sets have used both
ground-based and in situ magnetic and electric field
measurements to infer DLL (Ozeke et al., 2014a; Liu et al.,
2016; Ali et al., 2016; Sandhu et al., 2021). Radial diffusion
coefficients can also be determined from solar wind
measurements (e.g., Li X. et al., 2001; Lejosne, 2020) or MHD
test-particle simulations (Tu et al., 2012; Li Z. et al., 2017). The
electron lifetime is usually parameterized based on plasmapause
location and magnetic activity (e.g., Orlova et al., 2016). In all
cases, the solution of the standard diffusion equation (Eq. 7)
displays much of the variability of the Earth’s outer belt on long
timescales (months to years) (e.g., Li X. et al., 2001; Shprits et al.,
2005; Chu et al., 2010; Ozeke et al., 2014b; Drozdov et al., 2015,
2017). In particular, it describes radiation belt dynamics well
during geomagnetically quiet times (e.g., Selesnick et al., 1997; Su
et al., 2015; Ripoll et al., 2019).

However, model-observation comparisons can also present
notable discrepancies, in particular for MeV electron fluxes
during the recovery phase of magnetic storms (e.g., Brautigam
and Albert, 2000; Shprits et al., 2005; Shprits et al., 2007a; Ozeke
et al., 2020). Specifically, the development of a peak in the PSD
radial profile of the outer belt has been put forward as evidence of
the effect of an additional local acceleration mechanism (e.g.,
Miyoshi et al., 2003; Chen et al., 2007; Reeves et al., 2013): It is
contrary to what is expected from radiation belt dynamics driven
primarily by radial diffusion (Figure 5). A growing local peak in
the PSD radial profile appears to be a common feature of PSD
enhancement events—at least for near-equatorial particles with a
first adiabatic coordinate that corresponds to ~1 MeV at L = 5.
Indeed, based on four years of flux measurements from Time
History and Events of Macroscale Interactions during Substorms
(THEMIS) and Van Allen Probes converted into PSD, 70 out of
80 observed enhancement events presented a growing peak (Boyd
et al., 2018). The geomagnetic conditions for a growing peak are
variable: 38 out of 70 occurred during moderate or strong storms,
while 32 occurred during small storm or non-storm times
(i.e., with a Dst index no less than −50 nT). In all cases, the
location of the local peak in the PSD radial profile was shown to
be outside of the plasmasphere, about 1.25 Earth radius away
from the plasmapause location on average.

3.1.2 To the Current State of the Art
When the effect of chorus waves on radiation belt dynamics is
included as an additional source term in the Fokker-Planck
equation (e.g., Tu et al., 2009; Xiang et al., 2021), or, more
commonly as additional diffusion terms (e.g., Varotsou et al.,

2005; Glauert et al., 2018), the quality of radiation belt modeling
improves: Simulations yield a peak in the PSD radial profile, in
reasonable agreement with observations (e.g., Shprits et al., 2008;
Subbotin et al., 2010; Thorne et al., 2013; Ma et al., 2018; Wang
and Shprits, 2019).

This apparent improvement in radiation belt modeling leads
to the “two-step” picture for the acceleration to relativistic and
ultra-relativistic energies in the outer radiation belt, in which both
local and radial processes contribute to MeV electron production.
This mechanism is well supported by both case studies (e.g.,
Jaynes et al., 2015; Zhao et al., 2018) and statistical analysis (e.g.,
Zhao et al., 2019b). It works as follows: First, the injection of
source (tens of keV) and seed (hundreds of keV) electrons during
substorms lead to whistler mode chorus wave generation and
subsequent acceleration of the seed population to relativistic, and
potentially ultra-relativistic (Allison et al., 2021), energies via
local wave-particle interactions (e.g., Meredith et al., 2002), on a
relatively rapid timescale. An illustration of this concept is
provided in Figure 6 (Jaynes et al., 2015). Meanwhile, radial
diffusion progressively redistributes the newly created MeV
population, smoothing out the PSD radial profile and
providing additional energy to the MeV particles transported
inward.

In summary, the picture of electron radiation belt acceleration
has evolved over time in response to measurements from new
missions in the Earth’s inner magnetosphere, most notably
thanks to the NASA Combined Release and Radiation Effects
Satellite (CRRES) in the 1990s and most recently, the NASA
THEMIS and the Van Allen Probes. In comparison, the
magnetospheres of the outer planets are lacking data to
differentiate between the leading processes for electron
radiation belt acceleration, as summarized below.

3.2 Differentiating Between the Leading
Processes for Electron Radiation Belt
Acceleration at the Outer Planets
The magnetospheres of the four strongly magnetized outer
planets (Jupiter, Saturn, Uranus, and Neptune) are hosts to
electron radiation belts that display considerable differences
from those of the Earth, namely energetic electron
distributions that permanently extend to energies in excess of
70 MeV at Jupiter or 20 MeV at Saturn (Bolton et al., 2002;
Kollmann et al., 2011). In addition, there is a large diversity of
accelerationmodes not resolved in the terrestrial geospace, largely
due to those planets’ strong magnetic fields, fast rotation, and
large amounts of neutral material within their volume (Roussos
and Kollmann, 2021). A consensus on the role of adiabatic against
local electron acceleration at the outer planets is thus still
pending, especially since the challenges in measuring
comprehensively these systems are even higher than at Earth
(Roussos et al., 2018b).

Specifically, almost all in-situ energetic electron observations
at the outer planet radiation belts are single point measurements.
This means that crossings of the radiation belts occur typically
between several days to few weeks after the seed electron
population in the middle and outer magnetosphere and/or the
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solar wind has been sampled. Several methods that offer an
indirect, quasi-regular monitoring of the seed regions
(Tsuchiya et al., 2011; Murakami et al., 2016; Roussos et al.,
2018a; Han et al., 2018; Bradley et al., 2020) reveal correlated
appearances of MeV electron radiation belt transients at Jupiter
and Saturn in response to episodic events in the outer
magnetosphere, originating from internally-driven dynamics,
or in the solar wind (Tsuchiya et al., 2011; Roussos et al.,
2018b; Yuan et al., 2020). Such correlations alone, however,
have proven insufficient to attribute the generation of
transient populations to local or adiabatic acceleration.
Another constraint derives from the difficulty to obtain
energy-resolved measurements at all outer planets for electrons
above ~1 MeV. As a consequence, available PSD electron profiles
are largely limited to the sub-relativistic range (Kollmann et al.,
2011; Ma et al., 2018), with only few exceptions where estimates
of the macroscopic characteristics of electron spectra into the
ultra-relativistic range (e.g., spectral slope) have been determined
(e.g., Selesnick et al., 1997; Mihalov et al., 2000; Kollmann et al.,
2018; Garrett and Jun 2021).

Despite the limitations, significant progress has been
achieved in understanding electron acceleration at the outer
planets, particularly at Jupiter and Saturn, thanks to extensive
observations by the Galileo, Juno, and Cassini orbiters. Long-
term imaging of the Jovian radiation belts in radio wavelengths
also provides key evidence (de Pater and Goertz. 1990; Bolton
et al., 2002). On average, adiabatic radial inward transport is
important at the outer extension of both Jupiter’s (L > 10) and
Saturn’s (3.5 < L < 10) electron belts (Kollmann et al., 2011,
2018; Roussos et al., 2018b; Ma et al., 2018; Sun et al., 2019,
2021; Paranicas et al., 2020; Yuan et al., 2021). This picture
emerges either from mapping both the steady-state
configuration of each electron belt, or by observing the
temporal evolution of their perturbed states (e.g., Roussos
et al., 2010). Radial transport can occur in various modes
and be triggered by a variety of processes, such as ULF waves

(Van Allen et al., 1980; Roussos et al., 2007), centrifugal
interchange instability (Thorne et al., 1997; Mauk et al.,
2005), transport by variable, large scale coherent plasma
flows (Hao et al., 2020), or even solar wind transients.

The potential for local acceleration in the outer electron belt
regions by whistler-mode chorus waves has been explored mostly
through simulations (Shprits et al., 2012; Woodfield et al., 2014,
2019), but observationally, the case of important or even
dominant contributions by local heating is even stronger for
the innermost portion of the electron belts. The strong magnetic
field and the low plasma densities in the inner jovian and
saturnian magnetospheres generate an environment that is
conducive to a continuous relativistic electron acceleration by
Z-mode waves (Woodfield et al., 2018). Support for this case
exists particularly for Saturn, in the form of butterfly pitch angle
distributions (Yuan et al., 2021), and by simulations for Jupiter
(Nénon et al., 2017). Even if local acceleration may be dominant
at low L-shells, observations at both Jupiter and Saturn indicate
that adiabatic transport is still a non-negligible regulator of the
belts’ state and dynamics. Episodes of strong electron
enhancements in Jupiter’s synchrotron belts have been
attributed to periods of amplified radial diffusion rates
(Miyoshi et al., 2000; Tsuchiya et al., 2011), triggered by
periods of solar UV heating of the planet’s thermosphere.
These and many other observations (e.g., Louarn et al., 2014,
2016), indicate that the interplay between local and adiabatic
heating at the outer planet electron belts likely changes with time
and across a variety of temporal and spatial scales. Finally, local
acceleration may also be important in generating the seed
electron population of the radiation belts at Jupiter and
Saturn. Impulsive injections of (ultra)relativistic electrons have
been observed in the outer magnetospheres of both planets
(Simpson et al., 1992; Mauk et al., 2005; Roussos et al., 2016;
Palmaerts et al., 2016; Clark et al., 2017), but neither the
acceleration process nor the fate of these electrons is yet fully
resolved.

FIGURE 6 | Sequence for MeV acceleration by chorus waves in the Earth’s outer radiation belt (from Jaynes et al., 2015).
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3.3 Solving the Radiation Belt dynamic
Puzzle: A Multi-Faceted Challenge
While the role played by whistler-mode chorus waves in
radiation belt acceleration is now well accepted at Earth,
defining its relative importance remains controversial. In
other words, we still do not know the percentage of
radiation belt acceleration due to local acceleration via
chorus wave-particle interactions. In the following, we
highlight some of the major challenges to remove
ambiguities and answer this question.

3.3.1 A Time-Varying Puzzle
First, the overall radiation belt dynamics result from concurrent
processes that can influence each other and whose individual
contributions are difficult to evaluate and time-varying (e.g., Tu
et al., 2009; Xiang et al., 2021). Thus, any uncertainty in the
magnitude of a source or loss process leads to other uncertainties
in the magnitude of other processes.

In this context, it is also critical to quantify the losses that
contribute to the “Losses” term in Eq. 6 to fully understand
acceleration events. Losses can be created internally via wave-
particle pitch-angle scattering or ULF wave effects, resulting in
atmospheric precipitation, or at the outer boundary of the
magnetosphere, a process known as magnetopause shadowing
(Turner et al., 2012), resulting in losses to the interplanetary
medium. Radiation belt electrons are susceptible to pitch-angle
scattering by three main wave modes: broadband VLF hiss,
electromagnetic ion cyclotron (EMIC) waves, and coherent
VLF chorus (Thorne et al., 2005). Hiss losses are most
relevant within the dense plasmasphere region where hiss can
persist (Thorne et al., 1979), although this loss mechanism
becomes less important during active times when the
plasmapause location can move inward on short timescales
(Goldstein et al., 2005). When this happens, the particle
distribution that was within the plasmasphere is suddenly
outside and susceptible to other loss or acceleration processes.
Electron lifetimes within the plasmasphere have been estimated
using both theoretical and observational techniques (Jaynes et al.,
2014; Orlova et al., 2014; Claudepierre et al., 2020). Hiss-driven
loss is considered to be a slower, steady loss rather than an
impulsive event. On the other hand, EMIC waves can cause
intense, sudden scattering that manifests as localized depletions,
and are thought to be a primary loss factor of relativistic and
ultra-relativistic electrons in the heart of the outer radiation belts
(Drozdov et al., 2021b). VLF chorus waves also scatter outer belt
electrons efficiently, particularly in the ring current energy range
(Shprits et al., 2007b). Microbursts, trains of which may be
created by quasi-periodic chorus waves typically seen in the
outer radiation belt, can cause relativistic losses in concert
with lower energy loss due to wave propagation to higher
latitudes (Miyoshi et al., 2020). Relativistic losses can also be
contributed by the phenomenon referred to as dusk-side
relativistic electron precipitation (Comess et al., 2013), which
are driven by both microburst events and non-microburst events.
Microburst trains may be long-lasting, as evidenced by their
connection to pulsating aurora which can be long-duration and

widespread (Jones et al., 2013), and therefore may be a significant
loss process for relativistic outer belt electrons. Finally, ULF waves
have been implicated in energetic electron losses through a
mechanism by which the radial oscillatory motion causes a
lowering of the mirror point in a modulated manner (Brito
et al., 2012). Taken together, these effects contribute to a net
loss term in the characterization of the outer radiation belt
system, and must be accounted for in order to accurately
quantify the acceleration terms.

In addition, an accurate determination of the location of the
last closed drift shell is an important parameter to include in
Earth’s radiation belt modeling as it contributes to radiation belt
losses during active times. Yet it requires assuming an
instantaneous magnetic field topology, including the
magnetopause location (e.g., Albert et al., 2018; Olifer et al.,
2018; Staples et al., 2020), and the accuracy of such assumption is
hard to quantify. In addition, diffusion coefficients require
knowledge of instantaneous field variations and plasma
conditions all along the trapped particles’ drift shell, including
plasmapause location (e.g., Malaspina et al., 2016, 2020; Wang
et al., 2020). For the energy diffusion coefficient, this means
knowing the chorus wave spectral intensity, amplitude, and
plasma density at all magnetic local times over the drift shell
in real time (Thorne et al., 2013; Allison et al., 2021). For the
radial diffusion coefficient, this means knowing instantaneous
electric and magnetic field variations all along the drift contour
(e.g., Lejosne and Kollmann, 2020). Thus, assumptions need to be
made, and averaged conditions are usually preferred. As a result,
diffusion coefficients are often parameterized in terms of
magnetic activity indices, smoothing out estimated errors as
well as natural variability (e.g., Watt et al., 2017). Yet, the
need for “event-specific” diffusion coefficients is now well
recognized (e.g., Tu et al., 2009) and efforts have been made
to provide such information (Tu et al., 2012; Li Z. et al., 2017;
Lejosne, 2020; Ozeke et al., 2020).

That said, converting measurements into inputs to the 3D
Fokker-Planck equation means complying with the presupposed
diffusion framework (Section 2.3), an increasingly complicated
task as data resolution improves.

3.3.2 Challenging the Applicability of Our Current
Radiation Belt Master Equation: A Local Peak in the
PSD Radial Profile is not Conclusive Evidence for
Local Acceleration
Most counter-arguments to local acceleration as the prevailing
radiation belt acceleration mechanism challenge the
interpretation of experimental data resulting in a peak in the
PSD radial profile. These counter-arguments boil down to two
main reasons.

The first is technical: Mapping measurements into phase
space requires assuming a magnetic field model, whose real-
time accuracy is difficult to quantify (see also the review by
Green (2006) for methods to obtain PSD estimates). Let us
also mention that the DC and low frequency electric fields can
affect the dynamics of source and seed particles (tens to
hundreds of keV): They can distort trapped particle drift
shells, thereby modifying their third adiabatic coordinate L*.
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While this effect has been observed and studied for tens to
hundreds of keV electrons in the Earth’s inner belt (e.g.,
Selesnick et al., 2016; Lejosne et al., 2021), drift shell
distortion by large-scale electric fields is reasonably
omitted when it comes to defining the adiabatic
coordinates of MeV particles in the Earth’s outer radiation
belt. Even when so, the conversion of experimental data into
phase space density (PSD) parameterized by adiabatic
coordinates remains a pitfall (e.g., Selesnick and Blake,
2000; Green and Kivelson, 2004). In particular, errors in
magnetic field models can lead to the apparition of an
artificial peak in the PSD radial profile, which vanishes
when a realistic magnetic field model is used (e.g., Loridan
et al., 2019). In addition, transient PSD peaks can also be
spatio-temporal artifacts that disappear when leveraging
multipoint measurements (e.g., Olifer et al., 2021). One
way to test magnetic field model accuracy is to compare
magnetic field model outputs and in-situ magnetic field
measurements when available (e.g., Ozeke et al., 2019). In
addition, the detection of a growing local peak requires
observations during the acceleration process. Yet, the time
resolution of in-situ measurements is constrained by
spacecraft orbit period or revisit time.

The second reason is physical: Radial transport dynamics can
also generate a local peak in the PSD radial profile (e.g.,
Ukhorskiy et al., 2006; Degeling et al., 2008), thereby further
questioning the appropriateness of summarizing radial transport

in terms of a diffusion process in the radiation belt master
equation (Eq. 7) (e.g., Elkington et al., 1999; Kress et al., 2012,
Figure 7).

In fact, a comparison between diffusion and particle drift
descriptions of radial transport showed that the two modeling
choices provide best agreement in the case of a series of
sequential small storms and mediocre agreement during
event analysis (Riley and Wolf, 1992). This is also why case
events associated with fast radial transport (injection or drift
resonance) are usually modeled by tracking test particles
(i.e., guiding centers) drifting in analytical descriptions of
the wave-associated electric field (e.g., Zong et al., 2017;
Zong, 2022) or in MHD fields (e.g., Hudson et al., 2017). In
contrast, summarizing local wave particle interactions in terms
of diffusion in energy and pitch angle appears more reasonable
(e.g., Tao et al., 2012), even though nonlinear effects occur in
the presence of intense chorus waves, routinely measured in-
situ (e.g., Zhang et al., 2019). In that context, alternative
methods have been proposed to summarize the effect of
chorus wave particle interactions on distribution functions
(e.g., Furuya et al., 2008; Kubota and Omura, 2018; Artemyev
et al., 2020).

While adjustments to the Fokker-Planck framework have been
proposed to improve the description of trapped particle radial
transport on timescales smaller than the drift period for the
radiation belts (e.g., Bourdarie et al., 1997; Shprits et al., 2015) and
for the ring current population (e.g., Fok et al., 2014; Jordanova

FIGURE 7 | Time evolution of a normalized distribution function, f , during a test particle simulation including 10,000 equatorial guiding centers injected in electric
and magnetic fields provided by the Lyon-Fedder-Mobarry (LFM) global MHD simulation code (Lyon et al., 2004) during a 10 h time interval (3 January 2003) with
“nothing unusual” (solar wind speed ~ 550 km/s, density ~ 10 cm−3 and IMF Bz fluctuating between ± 10 nT). The distribution is (A) initially radially localized at Lp � 5.3,
and it spreads over time in L* (B–D), to encapsulate the time evolution of the locations of the tracked test particles (F–H). The time evolution of the distribution
function representing the test particles is compared to the time evolution of the solution of the diffusion equation [dash lines in panels (B–D)], highlighting significant
discrepancies, even after many drift periods (from Kress et al., 2012).
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FIGURE 8 | A summary chart on the challenges associated with differentiating between the leading processes for electron radiation belt acceleration.

Frontiers in Astronomy and Space Sciences | www.frontiersin.org June 2022 | Volume 9 | Article 89624515

Lejosne et al. Electron Radiation Belt Acceleration

https://www.frontiersin.org/journals/astronomy-and-space-sciences
www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


et al., 2016), they also call for improved experimental knowledge
of the electric and magnetic field variations driving radiation belt
dynamics.

In summary, the appropriateness of our current master
equation for modeling radiation belt dynamics has limitations,
in particular when it comes to rendering the effects of radial
transport on radiation belt dynamics on short time scales. In
the absence of a modeling framework able to account for the
effects of both diffusive and non-diffusive (i.e., coherent)
radial transport, as well as for the effects of local
acceleration (including non-linear regimes), it is not
possible to quantify unequivocally the importance of local
acceleration versus large-scale acceleration associated with
radial transport. While the Fokker-Planck formalism has
done well for long-term radiation belt modeling, it appears
to be insufficient for definitive event analysis during active
times. Thus, care must be taken when drawing conclusions on
the physics at play solely based on PSD dynamics, and even
more so on flux dynamics.

4 DISCUSSION

A summary of the challenges to address when interpreting
measurements to differentiate between electron radiation belt
leading acceleration mechanisms is provided in Figure 8. It is
detailed and discussed below (Section 4.1). Suggestions for future
research directions are provided in Section 4.2.

4.1 Topic Overview
The first challenge in discussing radiation belt electron
acceleration is data procurement: Time series of flux
measurements are needed to analyze radiation belt dynamics.
It is indeed thanks to improved data sets from new missions that
the picture of electron radiation belt acceleration in the Earth’s
magnetosphere has evolved over time. In contrast, the
magnetospheres of the outer planets are still lacking key data
to fully differentiate between the leading processes for electron
radiation belt acceleration (Section 3.2). The measured electron
flux time variations inform on the governing processes
controlling radiation belt dynamics. That said, the
experimental information is sparse as it mainly consists of
samples along spacecraft trajectory. In addition, electron flux
time variations only represent the net result of a variety of source
and loss processes acting, and possibly interacting, concurrently.
In that context, it is necessary to rely on a theoretical framework
to determine how to identify and quantify the effect of each
source and loss process.

Electron flux enhancements are readily associated with times
during which acceleration processes dwarf losses. The
equivalence between flux enhancement and trapped particle
acceleration relies on the assumption that the accelerated
particles correspond to a greater flux, i.e., that there are more
particles at lower energies. While special cases such as bump-on-
tail distributions challenge this assumption, they are unexpected.
Bump-on-tail distributions for instance are usually observed in
the plasmasphere at L > 2.5 during relatively quiet times (e.g.,

Zhao et al., 2019c) and are attributed to interactions with
plasmaspheric hiss waves.

Times when radiation belt particles are accelerated are times
during which the fields provide energy to the particles. Since the
magnetic force does no work, it is the electric field that conveys
energy. Because the electric field component parallel to the
magnetic field direction is generally null, the focus is mainly
on energization by perpendicular electric fields. That said,
observations of large oblique chorus waves and time domain
structures (TDS) in the outer belt indicate that transient parallel
electric fields can also efficiently energize electrons, rapidly
producing seed populations (e.g., Agapitov et al., 2015; Mozer
et al., 2015, 2016). On the other hand, radiation belt acceleration
produced by perpendicular electric fields occurs along the circle
of gyration (gyro-betatron), and along the drift contour (drift
betatron). It can be such that the adiabatic coordinates are
conserved (e.g., Figure 2, see also Fillius and McIlwain, 1967)
or violated.

Many candidate radiation belt acceleration mechanisms have
been proposed over the years to account for the violation of one
or several of the adiabatic coordinates parameterizing a trapped
radiation belt electron population (see for instance the review by
(Friedel et al., 2002), for details). Yet, the focus remains on 1) local
acceleration by VLF whistler-mode chorus waves at the gyro-
scale, and 2) global acceleration associated with radial transport
by ULF waves at the drift-scale. Because these two mechanisms
occur on two very different scales, their efficiency is usually
quantified independently. On one hand, dividing radiation belt
acceleration research between studies of local vs. global
mechanisms is a convenient and efficient way to approach the
problem, and adiabatic invariant theory provides an appropriate
framework to do so. On the other hand, the divide is artificial, and
it runs the risk of generating silos. Chorus and ULF waves can be
concurrent (e.g., O’Brien et al., 2003) and possibly act in synergy
(e.g., Simms et al., 2018, 2021). In addition, local processes can
have global consequences as trapped particles continuously
gyrate, bounce, and drift around the planet. For instance, pitch
angle scattering of a trapped population in presence of drift shell
splitting generates radial transport (e.g., Schulz, 1972). Yet, such
effects—together with other “off-diagonal terms” of the diffusion
tensor – are commonly omitted in radiation belt models, in part
because of the numerical challenges that they pose (e.g., O’Brien,
2014; Zheng et al., 2016). It is also worth pointing out that
interactions with VLF and ULF waves energize some part of the
trapped population while de-energizing and/or contributing to
the loss of another part of the population (e.g., Li W. et al., 2007;
Shprits et al., 2006, 2008; Drozdov et al., 2020). Thereby, they act
simultaneously as source and loss mechanisms for the trapped
population. In this context, the efficiency of trapped particle
interactions with VLF and ULF waves is usually encapsulated in
the form of a few diffusion coefficients (and sometimes a lifetime
coefficient), assuming a quasi-linear regime. These coefficients
are then used as inputs for a physics-based radiation belt model
that is diffusion-driven, and which consists of solving a 3D
Fokker-Planck equation in adiabatic space.

Describing radiation belt dynamics by solving the 3D Fokker-
Planck equation in adiabatic space remains the favored radiation
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belt modeling approach because it is the most computationally
efficient. It offers a relatively accessible way to render radiation
belt dynamics while meeting the space weather needs for long
term radiation belt modeling. In addition, it has proven to do well
during geomagnetic quiet times. That said, it requires electron
flux measurements to be converted into phase space density
(PSD) mapped in adiabatic invariant space, to provide
boundary conditions and to perform model-observation
comparisons. This mapping inevitably adds uncertainty and
limitation to the analysis (Section 3.3.2). In addition, the
quasi-linear diffusive model does not necessarily provide a
realistic picture of the physics of wave-particle interactions:
Non-diffusive effects are left out from the analysis, by design
(Section 2.3.2). This means for instance that the model is ill-
suited to render times when particle dynamics are coherent (e.g.,
significant particle injections). The location of the outer boundary
is also limited to the location of the last closed drift shell. Yet,
modeling particle trapping beyond the outer boundary
(i.e., dealing with populations with undefined adiabatic
coordinates in the trapping region) is a requirement when the
objective is to connect radiation belt populations to their outer
source (e.g., energetic electrons in the magnetotail—Turner et al.,
2021).

It is by relying on the interpretative framework provided by
the solution of the 3D Fokker-Planck equation that
measurements are analyzed to differentiate between leading
acceleration mechanisms (Figure 8A). Observations of a
growing peak in the radial profile of the PSD data product
during enhancement events have been repeatedly interpreted
as a telltale signature of local acceleration because radial
diffusion can only smooth the PSD radial profile (e.g.,
Allison and Shprits, 2020). While a consensus appears to
have emerged, ambiguities remain because of the set of
limits associated with both data processing (Figure 8B) and
theoretical framework (Figure 8C).

In particular, radial transport does not appear to be well described
by a diffusive approximation during active times (Section 3.3.2).
Drift echoes are experimental signatures of radial transport that can
be observed when particles detectors have sufficiently high energy
resolution (e.g., Hartinger et al., 2018;Hudson et al., 2020; Zhao et al.,
2021). Yet they cannot be rendered by diffusion-driven radiation belt
models. In the absence of a modeling framework able to account for
1) the effects of both diffusive and non-diffusive (i.e., rapid,
significant and coherent) radial transport, as well as 2) the effects
of local acceleration (including nonlinear effects), it is not possible to
quantify the importance of local vs. radial acceleration
unequivocally. Given current computational advances, time may
have come to go beyond a purely diffusion-driven model, towards a
more realistic modeling framework (e.g., Artemyev et al., 2021;
Lukin et al., 2021; Allanson et al., 2022). That said, improved
radiation belt modeling would also require improved knowledge
of the characteristics of trapped particle interactions with VLF and
ULF waves—via experimental determination of the correlation
decay time for instance (e.g., Ukhorskiy and Sitnov, 2013).
Currently, much work still remains to be done even when it
comes to reducing uncertainty in the inputs for the 3D Fokker-
Planck equation, including diffusion coefficients (e.g., Drozdov et al.,

2021a). Thus, much remains to be done to quantify the importance
of local vs. radial acceleration unambiguously.

4.2 Suggested Future Research Directions
Recent work discussed in Section 3.3 suggests that many of the
unresolved questions relating to the relative importance of radial
transport and local acceleration could be addressed through
expanded networks of multi-point observations. For example,
Olifer et al. (2021) showed that when two Van Allen Probes
spacecraft sample the same region of phase space in rapid
succession, ambiguities concerning the origin of a local peak in
radial PSD profile can be removed. Expanded constellations of
satellites with similar orbits to the Van Allen Probes would further
reduce ambiguities concerning the persistence of local PSD peaks
and their origin; with each additional spacecraft added, processes
that occur on shorter timescales and smaller spatial scales can be
examined (e.g., Staples et al., 2022). Expanded networks of
satellites with magnetic field, electric field, and energetic
particle measurements would also provide 1) more robust
constraints for magnetic field models used to obtain PSD, 2)
more robust constraints for radiation belt models that require
particle measurements for their boundary conditions, and 3)
better information concerning global wave properties that are
frequently used to both constrain radiation belt models and also
provide diagnostics of the acceleration process. 1), 2), and 3) are all
crucial for understanding dynamics during events with rapidly
evolving features in radial PSD profiles. Even in the case of the
Earth’s radiation belts, there are still a few regions that are
particularly undersampled, including Low Earth Orbit up to
>1000 km (“High LEO”), and High-Inclination orbits where
particle measurements could be used to distinguish between
the dynamics of trapped, quasi-trapped, and precipitating
particles. Finally, expanded networks of ground-based
measurements could be used to remote sense global wave fields
(e.g., magnetometers) and provide information about
precipitating particles with different energies (e.g., riometers,
incoherent scatter radars, all sky cameras), providing important
constraints that supplement sparse satellite measurements, for
example, networks of ground magnetometers have already proved
essential in accurately capturing event-specific ULF wave power.
To summarize, we already know from recent work that additional
satellites and ground-based measurements can yield new insight
into the relative importance of local acceleration and radial
transport; we thus expect that future studies using expanding
networks of multi-point observations would be able to probe
dynamics on shorter timescales than were possible before
(reduced satellite revisit time in radial PSD profile), more
accurately than was possible before (better constraints on PSD
and related magnetic field models), and with less uncertainty
concerning the underlying processes causing acceleration (global,
event-specific wave constraints).
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