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Electrons in the outer Van Allen (radiation) belt
occasionally reach relativistic energies, turning them
into a potential hazard for spacecraft operating in
geospace. Such electrons have secured the reputation
of satellite killers and thus a prominent role in space
weather. The flux of these electrons can vary over
timescales of years (related to the solar cycle) to
minutes (related to Sudden Storm Commencements).
Electric fields and plasma waves are the main factors
regulating the electron transport, acceleration and
loss. Both the fields and the plasma waves are driven
directly or indirectly by disturbances originating in
the Sun, propagating through interplanetary space
and impacting the Earth. This paper reviews our
current understanding of the response of outer Van
Allen belt electrons to solar eruptions and their
interplanetary extensions, i.e. interplanetary coronal
mass ejections (ICMEs) and high–speed solar wind
streams (HSSs) and the associated stream interaction
regions (SIRs).
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1. Introduction
Earth’s radiation belts were the first major charged particle population that was discovered in
space. The seminal discovery was made through the measurements of Geiger–Mueller tubes by
Professor James Van Allen’s group on-board the Explorer 1 and 3 spacecraft [1].

It is now widely accepted that the Van Allen radiation belts consist of two belts of energetic
particles azimuthally drifting around the Earth: a stable inner belt in the region L < 2 composed
of energetic electrons and ions (mainly protons) and a very dynamic outer belt in the region L > 3
that is composed predominantly of electrons with a "slot" region separating the two. Occasionally
a third (electron) belt appears [2,3].

Radiation belt particles are distinguished by their high energies (100 keV to 20 MeV/200 MeV
for electrons/protons) compared to the much lower energies of all other magnetospheric plasma
populations. The first source proposed for the origin of the radiation belts was decay of neutrons
produced by cosmic rays impacting the atmosphere. Balloon and rocket measurements, however,
showed that the loss rates of radiation belt electrons through precipitation into the atmosphere
would have demanded improbably high rates of replenishment if cosmic rays had been the source
[4,5]. Cosmic ray neutron albedo is now widely accepted as the generation mechanism for the
highly-energetic protons in the inner belt (e.g. [6]).

Outer belt electrons have been observed to reach ultra-relativistic energies well above 10 MeV
(i.e., γ > 20, where γ is the Lorentz factor). Taking into account that the typical energy of electrons
in the terrestrial ionosphere is less than 1 eV and the typical energy of solar wind electrons is
about 10 eV, it is obvious that how these electrons come to be energized is a major theme of space
research, with both astrophysical and societal significance.

Although the basic mechanisms driving the acceleration, transport and loss of charged
particles are well understood, the relative importance, effectiveness, synergy and/or antagonism
of the various physical mechanisms on the outer belt electron dynamics remain under substantial
dispute. The Van Allen Probes mission [7] has contributed very significantly to radiation belt
research through prolific and detailed measurements, covering all energies of radiation belt
electrons and providing unprecedented measurements of ultra–relativistic electrons with energy
coverage up to 20 MeV.

2. Outer Van Allen Belt Variability

Figure 1. Representation of three different types of the outer electron belt response as measured from the POLAR/HIST

instrument. Source: Reeves et al. [8].

Charged particles respond adiabatically to sufficiently slow geomagnetic field changes. This
means that there are no permanent effects on radiation belt electrons due to slow changes
(compared to typical gyro, bounce and drift timescales) in the magnetic field configuration during
magnetic storms and when the field returns to its pre–storm state the radiation belt electrons also
return to their pre–storm state. Accordingly, any other changes in the radiation belts have to be
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studied and interpreted in the context of such adiabatic changes. To fully understand radiation
belt processes, we have to separate adiabatic and non-adiabatic storm-time processes, which
usually occur simultaneously. All processes affecting radiation belt electrons (both adiabatically
and non–adiabatically) are typically enhanced during magnetic storms. Therefore, it had been
reasonable to assume that magnetic storms (especially intense ones) produce significant or
large radiation belt enhancement events. Reeves et al. [9], made an effort to demonstrate this
storm effect, but found instead that, although most radiation belt enhancements observed at
geosynchronous orbit do occur during magnetic storms, the degree of radiation belt electron
enhancements is not correlated with the Dst index (i.e., the storm intensity). Moreover, Onsager et
al. [10] showed that magnetic storms do not only occasionally enhance the radiation belts, but also
produce non-adiabatic, permanent loss of electrons from the radiation belts. In a seminal follow-
on study Reeves et al. [8] investigated the influence of 276 moderate and intense magnetic storms
from 1989 through 2000 (see also figure 1) and found out that there were storms increasing the
fluxes of relativistic electrons in the outer radiation belt (53%), storms decreasing the fluxes (19%),
and storms resulting in no net change in the fluxes (28%). Ten years later, Turner et al. [11], using a
database of 53 events (December 2007–August 2012) and phase space density (PSD) calculations,
derived from THEMIS satellites’ data, showed that, 58% of the events resulted in relativistic
electron PSD enhancement, 17% in depletion and 25% resulted in no significant change in the
PSD.

Figure 2. Representation of different evolution of solar wind parameters during an ICME and a SIR. Source: Kataoka and

Miyoshi [12].
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While under usual conditions, the solar wind is highly varying and appears almost random at
the Earth’s orbit, drivers of geomagnetic storms arrive in characteristic sequences lasting from
tens of hours to days. The most important drivers of geomagnetic storms are Interplanetary
Coronal Mass Ejections (ICMEs) and High–Speed Streams (HSSs) with associated Stream or Co-
rotating Interaction Regions (SIRs/CIRs). Several studies have revealed that the dynamic outer
zone electron radiation belt will evolve differently during storms driven by the two drivers, since
they have different solar wind parameters (figure 2). For example, SIRs exhibit more fluctuating
z component of the interplanetary magnetic field (IMF) than ICMEs, while, on the other hand
ICMEs, exhibit a much more steep gradient of both solar wind speed and density than SIRs.
Because of the aforementioned differences, Borovsky and Denton [13] have linked the 1.1–1.5 MeV
electron flux enhancements at geosynchronous orbit, during SIR–driven storms, to a combination
of southward interplanetary magnetic field (IMF) and high–speed solar wind. Li et al. [14] studied
72 CIR-driven storm periods and indicated that the phase space density of source electrons at
L∗ < 7, exhibited a remarkable consistency with the evolution of chorus waves and was highly
dependent on the preceding interplanetary magnetic field z–component.

Interplanetary shocks that impact the terrestrial magnetosphere can occasionally be highly
geoeffective. At the Earth orbit, most interplanetary shocks are forward shocks driven by CMEs.
interplanetary shocks are also formed at leading/trailing edges of CIRs/SIRs, but typically far
from the Earth, at 2–3 AU. Strong interplanetary shocks compress the magnetosphere suddenly
and lead to rapid and pronounced enhancements of relativistic electrons within a few minutes.
An outstanding example was the shock that triggered the sudden commencement of the March
24, 1991, storm and compressed the magnetopause inside the geosynchronous orbit. The shock
impact resulted in the rapid formation of a new radiation belt in the slot region, at L≈ 2.5, with
a peak in the electron energy spectrum at 15 MeV [15,16], observed by sensors on board the
Combined Release and Radiation Effects Satellite (CRRES). A similar event was observed by the
Van Allen Probes in March 2015 [17]. A statistical study of Van Allen Probes observations showed
that about 25% of interplanetary shocks impacting the magnetosphere are are associated with
prompt electron energization [18].

3. Acceleration and Loss Mechanisms
There are various theories of how electrons are accelerated to relativistic energies and how
relativistic electrons decay; all of them have as basic condition the violation of one or more
adiabatic invariants. These theories can be divided into 2 major categories: 1) inward radial
diffusion and 2) in situ acceleration. A way to distinguish between acceleration by inward radial
diffusion and local acceleration through wave–particle interactions is to calculate the electron
PSD, which has distinct profiles for the two acceleration mechanisms (figure 3).

Figure 3. There is an ongoing debate on how electrons trapped in the Earth’s radiation belts are accelerated to relativistic

energies. Using electron PSD, we can differentiate between radial diffusion (positive monotonic gradients) and local

acceleration (growing peaks). Source: Reeves et al. [19].
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Inward radial diffusion is associated with the violation of the third adiabatic invariant, while
the first and second adiabatic invariants are conserved. This allows particles to diffuse earthward
whenever there are negative density gradients, and gain energy in the process [20]. Earthward
radial diffusion can be further divided, mainly, into: a) substorm injections and b) transport from
the plasma sheet [21,22].

In situ acceleration takes place when the first and/or the second adiabatic invariant are
violated. Theory and observation suggest that the plasma waves responsible for these violations
are whistler chorus mode waves [23]. Horne and Thorne [24] appointed an energy limit (some
100s keV), above which, such waves, tend to accelerate electrons and simultaneously lead to
precipitation into the ionosphere through pitch angle scattering.

As in the case of enhancements, a decrease in electron flux can be caused by adiabatic effects
(the so-called "Dst effect" [25,26]), but true losses of radiation belt electrons are believed to be
dominated by one, or a combination, of two mechanisms: 1) scattering into the atmospheric loss
cones (drift or bounce) via wave–particle interactions with plasmaspheric hiss, electromagnetic
ion cyclotron (EMIC) or chorus waves [27–29] and 2) magnetopause shadowing combined with
outward diffusion [30,31]. Magnetopause shadowing [32] is the term used for particles that are
lost through drifting into the magnetopause, and this can become important even for lower L–
shells whenever the magnetopause is compressed inwards due to high speed solar wind streams
or high pressure pulses.

4. Role of ULF and VLF Waves
A large number of different plasma waves, generated by a broad variety of physical mechanisms,
appear in different region of the Earth’s magnetosphere [33]. Field-line Resonances (FLRs)
represent a class of ultra–low frequency (ULF) pulsations observed in electric and magnetic
field measurements in space and on the ground. Quasi-sinusoidal waveforms are classified as
continuous and are further broken down into five categories (Pc1 to Pc5), depending on their
frequency [34]. A simple mathematical description of ULF waves was developed by Dungey
[35] and is based on the idea of standing Alfvén waves on magnetic field lines. The broader
class of ULF quasi-sinusoidal and broad-band variations may be excited in response to velocity
shear instabilities at the magnetopause flanks [36–38] or compressive variations in the solar
wind dynamic pressure [39–41]. Such solar wind-driven waves, typically of low azimuthal wave
number, m, respond almost directly to changing solar wind conditions when compared to waves
with internal sources. Internal plasma instabilities with high m-number can be excited by ring
current ions injected towards the dusk sector of the magnetosphere [42,43].

Large–scale ULF waves were observed concurrently with a rapid increase in relativistic
electron fluxes during the 10-11 January 1997 magnetic storm [44]. The observation of these
largely monochromatic waves with dominant toroidal polarization led to the conclusion that
electrons could be accelerated via drift-resonant interaction with low-m number toroidal waves.
Electrons drifting with a frequency ωd that satisfies the equation ω= (m± 1) · ωd, wherem and ω
is the wave mode number and frequency, will experience continuous acceleration throughout
their motion in a compressed dipole field, which will be dependent on its noon-midnight
asymmetry. In this case of violation of the third adiabatic invariant of electrons motion, while
the first and second invariants are conserved, the resulting radial motion will lead to a change in
their energy. Interaction of electrons drifting in dipole magnetic field with the azimuthal electric
field of toroidal–mode FLRs is governed by the resonance condition ω=m · ωd, while there also
asymmetric resonance for the poloidal component of such ULF fluctuations. Electrons drifting in
an asymmetric magnetic field will be subject to the combined effects of each resonance described
above, with the degree of interaction depending on wave power at frequencies corresponding to
the resonance conditions.

Radial transport is most often described as a stochastic process whereby a source population
of electrons, for example, from the plasma sheet [45,46] is transported Earthwards, from regions
of weaker to regions of stronger geomagnetic field, and thereby increase their energy. The
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Figure 4. The evolution of radial diffusion coefficients definition, starting from the first years of radiation belt research.

diffusion rate is proportional to power spectral density of stochastic fluctuations of the Earth’s
magnetic field and induced electric fields, as well as fluctuations in convection electric fields
in the ULF frequency range [15]. Since the first derivation of a radial diffusion coefficient from
electromagnetic field variation effects on the dynamics of electrons [47], different approaches
have been introduced to characterize the radial diffusion process (figure 4). In the theoretical
approach preferred in recent works to quantify the diffusion rate [48–50], the total radial diffusion
coefficient is defined as the sum of an electric diffusion coefficient, due to azimuthal electric field
perturbations, and a magnetic coefficient, due to compressional magnetic field perturbations,
Dtot

LL =DE
LL +DB

LL, because of the difficulty in separating convective and inductive terms in
electric field measurements. Since no correlation between the magnetic field fluctuations and
induced electric fields through Faraday’s law is assumed, there are uncertainties introduced in
this derivation of radial diffusion coefficients that have not yet been quantified [51].

The most important – in terms of space weather – VLF waves are the whistler chorus
mode waves. These waves have a range of frequencies 0.05 |Ωe|<Ω < 0.8|Ωe| (where |Ωe| the
electron gyro–frequency), and are observed outside the plasmasphere, over a broad range of
MLT extending from the nightside through dawn to the dayside, with peak wave intensities
generally found near the Equator on the nightside [52–54]. Lower band chorus waves (0.1 |Ωe|<
Ω < 0.5|Ωe|) are generated due to anisotropic angular distributions of electrons with few to tens
of keV’s energy (typically referred as source population) which are injected near midnight from
the plasma sheet due to substorm injections thus their emission strongly depends on substorm
activity [55–57]. Such chorus waves can, in turn, interact resonantly with higher energy (30–
300 keV typically referred as seed population) electrons also injected by substorms, and can
very efficiently accelerate them to multi–MeV energies [58–62]. Figure 5, shows a schematic of
the combined role of substorms and chorus waves in producing the initial energetic electron
population which, then, can be pumped up in energy by large factors on characteristic time scales
of minutes to hours.

Observational evidence, supporting the aforementioned scenario has been provided by several
studies. Summers at al. [23], showed that a source population of a few 100 keV energy can be
effectively accelerated through wave–particle interactions with chorus waves. Brautigam and
Albert [64], studied the September 9, 1990, event and found that radial diffusion by itself cannot
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Figure 5. Schematic of the ideal setup and sequence for the enhancement of relativistic (>1 MeV) outer belt electrons [63].

explain the increment of electrons with energies higher than 1 MeV. Instead they proposed that
such phenomena can be effectively explained by interactions with whistler chorus mode waves.
At the same extent, Iles et al. [66], examined the September 11-16, 1990, time period (which was
characterized by enhanced substorm activity without magnetic storm occurrence) and suggested
that peaks in relativistic electron PSD at 4.0 < L* < 5.5, were in good correlation with the prolonged
substorm activity and increased chorus wave activity.

5. Recent Studies and New Insights
Recent statistical studies on the electron fluxes in the outer belt [67,68] or the total electron content
[?], which aimed at determining the effect of geomagnetic storms on radiation belt electrons, had
similar results with the older studies by Reeves and Turner [8,9,11,22]. Reeves et al. [69], further
showed that the net effect of each storm is both energy and L–shell dependent.

Several research efforts have been directed towards understanding how different solar wind
drivers produce different types of responses both in geomagnetic activity and in radiation belt
dynamics. It has been shown that the result of each driver type can be, statistically, completely
different [70,71] and also energy and L–shell dependent (see figure 6). In a recent study, Horne
et al. [72] suggested that high–speed solar wind streams may be more effective in enhancing
relativistic and ultra–relativistic electrons than a major geomagnetic storm, due to high values of
solar wind speed that are known to correlate well with enhanced Pc5 activity [73].

The effects of ICMEs, on the other hand, can be quite diverse because of their rather complex
structure. Hietala et al. [74] have shown that ICME sheath regions can cause substantial, long–
term depletions of the outer radiation belt electrons, while Kilpua et al. [70] have argued that
following ICME impact, the radiation belt fluxes increase mainly in cases where both the sheath
and the ejecta substructures have high values of solar wind speed.

Especially regarding acceleration, the greatest dispute still refers to the dominant mechanism:
inward radial diffusion driven by ULF waves versus local acceleration by VLF chorus waves.
Georgiou et al. [75,76] demonstrated a remarkable association between the enhancement of ULF
Pc5 wave activity and outer radiation belt electron flux enhancements during magnetic storms
that occurred during the time period between January 1998 and April 2004. In addition, the
earthward penetration depth of Pc5 waves was found to be correlated with the storm intensity,
similarly to penetration of the outer radiation belt within the slot region. The response of the outer
electron radiation belt to the selected storms suggested ULF wave power-correlated acceleration
processes that operate by inward radial transport. On the other hand, Boyd et al. [77], examined
electron PSD radial profiles (relativistic electrons with µ=700 MeV/G) during 80 distinct events
and showed that that local acceleration is the dominant acceleration mechanism for the 87% of
them. Nevertheless, they pointed out that the rest 13% of the events had features consistent with
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Figure 6. Post-event radiation belt electron fluxes from GOES measurements for different storm driver sequences.

Source: Kilpua et al. [70].

inward radial transport. In addition, Li et al. [78], examined the extreme storm of March 2015 (St.
Patrick’s event) and suggested that radial diffusion alone was unable to produce the rising peak at
the right location. Yet, argued that further acceleration of these electrons to even higher energies
could be achieved by radial diffusion via Pc5–ULF waves. The latter is in agreement with the
work by Jaynes et al. [63]. Both presented observational indications that enhanced inward radial
diffusion of relativistic electrons (1–2 MeV) was able to produce further acceleration up to multi–
MeV energies during two separate events. Ma et al. [79], combined observations from RBSP with
simulation results to demonstrate that, during the March 1 – 5, 2013 event, chorus waves caused
a relativistic electron flux increase by more than 1 order of magnitude during the first 18 h, while
during the recovery phase the coupled radial diffusion and the pitch angle scattering by EMIC
waves and plasmaspheric hiss controlled electron dynamics. Along the same line, Katsavrias et
al. [80], suggested that during the March 2013 intense storm the chorus–driven acceleration of
relativistic electrons exceeded the Pc5–driven losses. Finally, Kanekal et al. [81], indicated that the
combined effects of local acceleration and radial diffusion are even more complex during events
with overlapping drives, as these mechanisms act differently on population with different µ and
K values.

Regardless which one is the dominant acceleration or loss mechanism, the fact that they are
not necessarily defined by geomagnetic activity adds more complexity to the response of the outer
belt. Schiller et al. [82], showed that during a period of weak geomagnetic disturbances there was
an enhancement of approximately 2.5 orders of magnitude for 0.6 – 1.3 MeV electrons in less than
13 h. Along the same line, Katsavrias et al. [83], showed that during a period of continuously
positive Sym-H index, outward radial diffusion via ULF waves combined with magnetopause
shadowing, resulted in a relativistic electron PSD dropout of 2 orders of magnitude.

6. Summary and Discussion
After more than two decades of renewed interest and detailed research on the Earth’s outer
radiation belt, its exact response to solar eruptions and to their subsequent interplanetary and
geospace disturbances is still under debate.
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Solar eruptions that find their way through interplanetary space to the Earth’s magnetosphere,
can lead, by driving various acceleration mechanisms, to the creation of killer electrons, i.e.
relativistic electrons in the outer Van Allen belt.

Numerous studies over the past two decades have significantly revised our perception of how
electrons with initial energies of only a few eV can reach energies of several MeVs. From the
somewhat simplistic view of relativistic electrons being just the plain, recurrent result of magnetic
storms, we have come to the realization of the much more complex ways the flux of relativistic
electrons is influenced by different plasma waves, which in turn are driven in variable ways by
different interplanetary disturbances.

It has become clear that the eventual effect of the various interplanetary drivers on the
radiation belts depends on the synergy/antagonism of internal magnetospheric processes
(storm/substorm occurrence and growth of various plasma wave modes) resulting from different
combinations of IMF and solar wind parameters.

The southward IMF orientation is a pre–requisite for the occurrence of dynamic
magnetospheric phenomena that dissipate energy stored in the magnetic field as a result of
reconnection at the dayside magnetopause. Prolonged duration (i.e., many hours) of southward
IMF leads to magnetic storms, while shorter periods of southward IMF are sufficient to drive
magnetospheric substorms. High–speed solar wind increases the coupling efficiency and energy
transfer from the solar wind to the magnetosphere, at the same time driving the growth of Kelvin–
Helmholtz instabilities, which lead to the appearance of ULF waves. ULF waves are also favored
by the impact of high–speed ICMEs.

It is obvious that distinct types of solar eruptions and associated interplanetary disturbances
result in different effects in the inner magnetosphere. High–speed streams mainly to the
occurrence of prolonged and intense magnetospheric substorms, while ICMEs lead to the
occurrence of magnetic storms and occasionally to the growth of ULF waves (ICME sheaths).

Substorm acceleration and earthward injection of low–energy plasma sheet electrons provide
the source and seed population, from which the relativistic and ultra–relativistic killer electrons
will be born, if certain plasma waves will grow and act on them. The growth of different
plasma waves is favored – as mentioned above – by pressure pulses and/or high–speed solar
wind (ULF waves), as well as substorm–injected electrons (VLF waves) and storm–time ring
current asymmetric ion distributions (ULF waves). As both ULF and VLF waves can lead to both
acceleration and loss of electrons, the final net effect on the outer Van Allen belt depends on the
interplay of the various mechanisms and the balance between acceleration and loss of energetic
electrons.

With regard to acceleration, it has not yet been established whether the dominant mechanism
is inward radial diffusion driven by ULF waves or local acceleration by VLF chorus waves. A
way to distinguish between the two mechanisms is to calculate the electron PSD, which has
different profiles for the two acceleration mechanisms. However, nothing precludes, in principle,
simultaneous action of the two mechanisms.

With regard to relativistic electron losses, although the sinks are just two (the atmosphere and
the magnetopause), the prevailing mechanism is not clear as a multitude of mechanisms may act
in parallel: outward diffusion by ULF waves and pitch–angle scattering by chorus waves, EMIC
waves and plasmaspheric hiss.

How can we improve our understanding of killer electrons genesis and, more broadly, of the
dynamics of the outer Van Allen belt electrons? The scientifically intriguing and societally relevant
(because of spacecraft vulnerability to energetic electrons) endeavour of electron enhancement
forecasting, requires detailed knowledge of the prevailing acceleration, transport and loss
mechanisms for variable solar sneezing, i.e., for different types of solar eruptions and associated
interplanetary disturbances impacting geospace.

To achieve this, the community needs:

• further exhaustive case and statistical studies of detailed particle and wave observations
in the inner magnetosphere
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• combination of observational studies with modeling of wave–particle interactions, in
order to confirm or discard the significance of wave effects, which in principle exist, but
may not be of practical importance
• large–scale modeling, incorporating the propagation and arrival of interplanetary

disturbances and the resulting magnetospheric effects (storm/substorm occurrence and
wave growth)

Currently, NASA’s Van Allen Probes and JAXA’s Arase satellite are providing unprecedented
insight into the physical processes that drive the outer radiation belt variability. However, the
two missions are expected to retire in the next years. To continue gathering measurements of
the Van Allen belts’ environment, CubeSat missions serve as pathfinders for new miniaturized
technologies that could help scientists realize a long-sought dream: deploying a constellation of
satellites to gather simultaneous, multi-point measurements of Earth’s ever-changing Van Allen
belts. Among them, the Colorado Student Space Weather Experiment (CSSWE) [84] was launched
in 2012, the Focused Investigations of Relativistic Electron Intensity Range and Dynamics
(FIREBIRD) CubeSat in 2013 [85] and was followed by FIREBIRD II in 2016 [86], while a series
of new CubeSat missions are already or scheduled to be put in orbit, including the Compact
Radiation Belt Explorer (CeRES).
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