
1. Introduction
Recent decades have seen an increased interest in radiation belt research. Inspired by the detailed measure-
ments of the Combined Release and Radiation Effects (CRRES) satellite in 1990–1991, research focused on the 
quantification of acceleration and loss mechanisms and preparation for NASA's Radiation Belt Storm Probes 
(RBSPs) mission; renamed by NASA after the successful launch on August 30, 2012, to Van Allen Probes. Even 
before the launch of the Van Allen Probes mission, increased interest in radiation belt physics resulted in the 
identification of several acceleration and loss mechanisms and quantification of the wave-particle interaction 
and transport of electrons in the radiation belts. The historical static picture of the radiation belts explained 
by Lyons and Thorne (1973), where the belt structure has been modeled as a steady-state balance of acceler-
ation by radial diffusion and loss due to hiss waves, has been revisited. While the static model of Lyons and 
Thorne (1973) could successfully reproduce the structure of the belts during quiet conditions, during storms, the 
belts show considerable variability and cannot be described by a steady-state model (Shprits & Thorne, 2004). 
Erosion of the plasmasphere allows chorus waves to effectively resonate with relativistic electrons and produce 
scattering (Thorne et al., 2005) as well as acceleration (Horne & Thorne, 1998; Summers et al., 1998). Further 
modeling efforts allowed us to quantify the scattering rates outside of the plasmasphere (Albert, 2005; Glauert 
& Horne, 2005; Horne et al., 2005; Shprits & Ni., 2009). Observational efforts showed evidence of the peaks 
in phase space density (PSD) observed on Polar and the CRRES missions that were indicative of the local 
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acceleration by chorus waves (Y. Chen et al., 2007; Green & Kivelson, 2004; Iles et al., 2006). Modeling the 
dynamics of fluxes has also been revisited, and time dependence was introduced (Shprits & Thorne, 2004) into 
what was previously considered as a steady-state radial diffusion model. Long-term simulations with a radial 
diffusion code showed that radial diffusion is capable of reproducing the structure of the radiation belts (Shprits 
et al., 2005). These simulations helped reveal another very important loss mechanism that provides a dominant 
loss of electrons during storms and explains dramatic non-adiabatic electron depletion events, known as dropouts, 
in the belts. The correlation of dropouts, for a wide range of energies from 100s of keV to MeV, with increases in 
the solar wind dynamic pressure, as well as the effects of the variable outer boundary in long term simulations, 
indicated that main phase dropouts are produced by outward radial diffusion that is driven by loss to the magne-
topause (Shprits, Thorne, Friedel, et al., 2006). Further observational evidence for this loss mechanism came 
from the measurements on the National Oceanic and Atmospheric Administration (NOAA) POES spacecraft, 
which showed no evidence of 100s of keV electrons precipitating into the atmosphere during storms, confirming 
that the most plausible mechanism for the loss of these particles is the outward radial diffusion driven by the 
loss to the magnetopause (Turner et al., 2012). These improvements in the understanding of relativistic electron 
dynamics translated into improvements in modeling. The Versatile Electron Radiation Belt (VERB) model could 
account for all of these physical processes, including pitch angle and energy scattering, and loss to the magne-
topause (Shprits et al., 2008, 2009). With the addition of mixed diffusion (Albert & Young, 2005), the VERB 
code was able to qualitatively reproduce the dynamics of the belts, as observed by the CRRES satellite (Subbotin 
et al., 2010). Figure 1 shows an example of such simulations of 100 days in the year 1990 (Kim et al., 2011). By 
utilizing measurements only at the outer boundary along with the values of the Kp index, the code was capable of 
reproducing the inward extent of the outer radiation belt flux, the peak fluxes, the variations of fluxes near GEO, 
and the general dynamics of the belts.

A number of codes (Glauert et al., 2014, 2018; Ma et al., 2015, 2018; Ma, Li, Thorne, Bortnik, et al., 2016; 
Ma, Li, Thorne, Nishimura, et al., 2016; Ripoll et al., 2016, 2019; Su et al., 2014; Tu et al., 2013; Varotsou 
et al., 2008) used a similar methodology to VERB, in particular the chosen boundary conditions and the two-grid 
approach (Subbotin & Shprits, 2009).

The scientific findings described above, validated by physics-based models on long-term data sets, implied that 
the most dominant mechanisms related to the dynamics of the belts had been quantified and well-understood even 
before the launch of the Van Allen Probes mission. The mission was expected to provide more detailed evidence 
of the already established mechanisms and better quantify the wave and particle environment. The results from 
the mission certainly surprised researchers by revealing so many new morphological structures and physical 
mechanisms. Examples of such findings include observing an absence of >800 keV electrons in the inner belt 
(Fennel et al., 2015), finding and explaining the zebra stripes (Ukorskiy et al., 2014), and identifying narrow 

Figure 1. Comparison of the VERB-3D code simulations and CRRES observations. (a) 1 MeV MEA electron flux 
observed on CRRES and (b) VERB code simulations using only observations at L = 5.5 and Kp index (Adopted from Kim 
et al., 2011).
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rings of electrons at multi-MeV energy (Baker, Kanekal, Hoxie, Henderson, et al., 2013). These observations 
helped reveal gaps in understanding, helped determine new physical processes, and allowed long-term global 
models to be further refined. Furthermore, the Van Allen Probes mission included instrumentation to reliably 
measure >3 MeV populations, so-called ultra-relativistic populations, for the first time. This review focuses on 
the improved understanding of the transport, loss, and acceleration of these ultra-relativistic electrons. We start 
by discussing several events from the Van Allen Probes era that allowed researchers to disentangle various accel-
eration and loss mechanisms and identify dominant loss mechanisms. We discuss the loss due to electromagnetic 
ion cyclotron (EMIC) waves and the energies affected by EMIC wave scattering in Section 2. We further proceed 
with analyzing the observations of the acceleration processes at ultra-relativistic energies (Section 3). The impli-
cations of the results are summarized in the discussion and conclusion (Section 4).

2. Local Loss Due to EMIC Waves
Right after the Van Allen Probes mission launch, new measurements at multi-MeV energies revealed the most 
unusual new structure in the outer radial zone. A very narrow remnant belt was formed on September 3, 2012, 
near L = 3, and persisted until the next storm wiped it out on September 30, 2012 (Figure 2).

The VERB-3D code, similar to the code used for the simulation in Figure 1, was able to reproduce the general 
dynamics of the 2 MeV flux, with a dropout and rebuilding of the belts, but was not capable of reproducing the 
unusual narrow belt at multi-MeV. The simulation was initiated on August 1, 2012, before the launch of the Van 
Allen Probes mission (see Figure 3) where the times when data was not still available are shown as black. At 
multi-MeV energies, the code predicted a broad intensified outer belt (Shprits et al., 2013), while observations 
showed a split structure of the belts with a very narrow ring between the typical outer and inner belt structures, 
dubbed as a “storage ring” in Baker, Kanekal, Hoxie, Batiste, et al. (2013).

These simulations indicated that the standard set of physical processes for VERB-3D, as discussed in the intro-
duction and used for the long-term comparison with CRRES MeV fluxes, may be insufficient to explain these 
unusual structures at multi-MeV energies (Figure 3). The simulation with the standard set of parameters does not 
produce the narrow ring between the belts and just predicts a standard two zone structure.

Another potentially important mechanism of scattering of the ultra-relativistic electrons was suggested by Thorne 
and Kennel  (1971). In this mechanism, doppler-shifted L-mode EMIC waves can resonate with relativistic 
electrons. Observations from GOES and the Canadian Array for Realtime Investigations of Magnetic Activ-
ity (CARISMA) stations showed that EMIC waves were present on September 2–5, 2012. By introducing the 

Figure 2. Van Allen Probes REPT measurements of fluxes as a function of L* and time for September 1 to October 4, 2012. 
Electron differential flux is color-coded as a logarithmic scale. (a) Radiation belt electrons with kinetic energy from 3.2 
to 4.0 MeV. (b) Radiation belt electrons with kinetic energy from 4.0 to 5.0 MeV. (c) Radiation belt electrons with kinetic 
energies from 5.0 to 6.2 MeV (Adopted from Baker, Kanekal, Hoxie, Henderson, et al., 2013).
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Figure 3. Comparison of observations and model results. Simulations were initiated on August 1, 2012 prior to the launch of the Van Allen Probes mission. (b, d, f) 
VERB simulations not including EMIC wave scattering (a, c, e) observations from the Van Allen Probes for kinetic energies E = 2, 4, and 6.2 MeV. Panels (a)–(f) show 
omni-directional electron fluxes as a function of time and L*. Simulations failed to reproduce the unusual dynamics of the radiation belts and the formation of the long-
lived, very narrow remnant belt at ultra-relativistic energies. The bottom panels show Kp and Dst indices (Adopted from Shprits et al., 2013).
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diffusion coefficients describing the effect due to EMIC waves into the VERB-3D code, it was possible to repro-
duce the deeper dropout at multi-MeV and reproduce the formation of a very narrow remnant belt (Figure 4).

Shprits et al. (2013) showed that the inclusion of EMIC wave scattering allowed the model to reproduce a deeper 
dropout at multi-MeV than at MeV energies. While the outward radial diffusion loss affected all energy electrons, 
EMIC waves can produce localized loss at multi-MeV deeper into the heart of the belts. At multi-MeV, scattering 
by hiss and chorus becomes much less efficient, which allows the remnant narrow belt to persist for almost a 
month.

While comparing model outputs and observations is essential for guiding our understanding of acceleration and 
loss processes, having direct observational evidence is still most critical. Observations can also help identify 
when different acceleration and loss mechanisms may take place. An insight into the loss of radiation belt elec-
trons, specifically the type of loss, location, and energies affected by the loss, may be obtained by analyzing the 
radial profiles of PSD for given fixed values of the first and second adiabatic invariants.

Figure 5 illustrates the dynamics of PSD for three potential types of loss in the absence of acceleration. Figure 5a 
shows a typical evolution of the profile of PSD, when electrons are scattered by whistler-mode hiss and chorus 
waves and are relatively slowly lost to the atmosphere (e.g., Thorne et al., 2005). For MeV energies, typical times-
cales of loss due to hiss waves are on a scale of 5–10 days (Lyons et al., 1972; Orlova et al., 2014, 2016), and for 
chorus waves, on a scale of 1 day (Orlova & Shprits, 2014). The loss rates show a relatively weak dependence 
on radial distance but a strong dependence on the geomagnetic activity (Thorne et al., 2005; Orlova et al., 2014; 
Orlova & Shprits, 2014). At multi-MeV, diffusion by hiss becomes slower and timescales may reach weeks or 
months (Shprits et  al.,  2013). In the absence of local acceleration, that produces growing peaks in PSD, the 
radial profiles should be monotonic, as radial diffusion timescales are likely to be shorter than that of very low 
frequency (VLF) wave scattering, and even an L-dependent loss cannot produce local dips, as the radial diffusion 
will smooth out the PSD.

Moreover, the VLF-wave-induced loss rates usually show little radial dependence compared to the radial depend-
ence of radial diffusion (Thorne et al., 2005), which would not allow chorus or hiss waves to produce prominent 
localized dips in PSD radial profiles. The second scenario, Figure 5b, illustrates the loss due to the outward radial 
diffusion, driven by the loss to the magnetopause (Shprits, Thorne, Friedel, et al., 2006). In this case, profiles of 
PSD show decreasing peaks, which should not be confused with the buildup of peaks due to local acceleration. 
In this scenario, negative gradients in PSD profiles are formed as the outer boundary decreases (Selesnick & 
Blake, 2000). The third scenario (Figure 5c) shows a tell-tale signature of fast localized loss that can be produced 
by EMIC waves, which can result in strong diffusion (Kennel, 1969) and provide a loss on time scales shorter than 
an hour (e.g., W. Li et al., 2007; Summers & Thorne, 2003; Ukhorskiy et al., 2010).

Consistent with the picture revealed by the modeling discussed above, radial profiles of PSD at MeV energies 
(Figure 6a) are monotonic, indicating the absence of EMIC wave-driven loss. Contrary to this, the profiles at 
multi-MeV in Figure 6b clearly show deepening minima in PSD radial profiles during the September 2012 storm 
described (see Figures 3 and 4) above. Only localized and very fast loss can produce fast deepening minima, as 
slow loss would be smoothed out by the radial diffusion.

The deep minimum is formed at the same time as the outer boundary increases, demonstrating that the outward 
radial diffusion cannot produce the depletion seen below L = 4 and can only operate above L ∼ 4.7 where gradi-
ents are negative, and radial diffusion transports particles outwards.

Additional validation (Figure 7) of this picture came from the comparison of multi-MeV profiles of PSD derived 
using different magnetic field models, in this case, T04s (Tsyganenko & Sitnov, 2005) and TS07D (Tsyganenko 
& Sitnov, 2007). The comparison of the radial profiles shows that the presence of dips in PSD is independent of 
the assumed magnetic field model and that errors associated with inaccuracy of models are much smaller than 
the observed dips in PSD.

While in general, it is difficult to isolate the loss due to EMIC waves and the loss due to the outward radial diffu-
sion driven by the loss to the magnetopause, selected events such as September 2012 present a great opportunity 
to separately identify different processes. Another interesting storm occurred on January 17, 2013. During this 
event, the pre-existing MeV and multi-MeV belts were spatially separated. The multi-MeV belt was produced by 
a storm that occurred in October 2012, 101 days before the 17 January 2013 storm. During that time, electrons 
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Figure 4. Comparison of simulations with the VERB code, including EMIC waves with observations. (b, d, f) VERB simulations including EMIC wave scattering (a, 
c, e) observations from the Relativistic Electron Proton Telescope (REPT) instrument on Van Allen Probes for kinetic energies of 2, 4, and 6.2 MeV. Panels (a)–(f) show 
omni-directional electron fluxes as a function of time and L*. The bottom panels show Kp and Dst indices. The plasmapause is shown as a green line and is modeled 
according to Carpenter and Anderson (1992) in panel (b) (Adopted from Shprits et al., 2013).
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were able to diffuse inwards down to L = 2–4.5. The MeV belt was located at higher radial distances above 
L = 4.5. For this event, the magnetopause and the calculated last closed drift shell did not move into geosynchro-
nous orbit, allowing for the clear separation of the effects of EMIC waves and outward radial diffusion, driven by 
the loss at higher L-shells. Moreover, scattering by hiss and chorus waves at these energies is weak and can not 
produce the observed rapid loss.

During the January 17 storm (Kp only reaching 4, Figures 8a and 8b), the flux of relativistic electrons at ∼1.02 MeV 
is enhanced (Figure 8c), likely due to the combination of inward radial diffusion and local acceleration moving 

Figure 5. Illustration of the tell-tale signatures in the evolution of the PSD profiles illustrating three types of different loss 
mechanisms. (a) Gradual loss by hiss or chorus VLF waves; (b) sudden loss to the magnetopause which drives the outward 
diffusion; and (c) rapid localized loss that can be provided by EMIC waves that are often confined to a small region in space 
(Reproduced from Shprits et al., 2017).
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the inner edge of the outer belt closer to the Earth (Figure 8c). The short-lived dropout of the relativistic flux is 
associated with the reversible changes described in the supplementary material of Shprits et al. (2016). The adia-
baticity of this dropout is confirmed through demonstrating that ions and electrons show the same dropout and 
recover to pre-storm values at the same time that Dst recovers (for more details, see Supplementary figure 1  and 
Supplementary Note 1 of Shprits et al. [2016]].

Unlike relativistic electrons, electrons with energies of 4.2 MeV (Figure 8d) show an irreversible decrease in 
flux. This loss is clearly not to the magnetopause, as the magnetopause for this event was compressed down to 
7.1 RE, according to an empirical model https://paperpile.com/c/D3f9TV/SqrU of Shue et al. (1997) (see also 
Supplementary Note 2 and Supplementary figures 2 and 3 of Shprits et al., 2016). MeV electrons are enhanced as 

Figure 7. Profiles of PSD using different magnetic field models. (left, a) Profiles of PSD obtained with T04S (Tsyganenko & 
Sitnov, 2005) model and for μ = 2500 MeV/G, K = 0.05 G 0.5Re. (right, b). Similar to (a), but using the TS07D model (Shprits 
et al., 2018; Tsyganenko & Sitnov, 2007).

https://paperpile.com/c/D3f9TV/SqrU
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a result of this storm, while the multi-MeV outer electron belt is depleted down to below 4.5 RE. Such differences 
in the evolution of fluxes between relativistic and ultra-relativistic electrons for this storm can only be explained 
by the presence of loss due to EMIC waves, similar to the event in September 2012 described above. EMIC waves 
affect only electrons above a certain minimum threshold energy, which explains why the multi-MeV electrons are 
scattered, while electrons at MeV are unaffected. Further evidence for the EMIC-induced loss comes from the 
observation of pitch angle distributions of electrons (Figures 8e and 8f). During interactions with EMIC waves, 
only electrons at small pitch angles, for which the Doppler-shifting is strongest, are capable of resonating with 
EMIC waves. Such fast scattering by EMIC waves produces characteristic bite-outs near 0° and 180°. Higher 
pitch angles can also be lost, as scattering by EMIC waves is assisted by VLF waves (Drozdov et al., 2020; W. Li 
et al., 2007; Shprits et al., 2009, 2016), but the characteristic shape, with very few particles near the loss cone and 
where EMIC waves are most efficient, will remain. The 4.2 MeV electron distribution shows clear bite-outs near 
the loss cone, with sharp gradients around 50° and 130°, indicative of fast scattering by EMIC waves. In contrast, 
the pitch angle distribution of relativistic electrons is rather wide and smooth (Figure 8e).

Measurements from ground stations in Finland showed that EMIC waves were present on January 17, 2013, 
between approximately 15 and 18 UT, with a peak intensity at Oulu station near L = 4–4.5, exactly in the same 
place and at the same time as the dropout in fluxes of ultra-relativistic electrons (Figure 8d) and the appearance 
of the bite outs in the pitch angle distributions (Figure 8f; see also Supplementary Note 4 of Shprits et al. [2016]).

Simulations of relativistic electron radiation belt dynamics, including radial transport and local acceleration and 
loss due to whistler-mode waves (Figure 9a), can well reproduce the dynamics of 1.02 MeV electrons (Figure 4e). 
Simulation of 4.2  MeV electrons using VERB-3D code without EMIC waves shows an increase in fluxes 
(Figure 9b), while observations clearly show the dropout (see Figure 9f for comparison). The introduction of 

Figure 8. Van Allen Probes observations of electron fluxes and pitch angle distributions observed during the January 17, 2013 storm. (a) and (b) Evolution of the 
Kp index. (c) and (d) Observations of electron flux at 85° equatorial pitch angle as a function of L* and time on MAGnetic Electron Ion Spectrometer (MagEIS) (c) 
E = 1.02 MeV and on REPT (d) E = 4.20 MeV. (e) and (f) Evolution of the pitch angle distribution for the same energies (Adopted from Shprits et al., 2016).
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EMIC waves into the VERB-3D simulation on January 17 for 3 hr between 15 and 18 UT, does not substantially 
change the dynamics of the relativistic electrons (Figure 9c), but produces a dropout in fluxes at ultra-relativistic 
energies (Figure 9d) consistent with observations (Figure 9f). Modeled pitch angle distributions in Figure 10 
provide additional evidence for scattering by EMIC waves. Observations of the bite-outs for small pitch angels 
at the beginning of the storm (Figure 10f) are well reproduced by the VERB-3D simulations, which present clear 
tell-tale signatures of EMIC wave scattering and are very similar to the modeled evolution of pitch angle distri-
butions, including EMIC wave effects (Figure 10d).

The scale of the dropout at L = 3.9 RE and the narrow shape of the pitch angle distribution observed on the Van 
Allen Probes (Figure 10d) are well reproduced by the simulations with EMIC waves (Figure 10f). The modeled 
pitch angle distributions at energies of 0.46 and 3.4 MeV also agreed with observations and were presented in 
Supplementary figure 6 of Shprits et al. (2016).

While EMIC waves cannot directly affect near-equatorially mirroring electrons, they can develop the gradients 
in PSD (Figure 10f), facilitating the transport from high pitch angles induced by hiss or chorus waves. Detailed 
sensitivity simulations of combined scattering by VLF and EMIC waves have been done by Shprits et al. (2009), 
and 3D simulations of such combined scattering has been recently performed and discussed in detail by Drozdov 
et al. (2020).

Similar to the analysis of dips in PSD performed for the September 2012 storm, Figure 11 shows PSD as a function 
of L* and time during the January 17, 2013 storms. For the PSD inferred for μ = 700 MeV/G, corresponding to 
MeV energies, the radial profiles are monotonic, gradually increasing with increasing radial distance. There is an 
increase in the PSD above L* = 4.5 due to the local acceleration and inward radial diffusion. At μ = 3,500 MeV/G 
and K = 0.1 G 1/2 Re, which corresponds to the kinetic energy of 4.63 MeV at L = 4 in a dipole field, there is a 
pronounced formation of the deepening local minimum during the times when the PSD at L* = 5.5 is increasing. 
The minimum becomes more pronounced for the increasing first invariant. Supplementary figures 3 and 4 of 

Figure 9. Comparisons of the VERB-3D model results and observations of the evolution of fluxes of electrons at 85° equatorial pitch angle starting on January 15, 
2013. The VERB-3D simulations without EMIC waves are shown for 1.02 and 4.2 MeV on panels (a) and (b), respectively. Simulations including EMIC waves are 
shown on panel (c) for 1.02 MeV and (d) for 4.2 MeV electrons. Van Allen Probes' observations are shown on panels (e) and (f) for the same set of energies. The white 
line indicates the plasmapause location (Adopted from Shprits et al., 2016).
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Shprits et al. (2017) showed similar local minimums when PSD was calculated with two magnetic field models 
(T89 [Tsyganenko, 1989], T04S [Tsyganenko & Sitnov, 2005]), demonstrating that the minima are not an artifact 
associated with inaccuracies of the magnetic field model.

Figure 12 illustrates how the dips in profiles are formed. There is no indication of dips in PSD at the lower 
energies of 300 and 500 MeV/G. At 1,500 MeV/G, a weak minimum begins to form. At L* = 4, this μ and K 
pair corresponds to an energy of 2.58 MeV in the dipole magnetic field model. The minimum becomes more 
pronounced at 3.46 and 4.17 MeV, as shown in Figures 12c and 12d.

Figure 13 provides a longer-term evolution of the radial profile of PSD at μ = 3,500 MeV/G, for the entire month 
of January 2013. Starting on January 17, 2013, observations show that a pronounced minimum in PSD formed 
between January 17 and 18, at around L* = 4. This minimum persists for over 2 weeks. While the pronounced 
minimum is deepening, there is an increase in PSD at higher L-shells of approximately 4.5. The decrease in PSD 
cannot be produced by the outward radial diffusion, as PSD in the outer region increases, and the gradients in 
PSD are positive. Such a localized and fast loss cannot be due to hiss or chorus waves, as the time scales asso-
ciated with these waves are very long for ultra-relativistic energies. The minimum in PSD is further deepened 
during the March 1, 2013 storm. The minimum moves to lower L-shells, while PSD above L* = 4 increases.

In a recent study, Blum et al. (2020) analyzed in detail an EMIC wave event that occurred on July 7, 2013. For this 
event, the waves had a narrow radial extent but persisted for over 10 hr and spanned a local time region of ∼12 hr. 
The radial profiles once again showing local dips in PSD, confirmed the loss of ultra-relativistic electrons during 
this event, while relativistic electrons remained unaffected by waves.

The observations of dips in PSD profiles are consistent with conclusions made from the modeling studies of 
Shprits et al. (2016). It is clear that at least for January 17, 2013, and September 2012 events, the EMIC wave scat-
tering only affects electrons above certain threshold energy of ∼ a few MeV and does not seem to significantly 

Figure 10. Comparisons of the VERB-3D model pitch angle distributions and the evolution of pitch angle distributions at L = 3.9 starting on January 15, 2013. The 
VERB-3D simulations without EMIC waves are shown for 1.02 and 4.2 MeV on panels (a) and (b), respectively. Simulations, including EMIC waves, are shown on 
panel (c) for 1.02 MeV and (d) for 4.2 MeV electrons. Van Allen Probes' observations of pitch angle distributions are shown on panels (e) and (f) for the same set of 
energies (Adopted from Shprits et al., 2016).
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affect MeV electrons. The minima in PSD help to identify and visualize the exact location of the scattering and 
its effectiveness.

Understanding of the loss by EMIC waves can also be obtained from simultaneous observations of waves on 
the ground and narrowing distributions in pitch-angle space. In Usanova et al.  (2014), the presence of EMIC 
waves was inferred from CARISMA chain ground magnetometers by visual inspection. To objectively quantify 
the effect of EMIC waves on pitch-angle distributions and to be able to compare the distributions at different 
energies, Usanova et al.  (2014) normalized the pitch angle distributions by the flux of equatorially mirroring 
electrons so that, regardless of energy, the value of the normalized distribution near 90 º is 1. The observations 
showed that, in general, the presence of waves coincided with the narrowing of the pitch angle distributions. 
Aseev et al. (2017) extended the analysis of Usanova et al. (2014) and derived profiles of PSD, which revealed 
dips in PSD indicative of localized loss (shown in Figure 14), as discussed above and illustrated in Figures 6, 
7, 11 and 12. The analysis of observations from September 9 until November 29, 2012 by Aseev et al. (2017), 
showed that the presence of EMIC waves on the ground not only coincided with the narrowing of the pitch angle 
distributions, but also with the presence of dips in PSD as discussed above, providing a very convincing picture 
of scattering by EMIC waves. Typical tell-tale signatures of EMIC scattering in the pitch angle distributions, dips 
in radial profiles of PSD, and observations of waves on the ground (Aseev et al., 2017) all pointed to scattering 
of multi-MeV by EMIC waves. In addition, statistical study of pitch angle distributions by Drozdov et al. (2019) 

Figure 11. Radial profiles of PSD for (a) relativistic (μ = 700 MeV/G) and (b) ultra-relativistic (μ = 3,500 MeV/G) electrons for 𝐴𝐴 𝐴𝐴 = 0.1 𝐴𝐴 𝐴𝐴
1∕2

𝑅𝑅𝐸𝐸, measured by RBSP-
B. The black line shows undisturbed pre-storm conditions, and colors-coded is the time that corresponds to the end of the inbound and outbound orbital passes. Bottom 
panels (c) and (d) show energy for this value of the first invariant inferred using the dipole field. Profiles of PSD were calculated with the TS07D model (Tsyganenko & 
Sitnov, 2007). (Adopted from Shprits et al., 2017).
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Figure 12. Similar to Figure 11, except for a number of values of the first invariant from 300 to 3,500 MeV/G (Adopted from Shprits et al., 2017).
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Figure 13. Evolution of the PSD from January 1, 2013, until March 1, 2013. PSD is given for μ = 3,500 MeV/G and K = 0.05 G 1/2⋅RE as a function of tie and L*. The 
bottom panel shows the evolution of the Kp index (Adopted from Shprits et al., 2017).
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showed that the most of the depletion of multi-MeV electrons at L*<5.2 during storms are in agreement with the 
EMIC waves scattering.

EMIC waves may be observed in three distinct bands Hydrogen, Helium, and Oxygen. Many of the previous 
in-situ studies of waves concentrated on the He band as the frequency of occurrence of the EMIC waves is the 
highest in this band. However, Hydrogen band waves may also play an important role, and resonance energies 
for this band may be lower for the Hydrogen band than for the Helium band (Cao et al., 2017). Qin et al. (2019) 
observed an interesting event where waves were observed in the hydrogen band. The comparison of time-shifted 
flux profiles on RBSP-A with profiles on RBSP-B helped reveal a rapid loss process. RBSP-A measurements 
are shifted by 64 min to match the location of RBSP-B. Most interesting for these events is that, below L = 4, the 
difference between the observed fluxes is only seen at energies of 2.6 MeV and above. As shown in Figure 15, the 
fast dropout that occurs on timescales of less than an hour becomes more pronounced, and the loss is seen closer 
to the Earth as the energy increases.

Several studies (Thorne & Kennel,  1971; Summers et  al.,  1998; Albert,  2003; W. Li et  al.,  2007; Ukhorsky 
et al., 2010) showed that if the frequency of waves is sufficiently close to the local gyro-frequency, EMIC waves 
can resonate with electrons at energies below 1 MeV, while the observations discussed above demonstrate that 
predominantly multi-MeV are scattered by EMIC waves. To resolve this seemingly apparent disagreement 
between models and theory, Cao et al. (2017) considered the hot plasma dispersion relation and solved for both 
frequency and linear growth rates. They estimated the Minimum Resonance Energies (MRE) by considering 
the marginal frequency when the growth rate is zero. They considered the hydrogen and helium bands where 
the waves are usually observed and performed sensitivity calculations for the typical parameters controlling the 
resonance energies. The MRE was calculated for zero-degree equatorial pitch angles, which provided a lower 
bound for the estimate of the energies that the EMIC waves can effectively scatter. This study used the values 

Figure 14. (a)–(e) The presence of EMIC waves observed by CARISMA stations at L = 4–4.5 between October 9 and 29 November 2012. (b) "Yes" or "No" flag 
showing the formation of a new dip in phase space density. (c)–(d) Normalized to 90° pitch angle distributions measured by REPT on board Van Allen Probes in 2.6, 
3.4, and 5.2 MeV energy channels as a function of time at L* ∼ 4.5, computed using the TS07D magnetic field model (Tsyganenko & Sitnov, 2007). [Adopted from 
Aseev et al., 2017].
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of the plasma number density obtained from the Neural-network-based Upper-hybrid Resonance Determination 
(NURD) machine learning algorithm (Zhelavskaya et al., 2016), utilizing Electric and Magnetic Field Instrument 
Suite and Integrated Science (EMFISIS) observations, Kletzing et al. (2013) data and also compared the NURD 
densities with the statistical model of Sheeley et  al.  (2001). They first performed sensitivity experiments for 
the calculated MRE to the assumed hot plasma anisotropy for various density values (Figure 16) . To take into 
account the ion composition (Figure 1), they inferred the MRE for four realistic models of the ion composition 
listed in Table 1. The multiple sensitivity calculations showed that only for very high density, extremely high 
anisotropy, and preferential plasma composition, it was possible to lower the MRE below 1 MeV. Most of the 
calculations showed that the MRE for both the helium and hydrogen bands lies above 2 MeV, which is consistent 
with observations discussed above in this section. Calculations of MRE in hot plasma provide a theoretical expla-
nation of why the resonance usually lies above ∼2 MeV.

While for a particular set of conditions it may be possible for waves to be in resonance with ∼1 MeV electrons 
and such scattering can be seen in idealized models (for example, Denton et al., 2019), observations and theory 
both indicate that such interactions are not as frequent and likely as at multi-MeV energies. It still remains unclear 
if under certain conditions, EMIC wave scattering may potentially contribute to the scattering of 1 MeV or even 
sub-MeV electrons.

Figure 15. Overview of the electron profiles from 1730 to 2200 UT. (a) SYM-H geomagnetic index. The shock arrived at 
1836 UT. (b)–(h) The omni-directional differential flux at energies of 1.8-, 2.6-, 3.4-, 4.2-, 5.2-, 6.3-, and 7.7-MeV electrons, 
measured by RBSP-A (blue) and RBSP-B (red) spacecraft. MLT and L* are shown at the bottom of the figure on the X-axis. 
The vertical solid line indicates the shock arrival at 18:36 UT. The time corresponds to Van Allen Probe B, and Van Allen 
Probe A is shifted by 64 min. The black arrow indicates shock arrival time at Van Allen Probe (a) [Adopted from Qin 
et al., 2019].
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In a recent study L. Chen et al. (2019) analyzed the EMIC wave number and inferred the minimum resonance 
energy directly from these observations. While the method of inferring the wave number from just two spacecraft 
may have substantial uncertainty, it allows to directly infer the MRE without making additional assumptions 
on the wave dispersion relation. The results of this anlysis showed that most of the MRE of the analyzed event 
were above 2 MeV, with the smallest MRE values reached only for the Hydrogen band. Further evidence for the 
selective scattering of electrons above multi MeV came from data assimilation studies. Cervantes et al. (2020) 
performed data assimilation with Van Allen Probes data, including and neglecting the scattering of EMIC waves 
in the VERB code. The innovation vector, measuring how much data corrects the model, was used to determine 
the importance of EMIC waves. In particular, they considered the difference in innovation between the data 
assimilative run with the code that included and neglects EMIC waves. The results indicated that in general, the 
outward radial diffusion produces the majority of the loss for radiation belt electrons. However, during the storm, 
the inward edge of the loss of multi-MeV can be dominated by EMIC waves.

The understanding of how EMIC waves drive the loss of ultra-relativistic 
radiation belt electrons has vastly improved in recent years. This is not only 
due to the availability of the Van Allen Probes measurements of particles for a 
wide range of energies and waves, but also due to the development of numer-
ical models. 3D modeling, observations, theoretical calculation of MRE, 
data assimilation, and 3D sensitivity simulations show a consistent picture of 
multi-MeV electron scattering by EMIC waves during selected storms. Such 
a clear signature of EMIC wave scattering has not been observed for MeV 
electrons. Although questions still remain in regard to EMIC wave occur-
rence and MRE, careful analysis of PSD profiles along with the agreement of 

Figure 16. Sensitivity of electron minimum resonance energy (MRE) to the anisotropy of hot H+ protons. Electron MRE is presented as a function of L-shell and 
electron number density for various hot H+ temperature anisotropies (Ahp = 0.5, 1.0, and 1.5) for helium and hydrogen EMIC wave bands. Red dashed lines show 
the electron density one standard deviation above the mean value of NURD measurements. Blue solid lines denote electron densities from Sheeley et al. (2001) an 
empirical density model, which is frequently used as the statistical average value for density [Adopted from Cao et al., 2017].

Ratio He+/H+ O+/H+

1 5% 10%

2 5% 50%

3 10% 10%

4 10% 50%

Table 1 
Models of Ion Composition Used for Figure 17 (Adopted From Cao 
et al., 2017)
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simulations and observations, have demonstrated the important role EMIC wave-particle interactions play for the 
dynamics of ultra-relativistic electrons.

3. Acceleration to Multi-MeV Energies
The broad coverage of the electron energies by the Van Allen Probes observations has allowed for the comparison 
of particle population dynamics at different energies. Figure 18 shows the dynamics of ring current electrons 
responsible for the generation of waves that can accelerate electrons and scatter them into the loss cone, along 
with relativistic and ultra-relativistic electrons. The flux of ring current electrons is highly variable. Changes 
in the strength of convection, and possibly localized electric fields, result in a very dynamic (localized in time 
and MLT) injection of particles that are then sampled by a spacecraft at a particular time and a single point in 
space. Such sparsity of measurements complicates the analysis and hinders the understanding of the physical 
processes responsible for the dynamics of these particles. Relativistic electrons show a much clearer and predict-
able pattern, demonstrating first depletion and then enhancements for most storms. In general, enhancements are 
stronger for stronger storms, as measured by Kp (see Borovsky and Shprits [2017] for the discussion of indices 
that can be used as a measure of activity). The dynamics of the ultra-relativistic electrons are clearly different 
from the relativistic electrons. Very sudden intensifications occur only for selected events and do not necessarily 
occur for all strong storms, as measured by Kp. Ultra-relativistic belts also tend to promptly disappear, driven by 
the loss to the magnetopause and the loss by EMIC waves in the heart of the belts, as discussed in Section 2. This 
section discusses the physics behind this acceleration, identifies mechanisms responsible for this acceleration, 
and spatial conditions in the magnetosphere when such acceleration to ultra-relativistic energies occurs.

Historically, radial diffusion was considered the dominant acceleration mechanism [for example, Faltham-
mer, 1965; Schulz & Lanzerotti, 1974; Walt, 1994]. In this process particles diffusing into the region of a stronger 
magnetic field, while conserving the first and the second invariants, will gain energy. However, several studies 
have shown that the radial diffusion is not the only acceleration mechanism, and particles can also be heated 
locally by taking energy from the whistler-mode chorus waves (Y. Chen et al., 2007; Green & Kivelson, 2004; 
Horne et al., 2005; Iles et al., 2006; Reeves et al., 2013; Shprits, Thorne, Horne, et al., 2006; Thorne et al., 2013). 

Figure 17. Sensitivity of electron MRE to the ion composition. Electron MRE is presented as a function of L-shell and electron density for different concentrations of 
H+, He+, and O+ ions corresponding to hydrogen and Helium band EMIC waves. Different models are presented in Table 1. The lines on the plot are the same as in 
Figure 16 [Adopted from Cao et al., 2017].
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Identifying the presence of local acceleration is possible by looking at the radial profiles of the PSD and finding 
the time intervals for when local growing peaks are observed (Green & Kivelson, 2004).

Reeves et al. (2013) presented PSD profiles for relativistic radiation belt electrons. They observed growing peaks 
in the PSD for μ = 3,433 MeV/G and K = 0.11 REG 1/2, which correspond to ∼3 MeV at L = 4.5. In Figure 19, 
PSD for RBSP-A (squares) and RBSP-B (circles) is color-coded and labeled with the time at which each of the 
satellites crossed L* = 4.2. The buildup of PSD near L* = 4.2 is a clear, tell-tale signature of the local accelera-
tion. If acceleration to these high energies was produced by the radial diffusion alone, the resulting profiles would 
be monotonic, with the largest value of PSD reached at the highest L-shell for which observations are available. 
Figure 19 clearly shows that for this event, this is not the case. The study concluded that for the 9 October 2012 
storm, the observed profiles of PSD were consistent with the local acceleration and inconsistent with a predom-
inantly radial diffusion model. The study showed that peaks at this value of the first invariant were observed for 
a number of different magnetic field models, indicating that the results of the study are independent of how the 
observations were converted to PSD.

Using a 2-D diffusion model at L*  =  5, Thorne et  al.  (2013) reproduced Van Allen Probes observations of 
the electron flux via local acceleration with chorus waves. Using a simple 2D code with relatively low plasma 

Figure 18. Comparisons of ring current relativistic and ultra-relativistic electron fluxes in 2015 from Van Allen Probes instruments MagEIS and REPT. (a–c) 
Correspond to energies of 3.7 keV, 902 keV, and 5.2 MeV, respectively. Panel (d) shows geomagnetic index Kp.
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density inferred from spacecraft observations, Thorne et al. (2013) demonstrated that electrons may be accel-
erated locally to 7 MeV. Since the simulations were only performed in 2D, the potential contribution of radial 
diffusion to the acceleration of ultra-relativistic electrons remained unclear. While the study did not explicitly 
discuss the unusual density values that were used for simulations derived from The Electric and Magnetic Field 
Instrument Suite(EMFISIS) spectrograms, the values were very low and below statistical values. It remained 
unclear however, how common it is for such low values to occur and if this dropout in density was global in MLT 
and L. It also remained unclear if it is reasonable to assume that such low density can persist for a sufficiently 
long time, which would be required for the substantial local acceleration to occur.

Recent studies (Boyed et al., 2016; Jaynes et al., 2015; Katsavrias et al., 2019; Zhao et al., 2019) have suggested 
that a multistep acceleration process in which electrons are first accelerated to relativistic energies locally by 
chorus waves and then diffuse inwards and gain further energy due to the radial diffusion, was responsible for 
the acceleration to such high energies. If this multistep process was indeed responsible for the acceleration to 
ultra-relativistic energies, then the growing PSD peaks would first be seen at large radial distances and subse-
quently broaden due to radial diffusion.

In a recent study, Allison and Shprits (2020) focused on the October 2012 time period and on acceleration from 
relativistic (∼2 MeV) to ultra-relativistic energies of 7.7 MeV. The overview of the considered time period is 
given in Figure 20. The evolution of fluxes was measured by the Relativistic Electron-Proton Telescope (REPT) 
(Baker, Kanekal, Hoxie, Batiste, et  al., 2013) on the Van Allen Probes. During the first storm, beginning on 
October 9, considered also in a number of previous studies (Reeves et al., 2013; Thorne et al., 2013), the elec-
trons were accelerated to extremely high energies of 7.7 MeV. The second geomagnetic storm that occurred on 
October 13, resulted in a dropout at ultra-relativistic energies followed by a quick acceleration and subsequent 
gradual buildup of fluxes for a very broad range of energies. The dynamics of the relativistic and ultra-relativistic 
electrons observed during these 2 weeks presented the most interesting period for a detailed study.

Identification of the dominant acceleration mechanisms can be conducted by examining the profiles of PSD. The 
global picture can be obscured by the uncertainties associated with the conversion from fluxed to PSD introduced 
by the magnetic field models. If one looks at individual energies, it is hard to see a global picture in the peaks of 
PSD and to combine data from different time periods.

Figure 19. PSD profiles for relativistic radiation belt electrons measured by Relativistic Electron Proton Telescope (REPT) 
instrument on 8 and 9 October 2012 (Baker, Kanekal, Hoxie, Batiste, et al., 2013). Phase space density is in units of  
(c/cm −3 MeV), where c is the speed of light [Adopted from Reeves et al., 2013].
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Figure 20. An overview of the radiation belt electron fluxes during October 2012: Panels (a–g) show the differential electron 
flux measured on Van Allen Probes A and B for electron kinetic energies from 1.8 to 7.7 MeV, at 90° local pitch angle 
and L-value. Panel (h) shows the evolution of the vertical component of the interplanetary magnetic field (IMF Bz), (i) the 
evolution of the Dst index [Adopted & Allison & Shprits, 2020].
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To mitigate these limitations, Allison & Shprits (2020) suggested a new way to look at the contours of PSD. 
To see the global picture of the energization, the authors have not only analyzed the individual profiles of PSD 
at various values of the first and second adiabatic invariants, but they have also looked at the global picture of 
acceleration at different energies. To show evolution at different energies, they decided not to plot the entire PSD 
radial profile but instead outline contours of the regions in the L-time space that are within a factor five of the 
maximum PSD. Such plots allow to track the behavior of the profiles of PSD at different energies and compare 
them to each other.

In the case where profiles of PSD are produced by the inward radial diffusion, the profiles are monotonic, and 
the peak value is reached at the highest observed L-shell. Radial diffusion results in a decrease of the gradient in 
PSD and hence the inward motion of the inner boundary of the considered area (Figure 21a). As radial diffusion 
rates are likely to be the same at different energies if the initial shape of the radial profile of PSD is the same at 
different energies, the contours at different μ will simply overlap each other.

Local acceleration producing local peaks, would result in a fully enclosed area. Moreover, in the case of local 
acceleration, the peaks should appear first at lower energy and then at higher energy, and contours covering 
the area within a factor of 5 of the peak of PSD should show the same trend (Figure 21b). The lower μ areas 
should encompass the contours for higher μ values, and in general the contours at higher μ should appear after 
the contours at lower μ, demonstrating that energy diffusion would first affect lower energy and after some 
time, enhance the highest energy ultra-relativistic electrons. If the radial diffusion cannot significantly contribute 
during the time when local acceleration is operating, the peaks should appear at approximately the same L-shell 
(Figure 21b). If local acceleration is followed by outward radial diffusion, the enclosed area produced by the 

Figure 21. Contours outlining the area in time L-shell space where PSD is within a factor 5 of the maximum value of 
the phase space density for a chosen values of the first and second adiabatic invariants. The colors blue, green and red 
correspond to increasing values of the first invariant. The panels show different scenarios (a) inward radial diffusion; (b) local 
acceleration; (c) local acceleration creating a local peak followed by the outward diffusion; and (d) local acceleration creating 
a peak followed by the inward diffusion.
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peak would widen, and the upper boundary would move to higher L-shells (Figure 21c). In the case of two-step 
acceleration to >3 MeV, suggested by Zhao et al. (2019) and Katsavrias et al. (2019), the inward radial diffusion 
would follow the local acceleration, and the inner boundary would move inwards. While in reality many of these 
processes occur simultaneously, such as inward and outward radial diffusion, this diagram can be used as a guide 
to determine the dominant processes occurring during different stages of the storms.

The temporal evolution of contours within a factor of 5 of the peak PSD, as discussed in Figure 21 during October 
2012, is shown in Figure 22. For the considered storms, the contours outline the enclosed area indicating the pres-
ence of the peaks. During the initial acceleration, the energization first occurs at 2000 MeV/G and then gradually 
trickles down to 10 MeV/G, corresponding to ultra-relativistic energies. Note that peaks appear at roughly the 
same radial distance within ∼0.5 Re, indicating that acceleration is dominated by the local acceleration and the 
inward radial diffusion does not significantly contribute to the initial acceleration. Contours are concentric, with 
lower μ contours encompassing higher μ contours, and do not extend to the highest L* value for which obser-
vations are available (black region). For both of the storms, after peaks are formed and electrons are accelerated 
to ∼8 MeV, contours around the peak of fluxes move upwards and broaden after ∼2–3 days, consistent with the 
outward radial diffusion of the locally accelerated electrons scenario, as shown in Figure 18c. There are also visi-
ble signatures of concurrent inward radial diffusion, which may move locally accelerated electrons by ∼0.5–1 RE, 
but such inward motion would correspond to acceleration by ∼0.5–1 MeV, which cannot explain the appearance 
of the ultra-relativistic electrons in the belts. The small radial displacement by less than 0.5 RE may be due to a 
combination of the inward diffusion and loss in the outer region.

While the results shown in Figure 22 clearly demonstrate that electrons can be accelerated to such a high energy 
by local diffusion, it still remained unclear why such acceleration occurred only during selected storms. Figure 23 
shows an overview of the electron flux at relativistic and ultra-relativistic energies measured on RBSP-A. Only 
measurements above the background noise of the instrument are displayed. While relativistic electrons of 
1.8 MeV show a consistent intensification of fluxes for practically all of the strong storms, ultra-relativistic elec-
trons often do not show any intensifications above the instrument's background levels. The density observations 
shown in Figure 23c, obtained from the RBSP-A's EMFISIS data and using the Neural-network-based Upper 
hybrid Resonance Determination (NURD) algorithm (Zhelavskaya et al., 2016), hold the key to the question of 
the special conditions necessary for the acceleration of electrons to such high energies. Comparison of density 

Figure 22. Evolution of maximums in PSD. (a) Evolution of contours within a factor of 5 of the maximum values of PSD during October 2012. Contours are plotted 
for μ from 2,000 MeV/G to 10,000 MeV/G. By overplotting these contours for different values of the first invariant, the local acceleration over a broad range of 
energy is revealed. For both storms, acceleration starts at low energy between L∗ ≈ 4.0 - 4.5 and propagates at approximately the same L* to μ = 8,000 MeV/G and 
10,000 MeV/G corresponding to ∼5.4–6.5 MeV and ∼6.0–7.3 MeV respectively. (b) Kp index. Kp less than four is shown as black bars, and Kp greater than four is 
shown as red bars [Adopted from Allison & Shprits, 2020].
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evolution with the occurrence of ultra-relativistic electron enhancement, demonstrates that these enhancements 
occur only when density is depleted (see also Allison et al., 2021).

A more detailed picture can be obtained if we look at the density evolution and timing of 7.7 MeV enhancements 
for an L-shell of four in the heart of the outer zone.

Figure 24 shows that the average values obtained with the three considered models are very close and consistent 
with each other. While statistical values of the NURD data set are the same as that of Denton and Sheeley models 
(Figure 24), there are significant differences between the instantaneous values and statistical models Figure 25. In 
particular, the density often drops by up to an order of magnitude down to only a few particles per cubic centim-
eter. There are a number of such depletions throughout the considered time period from October 2012 to October 
2017, and it is rather remarkable that most of the intensifications of the 7.7 MeV, shown by magenta lines, occur 
when the density dropped below10 cc −1. Note that the dropouts when the seed fluxed of electrons where not 
enhanced are not showed on Figure 25. The drop in density is certainly not a sufficient condition for the accel-
eration to multi-MeV energies but it appears to be a necessary condition. At least most of the intensifications to 
7.7 MeV require low density values. It also appears that the presence of the seed population is another necessary 

Figure 23. An overview of the relativistic and ultra-relativistic electron fluxes along with electron number density and evolution of Kp and Dst for 2015. The electron 
flux is presented at a 90° local pitch angle, and kinetic energy of (a) 1.8 MeV, and (b) at 7.7 MeV (c) Electron number density obtained using the NURD and EMFISIS 
data, (d). Kp and Dst indices. Kp values above four are indicated by the red color. Magenta dotted lines correspond to 7.7 MeV.
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conditions that needs to be satisfied for such efficient acceleration to occur in 
the heart of the radiation belts. A more detailed investigation of the necessary 
and sufficient conditions for acceleration to MeV energies and detailed case 
studies should be a subject of future research.

Most of the previous studies used statistical density models, with the excep-
tion of Thorne et al. (2013) who considered only one storm. Figure 26 shows 
the simulations of the competition between local acceleration and loss during 
relatively disturbed geomagnetic conditions (Kp  =  4) using VERB-2D, 
with the Sheeley et  al.  (2001) density model. These results are compared 
to VERB-2D simulations that used a density of 10 cc −1. The same model of 
waves is used for both of these model runs.

The authors chose the initial condition to be a straight line in log-log space, 
covering energies from 100 keV to 10 MeV, with a sin of pitch angle assumed 
for all energies. In the case of the statistical density model, local accelera-
tion allows for energy diffusion of only up to 2–3 MeV over the course of 
a 3-day simulation. One can clearly see the intensification of 1 MeV flux 
by an order of magnitude after approximately 2 days (Figure 26b), but the 
fluxes of 5 and 7 MeV remain unaffected. When the density is decreased 
to 10 cc −1, Figure 26c shows that the hardening of the spectrum extends to 
approximately 8 MeV. The 1 MeV electrons are accelerated faster, within 
approximately 1  day (Figure  26d). The low background density not only 
changes the rate of acceleration at MeV, but also the range of energies that are 
affected by the local acceleration. In the case of low plasma density, 5 MeV 
is substantially accelerated above the initial levels within 2–3 days and by 
the end of the 3-day simulation, there is also a noticeable increase at 7 MeV. 
These simulations are consistent with the observations described above that 

demonstrate the profound effect of density on acceleration, and that a dramatic dropout in density down to below 
10 cc −1 is a necessary condition for acceleration to multi-MeV energies. Note however, that it is not a sufficient 
condition. Certainly not all dropouts in density result in acceleration to multi-MeV energies. Most of the dropouts 
in density that are not accompanied by the increases to multi-MeV occur during times of low Kp, when wave 
activity is weak and there is no seed populations of electrons. As diffusion coefficients depend on the square 
of the mean wave amplitude, there is a significant dependence of local acceleration on wave intensity. The free 
energy for  waves comes from the low energy electrons that generate waves and therefore another requirement for 
the local acceleration to be efficient is the presence of such injections. Moreover, the acceleration to 3.4 MeV 
requires the seed population at MeV.

For most of the storms, the typical time of acceleration to 1  MeV is 1–2  days [for example, Kellerman & 
Shprits, 2012]. The longer delay of approximately 3 days between the onset of the storm and acceleration of 
multi-MeV energies is consistent with observations in Figure 26 and 26a storm example is shown in Figure 22. 
The observed longer time delay between the main phase and appearance of multi-MeV as compared to MeV 
provides another confirmation that particles are accelerated locally and first reach relativistic and only later 
ultra-relativistic energies.

4. Discussion
Recent observations from Van Allen Probes, which extended to the previously not very well observed and studied 
ultra-relativistic energies, showed new morphological structures, such as remnant belts (Baker, Kanekal, Hoxie, 
Henderson, et al., 2013). The observations also showed sudden acceleration to incredibly high ultra-relativis-
tic energies, long-lasting persistent fluxes, and sudden disappearance of the ultra-relativistic electrons (Baker 
et al., 2014). These observations provided a unique opportunity to test different theories and to better understand 
the difference between the relativistic and ultra-relativistic flux populations.

Modeling studies clearly showed that global simulations are not able to reproduce sudden dropouts at multi-
MeV which lead to the formation of the vary narrow remnant belts, without involving scattering by EMIC waves 

Figure 24. A comparison of plasma density obtained using NURD statistical 
plasma density from Denton et al. (2004) (blue line) and Sheeley et al. (2001) 
(orange line). (A) The average values of the logarithm of electron number 
density obtained by NURD for L from 3 to 6 along with standard deviations 
presented as error bars. The Denton et al. (2004) and Sheeley et al. (2001) 
model for midnight are depicted as blue and orange lines respectively.
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(Shprits et al., 2013). Scattering by VLF waves is slower at ultra-relativistic energies than at relativistic energies 
and cannot explain sudden dropouts. The loss to the magnetopause, caused by outward radial diffusion, can and 
frequently does, produce very fast dropouts in the outer region of the radiation belts. However, outward radial 
diffusion acts to smooth the radial profile and cannot reproduce the narrow structures with a width of a fraction 
of the earth radii, as seen in the Van Allen Probe measurements (Mann et al., 2016).

Observational evidence for the efficiency of the EMIC wave scattering comes from the evolution of the radial 
profiles of PSD, showing the deepening minima (Shprits et al., 2017, 2018), along with the simultaneous narrow-
ing of the pitch angle distributions (Aseev et al., 2017; Usanova et al., 2014). Both modeling and observations 
indicated that only multi-MeV are affected by the EMIC waves, while a loss at MeV is not evident. Similarly, 
theoretical sensitivity studies (Cao et al., 2017) show that only under very special conditions (composition, aniso-
tropy, high background electron density) can EMIC waves potentially resonate with the MeV electrons. It is 
currently unknown if under certain conditions, EMIC wave scattering may contribute to the loss of MeV elec-
trons, which remains an open research question.

Some of the indirect measurements such as measurements of the balloon x-rays (Blum et  al.,  2015; Millan 
et al., 2007; Woodger et al., 2015, 2018) indicated that sub-MeV electrons may be precipitating into the atmos-
phere. It remains unclear if such precipitation of sub-MeV electrons is due to inaccuracies in the infernal of 
the spectrum. Also, several studies (Clilverd et al., 2015; Rodger et al., 2015) used the approach of Sandanger 

Figure 25. Evolution of 1.8 MeV (a) and 7.7 MeV(b) fluxes from 01-Jan-2013 to 30-Jun-2017. (c)Plasma density at L = 4 obtained with NURD (black points). The 
densities (outside the pp at L = 4) shown are restricted to when the 1.8 MeV flux at L = 4 is > 300 cm^-2 s^-1 sr^-1 keV^-1 within the following day. Empty circles 
indicate times when the values of NURD flagged as a low confidence due to interference with other types of waves on the spectrograms. Density predicted by the 
statistical model of Denton et al. (2004) (blue line). Vertical doted lines indicate enhancement times of 7.7 MeV electrons. They mark the first time that the 7.7 MeV 
was above the background threshold for two consecutive passes at L = 4 (time then taken as the first of those two pass times). L = 4 is defined as ± 0.05.
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et al., 2009 to identify the loss due to EMIC waves by identifying simultaneous precipitation of ions and elec-
trons. This method may be potentially inaccurate if the precipitation is caused by coincidental precipitation due 
to, for example, EMIC and chorus waves. Another potential explanation for these observations could potentially 
be that EMIC waves do scatter sub-MeV electrons but that does not affect a significant number of electrons as 
compared to total number of electrons at these energies. In that case such precipitation would not significantly 
alter the dynamics of hundreds of keV particles but may affect the spectrum of precipitating electrons. A weak 
loss by EMIC waves that is smoothed out by the radial diffusion, may not be so easily seen in the profiles of PSD 
but may, in theory, contribute to the loss of relativistic electrons.

A recent study by Drozdov et al. (2017) showed how the improved understanding of EMIC wave scattering can 
help better predict ultra-relativistic electron dynamics and evolution. The main difficulty in modeling the scatter-
ing induced by EMIC waves lies in the fact that the minimum resonance energy depends on the spectral properties 
of waves and also on the plasma composition. EMIC waves may be very strongly localized and require satellites 
to fortuitously be at the right place and at the right time to measure the amplitudes and spectral properties of 
waves. Ground measurements can serve as a guide but cannot be used to precisely determine the amplitudes, loca-
tion, and spectral properties of waves. The difference between MeV and multi-MeV morphology and dynamics is 

Figure 26. VERB-2D 3-day simulations of the evolution of the electron flux at L* = 4 and pitch angle of 70°. The calculation includes pitch angle, energy, and 
mixed diffusion. Panels (a) and (b) show a model run, with scattering rates calculated assuming Sheeley statistical density model. Sheeley model predicts a density 
of 33.7 cc −1 at midnight and 44.8 cc −1 at noon. (a) and (c) Evolution of the electron energy spectrum color-coded in time for statistical density and density of 10 cc −1 
respectively. (b) and (d) Evolution of 1, 5, and 7 MeV for the statistical and low-density values respectively. The 1 MeV flux on Figures (b) and (d) is divided by a 
factor of 100 [Adopted from Allison et al., 2021].
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partially due to the pronounced effect of EMIC wave scattering, which can empty the multi-MeV outer belt and 
produce very sharp boundaries between the regions affected and not affected by the EMIC-induced scattering.

As discussed in the introduction of this review, radial diffusion plays a most important role in accelerating elec-
trons to MeV energies. The simplified simulations including only radial diffusion and neglecting local acceler-
ation are capable of predicting the general structure of the belts (Shprits & Thorne, 2004; Shprits et al., 2005; 
Shprits, Thorne, Friedel et al., 2006). While local acceleration can assist the radial diffusion and produce the 
build ups of fluxes often seen in the recovery phase of the storm, the simulations of local acceleration also with-
out a supply of seed population by radial diffusion would not be able ot reproduce even the general dynamics 
of the belts. The importance of local acceleration increases with increasing energy. The acceleration from MeV 
to ultra-relativistic energies occurs mostly due to local acceleration and not due to a combination of both radial 
diffusion and local acceleration. PSD radial profiles, along with combined contour outlining the regions around 
maximum values of PSD (Allison & Shprits., 2020), clearly show that at least for the events considered, the local 
acceleration was by far the dominant mechanism that is responsible for the acceleration of electrons from MeV 
up to 7.7 MeV. The contours around the maximum value of PSD show that acceleration occurred approximately 
at the same radial distance from the Earth, with a few MeV appearing first, followed by the higher energy. Obser-
vations of the electron number density together with 7.7 MeV fluxes show that intensifications in fluxes above 
the REPT background levels occur only when plasma density drops below 10 per cubic centimeter, which is much 
lower than the statistical value. Considering that these electrons are accelerated locally, such dependence is not 
surprising, as local acceleration is more efficient in low-density regions (Horne et al., 2005) and, in such low-den-
sity regions, electrons can be accelerated up to ultra-relativistic energies while for the median values of density, 
local acceleration can only accelerate electrons in energies up to 2–3 MeV (see Figure 21). The precise boundary 
between the ultra-relativistic and relativistic populations can not be clearly defined and left intentionally vague in 
this study. There are clear differences in dynamics between the 1–2 MeV electrons and above 5 MeV electrons, 
but it is difficult to say where is the boundary between relativistic and ultra-relativistic electrons. Similarly, to 
difficulties with the exact demarcation of the ring current and the radiation belts, it isn't easy to define a unique 
value of energy that separates the relativistic and Multi-MeV or ultra-relativistic election population.

In Allison et al., 2021, discussed above, the effect of global background plasma density depletions were consid-
ered. Dropouts in density over a small special region may also play a role. Localized density depletion can form a 
so-called low-density duct [for example, Streltsov et al., 2006]. The density duct can confine the VLF waves and 
contribute to the acceleration of energetic electrons.

It still remains unclear if the acceleration to multi-MeV energies can be fully described by the quasi-linear 
diffusion or whether a non-linear treatment of the particle acceleration [for example, Artemyev et  al.,  2017; 
Albert, 2010; Karpman & Shklyar, 1972; Katoh et al., 2008 Nunn, 1971; Omura et al., 2015; Shklyar & Matsu-
moto, 2009] or additional non-linear advective terms [for example, Artemyev et al., 2021] are required to repro-
duce observations. For large wave amplitudes it has been shown that the quasi-linear approach is not appropriate 
(Shapiro & Sagdeev, 1997). Some studies suggest that coherent chorus waves can accelerate 10–100 keV elec-
trons up to several MeV energies by non-linear trapping processes called relativistic turning acceleration (RTA) 
(Omura et al., 2007) and ultra-relativistic acceleration (URA) (Summers & Omura, 2007). The non-linear trap-
ping occurs for resonant electrons with a limited range of gyro-phase and specific timing of encountering a 
wave packet. Omura et al. (2015) formulated a numerical Green's function method of modeling the non-linear 
acceleration of energetic electrons. When the wave normal angles of chorus waves become oblique through prop-
agation, the nonlinear trapping of energetic electrons moving in the same direction of a wave packet also takes 
place through Landau resonance, and the electrons are rapidly accelerated to about 2 MeV within tens of chorus 
emissions [Hsieh & Omura, 2017; Omura et al., 2019; Hsieh et al., 2020]. Hiraga and Omura (2020) performed 
test particle simulations to investigate the acceleration mechanism of relativistic electrons through interaction 
with multi-subpacket chorus waves. They found that successive trapping of the resonant electrons can cause 
the efficient accelerations from the consecutive multiple subpackets of a chorus wave element. However, since 
electrons exhibit adiabatic fluctuations that are difficult to exactly quantify, it is difficult to identify the observa-
tional evidence of non-linear wave-particle acceleration. Most of the studies of non-linear wave particle accel-
eration predict faster acceleration rates than can be provided by quasi-linear theory, the addition of systematic 
faster acceleration would certainly produce systematic overestimation of the fluxes. Understanding the success 
of quasi-linear simulations as well as the limitations of this approach should be a subject of future research. The 
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timing of acceleration may be a good of good check of validity of a given acceleration mechanism. Quasi-lin-
ear modeling presented in this study on Figure 26 occurs on the time-scale of 3 days which is consistent with 
observations presented on Figure 22. More detailed analysis of multiple events and comparison with non-liear 
simulations should be a subject of future research.

Prompt acceleration can be also produced by shocks. Shock-induced acceleration of radiation belt electrons has 
been observed during storms by CRRES (Blake et al., 1992; X. Li et al., 1993), Cluster (Zong et al., 2009) and 
Van Allen Probes (Foster et al., 2015; Hudson et al., 2017; Hao et al., 2019). However, such events are rare and 
cannot explain most of the dynamic variability of the radiation belts.

To understand to what extent quasi-linear simulations can reproduce the dynamics of the |MeV radiation belt 
electrons, here we perform a long-term Fokker-Planck simulation for the Van Allen Probe era during the years 
from October 2012 to December 2017 using the VERB-3D quasi-linear diffusion code with wave models inferred 
from Van Allen Probes measurements (Wang et al., 2019; Wang & Shprits, 2019; Wang et al., 2020). In this simu-
lation, we do not use any of the measurements from the Van Allen Probes for setting up the boundary conditions. 
We use GOES data at GEO as the only data input for outer L* boundary condition. Then we validate our simu-
lations results against Van Allen Probe observations. To compare the simulation results directly with the satellite 
observations, we ‘fly’ virtual Van Allen Probes A and B spacecraft through the simulation results, and predict the 
flux at exact the energy and pitch-angle that Van Allen Probes measure. Figure 27 shows an example at 0.9 MeV 
and 57.3° local pitch-angle. To compare the flux from observations (Jo) with the flux from the simulation (Js), we 
calculate the difference between Js and Jo normalized by the maximum flux for fixed pitch-angle and energy and 
over all values of L* over an 8-hr time window. We do this normalization in order to concentrate on the difference 
where the peaks of flux are observed. For small flux near the slot region, the difference can be several orders of 
difference. However, such large ratios of two very small numbers are not physically interesting as this region is 
effectively devoid of energetic particles. Moreover, observations may be inaccurate when the fluxes are low and 
close to background levels of the instruments. The equation for calculating the normalized difference (NDmax) 
following (Subbotin & Shprits, 2009) is given as:

����� (L∗, t) =
JS (L∗, t) − JO (L∗, t)

���|overL∗ every 8 hours
JS(L∗ ,t)+JO(L∗ ,t)

2
 (1)

Considering the number of uncertainties and assumptions that are made in the code it is rather remarkable 
(Figure  27c) how well the VERB-3D code can reproduce the dynamics of the belts. During the individual 
storms there are of course differences that may potentially be due to missing physical process such as non-linear 
interactions but also may be due to the assumptions of the code. As described above in this study one of such 
assump tions is a constant density that as clearly shown on Figure 22 is not satisfied for many storms that result 
in the acceleration to multi-MeV energies. The assumption of the statistical density that is constant in time is 
most important for the ultra-relativistic electrons. In particular, the VERB-3D code currently cannot reproduce 
the acceleration to such high energies as that requires very low values of the plasma density. Such accelerated 
electrons would also be piling up in the code that does not include EMIC scattering (e.g., Drozdov et al., 2019) 
that occurs in the regions of plumes and in the plasmasphere. Such improvements to the existing codes should be 
a subject of future work and are required to reproduce the dynamics of the ultra-relativistic electrons.

Figure 28 shows the values of energy across radial distance calculated for various values of the first invariant at 
K = 0.01 G 0.5 RE, K = 0.1 G 0.5 RE, and K = 0.3 G 0.5 RE in a dipole magnetic field model. For the value of K shown 
in Figure 25b, the 8 MeV energy at L = 4 corresponds to μ = 10,000 MeV/G. If these electrons were accelerated 
by radial diffusion, they would need to have the energy of ∼4 MeV at L = 6 and an energy of ∼2 MeV at L = 8. 
It is also not likely that electrons can gain several MeV in energy from local acceleration around and beyond 
geosynchronous equatorial orbit (GEO), as the magnetic field becomes weak, increasing the plasma to gyrofre-
quency ratio and making local acceleration inefficient. Even if they would reach such energy, their drift pass is 
likely to take them out of the magnetosphere into the interplanetary medium.

Radial diffusion will of course, be operational after the peaks are formed by local acceleration (Reeves et al., 1998) 
and will redistribute accelerated particles inwards below the peak in PSD and outwards outside of the peak. Radial 
diffusion will also help accelerate relativistic electrons that form the seed population for the local acceleration to 
multi-MeV. It should also be noted that the outward radial diffusion does play a major role even at multi-MeV, by 
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Figure 27. Comparison of Van Allen Probe observations with a fly-through of virtual Van Allen Probes spacecraft through the VERB-3D simulation from 1 October 
2012 to 31 December 2017. Panel (a) shows the electron flux observed by Van Allen Probes, while panel (b) shows the results from the satellite ‘fly-through’ of the 
simulation. The overplotted magenta line in panel (b) shows the last closed drift shell position calculated in T04s magnetic field model using the ONERA IRBEM 
library. The positions of the last closed drift shell are used to simulate the magnetopause shadowing effect, as done in Wang and Shprits (2019) and Wang et al. (2020). 
Panel (c) shows the normalized difference as described by Equation 1 and panel (d) shows the evolution of the Kp and Dst indices of geomagnetic activity.
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bringing these most energetic electrons accelerated in the heart of the belts 
outwards and populating the outer regions near GEO.

5. Conclusions
There are certainly several similarities between the physical processes 
that determine the evolution of relativistic and ultra-relativistic electrons. 
Outward radial diffusion, driven by loss to the magnetopause, would affect 
all energies. Local acceleration and radial diffusion can also operate at 
relativistic and ultra-relativistic energies. However, there are also many 
differences: (a) EMIC wave scattering becomes important for the multi-
MeV electrons, whilst not significantly affecting MeV electrons, and can 
produce very narrow remnant belts (e.g., Baker, Kanekal, Hoxie, Henderson, 
et al., 2013, 2014); (b) the acceleration events occur much more rarely for the 
ultra-relativistic particles than for relativistic particles and require very low 
background plasma density; (c) VLF waves such as hiss and chorus are less 
efficient in scattering ultra-relativistic electrons than relativistic electrons, 
which allow multi-MeV electrons to persist for a very long time. Based on 
the analysis of the evolution of the radiation belts in September 2012 and the 
analysis of the differences in loss processes, Shprits et al. (2013) suggested 
that ultra-relativistic electrons should be classified as a different population 
from the MeV radiation belt electrons. This manuscript presents several 
examples, including analysis of pitch angle distributions, angular distribu-
tion, energy spectrum, wave data, and modeling, which provide convincing 
support for this original speculation.

Results presented in this review demonstrate that the coldest part of the spec-
trum has a most pronounced effect on the most energetic particles in the tail 

of the energy distribution. The efficient loss due to EMIC waves occurs only in the high-density regions inside 
the plasmasphere or in the regions of plumes where densities exceed hundreds or thousands of particles per cubic 
centimeter. In contrast, acceleration occurs only when the plasma is extremely tenuous with densities below 10 
particles per cubic centimeter.

The difference in the acceleration (continuous acceleration for MeV and sudden acceleration, when density is 
very low, at multi-MeV), difference in loss (loss by VLF waves at MeV and very fast loss by EMIC waves at 
multi-MeV) together with observations of different evolution and morphological structures, justify classifying 
ultra-relativistic electrons as a population different from the bulk populations of the radiation belts. Similar to 
how the ring current is considered a population different from the radiation belts, multi-MeV electrons form a 
new population that co-exists with the relativistic outer electron radiation zone.

Data Availability Statement
The Van Allen Probes data used to generate figures in the original publications is freely available at https://
rbspgway.jhuapl.edu/.
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