
One‐Step Local Acceleration Process of Ultra‐Relativistic
Electrons in the Center of the Outer Radiation Belt:
Observations
Deyu Guo1 , Dedong Wang2 , Yuri Shprits2,3,4 , Zheng Xiang1 , Binbin Ni1,5 ,
Anthony Saikin4 , Alexander Y. Drozdov4 , Matyas Szabo‐Roberts2 , Jianhang Wang1 ,
Yangxizi Liu1, and Junhu Dong1

1Department of Space Physics, School of Electronic Information, Wuhan University, Wuhan, China, 2GFZ German
Research Centre for Geosciences, Potsdam, Germany, 3Institute of Physics and Astronomy, University of Potsdam,
Potsdam, Germany, 4Department of Earth, Planetary, and Space Science, University of California, Los Angeles, CA, USA,
5Chinese Academy of Sciences Center for Excellence in Comparative Planetology, Hefei, China

Abstract Ultra‐relativistic (>3 MeV) electrons are considered as a novel, separate population in the Earth's
radiation belts since their loss and acceleration features are distinct from relativistic (∼MeV) electrons. The
dominant acceleration mechanism of ultra‐relativistic electrons remains a subject of ongoing debate. Some
studies suggest that the acceleration mechanism of ultra‐relativistic electrons is energy‐dependent: local
acceleration dominants the enhancement of∼3–5MeV electrons while two‐step acceleration process leading by
radial diffusion effects for∼7MeV electrons. However, a recent study (https://doi.org/10.1126/sciadv.abc0380)
theoretically demonstrated that local acceleration could accelerate electrons up to >7 MeV directly under the
extreme plasma depletion. In this study, we report four enhancement events of ultra‐relativistic electrons that
occurred in September and October 2017. Analysis of phase space density (PSD) radial profiles and contours
demonstrate that local acceleration plays the dominant role in the enhancements of ∼7 MeV electrons in mid‐
September and mid‐October, supported by persistently growing peaks in electron PSD. While enhancements of
ultra‐relativistic electrons in other two events still show energy‐dependent phenomenon, our results provide the
observation evidence that one‐step local acceleration process can lead to the enhancement of ∼7 MeV electrons
in some events. We suggest that the acceleration process of ultra‐relativistic electrons may be subject to the
efficiency of local acceleration.

1. Introduction
The Earth's radiation belts are filled with energetic electrons trapped by the Earth's magnetic field. These high
energy particles pose a hazard to the safety of astronauts and satellites working in space, as well as the
communication systems of modern society (Baker, 2000, 2002; Choi et al., 2011; Li & Hudson, 2019; Love
et al., 2000; Ni et al., 2016, 2022). Understanding the acceleration, loss, and transport processes that drive the
dynamics of these energetic electrons has been a fundamental task in space physic research (Drozdov et al., 2021,
2022; Guo, Fu et al., 2021; Guo, Xiang et al., 2021; Millan & Thorne, 2007; Ni et al., 2008, 2013, 2017; Reeves
et al., 2003; Shprits, Elkington et al., 2008; Shprits, Subbotin et al., 2008; Throne, 2010; Xiang et al., 2021).

Recent studies (Baker et al., 2014, 2019; Shprits et al., 2013, 2022; Zhao et al., 2018, 2019a) have revealed that
these energetic electrons in the outer radiation zone are composed of diverse populations: relativistic (∼500 keV –
3 MeV) electrons, and ultra‐relativistic (multi‐MeV, >3 MeV) electrons. While the physical processes that
control the evolution of relativistic and ultra‐relativistic electrons have several similarities, there are also some
distinct differences between them. Examples include: (a) the loss effect of EMIC waves on ultra‐relativistic
electrons becomes more significant, which can produce local minima in phase space density (PSD) profiles
and be responsible for narrow remnant belts, also referred to as storage rings (Baker et al., 2013; Drozdov
et al., 2020; Ni et al., 2015, 2018; Shprits et al., 2013, 2016, 2017; Xiang et al., 2017, 2018); (b) the acceleration
events of ultra‐relativistic electrons are rarer than those of relativistic electrons, and always coincide with
extremely low plasma density (Allison et al., 2021; Li et al., 2016; Shprits et al., 2022; Throne et al., 2013). These
differences mentioned above suggest that it is necessary to study the main mechanism that drives the dynamics of
ultra‐relativistic electrons separately.
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By analyzing the high‐quality data measured by Van Allen Probes (also named as Radiation Belt Storm Probe,
hereafter referred to as RBSP), the acceleration mechanism of ultra‐relativistic electrons had been widely dis-
cussed during this decade. Reeves et al. (2013) and Throne et al. (2013) investigated the acceleration process of
relativistic and ultra‐relativistic electrons in October 2012 by observational analysis and simulation, showing
local acceleration induced by chorus waves is the main acceleration mechanism of energetic electrons and results
in local peaks in electron PSD. On the other hand, Jaynes et al. (2018) suggested that the inward radial diffusion
primarily or entirely control the acceleration process of ultra‐relativistic electrons up to ∼8 MeV during the storm
of 17 March 2015. Further, Zhao et al. (2018) studied the enhancement event of ultra‐relativistic electrons during
21 April 2017, showing the acceleration mechanism of ultra‐relativistic electrons is energy‐dependent: local
acceleration controls the enhancement of ∼3–5 MeV electrons while radial diffusion dominant the acceleration
process of ∼7 MeV electron, demonstrating by the positive PSD radial gradient. Subsequently, the statistical
study of Zhao, Baker, Li, Malaspina, et al. (2019) proposed a two‐step process to explain the acceleration of
∼7 MeV electrons: local acceleration energize electrons to relativistic and ultra‐relativistic electrons beyond the
RBSP's apogee, providing the source population (∼MeV) at the high L region, further inward radial diffusion
transport them to ∼7 MeV or higher energies. The long‐standing debate of the acceleration mechanism of ultra‐
relativistic electrons seems to be solved by energy‐dependent mechanisms, where two‐step process leading by
inward radial diffusion dominant the enhancement of high energy electrons, such as ∼7 MeV.

However, a recent study (Allison et al., 2021) theoretically demonstrated that local acceleration induced by chorus
waves could directly energize electrons up to >7 MeV under the extreme plasma density depletion (∼10 cm− 3).
Thorne et al. (2013) reproduced the observed electron flux evolution of 7.15 MeV by 2‐D chorus wave simulation
only, provided a definitive confirmation of the dominance of chorus scattering over inward radial diffusion in
causing electron acceleration during October 2012 storm. Guo et al. (2023) also pointed out that considering the
energy dependence of radial diffusion coefficients (Liu et al., 2016), radial diffusion alone cannot explain the
acceleration of ultra‐relativistic electrons (see their Figures 4 and 5). Since the doubt upon the accuracy of the
current radial diffusion coefficients remain (Lejosne & Kollmann, 2020), the main acceleration mechanism of
ultra‐relativistic electrons is still rife with uncertainty and doubt, particularly for the two‐step acceleration process
leading by inward radial diffusion on ∼7 MeV electrons.

In this study, using the observation of Van Allen Probes A and B, we report four flux enhancement events with
different strength for ultra‐relativistic electrons during September and October 2017. Further we investigate PSD
radial profiles and contours around the maximum values to identify its main acceleration mechanism. The result
offers novel insights into the acceleration process of ultra‐relativistic electrons and modify the two‐step process to
make it better fit with the observations. The rest of the paper is arranged as follows: Section 2 introduces the flux
variation of relativistic and ultra‐relativistic electrons during September and October 2017. Section 3 shows the
PSD radial profiles and contours for each enhancement event of ultra‐relativistic electrons and analyze the main
acceleration mechanism of ultra‐relativistic electrons. A discussion has been given in Section 4 to shed light upon
the long‐standing problem and followed by a summary in Section 5.

2. Event Overview
Figure 1 shows the evolution of energetic electron flux between September and October 2017. The first three
panels show geomagnetic indexes (Kp in black and Dst in red) and solar wind parameters (dynamic pressure, solar
wind speed in black and IMF Bz in red) with 1 h resolution from OMNI database. Figures 1d–1g shows the flux
variations of 1.8, 3.4, 6.3 and 7.7 MeV electrons with 90° local pitch angle observed by the Relativistic Electron
Proton Telescope (REPT) instrument onboard RBSP twins (Baker et al., 2012). The RBSP mission consists of
two satellites which operated in a highly elliptical and low inclination orbit (Mauk et al., 2012), providing high‐
quality particle flux and electromagnetic wave measurement, and an excellent data set for studying the population
of ultra‐relativistic electrons. During this period, the apogee of RBSP orbits is located near MLT = 10–14 (not
shown here). Figure 1 shows that during September and October 2017, both MeV and multi‐MeV electrons
undergo four significant enhancement events as a result of geomagnetic storms (see Dst index in Figure 1a),
which occurred around the 8th, 15th, and 28th September and 15th October (referred to as storm 1–4 afterward),
respectively. The enhancements of ultra‐relativistic electrons occur slightly later than the enhancements of
relativistic electrons. All of these enhancement events are characterized by high Kp values (Kp > 4, Figure 1a),
southward IMF BZ, and high solar wind dynamic pressure and speed (Pdyn >5 nPa, see Figure 1b, and Vsw
>600 m/s, see Figure 1c). To look into the correlation between the electron acceleration events and the depletion
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of cold plasma density, similar to Shprits et al. (2022), we show in Figure 1h the ratio between the averaged
observed electron densities at L= 3.95–4.05 in each half‐orbit and those calculated by Sheeley et al. (2001) model
(RBSP‐A in blue circles and RBSP‐B in red circles) outside the plasmasphere at L = 4, restricted to time periods
when the averaged flux of 1.8 MeV electrons at L = 3.95–4.05 in each half‐orbit is larger than
300 cm− 2 s− 1 sr− 1 keV− 1. The plasma density is always extremely low (around 10 cm− 3) at the beginning of the
enhancement, which creates a favorable environment for chorus waves to directly accelerate electrons up to
∼7 MeV (Allison et al., 2021). Moreover, Figure S1 in Supporting Information S1 shows flux variations of
electrons with energies from 6.3 to 15.2 MeV. The observations indicate that electron fluxes of >7.7 MeV
provided by REPT instrument are not real. The noise level from Shprits et al. (2018) is used in our study.

Around 8 September 2017, the strongest enhancement of 7.7 MeV electrons during the RBSP era occurred at
relatively low L‐shells (L∼ 3.5–4), and was then slowly transported to the lower L region. These electrons did not
deplete completely through loss mechanisms acting at low L‐shell, and were visible in RBSP observations for a

Figure 1. (a) Kp index (black line) and Dst index (red line); (b) Solar wind pressure (black line) and IMF BZ (red line);
(c) Solar wind speed (d–g) Flux variation of electrons with 90° local pitch angle and different energies (1.8, 3.4, 6.3, and
7.7 MeV) observed by RBSP in September and October 2017. (h) Density ratio between averaged observation density (blue
for RBSP‐A and red for RBSP‐B) at L = 3.95–4.05 in each half‐orbit and the Sheeley model density (Sheeley et al., 2001)
outside the plasmasphere at L = 4. The density ratios shown are restricted to when the averaged 1.8 MeV flux at L = 3.95–
4.05 in each half‐orbit is > 300 cm− 2 s− 1 sr− 1 keV− 1. Blue dashed line represents the observation density equal to the model
predicted density.
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long time. As a result, when the subsequent enhancements with different
strength occurred, the 7.7 MeV electrons exhibited an inimitable, long‐
standing two‐belt structure, the only one of its kind observed during the
RBSP era. As a result, we chose to conduct our case study on this most
intriguing time period, to see what insights we can gain into the primary
acceleration mechanism responsible for these enhancement events of varying
magnitudes. In this study, we conduct detailed PSD analysis by employing
both the PSD profile method and PSD contour method described in the
following section to ascertain the main acceleration mechanism for ultra‐
relativistic electrons during the studied period.

3. PSD Analysis Results
3.1. Results From PSD Profiles

To remove the adiabatic change and reveal the real acceleration of electrons
during the recovery phase of storms, electron flux data from RBSP‐A and
RBSP‐B are converted to PSD and then were interpolated to the specific μ and
K. We follow the same method outlined in Allison and Shprits (2020) to
calculate PSD, except that we use the TS04 magnetic field model (Tsyga-

nenko & Sitnov, 2005) in International Radiation Belt Environment Modeling library (IRBEM, Boscher
et al., 2013) to calculate K and L* here, rather than TS07 magnetic field model (Tsyganenko & Sitnov, 2007)
employed in Allison and Shprits (2020). The TS07 model is an empirical and computationally expensive model,
while the TS04 model relies on the quantifiable principal magnetospheric current systems, which can be
computed from the solar wind inputs. As described in Section 2, fluxes for electrons with energies larger than
7.7 MeV are not used to calculate PSD. Figure 2 shows the averaged electron energy corresponding to electrons
with K = 0.11 G1/2RE and different μ values (μ = 4,000, 6,000, 8,000, 10,000, 12,000, 14,000 and 16,000 MeV/
G), calculated using the locally measured magnetic field during September and October 2017. Furthermore, the
average solar wind and geomagnetic parameters during September and October 2017 are used as input for TS04
magnetic field model (Tsyganenko & Sitnov, 2005) to obtain the global magnetic fields. As shown in Figure 2,
during this period, electron energy is ∼6.5/5.2/4.5 MeV for μ = 8,000 MeV/G and ∼9.5/7.5/6.3 MeV for
μ = 16,000 MeV/G at L* = 4/4.5/5. The electron PSD values with K = 0.11 G1/2RE and different μ values during
this period are shown in Figure 3. Corresponding to the storms mentioned above, electron PSD profiles at all μ
values show significant increase. However, growth of electron PSD in storm 1 is smaller than other three storms
while the flux enhancement of storm 1 is the strongest in these storms. One possible explanation is that the flux
enhancements of ultra‐relativistic electrons occurred at lower L‐shells during storm 1, thus, compared to other
storms, electrons of the same μ at these L‐shells correspond to higher energies and thus had lower PSD.

Figure 4 shows PSD profiles for μ = 8,000 and 16,000 MeV/G and K = 0.11 G1/2RE in the start of recovery phase
for these four storms (7th–10th September for storm 1, 15th–18th September for storm 2, 28th September–1st
October for storm 3, and 14th–17th October for storm 4). From blue to the red lines, PSD profiles over 3 days
(from the end of loss/dropout to the acceleration process) are shown. Clear growing local peaks in PSD profiles
for electrons with μ= 8,000MeV/G are observed by both RBSP‐A and RBSP‐B during all enhancement events at
multiple orbits (at L* ∼ 4.2 for storm 1, corresponding to ∼6 MeV electrons, L* ∼ 4.7 for storms 2, 3 and 4,
corresponding to ∼4.9 MeV electrons). This indicates that the acceleration of the electrons with energies around
5 MeV is not solely due to radial diffusion; rather, it suggests that local acceleration plays a dominant role in the
enhancement process. For electrons with μ = 16,000 MeV/G and K = 0.11 G1/2RE, PSD profiles of storm 1 and 3
almost show positive gradient which may be produced by the inward radial diffusion just as mentioned in Zhao
et al. (2018). However, PSD profiles of storms 2 and 4 still show growing local peaks (from the green line to the
orange line) at L* ∼ 4.7 (corresponding ∼7 MeV electrons), demonstrating that local acceleration also dominant
the enhancement of ∼7 MeV electrons during these periods and refutes the energy‐dependent acceleration
mechanism of ultra‐relativistic electrons.

From an overall perspective, local peaks are more notable with the higher peak PSD value. For storms 2 and 4,
local acceleration dominates the enhancement of ultra‐relativistic electrons at all energies, which the maximum

Figure 2. Averaged electron energy corresponding to K = 0.11 G1/2RE,
different μ values (from 4,000 to 16,000 MeV/G) as a function of L*,
calculating by the locally measured magnetic field, while K and L* are
calculated using TS04 magnetic field model (Tsyganenko & Sitnov, 2005).
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PSD values are higher than the other two storms where ∼7 MeV electrons are energized by inward radial
diffusion.

PSD profile results using the T89 and TS01 magnetic field model (Tsyganenko, 1989, 2002) are shown in Figures
S2 and S3 of Supporting Information S1, which further demonstrate that the presence of growing local peaks is
not sensitive to a specific magnetic field model, indicating that these local acceleration peaks are real, physical
features. The presence of the local growing PSD peak suggests that ultra‐relativistic electrons even for energies up
to ∼7 MeV are still dominant energized by local acceleration during the mid‐September and mid‐October, while
for the other two storms the acceleration for high energy ultra‐relativistic electrons is due to radial diffusion when
the efficiency of local acceleration is insufficient.

3.2. Results From PSD Contours

Allison and Shprits (2020) proposed the PSD contour method for investigating the main mechanism of the
enhancement of ultra‐relativistic electrons in a more intuitive way. It should be noted that this method does not
involve drawing contours of PSD, but rather outlining the area where PSD values are larger than a predetermined
threshold (e.g., half an order of magnitude of the maximum PSD value). Such format allows for simultaneous

Figure 3. Phase space density values from the RBSP twins for electrons with K = 0.11 G1/2RE and different μ values (4,000,
6,000, 8,000, 10,000, 12,000, 14,000, and 16,000MeV/G) calculated using the TS04 magnetic field model during September
and October 2017.
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observation of the dynamics of the peaks in PSD at various values of the first invariant. It can also show how the
energy diffusion propagates from lower energies to higher energies.

Figure 5 shows a schematic illustration of how to construct the contours around the maximum value. First, we
average PSD values during each storm into 4.5 hr (around half an orbit) and 0.1 L* bins. Black regions in
Figures 5a–5d represent areas where neither RBSP‐A nor ‐B has observations. Then, as shown with a blue star on
Figure 5a, we find the maximum PSD value for electrons with a specific μ and K (e.g., μ = 2,000 MeV/G and
K = 0.11 G1/2RE) during the enhancement period. Later, regions where the PSD values are larger than the
threshold (e.g., larger than half an order of magnitude below the peak value) are colored to form a contour,
indicated as the blue regions in Figure 5b. Once more, we emphasize that the contour in Figure 5b does not
represent the evolution of PSD, but highlights areas where PSD values are larger than the threshold, showing the
regions where the high PSD values first occur. Finally, we repeat the process for other μ values keeping the same
K value. For example, we do the same process for μ = 5,000 MeV/G and K = 0.11 G1/2RE, find the maximum
value shown by yellow triangle point in Figure 5c and its contour shown by yellow regions in Figure 5d. The
contour figure can highlight the regions around the maximum PSD values for different μ and K, and show the
evolution of the PSD peak.

Similarly to Figure 3 in Allison and Shprits (2020), illustration of the contours resulting from different mecha-
nisms is shown in Figures 5e–5h (colors represent electrons with different μ and K), including signatures of

Figure 4. (a) Phase space density (PSD) radial profiles converted from fluxes observed by RBSP‐A of electrons with
μ = 8,000 MeV/G, K = 0.11 G1/2RE for recovery phases of four storms during September and October 2017, color coded by
time. (b) Same as (a) but the PSD converted from fluxes observed by RBSP‐B. (c–d) Same as (a) and (b) but for electrons with
μ= 16,000MeV/G,K= 0.11 G1/2RE.K and L* are calculated using TS04 magnetic field model while μ is calculated by locally
measured magnetic field.
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inward radial diffusion, local acceleration, a combination of local acceleration and outward radial diffusion, and a
combination of local acceleration and inward radial diffusion. Figure 6a shows the PSD contour results for storm
2 (left column, 15th to 22nd September) and storm 4 (right column, 14th–20th October) with the threshold chosen
as the 0.5 orders of magnitude from the maximum PSD values. Again, black regions represent areas where neither
RBSP‐A nor ‐B has observations. Figure 6b shows the Kp index, with Kp > 4 shown as red bars to highlight the
disturbed periods. Figure 6c plots the chorus wave amplitudes observed by the Electric and Magnetic Field In-
strument Suite and Integrated Science (EMFISIS) instrument suite (Kletzing et al., 2013). And Figure 6d shows
the plasma density observations by RBSP. Note that the y‐axis for Figures 6c and 6d is L* not L‐shell. Around
20:00 in 16th September and 14th October, RBSP A and B observed strong chorus waves around L* ∼ 4.5–5.5.
Accompanied by extremely low plasma densities (∼10 cm− 3), this creates ideal conditions for electrons to be
accelerated to ultra‐relativistic energies during these disturbed time periods. Clear local peaks in contours of
storm 4 can be found at L*∼ 4.7 (shaded area) after several hours of acceleration (see Figure 6a2). The plot shows
that electron PSD at L* ∼ 4.7 is larger than the chosen threshold, while electron PSD at higher L* (e.g. L* = 5) is
still smaller than the threshold in the shaded period. The shape of the PSD contour is similar as Figure 5g which
suggests local acceleration and subsequent outward radial diffusion. Therefore, it can be inferred that this
enhancement event is dominantly caused by local acceleration at L* ∼ 4.7, and then electrons are transported by
radial diffusion to higher and lower L* regions. For storm 2, PSD contours also have local peaks in the shaded
area. Unfortunately, the local peak has discontinuity and is not as pronounced as during storm 4, possibly due to
the influence of the loss mechanism of ultra‐relativistic electrons.

The PSD contour results for the storm 1 and 3 are shown in Figure 7. The pink dashed lines represent the last
closed drift shell (LCDS). Extremely low plasma densities, and considerable chorus wave amplitudes are
observed before the appearance of the contours by RBSP for each storm. However, while contours in storms 2 and
4 show clearly local peaks and demonstrate that these ultra‐relativistic electrons up to ∼7 MeV are accelerated by
one‐step local acceleration directly, chaotic contours in storm 1 and 3 suggest the efficiency of local acceleration

Figure 5. A schematic illustration of how to form phase space density (PSD) contours around the peak values and of the
contours due to different acceleration mechanisms. To highlight areas around the peak PSD values, (a) first, we find the
maximumPSD value (blue star point) for electrons with a specific μ andK value (e.g., μ= 2,000MeV/G andK= 0.11G1/2RE)
during a recovery phase of a storm; second, (b) plot the area where PSD values larger than thresholds (e.g., larger than the
logarithmic of maximum value subtract 0.5); then, (c) find the maximum value (yellow triangle point) for electrons with
another μ value keeping the same K value (e.g., μ= 5,000 MeV/G and K= 0.11 G1/2RE); finally, (d) highlight the area where
PSD values larger than thresholds. Black regions represent areas where neither RBSP‐A nor ‐B has observations. Reproduced
from Allison and Shprits (2020), ideal contours for inward radial diffusion and local acceleration are shown in (e and f),
respectively. The combination of local acceleration and outward radial diffusion is shown in (g) and local acceleration coupled
with inward radial diffusion in (h).
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maybe not sufficient enough to directly energize electrons to ∼7 MeV or higher energy in some event even with
the presence of considerable chorus wave intensity and low plasma density.

4. Discussion
By analyzing PSD radial profiles and contours of four acceleration events of ultra‐relativistic electrons during
September and October 2017, we provide clear observational evidence that ∼7 MeV electrons could be energized
by one‐step local acceleration. There are still several points that need to be emphasized to make the reader un-
derstand this article better.

First, our study aims to provide the observational evidence that local acceleration could directly energized
electrons up to ∼7 MeV at the center of outer belt (L* ∼ 3–5). It has been suggested that a two‐step scenario is
responsible for the acceleration of MeV electrons, in which both local acceleration and radial diffusion contribute
to the acceleration process. In that case, local acceleration induced by chorus waves is considered as the dominant
mechanism as the illustration shown in Jaynes et al. (2015) (see Figure 1 in their study). However, the acceleration
mechanism for ultra‐relativistic electrons seems different. Although Zhao, Baker, Li, Malaspina, et al. (2019)
proposed a two‐step acceleration process for ultra‐relativistic electrons, they suggest the acceleration mechanism
of ultra‐relativistic electrons is energy‐dependent and emphasize that the radial diffusion is responsible for
∼7 MeV electrons. Their two‐step process aims to describe that radial diffusion is the direct reason of the high
energy electrons (like ∼7 MeV electrons) arise in the L* ∼ 3–5. Local acceleration just provides the source
population for further being energized to ∼7 MeV by radial diffusion. Storms 1 and 3 in our study confirm this
two‐step process in some event where enhancements of ∼7 MeV electrons are energized by radial diffusion and
local acceleration do not directly accelerate electrons up to ∼7 MeV. Meanwhile, storm 2 and 4 demonstrate that

Figure 6. Left column for storm 2 (15th to 22nd September) and right column for storm 4 (14th to 20th October): (a) phase
space density (PSD) contours show the L* extent of PSD values that are within 0.5 orders of magnitude of the maximum PSD
for each μ during the plot period (color coded by μ ranging from 4,000 to 16,000 MeV G− 1). To form the contours, the PSD
values of RBSP twins were binned into 4.5 hr intervals and by 0.1 L*. L* values not sampled by RBSP twins are shown in
black. (b) Kp index. Kp < 4 is shown as black bars and Kp ≥ 4 as red bars to highlight periods of geomagnetic disturbance.
(c) Chorus wave amplitudes and (d) Observation density by RBSP twins. Black regions represent areas where neither RBSP‐
A nor ‐B has observations.
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energetic electrons can be locally accelerated to ultra‐relativistic electrons in some case. One‐step local accel-
eration could directly accelerate electrons up to∼7MeV at the center of outer radiation belt, forming a rising peak
structure of electron PSD. Radial diffusion, as a transport mechanism, redistributes electrons subsequently and
have a minor contribution to the flux enhancement since the radial diffusion coefficient is also elevated during
disturbed times (Ma et al., 2018).

Second, the enhancement process of ultra‐relativistic electrons, especially for∼7MeV, is subject to the efficiency
of local acceleration. The enhancement of electron flux and PSD for ∼7 MeV in storms 2 and 4 which are
dominant by local acceleration is larger than the enhancement in storm 3 dominated by radial diffusion. It shows
that local acceleration could cause stronger acceleration of ultra‐relativistic electrons with increased space
weather risk. Interestingly, there is no significant flux enhancement (>10− 1.5 cm− 2sr− 1s− 1 keV− 1) for the
7.7 MeV electrons from 27th–31st October between L = 3.2–6.0, despite similar conditions mentioned above
(low plasma density, high Kp index, southward IMF BZ, and high solar wind pressure). One possible explanation
is that RBSP did not observe significant chorus waves during this recovery phase of the storm. At the end of
October, only electrons with energies of 1.8 and 3.4MeV (see Figures 1c and 1d) show slight enhancements while
fluxes of >6 MeV electrons are still smaller than background values (see Figures 1e and 1f). We emphasize that
radial diffusion alone could not effectively accelerate electrons to ultra‐relativistic electrons. Local acceleration
induced by wave‐particle interaction plays a major role in the process of electron acceleration and determine the
strength and main energy range of electron enhancement. Radial diffusion, as a transporting mechanism, re-
distributes electrons and usually leads to extra weak enhancement for electrons during the process of inward
diffusion while it also can infrequently produce fast and intense enhancements of ultra‐relativistic electrons under
extreme condition (Jaynes et al., 2018). In a word, acceleration process of ultra‐relativistic electrons is subject to
the efficiency of local acceleration.

Finally, PSD analysis suggests that adiabatic change may plays an important role in the enhancements of ultra‐
relativistic electrons. Moreover, loss mechanisms also could affect the process of acceleration (such as in storm 2,
PSD contours have several gaps which may be caused by loss mechanisms). Further studies in the future need to

Figure 7. Same as Figure 6 but left column for storm 1 (7th to 13th September) and right column for storm 3 (28th September
to 06th October). The pink dashed lines represent the last closed drift shell (LCDS).
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involve multi acceleration, loss, and transport mechanisms to reproduce and predict the evolution of ultra‐
relativistic electrons.

5. Summary
In this study, we report four enhancement events of ultra‐relativistic electrons during four geomagnetic storms in
September and October 2017. Two‐belt structure of ultra‐relativistic electrons is formed during this period. By
analyzing both PSD profiles and PSD contours around the maximum PSD value, our results demonstrate that
enhancements of electrons with ∼7 MeV during the mid‐September and mid‐October are dominated by one‐step
local acceleration directly, with the signature growing local PSD peak being observed across multiple satellite
orbits during the acceleration process. Acceleration process of ultra‐relativistic electrons is subject to the effi-
ciency of local acceleration while radial diffusion could be the direct reason for small enhancements of high
energy electrons with source population providing by inefficiency local acceleration.

Data Availability Statement
Part of the software associated with the manuscript for the calculation of the IRBEM library is available in
Boscher et al. (2013). Flux, density, and wave data of RBSP can be found at RBSP website (https://spdf.gsfc.nasa.
gov/pub/data/rbsp/). The PSD, μ, K, and L* data we produced from the REPT instrument data with 5‐min time
resolution can be found at Guo (2024).
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