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Key Points:

« Intense chorus waves (power > 10~% nT?) mitigate main phase loss of outer ra-
diation belt (L* = 4 — 6) relativistic electrons (E > 0.5 MeV)

 Loss mitigation from chorus waves is most effective at L* = 4.5 in the energy range
1.1 — 2.6 MeV during storm main phase (-0.5 < t < 0 day)

« Amount of lower energy (keV) electrons determines the consequences of the in-
tense chorus waves on the relativistic electron population
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Abstract

We investigate the effects of intense chorus waves (wave power > 10~ nT?) on relativis-
tic electrons (E > 0.5 MeV) in the heart of the outer radiation belt (L* = 4 — 6) using
superposed epoch approach. Combining electron flux and electromagnetic wave measure-
ments from 70 geomagnetic storms during the Van Allen Probes mission, we show the
relationship between integrated chorus wave power (0.1 — 0.8 equatorial electron gyrofre-
quency) and changes in relativistic electron flux on two hour timescales. During the loss-
dominated storm main phase (Superposed Epoch 0.5 to 0 days), intense chorus waves
mitigate the net loss of relativistic electrons. Conversely, in the early recovery phase (Su-
perposed epoch 0 to 0.5 days), flux increases across a range of relativistic energies re-
gardless of chorus wave power. The amount of electron flux at keV energies appears to
have an influence on the consequences of chorus wave activity during geomagnetic storms.

Plain Language Summary

The Earth’s radiation belt fluxes may vary by several orders of magnitude during
periods of high geomagnetic activity. One of the candidates responsible for the rapid ac-
celeration of electrons in the radiation belts is whistler-mode chorus waves. In this ar-
ticle, we investigate the effects of an intense population of the chorus waves on the rel-
ativistic electrons. Although the intense chorus waves are usually associated with ener-
gisation of the relativistic electrons, our results show that during geomagnetic storms
they appear to mitigate loss processes that would otherwise occur in their absence. We
also reveal the surprising result that when the radiation belts are enhanced in later times
during geomagnetic storms, the amount of high energy electrons appears to increase re-
gardless of whether the wave activity is high or low. We look at changes in the number
of electrons at slightly lower energies and show that these electrons help to determine
the consequences of intense chorus waves on the amount of high energy relativistic elec-
trons. This new research provides critical insights into the chorus-driven wave-particle
interactions that must be incorporated into models to study the complex dynamics of
the radiation belts.

1 Introduction

Earth’s outer radiation belt is a torus-shaped region filled with trapped charged parti-
cles between ~2 — 7 Rg. This is a highly dynamic region maintained by a competing
balance between different acceleration, transport, and loss processes (Reeves et al., 2003;
Baker et al., 2004; Summers et al., 2004; Hudson et al., 2008; J. Li et al., 2019; Ripoll
et al., 2020; Lejosne et al., 2022). The study of this region is important to the space sci-
ence community as our modern society has become increasingly reliant on space-based
technologies. Sudden flux enhancements during geomagnetically active periods can dam-
age electronic systems onboard satellites orbiting in this region of space which in some
cases leads to total loss (Baker et al., 1997, 2018; Horne et al., 2013). The prediction of
catastrophic events and the response of the radiation belts that lead to such events are
therefore necessary to mitigate space weather hazards.

An immediate question that arises regarding the radiation belt variability is how intense
the space radiation can get during periods of strong geomagnetic activity. In 1966, Ken-
nel and Petschek suggested that there exists an upper limit to which the outer radiation
belt electron fluxes can grow after which the fluxes get capped through the process of
wave-particle interaction with whistler-mode waves (Kennel & Petschek, 1966). In the
Kennel-Petschek (KP) paradigm, once the fluxes of the source population (~10 — 100
keV) electrons reach close to or exceed a theoretical limit, whistler-mode wave growth
becomes sufficiently strong. The waves then rapidly scatter electrons into the loss cone,
thereby restricting the fluxes close to the theoretical limit. Recently, using 7 years of Van
Allen Probe data, Olifer et al. (2021) and Chakraborty et al. (2022) provided direct ob-
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servational evidence of this flux limitation process. Chakraborty et al. (2022) reported

a distinct intense chorus wave population that is generated during the main phase of ge-
omagnetic storms in the heart of the outer radiation belt. This intense wave population
has wave power 2 — 3 orders of magnitude larger than typical wave amplitudes and leads
to the capping of the flux of tens of keV electrons. However, this study was limited to

an examination of the ~10s of keV electrons which was not sufficient to provide a com-
plete overview of the impact of the intense chorus waves on the outer radiation belt elec-
tron dynamics.

In this article, we study the effect of the short-lived intense chorus wave population on
relativistic electrons (> 0.5 MeV). For this study, we use electron flux and electromag-
netic wave measurements from the twin Van Allen Probes during 70 isolated geomag-
netic storms spanning the Van Allen Probe era (2012 — 2019). By calculating the in-
tegrated wave power and fractional changes of electron fluxes in the energy range 0.75

— 3.4 MeV, we statistically demonstrate the role of the intense chorus waves in the rel-
ativistic electron dynamics on two-hour timescales. Our results show that the waves that
are generated to limit the flux of tens of keV electrons through the KP paradigm sequen-
tially interact with higher energy electrons, and mitigate the loss processes effective in
the outer radiation belt during the storm main phase (half a day before minimum Dst).
During the early recovery phase (half a day after minimum Dst), the chorus waves are
found to be less effective. In particular, flux increases after minimum Dst do not show

a significant correlation with locally observed intense chorus wave power at least on two-
hour timescales.

2 Data and Methodology

In this study, we examine trapped electron flux and electromagnetic wave measurements
from the twin Van Allen Probes. We use the Level 3 pitch angle-resolved electron fluxes
measured by the Magnetic Electron Ion Spectrometer (MagEIS) and Relativistic Electron-
Proton Telescope (REPT), which are parts of the Energetic Particle, Composition, and
Thermal Plasma (ECT) Suite (Baker et al., 2013; Blake et al., 2013; Spence et al., 2013).
We consider 70 isolated geomagnetic storms during the entire Van Allen Probe era; the
selection criteria and list can be found in Olifer et al. (2021) and Chakraborty et al. (2022).
We take measurements from both Van Allen Probes and interpolate the measured flux
with 2 hours of time resolution at specific L* values. Next, we calculate the fractional

flux change of electrons using the formula:

_ flux(t; 4+ 1) — flux(ty)
Afluz(t;)% = Flua () x 100% (1)

where flux(t;) and flux(t; + 1) are the interpolated electron fluxes at two consecutive
times. We calculate the electron fluxes and fractional change of electron fluxes for each
storm event and then use superposed epoch analysis to determine the medians and in-
terquartile ranges (IQRs). The storm epoch (Ty) is defined as the time of minimum Dst
(t = 0) (Turner et al., 2019).

To calculate the integrated chorus wave power, we use wave magnetic field power spec-
tral density (PSD) measurements from the Electric and Magnetic Field Instrument Suite
and Integrated Science (EMFISIS) (Kletzing et al., 2013) with a time resolution of 6 sec-
onds over 65 logarithmically spaced frequency bins from 1 Hz to 12 kHz. From the mag-
netic field PSD, chorus waves are identified using the following criteria as used in sev-
eral studies (Bingham et al., 2018; Hartley et al., 2015, 2016, 2019, 2023; W. Li et al.,
2014; Wang et al., 2019; Malaspina et al., 2020): (1) the PSD is > 10~ nT?/Hz, (2) the
waves are observed outside the plasmapause, defined here as density n. below 30 #/cm3
(see Ripoll et al. (2022)), and (3) the waves have planarity and ellipticity > 0.5 (Santolik
et al., 2002, 2003). After identification of the chorus waves, the integrated wave power
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(Pen) is calculated within the frequency range 0.1 — 0.8 f.. (f.. being the equatorial elec-
tron gyrofrequency). The temporal profile of integrated chorus wave power at specific

L* is constructed for each storm event in a manner similar to the electron flux changes:
P, observations from both probes are interpolated with a 2-hour time resolution. When
no chorus waves are observed, P, is filled by 1078 nT? representing an approximate noise
floor. Finally, superposed epoch analysis is performed to determine the medians and IQRs
of chorus wave power.

3 Results

Figure 1 demonstrates the statistical behavior of (al) total and (a2) split chorus wave
power, (b1) background plasma electron number density, and (c1 — gl, ¢2 — g2) fractional
changes in electron flux across a range of energies (0.75 — 3.4 MeV). Panels (al — gl) in
the left column show the variations over a time span of + 3 days, while panels (a2, ¢2

— g2) in the right column show the variations over a time span of £+ 1 day relative to storm
epoch (Tp). The medians/IQRs of all observations in the analysis are shown using black
symbols. In the right-hand column, we split observations by chorus wave power and show
observations with intense chorus waves (P., > 10~* nT?) in red symbols and observa-
tions with weaker chorus waves (P, < 10~* nT?) in blue symbols. Figure 1 shows ob-
servations obtained for 4.45 < L* < 4.55 and 0 < MLT < 12. The same analysis at L*
=4 4 0.05, 5 + 0.05, and 5.5 £ 0.05 are provided in the supplementary material (Fig-
ures S1 — S3).

First, let us focus on the statistical results derived from all the events (Figure 1 panels

al — gl). The wave behavior for the three days before and after the storm (Figure 1 panel
al) was originally demonstrated in Chakraborty et al. (2022) and displays dramatic en-
hancements above background levels starting from one day prior to Ty. The power then
peaks at t = T and remains elevated above normal levels for at least one day after T.
The background electron number density (Figure 1 panel bl) is very variable across all
pre-storm phases but systematically decreases during the day before Ty. The median num-
ber density reaches a minimum of a tenth of pre-storm levels at Ty where there is much
less variation between storms (i.e., a reduced IQR). The number density at L* = 4.5 re-
mains depressed at n, ~ 10 #/cc for ~ 2 days after the storm, recovering slowly toward
pre-storm levels.

For all energy channels from 0.75 — 3.4 MeV (Figure 1 panels cl — gl), during the pe-

riod Ty — 3 < t < Ty — 0.5 days, there is a pattern of very small fractional changes in

the flux and fractional increases are seen as often as fractional decreases (i.e., the me-

dian is near zero with small IQRs). During the period Tg — 0.5 < t < Ty days, there are
much larger changes, with more positive than negative changes in the lowest energy chan-
nel (panel cl), and more negative than positive changes in the higher energy channels
(panels el — gl). During the period Ty < t < Ty + 1 days, more positive fractional changes
are seen than negative changes across all energies (panels ¢l — gl). After Tg + 1 days,
across all energy channels, there are no large fractional changes in electron flux.

In the right-hand column of Figure 1 (panels ¢2 — g2), we present statistical results af-
ter splitting events by chorus wave power. The most significant differences in behavior
for different wave intensities occur in the period Ty — 0.5 < t < Ty days, although there
are some differences at other times. During the period Ty — 0.5 < t < Ty days, where
the chorus wave power is weak (blue symbols), the fractional changes in flux across all
energy channels are much more likely to be negative than positive. Where chorus wave
power is intense (red symbols), fractional changes in flux are more likely to be positive
than negative for low energies 0.75 — 1 MeV (panels ¢2 and d2), or equally likely to be
positive or negative for higher energies 1.8 — 3.4 MeV (panels €2 — g2). A similar pre-
sentation of observations at other L* ranges (Figures S1 — S3) reveals similar behavior
to that seen in Figure 1, although the effect is most pronounced at L* = 4.5.
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Figure 1. Superposed epoch analysis of (al) integrated chorus wave power (0.1 — 0.8 fee),
(bl) background plasma electron number density n. (#/cm?®), and fractional change of trapped
electron fluxes of (c1) 0.75 MeV and (d1) 1.1 MeV electrons from the MagEIS instrument, and
(el) 1.8 MeV, (f1) 2.6 MeV and (gl) 3.4 MeV electrons from the REPT instrument at L* = 4.5
=+ 0.05 and 0 — 12 MLT during £ 3 days around epoch day 0. Panels (a2) and (c2 — g2) show
corresponding variations in the integrated chorus wave power and fractional changes in electron
fluxes during 4+ 1 day around epoch day 0 splitting the total power in two ranges. The red data
points correspond to events during which the integrated chorus wave power exceeded 10™% nT?,
while the blue data points correspond to events during which the integrated chorus wave power
remained low and did not exceed 10™% nT2. In each panel, the median and interquartile ranges
are plotted as a function of superposed epoch days. The vertical dashed line in each panel de-

notes storm time epoch which corresponds to the time of storm maximum (minimum SYM-H).
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Changes in flux during the period immediately prior to Ty appear to be ordered by wave
power on two-hour timescales, motivating us to study this parameter in more detail. Fig-
ure 2 specifically relates the strength of the chorus waves directly to fractional changes
in electron flux at each energy during four phases of geomagnetic storms defined as (i)
pre-storm phase: Tp —3 < t < T¢ — 0.5 days (column 1); (ii) main phase: Ty — 0.5 <

t < Ty days (column 2); (iii) early recovery phase: Ty < t < Tg + 0.5 days (column 3);
and (iv) late recovery phase: Ty + 0.5 < t < Ty + 3 days (column 4). Here, the storm
phases are defined based on the wave activity, viz., the main and early recovery phases
encompass periods during which the integrated chorus wave power tends to be high, and
the pre-storm and late recovery phases encompass periods during which the integrated
chorus power tends to be low. As in Figure 1, the data shown in Figure 2 are for 4.45

< L* < 4.55 and 0 < MLT < 12. The same analysis at other L* values are provided in
the supplementary material (Figures S4 — S6). In all of these figures, the top row indi-
cates the number of observations in each wave power bin with a bin width of 0.5 in the
base-10 log of the wave power. The following five rows show the medians and IQRs of
fractional flux changes in each energy channel corresponding to each wave power bin. The
colorbar at the right denotes the median fractional flux changes, where red indicates an
increase in the flux, white indicates no/small flux changes, and blue indicates a decrease
in the flux.

In the pre-storm phase (column 1), the electron fluxes do not vary significantly when the
wave power is low, i.e., the medians of fractional changes in electron fluxes stay close to
zero with small IQRs. As wave power increases, flux variations are still mostly balanced
around zero (the horizontal dotted line) for low energies (panels e and i), whereas at the
higher energies (panels m, ¢, and u), the medians exhibit negative values (~ —20 to ~
—30%) for higher wave power indicating decreases in trapped fluxes. The occurrence dis-
tribution of waves (panel a) shows that there is a very low occurrence of high-power waves
during this period, but those that do exist are associated with trapped flux decreases for
1.8 < E <34 MeV.

In the main phase (column 2), when wave power is low, the medians of fractional change
of fluxes at all energies exhibit negative values denoting decreases in fluxes, with greater
decreases (~ —50%) at higher energies. As wave power increases, the medians of frac-
tional changes gradually shift to higher values. Electrons with energies in the range 1.1
— 2.6 MeV (panels j, n, r) show a systematic variation in fractional changes with wave
power. At these energies, as wave power increases, the medians of the fractional changes
exhibit a progressive increase toward positive/zero values. At lower and higher energies,
the correlation is weaker (panels f and v). The occurrence distribution of wave power
(panel b) during this period further shows a high occurrence rate of high power waves,
centered around ~ 10~% nT2. Therefore, the results suggest that the presence of high-
power chorus waves during the main phase of geomagnetic storms which is otherwise loss-
dominated at relativistic energies leads to a reduction in the level of loss across this en-
ergy range.

In the early recovery phase (column 3), the medians and lower quartiles of fractional flux
changes exhibit positive values denoting increment in fluxes. Possible losses are not only
mitigated as in the main phase, there now is a supply of electrons, possibly from cho-
rus acceleration. We see continuity from the main to early recovery phases, with a grad-
ual change from negative to positive fractional flux changes. The correlation with inte-
grated chorus wave power is not as strong as in the main phase, though waves with P,
> 10~% nT? are associated with slightly larger fractional increases in flux at all energies.

In the late recovery phase (column 4), fluxes don’t show any significant variations with
the chorus wave power, i.e., the medians of fractional flux changes stay close to zero with
small IQRs for E = 0.75 and 1.1 MeV. Ounly at the higher energies (panels p, t and x)
do we see a change in the medians of the fractional flux changes with chorus wave power.
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Figure 2. Correlation between integrated chorus wave power and fractional change of electron
fluxes during four phases of geomagnetic storms: pre-storm phase (—3 < Epoch day < —0.5),
main phase (—0.5 < Epoch day < 0), early recovery phase (—0 < Epoch day < 0.5), and late
recovery phase (0.5 < Epoch day < 3) at L* = 4.5 £ 0.05 and 0 — 12 MLT. Panels (a — d) show
the number of observations in each wave power bin during the four storm phases. Panels (e —

x) show the medians and interquartile ranges. The colorbar at the right denotes the fractional
changes in electron fluxes, where red indicates a positive change, white indicates no/a small

change, and blue indicates a negative change.

Where wave power is intense (P, > 107* nT?), there are significant positive changes
with wave power.

A similar analysis at other L* ranges (Figures S4 — S6) reveals similar behavior, although
the effect is most pronounced at L* = 4.5, reconfirming the findings from Figure 1. Fig-
ure 2 demonstrates new interesting relationships: (i) in the pre-storm phase, at energies
> 1.8 MeV, there is a weak relationship between higher chorus wave power and nega-
tive fractional flux changes, (ii) in the storm main phase, and especially for 1.1 < E <
2.6 MeV, there is a strong indication that increasing chorus wave power mitigates the
large flux decreases that would otherwise occur in the absence of high chorus wave power,
(iil) in the early recovery phase, fractional increases in flux occur across all energies with
no strong dependence on the chorus wave power and (iv) in the late recovery phase, for
1.8 < E < 3.4 MeV, there is a relationship between chorus wave power and fractional
increases in flux, especially for higher values of chorus wave power.
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4 Discussion

Previously, Chakraborty et al. (2022) demonstrated that intense chorus waves occur dur-
ing the main phase and early recovery phase of the storm only once the electron flux of
tens to hundreds of keV electrons reach or exceeds the threshold identified by Kennel
and Petschek (1966). In this paper, we demonstrate that intense chorus waves seen dur-
ing geomagnetic storms are important not only for their role in limiting the flux of tens
to hundreds of keV electrons but also for changing the response of the trapped relativis-
tic electrons during the storm.

The strongest effect seen in the statistical analysis of the observations is that during the
main phase of the storm (To — 0.5 < t < T days) the presence of intense chorus waves
mitigates the reduction in trapped electron fluxes across a range of different energies (0.75
< E < 2.6 MeV) in the outer radiation belt (4 < L* < 6). Strong reductions in flux in
the main phase occur when intense chorus waves are absent (see second column of Fig-
ure 2). However, during this phase, if intense chorus waves are present, they result in
significantly smaller decreases in flux, or even small increases in flux, over shorter two-
hour periods. Note that the power of chorus waves during this storm phase is highly vari-
able (see the variability in Figure 1 panel 1a, and the histogram in Figure 2b), and so
the overall outcome of the storm main phase remains electron dropout (e.g. Morley et

al. (2010); Turner et al. (2014); Murphy et al. (2018)). The depth in flux of the dropout
may be controlled by the presence or lack of intense chorus waves.

Conversely, periods of enhancements in relativistic electron flux in the early recovery phase,
which are accompanied by intense chorus waves (see Figure 1 panel al), do not appear

to have a strong relationship with chorus wave power. In particular, we see positive frac-
tional flux changes occurring at very low chorus power. We must therefore conclude that
other processes have a stronger influence on radiation belt enhancements during the early
recovery phase of storms. For example, the statistical analysis of Murphy et al. (2018)
indicates that radial diffusion may be related to increases in flux in storm recovery phases
because of a strong association with the amplitude of ULF waves in the magnetosphere.
Our results demonstrate the lack of a strong or obvious contribution by intense chorus
waves during early recovery phase, even though chorus waves are likely to be seen dur-
ing this period (see Figure 1 panel al).

In the discussion to follow, we will consider increases and decreases in electron flux over
a wider range of energies in order to explain our findings, in addition to three essential
criteria required for chorus-driven acceleration to be effective:

1. Abundance of the source electron population (tens of keV) that generates the cho-
rus waves and seed electron population (hundreds of keV) that are in turn accel-
erated by the chorus waves to relativistic energies. The absence of any of these
elements in the radiation belts ceases the acceleration process (Jaynes et al., 2015).

2. Abundance of high wave power, which Chakraborty et al. (2022) demonstrates is
a result of low-energy fluxes (item 1 above) exceeding the threshold identified by
Kennel and Petschek (1966).

3. A low background plasma density that creates a preferential condition for the lo-
cal diffusive acceleration of electrons from hundreds of keV to several MeV (Allison
et al., 2021).

Figure 3 summarizes the three essential criteria described above for effective chorus-driven
acceleration. Panels (a — d) show the superposed epoch analyses of fractional flux changes

at energies spanning the source, seed, and relativistic electron populations (30 keV — 4.5
MeV) at four specific L* ranges. The colorbar at the right indicates the median values

of fractional flux changes in each energy bin, where red indicates a positive change (ac-
celeration /energization), blue indicates a negative change (loss), and white indicates no/small
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change in trapped fluxes. Contour lines for 20% and 40% increase/decrease in flux are
shown with solid black lines to highlight periods of significant flux variations. There are
four important points to note from panels (a — d): (i) At all L* ranges, the significant

flux variations (increase/decrease) happen mostly within epoch day +0.5, with a notice-
able time delay from the lowest to the highest energies. This indicates that increases in
electron flux in a particular energy bin occur only when electron flux in a lower energy

bin has also started increasing. (ii) The source electron population exhibits an initial strong
acceleration followed by a loss, and the seed electron population exhibits a strong accel-
eration followed by no/small flux variations. For the relativistic electron population, sub-
MeV electron fluxes exhibit an increase followed by a gradual decrease to the pre-storm
flux levels. The long duration of this loss (gradual negative fractional flux from 100 to

800 keV) and the fact that it is more statistically visible at low L* than at higher L* (i.e.,
more in the plasmasphere) concur to suggest that this loss is whistler-mode hiss driven
following the recovering and expanding plasmasphere after the storm (Ripoll et al., 2019;
Pierrard et al., 2021). Above 1 MeV electron fluxes exhibit an initial loss followed by strong
acceleration. (iii) The switch from loss to acceleration of > MeV electrons happens at
epoch day 0 at all L* ranges when the chorus waves are at their peak. (iv) A complete
sequential strong acceleration from the lowest to the highest energies happens only at

L* = 4.5. (c.f. Figure 3 in Murphy et al. (2018) which shows a similar pattern in a dif-
ferent coordinate system that lacks distinction in L*).

The above points considered alongside criterion (1) suggest why intense chorus wave-driven
acceleration is effective during the storm main phase (Tg — 0.5 < t < T days), but not
effective during the early recovery phase (Tg < t < Ty 4 0.5 days). During the main
phase, fluxes of the source electron population (tens of keV) increase significantly which
can be attributed to fresh injection of electrons at these energies by storm-triggered sub-
storm activities. As the fluxes of these electrons increase and exceed the Kennel-Petschek
threshold, intense chorus waves are generated and scatter the electrons into the loss cone
to deplete the excess electrons and maintain the fluxes close to the threshold (Chakraborty
et al., 2022). This marks the loss phase of the source electron population in the early
recovery phase. For the seed population (100s of keV), fluxes never cross the Kennel-Petschek
threshold. Instead, fluxes are typically saturated at the threshold (Olifer et al., 2021),
which marks the no/small flux variation phase after Ty. Looking now at MeV energies,

the main phase (T — 0.5 < t < Ty days) is marked by significant reductions in flux that
appear to be independent of the acceleration at lower energies. As demonstrated in Fig-
ure 2, the intense chorus waves generated when the source population exceeds the Kennel-
Petschek threshold act to mitigate this independent loss process. During the recovery
phase (Tg < t < Ty + 0.5 days), although there are intense chorus waves, the seed pop-
ulation is decreasing or constant, thus removing an important criterion for chorus-driven
acceleration to continue to higher energies.

Throughout the study, we see that effects are most pronounced at L* = 4.5. To demon-
strate why this is the case, panels (e) and (f) of Figure 3 show the radial profiles (me-
dians and IQRs) of integrated chorus wave power and background plasma density at three
specific epochs: epoch day — 0.5 (blue), epoch day 0 (black), and epoch day 0.5 (red).

In panels (a — d), the three vertical dashed lines correspond to the specific epochs at which
the radial profiles are plotted. Panel (e) shows that the radial profile of integrated cho-
rus wave power at epoch days —0.5 (blue) and 0.5 (red) exhibit a monotonic increase to-
wards larger L* values, indicating that higher power waves exist at outer radial distances
during these epochs. On the contrary, at epoch day 0 (black), the radial profile is found
to peak at L* = 4.5. In addition, at this epoch, the wave power is ~2 — 3 orders of mag-
nitude higher than those during the other two epochs at almost all the L* ranges. In the
supporting document, we have provided a movie showing the evolution of the radial pro-
file of the integrated chorus wave power during the period Tg — 0.5 < t < T¢ 4+ 0.5. The
movie clearly shows the peak of the wave power to shift towards L* = 4.5 during Ty —

0.5 < t < Ty days, and then return back to pre-storm profiles during Ty < t < Ty +
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Figure 3. Superposed epoch analyses of fractional change of fluxes of electrons in the energy
range 30 keV to 4.2 MeV at (a) L™ =4, (b) L™ = 4.5, (¢) L" = 5, and (d) L* = 5.5. The colorbar
at the right denotes the median value of fraction flux changes in each energy bin, where red indi-
cates a positive change (increase/acceleration), blue indicates a negative change (decrease/loss),
and white indicates no/small change in flux. Contour lines for 20% and 40% increase/decrease
in flux are included in panels (a — d) to highlight periods of significant flux changes. The three
dashed vertical lines in panels (a — d) indicate the times at which radial profiles of integrated
chorus wave power (nT?) in logarithmic scale and background plasma density n. (#/cm?®) are
plotted in panels (e) and (f) respectively. Medians and interquartile ranges of wave power and
plasma density are plotted as a function of L* at three epoch days within the storm main phase:
epoch day —0.5 (blue), epoch day 0 (black), and epoch day 0.5 (red).
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0.5 days. The background plasma density is also found to be significantly lower during
epoch day 0 (median of n. ~ 10/cm?®) at L* = 4.5 (panel f), compared to lower L* ranges,
while at higher L* ranges, the difference between the background plasma density at dif-
ferent epochs is negligible. Thus, combining results from panels (e) and (f) and crite-

ria (2) and (3), we found that the integrated chorus wave power increases by 2 — 3 or-
ders of magnitude at epoch day 0 peaking at L* = 4.5. In addition, the plasma density

at this epoch at L* = 4.5 is also considerably low, thereby favoring the chorus-driven ac-
celeration to be effective, thus corroborating the findings from Figures 1 and 2.

These results demonstrate that there are a number of key physical factors that should
be included in radiation belt models in order to reproduce the effects of intense chorus
waves during geomagnetic storms, both to capture their effects on relativistic electrons
in the main phase, and also to prevent the observed intense chorus waves resulting in
too much energisation during the early recovery phase:

1. Intense chorus waves are rare in the Van Allen Probe record, and models of wave
activity should be built using algorithms that accommodate the uneven sampling
of rare large values (e.g. Chu et al. (2023)). Models could be parameterised by the
proximity of 10-100s keV flux to the Kennel-Petschek threshold.

2. The electron density that feeds into diffusion coefficient models should include the
reduction in number density observed in storms (see e.g. Fig 2, Watt et al. (2021)).

3. Energy-boundary flux models must incorporate appropriate limiting or reduction
in the seed population flux in the early recovery phase to ensure that a realistic
model of the chorus wave amplitudes during storms (see point 1) does not result
in too much enhancement of flux at relativistic energies.

5 Conclusion

In this study, we demonstrate the effects of intense large-amplitude whistler-mode cho-
rus waves on the relativistic electrons in the heart of the outer radiation belt. Using a
statistical analysis of 70 geomagnetic storms, we specifically study the fractional increases
and decreases of relativistic electron flux and compare these to the strength of the cho-
rus waves during different phases of storms. Our results show that intense chorus waves,
which have wave powers ~2 — 3 orders of magnitude larger than the ambient waves, af-
fect electrons predominantly in the main phase and particularly in the energy range 1.1

— 2.6 MeV in the outer radiation belt (L* = 4 — 5.5). The acceleration resulting from
chorus wave-particle interaction balances out significant decreases in relativistic electron
flux during the storm main phase that otherwise occurs when the intense chorus waves
are absent. Intriguingly, during the early recovery phase where intense chorus waves are
equally likely to exist, enhancements in relativistic electron flux appear to be not strongly
dependent on the strength of the chorus. During the early recovery phase, when the 10

— 100 keV seed population is limited by the effects predicted by Kennel and Petschek
(1966), further acceleration by the intense chorus waves gets limited. Enhancements in
relativistic electron flux during the early recovery phase must therefore be attributed to
other radiation belt processes.

6 Open Research

The data used for this study are publicly available. The electron fluxes and electromag-
netic wave data from the Van Allen Probes used in this study are available at the web-
sites http://emfisis.physics.uiowa.edu/Flight/ for EMFISIS, and https://rbsp

-ect.newmexicoconsortium.org/rbsp_ect.php for ECT.
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