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Abstract: We performed a statistical study on the correlation between electromagnetic
Ultra Low Frequency (ULF) waves and the evolution of relativistic electron fluxes in the
outer radiation belt for 3.1 < L* < 6.0 during 101 geomagnetic storms that occurred
between January 2013 and November 2018. We used the Van Allen Probes MagEIS and
REPT instruments to study electron fluxes from 0.47 MeV to 5.2 MeV, and we utilized
magnetic field data from EMFISIS to calculate magnetic field fluctuations parallel and
perpendicular to the background magnetic field direction and obtain the ULF integrated
power between 1 mHz and 10 mHz. We analyzed the data during the following three
different time intervals: the main phase, the recovery phase, and the entire storm. We
computed the Pearson’s correlation coefficient and mutual information score between the
ratio of fluxes before and after each given phase and the total integrated ULF power during
the same time interval. Our results show a significant correlation between ULF wave power
and changes in fluxes of hundreds of keV electrons during the main phase of the storms
and for MeV electrons during the recovery phase of the storms. By studying fluxes at
independent L*, the largest correlations correspond to changes in fluxes before and after
the entire storm and ULF fluctuations parallel to the field, especially for L* < 4.6. We
evaluated the drift resonance frequency for azimuthal wavenumber 1 < m < 10 and found
that for all considered energies and frequencies, the drift resonance with Pc5 ULF waves
may occur in our region of study, which is consistent with the statistical results.

Keywords: ULF waves; geomagnetic storms; relativistic electrons; Van Allen Probes

1. Introduction

The behavior of relativistic electrons in radiation belts is very dynamic. Electron
fluxes in the outer radiation belt can undergo significant changes, varying by several
orders of magnitude in minutes or hours due to interactions between the magnetosphere
and the interplanetary medium. Relativistic electrons of MeV energies can cause damage
to electronic circuits and components of space devices [1-4]. Thus, understanding the
behavior of the radiation belts is important to prevent costly damage to infrastructure.
This is especially relevant considering that satellites play a crucial role in communications,
space weather, research, and others, and that the negative effects of relativistic electrons are
exacerbated during geomagnetic storms [5]. Various physical processes play a fundamental
role in electron evolution and variability as follows: geomagnetic activity [6-9]; the driver
and type of a geomagnetic storm [9-11]; the altitude of the electron population in the
radiation belts [12,13]; and the solar wind speed, density, and magnetic field [14-17], among
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others. Several efforts have been made to understand radiation belt dynamics, mostly using
data measured by spacecraft missions, particularly during geomagnetic storms. The launch
of the Van Allen Probes mission provided in situ information on radiation belts, as its orbits
allowed us to obtain detailed data on parameters such as electron fluxes and wave energy
at different radial distances near magnetic equatorial regions. These measurements have
enabled researchers to analyze the evolution of radiation belt electrons due to different
magnetospheric phenomena [7,18-20].

Outer radiation belt evolution is not easily predictable. Reeves et al. [6] found that the
magnitude of the Dst index is not a determining factor for the evolution of electrons in the
radiation belt, meaning that moderate or strong storms do not necessarily have a significant
impact on the dynamics of relativistic electron fluxes. In addition, they found that 53% of
geomagnetic storms result in an enhancement of relativistic electron fluxes in the outer
radiation belt, 19% result in a depletion of the fluxes, and the remaining 28% of the storms
produce no changes. More recently, Turner et al. [21], using data from the THEMIS mission,
found that 58%, 25%, and 17% of storms result in enhancement, depletion, or no change,
respectively. In addition, Zhao and Li [12], using data from the SAMPEX mission and
considering the L* dependence, found that 40% of storms result in an enhancement, 40%
result in no change, and 20% result in a depletion. Using data measured by the Van Allen
Probes mission, Moya et al. [8] found similar statistical results and showed that the electron
fluxes are distinct for different energies and L* during geomagnetic storms. Turner et al. [9]
also studied this phenomenon and found that electron energies from tens of keV to MeV
evolve differently during storms and that the impact of the driver varies during different
storm phases. On the other hand, Zhao and Li [12] found that the Dst index and the speed
of the solar wind do have an impact on the penetration of electrons into the radiation belt.
Similarly, Kim et al. [16] found that a storm is not necessary for the electrons to evolve.
Recent studies showed that the Auroral Electrojet (AE) index is, in fact, a better predictor
of electron enhancement, regardless of the storm type [22-24]. Part of the complexity in
understanding and predicting electron fluxes comes from the non-linear response of the
belt to external drivers [25-28].

One factor that plays a fundamental role in the outer radiation belt variability corre-
sponds to the waves that propagate through the magnetosphere. Indeed, wave-particle
interactions can efficiently influence the dynamics of the plasma. Several studies have
shown that wave processes are linked to the acceleration of particles in the radiation
belt [29-31]. Simm:s et al. [32] showed that different electron populations are accelerated by
their interaction with chorus waves. Elkington et al. [33] studied the process of drift reso-
nance between ultra-low frequency (ULF) waves and relativistic electrons, and similarly;,
Mager and Klimushkin [34] studied the drift-bounce resonances with Alfvén waves. In this
context, electromagnetic ULF waves in the frequency band between 1 mHz to 100 mHz are
of great interest because they are relevant to the radiation belt dynamics [19,35]. The veloc-
ity of the solar wind can create perturbations in the magnetosphere when it interacts with
the bow shock. This interaction can lead to various phenomena such as Kelvin-Helmholtz
instabilities [36], shock-induced pulses in the magnetosphere [37], and others. These dis-
turbances can cause continuous pulsations in the ULF Pc5 wave range, typically between
1.6 and 6.7 mHz [38]. ULF Pc5 waves generated during geomagnetic storms influence
the ratio of electron fluxes between pre- and post-storm periods [6,39]. These waves can
propagate and resonate with the particles of the radiation belt, in particular, with relativistic
electrons [31,33,40—43]. Thus, the dynamic behavior of the radiation belt is partly controlled
by ULF waves as radial diffusion can energize the electrons [44-46].

Different ULF wave modes, such as toroidal or poloidal relative to the Earth’s magnetic
field, have different resonances and effects on particles at different energies and radial
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distances from the Earth [40,44,47]. Among the variety of electromagnetic waves that can be
excited in the ULF range, the fundamental MHD modes correspond to the fast magnetosonic
compressional mode and the transverse shear Alfvén mode [48]. These modes can interact
and be coupled in the magnetosphere, for example, due to inhomogeneities or temperature
effects [49], and have been found as field-aligned or transverse components of observed
poloidal and toroidal ULF waves in the magnetosphere [42,50-52]. Despite this diversity
of magnetospheric waves and modes, all ULF waves can be described as a superposition
of perpendicular (transverse) and parallel (field-aligned) fluctuations, representing the
shear Alfvén and the fast compressional modes, respectively. In this study, we investigate
wave-particle interactions between relativistic electrons and ULF Pc5 waves in the outer
radiation belt. We use measurements of electrons with energies between 470 keV and
5.2 MeV, within the L* range of 3.1 < L* < 6.0, obtained from NASA’s Van Allen Probes
data. In Section 2, we present a quick overview of the drift-bounce resonance theory.
Section 3, describes the dataset and methodology. In Section 4, we analyze the relationship
between the evolution of electron fluxes in the outer radiation belt and the ULF power for
different phases of geomagnetic storms. Finally, in Section 5 we summarize and discuss
our main results.

2. Theoretical Background: The Drift-Bounce Resonance

Multiple studies have shown that electrons and ULF waves can undergo resonant
wave-particle interactions [33,40,53]. In the case of ULF waves with frequencies between
1 mHz and 10 mHz and relativistic electrons (with drift periods of around 3-10 min for
relativistic and ultra-relativistic energies), the most relevant interaction is the drift-bounce
resonance. Thus, using the drift-bounce resonance condition [53-55] we are able to identify
what wave frequencies resonate with relativistic electrons at different energy levels. In
particular, the drift-bounce resonance condition satisfies the following;:

w — mwy; = Nwy, 1)

where w is the wave angular frequency, wy is the east-west particle’s bounce-averaged
drift rate, and m is the azimuthal wavenumber. Furthermore, wy, is the particle’s bounce
frequency, and N is the number of azimuthal wavelengths the particle drifts in a bounce
cycle. Following Zhu et al. [53], averaging in equatorial pitch angle between 0 and 180°,
the particle’s bounce-averaged drift rate is given by

L* 0.6
wy = 3W2(0.7+), )
qBERE s

with W and g, the relativistic energy and the charge of the electron, respectively. L* is
calculated from the third adiabatic invariant, B is the magnetic field on the Earth’s surface,
and Rg is the Earth’s radius.

In the case of relativistic electrons, the drift period is in the order of minutes, while
the particle’s bounce motion is a few seconds long. Thus, the resonance between these
particles and ULF waves in the Pc5 range is dominated by the drift motion [56], and the
bounce motion may be neglected [53]. Therefore, for simplicity, and following previous
works [33,47,54,55], in Equation (1), we only considered the drift resonance (N = 0).
Regarding the value of the azimuthal wavenumber, m, perturbations in the azimuthal
mode are traditionally associated with toroidal waves with low values for m [57]. Indeed,
Balasis et al. [58] and Elkington et al. [41] have shown that the most important resonant
interactions occur for m < 3. In particular, they observed that m = 1 is dominant during the
recovery phase, and m = 2 and m = 3 are present during the main phase of geomagnetic
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storms. These results are consistent with those obtained by Murphy et al. [47]. Thus, here
we considered m-values between 1 and 10, which correspond to the dominant modulation
for Pc5 waves, relevant for relativistic electrons [43,56]. Finally, it is relevant to mention
that most of the approximations used here correspond to 1D or 2D approximations, and

it has been shown that when 3D modeling ULF waves, the resonant conditions can be
different [59].

3. Instrumentation and Data Analysis

We have analyzed the outer radiation belt using in situ data from the Van Allen Probes
mission [60]. First, using the SYM-H data obtained from the OMNIWeb dataset, we selected
101 geomagnetic storm events between January 2013 and November 2018. We applied a
similar criterion to that described in Moya et al. [8], selecting events where the SYM-H
index was less than —50 nT. Then, the start of a storm is defined by the sharp increase
in the SYM-H index, characteristic of the commencement of a sudden storm, or by the
first noticeable drop in SYM-H. The recovery phase starts after the SYM-H minimum
and ends when the SYM-H has recovered by 80%. A complete list of the geomagnetic
storms can be found in the Supplementary Material. Electron data were obtained from the
Relativistic Electron-Proton Telescope (REPT) [61] and Magnetic Electron Ion Spectrometer
(MaggEIS) [62] instruments of the Energetic Particle, Composition, and Thermal Plasma
(ECT) suite [63] (https:/ /spdf.gsfc.nasa.gov/pub/data/rbsp, accessed on 1 March 2024).
Here we use electron fluxes between 470 keV and 1728 keV from MagEIS (Release 3) and
between 1.8 MeV and 5.2 MeV from the REPT (Release 4) instrument. The electron fluxes
were processed similarly for both MagEIS and ECT-REPT. The 11-s temporal resolution
data were averaged over all pitch angles for fourteen energy channels between 470 keV and
5.2 MeV. We create a pitch angle-averaged flux function J, given by J(E,t) = (J(E, t,&))a,
with E being the energy of the electrons, t the time, and « the pitch angle. We use orbital
segments in the outer radiation belt for 3.1 < L* < 6.0. An example of the satellite’s orbit
and the flux of 1.8 MeV electrons along the trajectory of RBSP-A is shown in Figure 1b,
for a geomagnetic storm that occurred on 27 February 2014. For each energy channel,
the electron data were then binned with temporal and spatial scales of AT = 6 h and
AL* = 0.1, respectively, where all the measurements inside each bin were averaged (linear
values). The binning process aims to minimize the number of gaps in the data, and
AT = 6 h was chosen because it produces gapless data up to L* = 6.0 consistently (for
more information, see Moya et al. [8]). A figure showing how many data points are
contained in each bin for a typical storm can be found in the Supplementary Material. In
our calculations, L* corresponds to Roederer’s generalized L- shell parameter calculated
using the OP77Q model and provided with the ECT data. The adopted L* corresponds
to the Olson-Pfitzer model given for MagEIS and REPT data. Finally, to eliminate any
possible non-physical effects from the satellites, the electron flux data with values below
Jmin = 50 cm 2 571 sr~1 MeV~! were eliminated for all energy channels. This elimination
criterion follows Claudepierre et al. [64] and Moya et al. [8].
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Figure 1. Data obtained from the Van Allen Probes REPT and EMFISIS instruments for the geomag-
netic storm of 27 February 2014. (a) SYM-H index. (b) Orbit of RBSP-A and electron flux for 1.8 MeV.
(c) Magnetic field magnitude. (d) The magnetic ULF wave power with respect to fluctuations parallel
to the background magnetic field. (e) Same as (d) but for perpendicular wave power. (f) Magnetic
field fluctuations for a 20 min interval. (g) The PSD of magnetic field variations: parallel (blue) and
perpendicular (orange) to the background field as a function of the frequency for the period shown
in (f). The dashed black vertical lines indicate the 20 min time interval shown in panel (f), which was
used to build the spectra shown in panel (g). Dashed black horizontal lines represent the range of
wave frequency considered. The blue and green solid lines in panels (d,e) indicate the frequency of
resonance with electrons of 0.9 MeV and 4.2 MeV, respectively.

The magnetic field data were obtained from the Electric and Magnetic Field Instru-
ment Suite and Integrated Science (EMFISIS) [62,65] in Geocentric Solar Magnetospheric
(GSM) coordinates. Figure 1c shows the magnitude of the magnetic field, By, obtained
from EMFISIS along the same trajectory shown in Figure 1b for RBSP-A. To investigate
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the effect of ULF waves on the evolution of relativistic electron fluxes, we computed the
magnetic wave power in the range 1-10 mHz, which includes the Pc5 ULF waves fre-
quency range. This analysis was conducted separately for parallel and perpendicular
fluctuations with respect to the background magnetic field, as depicted in Figure 1de,
respectively. The two horizontal dashed black lines in both panels indicate the frequency
range of interest. To obtain the magnetic wave power, we first calculated the power spectral
density matrices for parallel and perpendicular fluctuations, denoted as PSD| and PSD |,
respectively. To construct these matrices, we consider the frequency f = 1/T where T
is the wave period. To capture the ULF frequency spectrum from 1 mHz to 10 mHz, we
selected time intervals of 1200 s for the magnetic field data obtained by EMFISIS, which
has a time resolution of 4 s. This results in a frequency spectrum between 0.83 mHz and
125 mHz, with steps of 0.83 mHz. These 20 min magnetic field data intervals were shifted
every 6 min to increase the total number of calculations. For each 20 min time series, we
calculated the background magnetic field as By = (B;);, where the subscript i denotes
the time step in the series. Subsequently, we determined the magnetic field variations as
6B; = B; — By = 5§i\| + 0B;, . The parallel and perpendicular components of the magnetic
field variations with respect to the background magnetic field are then calculated as

- ~

6B = (6B;-bo)bo, 0B;1 = (I1—bobo)sB;, 3)

with by = By /|| By|| being the unit vector indicating the mean magnetic direction.

To derive the associated frequency spectrum, we first conducted a detrending process
consisting of the following steps: (i) we computed a linear regression for each component
of the parallel and perpendicular magnetic field variations obtained from Equation (3),
(if) we removed the linear trend lines from each respective 20 min magnetic field data point
6 Ei\l, | . After that, we smoothed out the time series using a Tukey window with a cosine
factor to ensure that the series is periodic and that the edge values are 0. The Tukey window
is defined by a parameter « that controls the proportion of the window where a cosine
transition is applied. When « = 0, the window is completely rectangular, and when a =1,
it is equivalent to a Hann window. We applied this smoothing to 10% of the data, which is
equivalent to 15 data points on each edge. The result of ||§B;|| in this process can be seen
in Figure 1f. With the tapered and detrended magnetic field fluctuation time series, we
computed the Fourier transform on the data. Namely, we calculated gl\ =F (‘5§i|\) and
B, = F(0B;,), corresponding to the parallel and perpendicular magnetic field fluctua-
tions in the Fourier domain. Finally, to obtain the PSD) | matrices (in units of nT?/Hz),
we compute

PSDy, =By ® B} | @)

The spectral magnetic wave power associated with parallel and perpendicular fluc-
tuations is easily calculated as Tr(PSDH, ), where the Tr operator indicates the trace of
a 3 by 3 matrix. It is worth noting that, during maneuvers, RBSP-A and RBSP-B ex-
hibit background resonance noise at 3 mHz, which also affects the signal at 4.2 mHz.
To reduce non-physical phenomena, we filtered out that noise by evaluating the ratio
log(fi)/log(fi—1) and log(fi11)/ log(f;), where f; represents the magnetic wave power at
either 3.3 mHz or 4.2 mHz and f;;1, f;_1 represents magnetic power at immediately higher
or lower frequency steps, respectively. If either of these ratios is higher than 8, we replace
log( f;) with the average of log(f;,1) and log(f;_1). Then, we obtain the log~! of the mean.
An example of this procedure can be seen in Figure 1g, where we present the wave power
for the ULF spectrum of both the parallel and perpendicular fluctuations after removing
the background noise. This example corresponds to the same time period as depicted in



Universe 2025, 11, 151

7 of 19

Figure 1f. Through this methodology, we obtain the magnetic power associated with fre-
quencies between 1 mHz and 10 mHz for parallel and perpendicular fluctuations, sampled
every 6 min. This process is applied over a 10-day period for each geomagnetic storm
considered in this study, allowing us to visualize the energy carried by ULF waves across
all orbital segments. As shown in Figure 1d,e, the increase in wave power within the
ULF frequency range begins with the sudden commencement of the geomagnetic storm,
illustrated in Figure 1a with the SYM-H index.

To study the possible correlations between the dynamics of relativistic electrons and
ULF wave power during storms, we calculate the ULF power for both parallel and perpen-
dicular fluctuations, integrating the corresponding magnetic power spectral density data
within the frequency range from 1 mHz to 10 mHz. Furthermore, we employed the same
binning process as used for electron fluxes, involving the spatial and temporal averaging of
data with respect to L* and time. To do so, we considered AL* = 0.1 and At = 6 h, averaging
the linear ULF power values within each bin. Figure 2 shows an example of the binned ULF
power, as well as electron fluxes for two geomagnetic storms that occurred on 1 March 2013
(left) and 27 February 2014 (right). Figure 2a shows the SYM-H index while Figure 2b,c
present the ULF power for perpendicular and parallel fluctuations, respectively, binned in
time and space. Figure 2d,e,f show the relativistic electron fluxes at energies of 0.7 MeV,
1.8 MeV, and 4.2 MeV, respectively. Figure 2g shows the 1.8 MeV flux integrated over L*
along with the L*-integrated parallel and perpendicular ULF power. In each event, the
following three vertical lines denote key times: the start of the storm (leftmost line), defined
by the sudden increase in the SYM-H index if present or by the first noticeable drop; the
minimum SYM-H index (central line); and the end of the storm, marked by an 80% recovery
in the SYM-H index (rightmost line). The criteria were adopted from Moya et al. [8]. Three
time periods are thus established as follows: the main phase, the recovery phase, and the
entire duration of the storm. For simplicity, the main phase is defined between the start of
the storm and the time of the SYM-H minimum, even though sometimes this includes the
sudden storm commencement phase. The recovery phase is defined between the SYM-H
minimum and the end of the storm, and the entire storm is between the start and end of
the storm. To avoid issues with the binning of the data, main phases shorter than 6 h were
not considered. Similarly, if the recovery of the SYM-H index happened faster than in a
day, the recovery phase is defined to last 24 h.

Figure 2 illustrates the increase and/or decrease of the electron flux, depending on
time and L* for two different storms. The left panel shows an increase in relativistic electron
fluxes, mainly for L* greater than 4.0, across all energy channels during the recovery phase.
The flux increase for lower energies is larger, and the response time differs for each L* and
energy. The enhancement is faster for L* near 5.0 compared to L* between 4 and 5 in the
outer radiation belt. On the other hand, fluxes at L* less than 4.0 experience a depletion.
Similar observations are made for the second storm (right panel). Electron fluxes in the
outer radiation belt primarily experience a depletion for all L*. The SYM-H index, which
reflects the intensity of the storm, shows a moderate (left) and a stronger (right) storm,
consistent with previous studies showing that the evolution of fluxes depends on electron
energy, L*, or storm intensity [6,8,12,13,21]. Additionally, we observe that the variation
in the SYM-H index is similar for different events, with a strong decrease consistent with
Lenz’s law during the main phase. Consequently, the terrestrial magnetic field has a
recovery time that varies for each storm. Furthermore, the ULF panels of Figure 2b,c
show an increase in the occurrence of ULF waves during the storm’s main phase in the
1-10 mHz band. This is corroborated for both storms in Figure 2g. We observe an increase
in L*-integrated ULF power during a geomagnetic storm, while for 1.8 MeV electrons, we
note a decrease in the L*-integrated flux during the storm maximum and then an increase.
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Figure 2. Geomagnetic storms of 1 March 2013 (left) and 27 February 2014 (right). (a) SYM-H index.
(b) ULF power for perpendicular fluctuations. (c¢) ULF power for parallel fluctuations. Both for waves
with frequencies between 1 and 10 mHz. (d—f) Electron fluxes of 0.7 MeV, 1.8 MeV, and 4.2 MeV,
respectively. Flux values below the background level are shown as white regions. (g) L* integrated
electron flux at 1.8 MeV (black), ULF parallel power (red), and ULF perpendicular power (blue).
Black vertical lines represent the start of the storm (left), the SYM-H index minimum (center), and
the end of the recovery phase (right).

After computing and binning the ULF power and electron fluxes, the next step is
studying the correlation between the ULF power and the L*-integrated electron fluxes
(adding fluxes over L* for all the outer radiation belts). The correlations are obtained for
each energy channel using all storms considered for this work and separating for the storm
period. Specifically, for the analysis, we consider a pre-storm period, which considers 24 h
before the storm onset, and a post-storm period, ranging from the end of the recovery phase
up to 96 h thereafter. Thus, we calculated the following correlations for both parallel and
perpendicular fluctuations with log values: (i) the correlation between the L*-integrated
ULF power over the main phase of the storm, hereafter referred to as “Main phase”, and the
ratio of the L*-integrated electron flux at SYM-H minimum and the maximum L*-integrated
electron flux in the pre-storm period; (ii) the correlation between the L*-integrated ULF
power during the recovery phase, which we will refer to as “Recovery phase”, and the ratio
of the maximum L*-integrated electron flux in the post-storm period and the L*-integrated
electron flux at SYM-H minimum; and (iii) the correlation between the L*-integrated ULF
power over the entire storm, from now on referred to as “Entire Storm”, and the ratio
of the maximum L*-integrated electron flux in the post-storm period and the maximum
L*-integrated electron flux in the pre-storm period. These calculations for L*-integrated
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ULF power and L*-integrated electron fluxes ratios were performed for 101 storms. The
correlations are quantified using the Pearson correlation coefficient and the respective
p-values for parallel and perpendicular fluctuations in two cases. First, the correlation
between ULF power and the differential flux, both integrated across all L*; and second, the
L*-integrated ULF power and the differential flux at a given L*.

It is worth noting that this study primarily focuses on the occurrence of ULF waves.
We recognize that numerous other parameters and factors can influence the dynamics of
electron fluxes, but they are not included in our current analysis. For example, the behavior
of relativistic electrons, especially during storm events, involves loss due to magnetopause
shadowing effects; Electromagnetic Ion Cyclotron (EMIC) waves, etc.; and acceleration due
to chorus waves. While these factors are important in understanding the complete picture
of electron dynamics in the radiation belts, they are beyond the scope of our investigation.

4. Results

Figure 3 shows scatter plots of the previously defined flux ratios and the ULF
L*-integrated power for parallel (red) and perpendicular (blue) fluctuations (top: 4.2 MeV;
center: 1.8 MeV; bottom: 0.7 MeV) for the 101 storms considered in this study. With this
information, we calculate the Pearson’s correlation coefficients C between the evolution
of the relativistic electron fluxes and the L*-integrated ULF power during storms. The
dispersion of the data points in Figure 3, the linear regression fits in each panel, and the
correlation coefficients plus the p-values indicate the great variability in the flux responses
and ULF power behavior during geomagnetic storms. From Figure 3, we can notice that for
at least some energies and some phases, the relation between ULF waves and fluxes could
be at least considered to have a linear component, with correlation coefficients getting
closer to 0.5. Based on the appreciation that a linear relationship is worth investigating, we
will perform a more detailed analysis of the correlation between the two studied quantities.
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Figure 3. Ratio of flux evolution and integrated ULF power for each storm phase for the 101 storms
in the study. The figure shows the Main Phase (left), the Recovery Phase (center), and the Entire
Storm (right). The rows correspond to different electron energies as follows: 4.2 MeV (top), 1.8 MeV
(middle), and 0.7 MeV (bottom). The red points correspond to the parallel fluctuations with respect
to the background magnetic field, and the blue points correspond to the perpendicular fluctuations.
Dashed lines correspond to the linear regression fit for each corresponding dataset.
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Figure 4 shows, for all available energy channels, the calculated correlation coefficient
(top rows), and the statistical significance (bottom rows) assessed through the calculation
of the p-value associated with each correlation coefficient. Here we consider p < 0.05 as
the threshold for good statistical significance within a 95% confidence interval. Figure 4
shows that, in general, the statistical trends followed by the correlation concerning parallel
and perpendicular fluctuations are similar, with the difference between them being mostly
about the value of the correlation coefficient and the threshold for significance. During
the Main Phase of storms (Figure 4a), the correlation coefficient is at a maximum for the
lowest energy, and consistently decreases as the energy increases. The peak in correlation
is C = 0.42 for 0.47 MeV electrons and parallel fluctuations and C = 0.24 for 0.47 MeV
particles and perpendicular fluctuations. Moreover, the p-value shows that the results are
statistically significant only for energies <1 MeV and only for parallel fluctuations. During
the Recovery Phase (Figure 4b), we observe the opposite behavior than from the Main
Phase, this is, the lower energy channels present the lowest correlation coefficients and the
lowest statistical significance, but both correlation and significance increase up to the MeV
channels, and remains elevated until the 3.4 MeV channel when then they decrease again.
We observe higher correlations between parallel ULF wave L*-integrated power with a peak
of C = 0.58 for 3.4 MeV electrons, while for perpendicular fluctuations the peak is C = 0.45
for 2.6 MeV electrons. Finally, Figure 4c shows that for the Entire Storm, the correlations
seem to present a somewhat additive behavior, and thus, the correlation remains relatively
constant and moderately high for all energy channels, while the statistical significance is
always high. In this case, the maximum correlation for parallel fluctuations is C ~ 0.51 for
5.2 MeV, while for perpendicular fluctuations is C ~ 0.35 in 5.20 MeV.
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Figure 4. Correlation coefficient (top panels) and p-values (bottom panels) obtained for the compari-
son between integrated ULF power and flux evolution ratio for all considered geomagnetic storms.
Columns correspond to storm phases: Main Phase (a,d), Recovery Phase (b,e), and Entire Storm (c,f).
Red and blue dots indicate parallel and perpendicular fluctuations, respectively. The light blue line
in the bottom panels indicates the 5% p-value threshold (p = 0.05).

To further quantify the correlation between ULF power and changes in the radiation
belt during geomagnetic storms, we repeated the calculation but computed the correlation
coefficient considering individual L* values (within bins with AL* = 0.1) for the ratio of
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electron fluxes, and the ULF power integrated between 4.0 < L* < 6.0. To explore the
possibility that linear regression does not fully capture the connection between the data, we
also calculated a normalized mutual information score. The mutual information coefficient
is calculated as o 5y)

0=k L P 1°g< P (P <y>>
with Py y) corresponding to the joint probability mass function between X and Y and
Px and Py the marginal probability mass functions of X and Y, respectively. The mutual
information score indicates the mutual dependence of the two variables and can capture
non-linear dependence between them. It is a technique that has been used successfully
in many problems in magnetospheric physics [66-70]. However, as the mutual informa-
tion score is not bounded to a maximum value, it can be hard to interpret. To improve
our explainability, we have calculated the normalized mutual information score in the
following way
[(X;Y)

NMI(X,Y) = THORD

where H(X) = I(X; X) can be interpreted as the entropy of X. Figures 5 and 6 present
the correlation coefficients (left) and normalized mutual information scores (right) for
all energy channels and fluctuations parallel and perpendicular to the background field,
respectively. From top to bottom, the figures show the calculated values for the Main Phase
(top), Recovery Phase (center), and Entire Storm (bottom). The contours show the region
in which the p-value is equal to the 5% we are considering as statistically significant. The
regions with p-value < 0.05 and p-value > 0.05 are indicated as they are going to be used
to guide the discussion. It is important to note that the contours of the p-value were also
drawn on top of the right side, showing the normalized mutual information scores as a
visual guide, but a second statistical test was not performed. It can be appreciated that both
Figures 5 and 6 are generally consistent with the findings of Figure 4, but at the same time,
the L* by L* calculation shows a very complex scenario at different energies and locations.
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Figure 5. Correlation coefficient (left) and normalized mutual information score (right) for the
comparison between integrated ULF power for parallel fluctuations and the L-dependent flux evolu-
tion ratio, for all considered geomagnetic storms. Panels show the Main Phase (top), the Recovery
Phase (center), and the Entire Storm (bottom). The contours indicate the regions in which the
p-value = 0.05.

The top panels in Figure 5 confirm that the lower energies are the most correlated with
the integrated wave power during the Main Phase. However, the correlation is significantly
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higher for L* < 4.5 and from energies up to 1.6 MeV at L* = 4.0. For 4.5 < L* < 5.2 there
is a statistically significant anticorrelation for energies between 1.5 and 2.6 MeV. In the
Recovery Phase (middle panels), we observe positive correlations throughout the entire
region for most energy channels. Remarkably, there is a very high statistical significance
for most of the regions in which the fluxes are highly correlated. The maximum correlation
coefficient values are around C = 0.6 — 0.65 at L* ~ 5.5 for E ~ 4.2 MeV. Additionally,
we observe C values around C = 0.58 — 0.6 for L* ~ 3.8 for energies lower than ~ 1 MeV.
It is also clear that the correlations for the lower energies at the heart of the belt and
at the highest energies, particularly around the borders of the system are very low, or
slightly negative, but with poor statistical significance. When considering the Entire Storm
(bottom panels), the “additive” effect mentioned earlier seems to be in effect again, and
the majority of the obtained results are highly significant with a relatively high correlation.
The maximum significant correlation coefficient is C ~ 0.65 for 0.6 MeV at L* ~ 3.8. For
L* < 4.6, we obtain C > 0.47, particularly for energies larger than 2.6 MeV. The normalized
mutual information (NMI) scores are consistent in showing that the regions with the highest
correlations correspond to the regions with the highest NMI scores. For example, for the
Main Phase, the NMI indicates that the region of positive correlation, lower energy channels,
and 3.0 < L* < 5.0 are the ones that contain the most information. Similar results are seen
for the Recovery Phase and Entire Storm. It is interesting also that both the correlation and
NMI scores are relatively low in the regions we are considering as “statistically relevant”.
This could be interpreted as an indication that a connection between ULF Power and fluxes
exists but is subtle and cannot be easily identified as linear or non-linear.
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Figure 6. Correlation coefficient (left) and normalized mutual information score (right) for compari-
son between ULF power for perpendicular fluctuations and the flux evolution ratio, for all considered
geomagnetic storms. Panels show the Main Phase (top), the Recovery Phase (center), and the Entire
Storm (bottom). The contours indicate the regions in which the p-value = 0.05.

In the case of perpendicular fluctuations, at first sight, Figure 6 follows the same
structure as Figure 5 but with some key differences worth noting. During the Main Phase
(top row), we observe a similar region of high correlation at low L* and low energy
channels with a peak of C = 0.47 at L* = 3.5 for 0.47 MeV. However, there is a very strong
anticorrelation for most energy channels as L* increases (peak C = —0.36 at L* = 5.2
in E = 1.73 MeV). It is not unreasonable to think that this opposite behavior at smaller
or larger L* values is, in part, affecting the results in Figure 4, where fluxes are less
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correlated with perpendicular fluctuations than with parallel fluctuations. During the
Recovery Phase (middle row), the results are in agreement with Figure 5, indicating that
both parallel and perpendicular ULF power correlate similarly with the electron fluxes
across the same energies and L*. For perpendicular fluctuations, we found the highest
values of C = 0.57 at L* ~ 6.0 and slightly lower for most of the energy channels. Finally,
when considering the Entire Storm event (bottom row), again we observe that the effects
from the Main Phase and Recovery Phase tend to add to each other, in this case resulting
in a highly correlated region for L* < 4.5, with a peak of C = 0.55 for energies lower
than 1.8 MeV. The normalized mutual information (NMI) scores in this case again seem to
highlight the statistically significant regions of the plot with the highest correlations as the
ones containing more mutual information. Perhaps the most striking difference between
Figures 5 and 6 is that the perpendicular fluctuations show a stronger NMI score in the
energies E > 1.5 MeV and the region L* > 5.2, which is not as clearly captured by the
correlation coefficient. It is perhaps in this region where we could maybe consider that
some non-linear connection exists between ULF waves and fluxes that could be further
explored in the future. This is despite the NMI being relatively low and comparable to the
scores shown for parallel fluctuations.

5. Discussion and Conclusions

We have performed a statistical study of the correlation between the integrated ULF
power between 1 mHz and 10 mHz and the evolution of the relativistic electron fluxes in
the outer radiation belt during different phases of a geomagnetic storm, determined by
the ratio of the fluxes at different stages of each storm. The three different time intervals
analyzed were the main phase of the storm, where we calculated the ratio between the
fluxes at the time when SYM-H minimum occurred and the maximum fluxes pre-storm; the
recovery phase of the storm, where we calculated the ratio between the maximum fluxes
at the end of the recovery phase and the fluxes at the time of SYM-H minimum; and the
entire storm, with the ratio considering the maximum fluxes at the end of the recovery
phase versus the maximum fluxes pre-storm. Our data set contained 101 storms between
1 January 2013 and 30 November 2018. We separated the waves between fluctuations
parallel and perpendicular to the background magnetic field to study differences in the
correlations associated with the different oscillation modes. By using the Van Allen Probes
ECT data, particularly the MagEIS and REPT instruments, we were able to study the energy
range between 470 keV and 5.2 MeV.

It is important to note that in this work, we considered all storms, regardless of
whether they resulted in a general increase or decrease in electron fluxes for different
phases, and therefore, it is expected that the correlation coefficients are somewhat reduced
by the multitude of processes occurring during each storm event. This is further reinforced
by the normalized mutual information score, which tends to indicate some connection
between the studied quantities that is likely real but subtle. Moreover, we include all
storms, regardless of whether there was a preconditioning of the belt with abnormally
elevated or reduced fluxes. Still, Figures 3 and 4 show that a correlation exists between the
integrated ULF power and the dynamics of the outer radiation belt for most studied energy
channels. In particular, Figure 4 shows that when considering the entire duration of the
storms, there is a high correlation in most energy channels for parallel fluctuations and a
slightly lower correlation, that is also relatively similar across channels, for perpendicular
fluctuations. Interestingly, the relatively constant correlation coefficient across energy
channels seems to be the result of some additive influence from the evolution of the outer
belt during the Main Phase and the Recovery Phase. During the Main Phase of the storm,
the correlation is the highest for the lowest energy channel, and it decreases as energy
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increases with a shift to anticorrelation for E > 1 MeV. The correlation at low energies could
be associated with a strong inward radial diffusion during storm main phase, while the
anticorrelation at high energies could be associated with outward radial diffusion and losses
to the magnetopause [71,72]. The caveat in our results is that the anticorrelation for higher
energy channels is of low statistical significance. In contrast, during the Recovery Phase, the
correlation coefficient increases as the energy increases, and for energies above 0.75 MeV, it
is statistically sound. A possible explanation for this behavior during the different phases
of the storm is the fact that lower energy channels can respond faster to abrupt changes,
such as those seen during the Main Phase, while during the Recovery Phase, the ongoing
energization processes tend to affect more consistently the higher energies, in which case, a
correlation with ULF activity is likely to be important, as we know that ULF activity can
lead to energization. It is important to mention that the results are also consistent with
the two-step acceleration process of radiation belt electrons [29,73,74]. In Figure 4, for all
the correlations that can be considered significant (i.e., the p-value is lower than 5%), it is
consistently found that the ULF power associated with parallel oscillations correlates better
with the rate of flux changes than the ULF power associated with perpendicular oscillations.
As parallel fluctuations correspond to the compressional component of ULF waves [50],
these results are in agreement with previously reported drift resonance wave—particle
interactions between radiation belt electrons and compressional toroidal waves [42].

Figures 5 and 6 present an expanded view of the same correlation analysis. Here, we
compared the integrated ULF wave power calculated for all outer radiation belts with the
rate of change of the electrons at each L*, with AL* = 0.1 and for 3.1 < L* < 6.0. Figure 5
presents the correlation coefficients and NMI score for variations parallel to the background
field and Figure 6 for variations perpendicular to the background field. When observing the
results of the Main Phase, there is some similarity in the way the different wave modes affect
the inner region of the belt (L* < 4.5) at low energies, which corresponds to the region with
the highest correlation, but there is also a striking difference in the external region of the belt
(L* > 4.5) at higher energies E > 1.06 MeV, where the perpendicular fluctuations show a
stronger anti-correlation. This behavior could be attributed to quick energization processes
and the overpopulation of particles resulting from mechanisms such as radial transport
at low energies and the efficient removal processes that affect the outer belt during the
main phase of a storm. The results are consistent with the enhancement for radial diffusion
in the perpendicular case [40,43,47]. In the regions with low statistical significance, the
fast response to the geomagnetic storm and other factors might be influencing the lack
of significant correlations. In the case of perpendicular fluctuations, it is plausible that
they could contribute to a decrease in the electron flux, which could further impact the
observed correlations. Furthermore, if we examine the results reported by Pinto et al. [17],
electrons at larger L values may experience a depletion in flux during the main phase of a
geomagnetic storm.

The results of the Recovery Phase for Figures 5 and 6 are relatively similar, but with
higher correlations found for parallel fluctuations. This suggests that fluctuations generated
by ULF waves could play an essential role in the increase of electron fluxes during the
recovery phase of a geomagnetic storm, except for lower energies (0.47-0.75 MeV) or at
very high energies. The perpendicular fluctuations show one of the highest NMI scores
in the region L* > 5.0 and energies E > 1.5 MeV , which could be indicative of some
non-linear behavior being more important than the linear correlation shows. The resonance
between the ULF waves and particles could be one of the reasons for these observed
results. These findings suggest that the resonance between ULF waves and electrons
could be an important physical process in driving changes in the flux of the radiation belt
during a geomagnetic storm. It is likely that this mechanism violates the third adiabatic



Universe 2025, 11, 151

15 of 19

invariant and subsequently drives radial diffusion [75]. That being said, it is imperative to
emphasize that our study is focused on global-scale interactions, taking into account the
substantial time of wave propagation required to effectively resonate with particles in the
region. As mentioned earlier, the Entire Storm analysis behaves as if the Main Phase and
Recovery Phase were added, and as such, presents stronger correlations. An unusual result
is obtained for perpendicular fluctuations, where the strong anticorrelation for L* > 4.5
during the Main Phase and a strong correlation in the same region during the Recovery
Phase cancel out during the Entire Storm, resulting in most of the region L* > 4.5 not
correlating at all between fluxes and ULF integrated perpendicular power.

To assess the possibility that significant correlations indicate resonant interactions,
Figure 7 evaluates Equation (1) for N = 0 (drift resonance) and small values of the az-
imuthal wavenumber (m = 1, 3, 5, and 10), expected for toroidal ULF waves [76]. Colored
lines correspond to resonant frequencies as a function of L* for different energies. Each
panel includes a black square indicating resonances within our interest zone of drift res-
onance between ULF waves, with frequencies between 1 and 10 mHz, and relativistic
electrons in the outer radiation belt at 4 < L* < 6.0. Results show that, in general, higher
energy particles can resonate with higher frequency waves. Inside the interest zone, multi-
MeV electrons may resonate with less than 10 mHz ULF waves only for m = 1 (top left
panel in the figure). On the contrary, hundreds of keV electrons may undergo drift reso-
nance only for a larger m value (bottom right panel). In addition, ~1 MeV electrons may
resonate with ULF waves for intermediate values of the azimuthal wavenumber (m = 3, 5).
In summary, for all considered energies, our results indicate that the drift resonance with
less than 10 mHz ULF waves may occur in the interest zone.
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Figure 7. Wave—-particle drift resonance. Evaluation of Equations (1) and (2) for N = 0, and four
choices of m as a function of L* for all considered energy channels. Black lines indicate resonances
within our interest zone of ULF waves interacting with relativistic electrons in the outer radiation belt.

As our study was of broad scope, considering every geomagnetic storm despite
its electron flux outcome, further analysis and investigation are necessary to deepen our
understanding of the specific mechanisms and processes involved in the resonance between
ULF waves and electrons and how they contribute to the changes observed in the radiation
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belt during geomagnetic storms. For example, including the experimental m-value could
be helpful to find out what type of waves are interacting with the electrons and to detail
the resonant interaction in each geomagnetic storm in the analysis. Additionally, it seems
reasonable to think that, particularly in narrow L* bands, a study of the evolution of the
phase space density of the electrons could yield better results in determining the effect
ULF waves may have on the electron populations. Overall, our findings highlight the
complex nature of the relationship between ULF waves and electron flux behavior within
the radiation belt. Further studies considering more parameters could clarify these results,
improve the possible correlation between physical processes and the dynamics of the
radiation belts during storms, and even prove a causal relationship. We expect to further
explore these ideas, broaden the frequency spectrum, study the types of precursors, and
correlate with the evolution of the SYM-H index, AE, among others.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390 /universe11050151/s1, Table S1: List of geomagnetic storms
between 17 January 2013 and 5 November 2018 including their minimum SYM-H index; Figure S2:
The number of data points that typically go into each bin for the electron fluxes.
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