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Abstract A statistical survey using 3 years of Van Allen Probes data from 2013 to 2015 is conducted to
investigate the impact of broadband kinetic Alfvén waves (KAWSs) on the pitch angle distributions (PADs) of
relativistic electrons. 62 events exhibiting distinct KAW signatures, identified when other wave modes known
to generate butterfly distributions were absent, are examined along with the corresponding PADs of electrons.
The results reveal a relationship between the spectral energy density of KAWs and PAD of relativistic electrons,
with butterfly PAD features becoming more pronounced and showing larger dip-sizes as the spectral energy
density of KAWs increases, particularly for electrons in 0.5-3.4 MeV energy range. At these times the
magnetopause sub-solar stand-off distance renders magnetopause shadowing an unlikely formation mechanism.
This suggests the interaction of relativistic electrons with broadband KAWs could be a significant mechanism,
alongside drift-shell splitting, contributing to the formation of butterfly PADs in the night-side outer radiation
belt of Earth.

Plain Language Summary The pitch angle distribution (PAD) of electrons serves as a valuable
proxy for understanding the dynamics of Earth's radiation belts, with different distributions linked to distinct
physical phenomena. Butterfly pitch angle distributions, characterized by flux minima at 90° and enhanced flux
at off-equatorial pitch angles, are typically associated with drift-shell splitting and magnetopause shadowing in
the outer radiation belt, as well as acceleration by magnetosonic and chorus waves in the radiation belt. In this
study, we present new findings on the relationship between broadband kinetic Alfvén waves (KAWSs) and
butterfly PADs of relativistic electrons, a connection that has not been explored previously. The simultaneous
occurrence of broadband KAWs and butterfly PADs suggests a correlation between the two. Specifically, the
spectral energy density of KAWSs appears to influence the PAD of energetic electrons, with more pronounced
butterfly distributions observed at higher KAW spectral energy densities. This study proposes that broadband
KAWSs may be a significant factor in modulating butterfly PADs of relativistic electrons, alongside other
electromagnetic waves investigated to date.

1. Introduction

Butterfly pitch angle distributions (PADs) are characterized by a depression in particle flux around 90° pitch
angle, with enhanced flux at off-equatorial pitch angles (Fritz et al., 2003; Liu et al., 2020; West, 1966; West
et al., 1973; Zhao et al., 2014a). Observations suggest that there are two distinct types of butterfly distributions:
one with flux maxima at 35 + 5°and the other at 65 + 5° (Nietal., 2016; Ozeke et al., 2022). In time-pitch angle
spectrograms, these distributions can take on various shapes, such as bowl-shaped, box-shaped, or a combination
of the two (Klida & Fritz, 2009, 2013). Butterfly PADs exhibit strong dependencies on energy, L-shell, and
magnetic local time (MLT), showing short-term variations lasting for hours as well as long-term variations over
days (Ni et al., 2020; Turner et al., 2012). Butterfly PADs have been observed in various magnetospheric regions,
including the dayside magnetosphere, magnetotail, outer radiation belt, inner radiation belt, and slot regions
(Klida & Fritz, 2009; Ni et al., 2016; Ozeke et al., 2022; Xiong et al., 2017; Yu et al., 2023; Zhao et al., 2014b). On
the nightside, these distributions are predominantly observed at higher L-shells (>5 Ry), while on the dayside,
they are more prevalent at lower L-shells (Ni et al., 2016). In the inner radiation belt, butterfly PADs are
persistent, whereas in the slot region, their occurrence strongly depends on geomagnetic activity, appearing
predominantly during active geomagnetic periods (Zhao et al., 2014b).

Butterfly PADs of electrons can form through various mechanisms. One significant factor is asymmetries in the
geomagnetic field that cause pitch-angle dependent adiabatic distortions of energetic electron drift paths via drift
shell splitting (Schulz & Lanzerotti, 1974). These magnetic asymmetries may be in the form of day-night
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distortions of geomagnetic field arising from the interaction between the magnetosphere and solar wind (Roe-
derer, 1967), substorm driven magnetic distortions due to local plasma injections (Xiong et al., 2017) or due to
contracting dipolarization fronts during geomagnetic storms (Yu et al., 2023) among other possible scenarios. If
the magnetopause is compressed during geomagnetically active conditions, electrons at large pitch-angles can be
lost to interplanetary space, leading to the formation of magnetospheric butterfly PADs (Fritz et al., 2003; Klida &
Fritz, 2009, 2013; Roederer, 1967; Roederer & Schulz, 1969, 1971; Xiang et al., 2018; Xiao et al., 2015).
However, for sufficiently large radial gradients in phase space density butterfly PADs in the distorted
geomagnetic field may be formed due to the action of drift shell splitting alone (Selesnick & Blake, 2002).

More recently, non-adiabatic processes involving small scale distortions of the geomagnetic field (Artemyev
et al., 2015) and interactions with whistler and magnetosonic waves have been suggested as formation mecha-
nisms for butterfly PADS (Haas et al., 2023; Horne et al., 2005; Li et al., 2016; Ni et al., 2020; Xiao et al., 2015).
These mechanisms may account for the occurrence of butterfly PADs deep inside the inner magnetosphere and
during geomagnetically quiet conditions when drift shell splitting may be suppressed. On the other hand, the
prevalence of butterfly PADs through pre-midnight to dawn (~20 — 04 MLT) sector (Ni et al., 2016; Ozeke
et al., 2022) aligns well with kinetic Alfvén waves (KAWs) (Chaston et al., 2015), suggesting a potential link
between these phenomena. This association is supported by numerical models for diffusion in Alfvénic turbu-
lence (Chaston, 2023), which indicate that KAW:s drive significant pitch-angle dependent diffusion both across L-
shells and through pitch-angle. These considerations warrant further investigation to better understand the
relationship between KAWs and butterfly PADs from direct observation.

In this study, we analyze 3 years of Van Allen Probes (VAPs) data, spanning 2013-2015, identifying intervals
where KAWs are observed when no other wave modes known to drive butterfly PADs are present, to investigate
the relationship between these waves and the PADs of energetic electrons in the outer radiation belt. This paper is
organized as follows: The data sets and event selection criteria are described in Section 2. A case study example is
presented in Section 3. The results of the statistical investigation are provided in Section 4. A discussion of the
findings relative to drift shell splitting and KAW scattering is then given in Section 5, followed by the conclusions
in Section 6.

2. Event Selection

KAW events are identified by eye from an examination of VAPs survey mode electromagnetic field measure-
ments provided by the EMFISIS (Kletzing et al., 2013) and EFW instruments (Wygant et al., 2013) over the years
2013-2015, in which broadband electromagnetic fluctuations with decreasing spectral energy density over the
range from ~0.1 — 10 Hz (ULF-ELF range) were present but band-limited and higher frequency emissions (e.g.,
chorus, EMICWs and magnetosonic waves) at frequencies extending up to 10 kHz were absent. The duration of
each event was defined by the length of the interval over which the broadband ELF fluctuations were observed.
This approximately corresponds to a threshold of ~10~* (mV/m)*/Hz at 10 Hz in the electric field component
returned by the EFW survey plots (https://rbsp.space.umn.edu/survey/—see Figure S1 in Supporting Informa-
tion S1) and 10~ (mV/m)*/Hz and 1072 nT?/Hz at 0.1 Hz from the FFT of the spin plane time series data in E
and flux-gate magnetometer (FGM) B as shown in Figures 1b and 1c. For electron pitch angles with energies
ranging from 50 keV to 1 MeV, data from the Magnetic Electron Ion Spectrometer (MagEIS), which provides
measurements at 11 pitch angle intervals, are used (Blake et al., 2013). For higher-energy electrons, ranging from
1 to 20 MeV, measurements from the Relativistic Electron Proton Telescope (REPT), with data provided at 17
pitch angle intervals, are included (Baker et al., 2012). Additionally, solar wind parameters with a 1-min time
resolution are obtained from the OMNI database (NASA/GSFC, OMNIWeb, https://omniweb.gsfc.nasa.gov/).
Only events where signatures of KAWs were present and those wave modes that have previously been identified
as drivers of butterfly distributions were absent, are included in the statistical analysis. This approach allows us to
isolate and study the specific effects of broadband KAWSs on the PADs of radiation belt electrons. Please note that
the selection of these events is independent of the energetic electron measurements.

3. Case Study KAW Example

Figure 1 presents a representative KAW event recorded on 6 May 2013, from 07:00 to 11:00 UT, during which
VAPs A traveled from L-shell 5-6. A broadband spectrum as a function of spacecraft (SC) frame frequency (ﬁL)
is observed in the X655z and Yyg5e components of the magnetic and electric fields, respectively, as shown in
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Figure 1. Kinetic Alfvén wave event from RBSP A when traveling from L-shell 5-6 on 6 May 2013 from 07:00 to 11:00 UT.
Panel (a) SYM H and Auroral Electrojet indices. Spectrogram of (b) x-component of magnetic field and (c) z-component of
electric field in MGSE-coordinates. Pitch angle distribution of electrons with energies (d) 32, (e) 80, (f) 108, (g) 184, (h) 226,
(1) 470, (j) 597, (k) 749, (1) 909 keV, (m) 1.8, (n) 2.6, (0) 3.4, and (p) 4.2 MeV. Panel (q) represents the dip size plotted against
time for the 1.8 MeV energy channel. Finally, magnetic local time (hours) and L-shell (in Rg) is plotted in panel (r).

Figures 1b and 1c. Here X,,5¢ aligns with the SC spin axis, which is approximately Sun directed. The Y55z and
Zyicse lie within the SC spin plane, oriented roughly along the Y and Z-GSE directions (Russell, 1971). These
broadband features often occur following injections of energized plasma, as indicated by the Auroral Electrojet
(AE) index, even though the SYM-H index reflects quiet conditions (Figure 1a), reaching barely —5 nT. Notably,
the wave energy density decreases with increasing wave frequency, and the wave signatures extend to higher
frequencies in the electric field compared to the magnetic field. Figures 1c—1p display color-coded differential
fluxes of electrons as a function of pitch angle and time, with electron energies ranging from 33 keV to 4.2 MeV,
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Figure 2. Shows (a) magnetic spectral energy density (black curve) fitted with a power law (blue line), (b) electric field
spectral energy density, and (c) the ratio of E,/B, (black curve) fitted with the linear impedance relation of kinetic Alfvén
waves (red curve). Appearance of noise floor is marked in purple.

as indicated on the respective panels. These measurements are obtained from the MagEIS and REPT instruments
onboard VAPs. The data reveal that lower-energy electrons exhibit a pancake distribution (having peak flux
around 90°). As the electron energy increases, the distribution transitions to a butterfly distribution, first appearing
at an energy of 226 keV. The butterfly PADs becomes increasingly pronounced with electron energies up to
2.6 MeV. Beyond this energy, the butterfly distribution begins to distort and eventually disappears at higher
electron energies. The difference in electron flux, hereafter referred to as the dip size [DS
= (Max Flux — Flux, oy°)/Flux, op-], is plotted as a function of time for the 1.8 MeV energy channel in
Figure 1q. The plot reveals that the DS closely follows the evolution of the spectral energy density shown in
Figures 1b and 1c. Figure 1r shows the corresponding MLT and L-shell values during the event.

To facilitate mode identification of the fluctuations shown in Figures 1b and lc, the averaged spectrum in these
fields are evaluated as presented in Figures 2a and 2b as a function of f;.. It can be seen that both the electric and
magnetic field components follow similar trends. A fit to the magnetic field spectra (¢,) returns a power law
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varying as €, fszz‘og, as shown in Figure 2a in blue. This result is in agreement with the statistical results from
Chaston et al. (2015) over a similar frequency range. Additionally, the spectral energy density ratio (E,/B,) is
fitted with the linear impedance relation for KAWs as described by (Barik et al., 2019, 2024; Chaston et al., 2015;
Lysak & Lotko, 1996; Stasiewicz et al., 2000)

2
1+ @,/ )2 V) )
f

\/ﬂom:nt

Here, B, represents the total ambient magnetic field and p, denotes the permeability of free space. w,, is the
measured wave frequency in the spacecraft frame, while Q; = (‘1‘73_0) represents the angular ion cyclotron fre-

quency, with g; and m; denoting the charge, and mass of ions, respectively. Furthermore, V;, and V represent ion
thermal speed and flow speed in the spacecraft frame, respectively. We set n; and V;/ V to be the free parameters
with Vy = By/y[ugm;n; the Alfvén speed. It is worth noting that the finite electron temperature is not included in
the KAW impedance relation used here because in this environment 7; > T,. Following the studies by Chaston
et al. (2012, 2014) and Malaspina et al. (2015), since k; >k for KAWSs, we can approximate k = k; which
implies V4 > w/k with o < Q; the wave frequency in the plasma frame. For oscillations on scales of the order of
thermal ion gyro-radii and less, and flow speeds during events of this type, @, is dominated by k, V allowing the
magnitude of &, to be estimated as w,./V; in Equation 1. In Figure 2c, the black curve represents the observed
impedance spectrum, while the red curve shows the fit of Equation 1 demonstrating consistency with the
interpretation of the wave fields as a Doppler-shifted spectrum of broadband KAWs up to f,. ~# 5 — 6Hz. The fit
provides n; & 2.0 cm™3 and vlf = 4.0 in agreement with earlier results (Chaston et al., 2014), in the same general

plasma environment. Beyond 5-6 Hz in f;. the digitization noise floor of the FGM measurement is encountered
(Kletzing et al., 2013) and the impedance measurement rendered invalid. This floor is marked with purple color
line in Figures 2a and 2c.

4. KAW Statistics and Butterfly PADs

Over the period from 2013 to 2015 we have identified 62 similar events from VAPs A. This is the subset of KAW
events reported over this interval (Chaston et al., 2015) in which those wave modes in the outer radiation belt that
classically drive the modification of energetic electron PADs (Blum & Breneman, 2020) are absent. Figure 3a
shows the central location of each event in our survey in MLT and L-shell. While each event is represented here
by a single point it should be noted that these events often persist for hours along VAPs trajectories outside the
plasmapause, corresponding to more than an hour in local time on this plot. Most events are distributed over L-
shell 5-6.5 within the outer radiation belt and are located over MLT 19-02, with predominant occurrence in the
pre-midnight sector. This subset replicates similar MLT and L-shell distributions reported by Chaston
et al. (2015).

As represented in Figure 2a, a key characteristic of KAW spectra are magnetic spectral energy densities that
follow power laws formulated as e, = Af,.“. The consistency of this form allows the whole spectrum to be
characterized by measurements of ¢, at a single f;. for a known value of a (Chaston et al., 2015). We exploit this
characteristic here to quantify the spectral energy density present in KAWs in each event in our survey by
measuring ¢, at those f;,. corresponding to k; p; = 1, noting that @ & 2 across all events. The translation from f. to
k, p; is performed using fits of Equation 1 to the observed impedance ratio in the manner performed in Figure 2¢
and more broadly in Chaston et al. (2015). This results in a database of single valued spectral energy densities
representative of each wave event that can be compared to variations in the coincident particle distributions within
each event and across the database.

To perform these comparisons, we average the differential energy flux measured from the REPT and MagEIS
instruments in each energy bin as a function of pitch-angle over each event. In performing this reduction, the
REPT data is down-sampled in pitch-angle to match the resolution of the MagEIS fluxes. These average PADs are
then sorted into bins defined by the spectral energy density range of four logarithmically spaced levels of KAW
activity. The range of these bins is selected to provide sufficient statistics in each bin and can be related to AE and
Dst via the empirical relationships defined in Chaston et al. (2015) and to SYM-H in Figure 4b to be discussed in
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Figure 3. Shows (a) occurrence of the events as a function of magnetic local time and L-shell and (b) bar plot showing the
distribution of number of events for each spectral energy density bin. The distribution of electron flux (normalized to the
minimum flux at 90°) against the pitch angle for four spectral energy density bins of kinetic Alfvén waves having mean value
as (c) 3.42 x 10~* nT?/Hz, (d) 4.82 x 10~ nT?/Hz, (e) 3.84 x 102 nT?/Hz, and (f) 0.444 nT?/Hz, respectively. The
horizontal red dashed line at a normalized flux value of 1 serves as the baseline for identifying the butterfly pitch angle
distributions.

the next section. Note that no time averaging occurs during this process, so no event is emphasized more than the
other. Figure 3b shows the histogram of events in each of these bins and the central magnetic spectral energy of
each. The corresponding averaged PADs are presented in Figures 3¢c—3f over the range 0° to 180° for each wave
spectral energy bin. To avoid overcrowding, not all energy channels are shown. Note that the PADs corre-
sponding to energy channels 356, 595 keV, and 2.1 MeV not shown here, follow the similar pattern. These fluxes
are normalized by that at 90° with the title of each panel specifying the corresponding KAW central spectral
energy density. A horizontal red dashed line at a normalized flux value of 1 acts as a reference, aiding in the
identification of butterfly distributions. Distributions providing double peak flux maxima roughly symmetric
about 90° and above this reference line are classified as butterfly distributions.
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Figure 4. Shows (a) the variation of dip size (DS) with spectral energy density for different electron energy ranges, the standard deviation is plotted as error bars. A
detailed figure illustrating the distribution of DS across each spectral energy density bin is provided in Figure S2 in Supporting Information S1. Variation of (b) SYM H
index and the solar-wind dynamic pressure for event number mentioned on abscissa and (c) the sub-solar stand-off distance and the event location L* value in Rg
corresponding to these events.
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Inspection of these panels indicates that as the KAW spectral energy density increases, there is a tendency toward
the formation and intensification of butterfly distributions. Notably, some energy ranges initially lacking a
butterfly distribution at lower spectral densities begin to display this form at higher spectral densities. For
example, PADs of electrons with energies from 235 keV to 3.4 MeV show a butterfly distribution at the first
spectral energy density bin of 3.42 x 10™* nT?/Hz, whereas higher-energy electrons do not exhibit this pattern.
When the KAW spectral energy density rises by an order of magnitude in the second bin (i.e.,
4.82 x 1073 nT?/Hz), 42 MeV electrons begin to display a butterfly distribution. Higher-energy electrons
require even larger spectral densities to develop butterfly PADs. In this study, the PADs of 6.3 MeV electrons
only show butterfly distributions at the fourth bin, with a KAW spectral energy density of 0.444 nT?/Hz. These
observations suggest that higher spectral energy densities of KAWs are necessary for the highest energy electrons
sampled to exhibit butterfly characteristics in their PADs.

To further investigate the dependency of electron PAD driven by KAWs, Figure 4a presents the normalized
statistical variation of the difference between the differential electron flux on the “wings” of the observed but-
terfly PADS to that measured at a pitch-angle of 90° as a function of spectral energy at k; p; = 1. The spectral
energy density bins are the same as those used in the preparation of Figure 3. The 3 curves shown correspond to
log-normal averages performed over energy ranges we label as “energetic” (blue, 200-500 keV), “relativistic”
(red, 0.5-1.0 MeV), and “ultra-relativistic” (orange, 1.8-3.4 MeV) roughly following the classification of
Drozdov et al. (2015) and Usanova et al. (2014). Note that the DS is computed for each event separately, and the
statistics are based on the distribution of these values across all events in the corresponding energy categories. As
a result, the representation of the DS is based on the statistical distribution of events, not the time-averaged data.
Since each event in the data set has its own duration, the statistical analysis is based on the number of events in
each energy range, rather than the length of individual events, thereby excludes time averaging. The error bars
represent the standard deviation of the log-normal distribution describing the distribution of DS values in each
bin. To enhance clarity, successive energy curves are offset by a factor of 1.1 in spectral energy density.

Inherent to the dependencies presented in Figure 4a is uncertainty in the time history of interaction along drift
orbits through the inhomogeneous geomagnetic field. We shall address the consequences of the distorted field in
the subsequent section, but acknowledge here that these considerations mean that a simple monotonic relationship
between DS and spectral energy is not necessarily expected. Nonetheless, dependencies do emerge in these trends
consistent with the action of KAWs. First, the DS generally increases with energy across all spectral density
energy bins. This is an expected consequence of the action of KAWSs for which pitch-angle diffusion coefficients
increase with energy through the observed range (Chaston, 2023). As per the numerical model (Chaston, 2023),
the diffusive time scale of MeV electrons is as short as 100 s, while the wave lasts up to hours. Consequently,
electrons that spend tens of seconds per MLT hour can undergo multiple drift orbits and repeatedly interact with
KAWs. Second, with the exception of those distributions compiled during the strongest KAW events, there is a
general increase in DS with spectral energy density that is manifested through both the log-normal averages in
each spectral energy bin and the width of the DS distributions represented here by the error bars. Given the
uncertainty in the time-history the latter is perhaps the stronger indicator of the action of KAWs. The apparent
aberration in this trend for the largest spectral energy densities may be a consequence of reduced statistics in the
higher energy ranges for large ¢, and reduced interaction times since the largest spectral energy densities are
generally recorded in the early phases of a geomagnetic storm or general disturbance of the magnetosphere
(Chaston et al., 2015).

5. Drift Shell Splitting and KAW Scattering

The KAW events and coincident electron distributions considered in this statistical analysis are observed in the
absence of those modes shown previously to promote the formation of butterfly distributions (Blum & Brene-
man, 2020; Haas et al., 2023; Horne et al., 2005; Li et al., 2016; Ni et al., 2020; Xiao et al., 2015). While we cannot
exclude the occurrence of these modes along an entire electron drift path their absence in our survey renders the
case for their involvement perhaps less compelling than that of the KAWs which are observed over extended
regions in local time and L-shell through the events considered. On the other hand, since the majority of selected
wave events occur during intervals of enhanced geomagnetic activity, distortions of Earth's dipolar field can be
expected to provide pitch-angle dependent drift paths that drive the formation of butterfly PADs on gradients in
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phase space density across L-shells and/or via losses at large pitch-angle through a compressed magnetopause
(magnetopause shadowing) (Smirnov et al., 2022; Turner et al., 2019; Zhao et al., 2018).

To illustrate the connection between these events and geomagnetic activity, Figure 4b shows the variation in
SYM-H values (blue asterisks) and the solar-wind dynamic pressure (red stars) across the event sequence. The
plot shows that a significant proportion of events align with periods of active geomagnetic conditions. To assess
whether the observed butterfly PADs in these events may result from magnetopause shadowing, the sub-solar
standoff distance of the magnetopause during each wave event is estimated using Shue's model (Shue
et al., 1997, 1998), which is expressed as follows:

rp = {10.22 + 1.29anh[0.184(B. + 8.14)]} (D,)%". )

The parameters B, and D,, in Equation 2 represent the z-component of the interplanetary magnetic field (IM F BZ)
and the solar wind dynamic pressure, respectively. The 1 min time resolution data for the periods of the events
were obtained from the OMNI database, and subsequently smoothed by a 5 min running average window for the
analysis. The results of this analysis are presented in Figure 4c. The sub-solar standoff distance of the magne-
topause, calculated using Equation 2, is marked by red stars in Figure 4c, while the locations of the wave events
(L* values) are indicated by blue asterisks and both are plotted against event's number. The figure shows that, in
most cases, the magnetopause is located well beyond 8 Rp of Earth's surface, whereas the KAW associated
butterfly PAD events consistently occur within L* = 6 Ry. Given the correspondingly large displacement be-
tween the location of PAD observation and the magnetopause we suggest that it is unlikely that the butterfly
distributions observed in our survey are a consequence losses through the magnetopause except in the most
extreme cases.

While pitch-angle scattering in alternate wave modes and magnetopause shadowing may be less likely formation
mechanisms for the butterfly PADs reported here, drift-shell splitting on negative phase space density gradients
that exist over the L-shell range of our survey may be expected to form PADs similar to those we report (Selesnick
& Blake, 2002; Turner et al., 2019). Our observations however suggest that this may not be the only mechanism
active in forming these PADS. We note that every KAW event in our survey is coincident with MeV butterfly
PADs and that the observed wave-fields extend over a significant fraction of a drift orbit. It may be expected then
that a scattering process is also active in forming these distributions because it has been demonstrated that KAWs
act to violate the invariants that govern the formation of butterfly PADs via the shell splitting process (Chas-
ton, 2023; Chaston et al., 2018). While a quantitative demonstration goes beyond what can be achieved here the
timescales for radial diffusion for observed KAW wave spectra on these L-shells is less than the drift period at
radiation belt energies of 0.5-3.4 MeV and peaked at intermediate pitch angles. Much like drift shell splitting, the
consequent transport can be expected to modulate PADs dependent on the radial gradients in phase density. On
the other hand, pitch-angle diffusion coefficients in these waves through the outer radiation belt maximize at 90°
with strong gradients in these coefficients with decreasing pitch-angle. The wave particle interaction is the
dominant process leading to depletion at 90°. While pitch-angle scattering is the main cause of the formation of
butterfly distributions and depletion at 90°, the specific form is modulated by wave driven radial transport which
may serve to enhance or reduce the effect depending on the local gradients in phase space density and the direction
of transport (Chaston, 2025).

This assertion is supported by the survey of Ozeke et al. (2022) that distinguishes between butterfly PADs caused
by wave-particle interactions and those associated with magnetopause shadowing. These authors assert that PADs
with maxima at 65 = 5° are driven by wave-particle interactions, whereas those with maxima at lower pitch
angles are linked to magnetopause shadowing. In our study, the former feature is consistently observed across all
analyzed events. This findings together with those described above suggest that the butterfly PADs reported in our
survey may be a consequence of the combined action of scattering in KAWs over those portions of drift orbits that
are immersed in KAWs and drift-shell splitting over those portions of these orbits where KAWs are absent.

6. Conclusion

A statistical analysis of VAPs-A data from 2013 to 2015, encompassing 62 events of broadband KAWs, was
conducted to investigate their relationship with electron PADs. The findings reveal that KAWs may influence
electron PADs. Notably, KAWs appear to exert the most persistent and pronounced effect on relativistic and ultra-
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relativistic electrons in the 0.5-3.4 MeV range, where butterfly distributions become increasingly prominent.
These distributions in general show enhanced average DS and variation in DS with increasing KAW spectral
energy density. Estimates of the magnetopause location for observed upstream parameters through this survey
confirm that magnetopause shadowing is unlikely to account for the butterfly form of the PADs observed. Since it
is not possible to disentangle the range of competing interactions that define the energetic electron distributions
from single point, or even two point measurements from the VAPs, confirmation of a physical connection be-
tween KAWSs and butterfly PADs of radiation belt electrons requires global simulations that may be compared to
the results from this statistical study.

Data Availability Statement

The data sets used in this study are publicly available at the following data repositories: EMFISIS https://emfisis.
physics.uiowa.edu/Flight/, EFW https://www.space.umn.edu/rbspefw-data/, HOPE/MAGEIS/REPT https://
cdaweb.gsfc.nasa.gov/pub/data/rbsp/rbspa/l2/ect/, and OMNI https://omniweb.gsfc.nasa.gov/. The data ana-
lyses were performed using publicly available IDL based SPEDAS software (Angelopoulos et al., 2019) available
at http://spedas.org/wiki/index.php?title=Downloads_and_Installation. The high level data sets used to generate
the figures are available at Barik and Chaston (2025).
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