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Abstract Using 7 years of data from the Helium, Oxygen, Proton, and Electron instrument on the
Van Allen Probes, equatorial pitch angle distributions (PADs) of 1-50 keV electrons in Earth's inner
magnetosphere are investigated statistically. An empirical model of electron equatorial PADs as a function
of radial distance, magnetic local time, geomagnetic activity, and electron energy is constructed using the
method of Legendre polynomial fitting. Model results show that most equatorial PADs of 1-10s of keV
electrons in Earth's inner magnetosphere are pancake PADs, and the lack of butterfly PADs is likely due
to their relatively flat or positive flux radial gradients at higher altitudes. During geomagnetically quiet
times, more anisotropic distributions of 1-10s of keV electrons at dayside than nightside are observed,
which could be responsible for moderate chorus wave activities at dayside during quiet times as reported
by previous studies. During active times, the anisotropy of 1-10s of keV electrons significantly enhances,
consistent with the enhanced chorus wave activity during active times and suggesting the critical role of
1-10s of keV electrons in generating chorus waves in Earth's inner magnetosphere. Different enhanced
anisotropy patterns of different energy electrons are also observed during active times: at R > ~4 R,

keV electrons are more anisotropic at dawn to noon, while 10s of keV electrons have larger anisotropy at
midnight to dawn. These differences, combined with the statistical distribution of chorus waves shown
in previous studies, suggest the differential roles of electrons with different energies in generating chorus
waves with different properties.

1. Introduction

As one of the most important characteristics of energetic charged particles in Earth's inner magnetosphere,
pitch angle distribution (PAD) carries essential information on physical processes and their effects on
charged particles. Created by the pitch angle (PA)-dependent effects of various source and loss processes,
electron PADs can help identify the existence of specific physical mechanisms. Due to their importance,
the PADs of relativistic electrons have been widely studied (e.g., Chen, Friedel, et al., 2014; Chen, Reeves,
et al., 2014; Gannon et al., 2007; Shi et al., 2016; West et al., 1973; Zhao et al., 2014a, 2014b, 2018). Three
major types of PADs of relativistic electrons have been recognized in Earth's inner magnetosphere: pancake,
flattop, and butterfly (e.g., West et al., 1973; Zhao et al., 2018). Figure 1 shows examples of three major types
of PADs. The pancake PAD has flux peaking at 90° PA and gradually decreasing as PA gets smaller (Fig-
ure 1a). The butterfly PAD has flux peaking at some intermediate PA with lower fluxes at higher and lower
PAs (Figure 1c). The flattop PAD is a combination of the two: the particle flux is relatively constant at a wide
PA range centered around 90° PA (Figure 1b).

The spatial distribution and formation of three major types of PADs of relativistic electrons have been
extensively studied. The pancake PADs are generally located at dayside (e.g., West et al., 1973). They are
believed to form as a result of the diffusive loss of particles to the atmosphere, while inward radial diffusion
also contributes to the formation of pancake PADs by increasing the particle’s momentum component that
perpendicular to the local magnetic field more significantly than the parallel component (e.g., Schulz &
Lanzerotti, 1974). The butterfly PADs often dominate at nightside at larger L-shells (e.g., Ni et al., 2016; West
et al., 1973; Zhao et al., 2018). They form mainly because of drift shell splitting and magnetopause shadow-
ing and/or negative radial flux gradient (e.g., Selesnick & Blake, 2002). Some studies also pointed out that
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Figure 1. Examples of (a) pancake, (b) flattop, and (c) butterfly pitch angle distributions. Black crosses show flux data of ~30 keV electrons from the HOPE
instrument on the Van Allen Probe—A (propagated to the magnetic equator and averaged in 5 min assuming symmetric PADs around 90° PA), and red curves
show the Legendre polynomial fitting results. The coefficients of Legendre polynomials are shown in each panel. HOPE, Helium, Oxygen, Proton, and Electron;

PAD, pitch angle distribution.

the butterfly PADs could be caused by local heating by whistler-mode chorus waves that is more effective
for off-equator electrons (e.g., Horne et al., 2005), or scattering of near-equatorially mirroring electrons by
magnetosonic waves (e.g., J. Li et al., 2016; W. Li et al., 2016). The flattop PADs can be a transition between
the pancake and the butterfly PADs, and they could also be caused by strong wave-particle interactions (e.g.,
Horne et al., 2003). They are often present near dawn and dusk at a higher L region (e.g., Zhao et al., 2018).

Although the PADs of relativistic electrons in the radiation belts have been intensively studied, the statis-
tical distribution and characteristics of ~1-10s of keV electron equatorial PADs received limited attention
mainly due to insufficient observations. Understanding 1-10s of keV electron PADs will not only provide
a more comprehensive picture of energetic electron distributions in Earth's inner magnetosphere, but is
also essential to understand the energy source for the excitation of whistler-mode chorus waves, one of the
most important plasma waves in accelerating radiation belt electrons (e.g., Bortnik & Thorne, 2007; Horne
et al., 2005; Reeves et al., 2013; Thorne et al., 2013). Chorus waves, often occurring in two frequency bands
(lower-band, ~0.1-0.5 f, and upper-band, ~0.5-0.8 f.., where f.. is the electron cyclotron frequency), are
frequently present outside the plasmasphere (e.g., O. Agapitov et al., 2013; Burtis & Helliwell, 1969; W. Li
et al., 2009; Meredith et al., 2012; Tsurutani & Smith, 1977). Electrons of 1-10s of keV energies with suf-
ficient flux and anisotropy are believed to play the most crucial role in generating chorus waves through
cyclotron resonance (e.g., Kennel & Petschek, 1966; W. Li et al., 2009; Yue et al., 2016). Statistical global
maps of chorus waves have been constructed by several studies using in situ measurements from various
satellites (e.g., O. Agapitov et al., 2013; Aryan et al., 2014; W. Li et al., 2009; Meredith et al., 2012, 2003). It
has also been shown that event-specific global maps of chorus waves can also be proxied by the observed
~10s of keV electron precipitation distribution (e.g., Chen, Friedel, et al., 2014; Chen, Reeves, et al., 2014; W.
Liet al., 2013). These studies clearly showed the enhancement of chorus wave intensity during geomagnetic
active times, most commonly around the dawn sector, which is consistent with the enhanced electron drift
and suggesting the vital role of electron cyclotron resonance in generating chorus waves.

In this study, using data from the Helium, Oxygen, Proton, and Electron (HOPE) mass spectrometer (Fun-
sten et al., 2013; Spence et al., 2013) on the Van Allen Probe—A, we examined the equatorial PADs of
~1-50 keV electrons in Earth's inner magnetosphere through statistical analysis. Measured electron PADs
have been propagated to the magnetic equator and then averaged in 5 min, assuming symmetric PADs
around 90° pitch angles. A Legendre polynomial form has been adopted to fit each equatorial PAD, and
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Figure 2. Daily averaged fluxes of ~1, 10, 30, and 52 keV electrons using HOPE measurements on the Van Allen
Probe—A from November 1, 2012 to July 1, 2019, along with the daily averaged Kp index. The colored lines underneath
each panel show the MLT sector of Van Allen Probe—A's apogee: dawn (black), midnight (blue), dusk (yellow), and
noon (red). HOPE, Helium, Oxygen, Proton, and Electron.

the resulted coefficients of Legendre polynomials are binned in the radial distance (R), magnetic local time
(MLT), geomagnetic activity indicated by the Kp index, and electron energy (E). The medians, means, and
standard deviations of coefficients in each (R, MLT, Kp, and E) bin are derived, with which the empirical
electron PADs can be reconstructed. Based on model results, the characteristics of ~1-10s of keV electron
equatorial PADs in the inner magnetosphere are presented, and the role of these electrons in chorus wave
excitation is discussed. Data and methodology used to construct this empirical electron PAD model are
shown in Section 2. Model results and implications are discussed in Section 3. Section 4 is the summary.

2. Data and Methodology

Pitch-angle-resolved electron fluxes (level 3, rel04 version) from the HOPE mass spectrometer on the Van
Allen Probe—A from November 2012 to June 2019 were used in this study. The Van Allen Probes operated
in a geotransfer-like orbit with an inclination of ~10°, a perigee of ~600 km, and an apogee of ~5.8 Ry
(Mauk et al., 2012). The spacecraft’s spin period was ~11-12 s, with the spin axis approximately pointing to
the Sun. HOPE mass spectrometer provided in situ flux measurements of electrons and ions with energies
of ~1 eV-50 keV. Figure 2 shows the daily averaged fluxes of electrons with different energies as a function
of radial distance R and time using HOPE—A measurements during this period. The MLT sector where Van
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Allen Probe—A's apogee was located is indicated by the colored line underneath each panel. The bottom
panel of Figure 2 shows the daily averaged Kp index, using data from OmniWeb. Figure 2 clearly shows
that these 1-10s of keV energetic electrons are very dynamic in Earth's inner magnetosphere, and they also
clearly exhibit energy-dependent acceleration, loss, and transport processes. During geomagnetically active
times, the enhancements of electron fluxes are more dominant, and these energetic electrons also tend to
penetrate deeper into the inner magnetosphere. Specifically, the electron fluxes at larger radial distances
were higher when the apogee of Van Allen Probe—A was located near midnight to dawn. This is consistent
with the drift pattern of 1-10s of keV electrons: under the influence of large-scale convection electric field,
these energetic electrons drift eastward toward dayside through dawn after being injected from the night-
side plasmasheet, and they also penetrate deeper into the inner magnetosphere during geomagnetically
active times (e.g., Korth et al., 1999).

To study the statistical properties of electron equatorial PADs, a method of Legendre polynomial fitting
has been applied to represent each PAD as a set of Legendre polynomials, then the coefficients of Legen-
dre polynomials have been recorded and statistically analyzed. Various methods have been used in previ-
ous studies to categorize PADs (e.g., Gannon et al., 2007; Sarno-Smith, Larsen, et al., 2016; Sarno-Smith,
Liemohn, et al., 2016; Zhao et al., 2014b, 2014a). However, several properties of Legendre polynomials make
them ideal for representing electron PADs. First, any function can be represented by a completed set of
Legendre polynomials, and previous studies have well demonstrated that a set of Legendre polynomials up
to sixth order are sufficient to represent electron PADs in the outer belt (Chen, Friedel, et al., 2014; Chen,
Reeves, et al., 2014; Zhao et al., 2018). Second, Legendre polynomials have definite parity: the symmetry of
eventh-order Legendre polynomials makes them ideal to fit PADs that are often symmetric around 90° PA.
Third, the coefficients of Legendre polynomials are very useful in identifying the PAD shapes and assessing
the anisotropy of particles, which will be further discussed below.

The PAD can be expressed using Legendre polynomials as (Chen, Friedel, et al., 2014; Chen, Reeves,
et al., 2014; Zhao et al., 2018):

j(a) = ’goCnPn [cos(a)}

where « is PA, j(a) is the differential flux of particles with PA a, P, [cos(a)} is the nth-order Legendre poly-
nomial, and C,, is the coefficient of nth-order Legendre polynomial which can be calculated using

2n+lf( ) [cosa}sinada
0

Since we focus on the electron PAD shapes in this study, we further normalize the coefficients of Legendre
polynomials as

n:Cn/C()

where C, is the directionally averaged flux. Once the normalized coefficients of Legendre polynomials have
been derived, a normalized PAD, j'(«), can be reconstructed as:

( ) ch n[cos( )J

In this study, assuming electron PADs are symmetric, we use a combination of Legendre polynomials P,, P,,
and P to fit electron PADs and construct a statistical model of coefficients c,, ¢4, and c¢. This assumption is
mostly valid: for 1-10s of keV electron PADs, >90% of fits using Legendre polynomials P,, P, and Ps have a
truncated error <10% compared to the observations.

Figure 1 also shows examples of Legendre polynomial fitting results of three main types of PADs. The fitting
results are shown in red curves, and the corresponding normalized coefficients c;—c¢ are shown at the top
of each panel. Note that the observations of PADs (black crosses) have been averaged in 5 min, assuming
that they are symmetric around 90° PA. These fitting results show great agreement to the observations,
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Figure 3. Examples of electron PADs of various anisotropy and the corresponding Legendre polynomial fitting results. The format is similar to Figure 1. PAD,

pitch angle distribution.

validating the Legendre polynomial fitting method. The coefficients cy, c;, and cs are all zeros, also validat-
ing the Legendre polynomial fitting results. Figure 1 also demonstrates that the coefficients of Legendre
polynomials can be used to identify the PAD type: the pancake PAD has negative c, and near-zero c, (Fig-
ure 1a); the flattop PAD has negative ¢, and ¢, (Figure 1b); the butterfly PAD has near-zero ¢, and negative
¢4 (Figure 1c).

Besides, the coefficient c, of Legendre polynomial fitting results can also be used to assess the anisotropy of
the electron distribution. Figure 3 shows examples of electron PADs with various c,. From Figures 3a-3c,
¢, becomes more negative (or the absolute value of c, gets higher), and the PAD becomes more excessively
peaked at 90° PA, suggesting a more anisotropic electron distribution.

Using electron flux data from the HOPE instrument on the Van Allen Probe—A, the equatorial PADs of
electrons with energies of ~1-50 keV have been studied statistically. As we mainly focus on >keV electrons,
the impact of spacecraft charging on the electron flux measurements can be ignored (e.g., Sarno-Smith,
Larsen, et al., 2016; Sarno-Smith, Liemohn, et al., 2016). The measured electron PADs are first propagated
to geomagnetic equator using the T89D model (Tsyganenko, 1989) with the relation

.2 s 2
SIN oy — Sin aeq

B local ch

where ajoca and aq are local and equatorial pitch angles, and Biqc, and Beg are local and equatorial magnetic
field magnitudes. Then, these equatorial PADs are averaged in 5 min to ensure enough statistics, assuming
symmetric PADs around 90° PA. Using the method of Legendre polynomial fitting, each 5-min-averaged
equatorial PAD is represented by a set of coefficients c,, ¢s, and cs. Then, an empirical model of these coef-
ficients has been constructed statistically. Several measures have been applied to ensure both the PAD and
the fit are valid: we have only included PADs (1) with enough counts (averaged counts of a PAD > 50); (2)
measured close to the geomagnetic equator (—10° < magnetic latitude < 10°); (3) with a wide PA range
(have measurements at both large PAs [80°-100°] and small PAs [0°-20°/160°-180°]); (4) are well fit by
Legendre polynomials up to sixth order with a root-mean-square-deviation (RMSD) <0.1, where

X (log} — log j)2

m

RMSD =
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Table 1 Jj is the observed flux, } is the fitted flux, and m is the number of data
The Values of the Electron Equatorial PAD Model Parametersc points used in the fitting.
Parameter VERO Using HOPE—A data from November 2012 to June 2019, a statistical
Radial distance R (Rg) 2.6, 2.8, 3.0, ..., 5.8 (£0.1) equatorial PAD model of ~1-50 keV electrons has been constructed as a
Magnetic local time MLT 0,2,4,..,22 (1) function of radial distance R, magnetic local time MLT, geomagnetic ac-

Geomagnetic activity Kp

Electron energy E (keV)

Kp<1+,1+ <Kp<3+,and Kp > 3+
1, 3, 5, 10, 15, 20, 30, 40, and 52

tivity represented by Kp, and electron energy E. Here we choose to use the
radial distance R instead of the commonly used L-shell, since for 1-10s

of keV electrons the influence from large-scale DC electric fields on their

Abbreviation: PAD, pitch angle distribution. drift paths cannot be ignored, thus, the use of L-shell calculated based on

the geomagnetic field alone may not be appropriate for these low-energy

electrons. The values of model parameters are shown in Table 1. Here

we focus on results at R > 2.5 Rg only, as the potential contamination of
HOPE electron measurements at lower altitudes may hinder the identification of PADs (Boyd et al., 2019).
The medians, means, and standard deviations of fitting coefficients have been derived for each (R, MLT,
Kp, and E) bin with the number of valid PADs greater than 10. The model results can be found at https://
zenodo.org/record/3884260, along with sample programs to demonstrate the usage of the model. In the
following section, we will show some model results and further discuss the implications.

3. Model Results

Figure 4 shows the model results of the medians of coefficients c,, ¢4, and cs in each R, MLT, Kp bin for 1 keV
electrons, during geomagnetically quiet (Kp < 1+), moderate (1+ < Kp < 3+), and active times (Kp > 3+).
The ratios of good fits (RMSD < 0.1) to all fits are shown in the top left corner of each panel in the first row.
These high ratios suggest overall good fits of electron PADs, further validating the Legendre polynomial fit-
ting method. Note that, under geomagnetically active conditions, this ratio occasionally drops close to 50%
at some L-MLT bins. This is likely caused by the highly dynamic nature of these keV-10s of keV electrons
during active times, suggesting the complexity of inner magnetospheric dynamics. It may also be related
to some transient features of energetic electrons in the inner magnetosphere, for example, injections. The
number of PADs used in each bin in constructing this empirical model is displayed in the top right corner,
showing overall good statistics. Standard deviations of corresponding coefficients are shown in the bottom
right corner of each panel, which can be used to assess the variabilities of PADs.

Several intriguing features are revealed in Figure 4. First, for 1 keV electrons (and also for up to 10s of keV
electrons as shown in Figures 6 and 8), the model results suggest that the majority of PAD fits have a signif-
icantly negative c, with a ¢, of a much smaller magnitude: the median of c, in each (R, MLT, and Kp) bin is
mostly smaller than —0.5, while the median of ¢, is commonly near zero. This indicates that the majority of
~1-10s of keV electron equatorial PADs are pancake PADs in the inner magnetosphere. It is very different
from the results of relativistic electrons: Zhao et al. (2018), using observations from the Van Allen Probes
and the same fitting method, showed that for MeV electron equatorial PADs the coefficient c, is often near
zero or even positive at night side at higher L; combining with a mostly negative c,, this indicates that
MeV electrons commonly exhibit butterfly PADs at night side at larger L. Such differences between MeV
electrons and 1-10s of keV electrons could be caused by the different radial gradient in electron fluxes: as
shown in Figure 2, 1-10s of keV electrons often have relatively flat or positive radial flux gradients at higher
L; such radial flux gradients, even combined with the drift shell splitting effect, will not produce significant
butterfly PADs. On the other hand, comparing to MeV electrons, 1-10s of keV electrons are subject to more
substantial influence from the large-scale DC electric fields. Thus, the differences in PADs could also re-
sult from the convection electric field and the associated electron drift (e.g., Califf et al., 2017, 2014; Korth
et al., 1999; Zhao et al., 2017).

On the other hand, previous studies have suggested the existence of cigar PADs of 10-100s of keV electrons
at high L-shells, with flux peaking along the local magnetic field direction (e.g., Baker et al., 1978, 1981).
These studies showed that these cigar PADs were observed near substorm onset and may be caused by the
tail-like stretching of the nightside magnetic field. Our results, however, do not show prevalent cigar PADs
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Figure 4. The medians of coefficients c,, ¢4, and c; of 1 keV electron PAD model. Three columns correspond to three geomagnetic activity levels: Kp < 1+, 1+
< Kp <3+, and Kp > 3+. The small ring in the top left corner of each panel of ¢, shows the ratio of good fits (RMSD < 0.1) to all fits. The ring in the top right
corner shows the number of PADs included in each bin. The ring in the bottom right corner of each panel shows the standard deviation of the corresponding
coefficient in each bin. Dashed circles in each panel show R = 3, 4, and 5 Rg. PAD, pitch angle distribution.

for 1-10s of keV electrons: less than ~1% of equatorial PADs of 1-10s of keV electrons show features of
cigar distribution (with ¢, > 0.1). This difference between our study and previous studies may be due to the
different location of observations: this study, limited by the Van Allen Probes data, focuses on the region
with R < 5.8 Rg; while the observations from Baker et al. (1978, 1981) were at geosynchronous orbit. Closer
to the Earth, the geomagnetic field is more dipole-like and less stretched during active times. Though the
number of observed cigar PADs of 1-10s of keV electrons in this study is small, these PADs were indeed
observed mostly at high L at substorm times.

Figure 4 also shows that, for 1 keV electron PADs (and also for 10s of keV electron PADs as shown in Fig-
ures 6 and 8), the magnitude of ¢, is often much larger than that of ¢, and ¢4 (note that the color bar of ¢, and
that of ¢, and ¢, are very different). This further suggests that the anisotropy of 1-10s of keV electrons can
be mainly assessed using the coefficient c, of fitting results. As the magnitude of c, gets larger, the PAD gets
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Figure 5. The averaged PADs of 1 keV electrons reconstructed using the medians of coefficients of the electron PAD model. Black curves show the results
during quiet times with Kp < 14, blue curves show those under moderate activities with 14+ < Kp < 3+, and red curves show the results during active times
with Kp > 3+. The number of PADs in each condition is listed at the bottom of each panel. Four columns correspond to results at R = 2.5, 3.5, 4.5, and 5.5 Rg,
and four rows show the results at MLT = 0, 6, 12, and 18. PAD, pitch angle distribution.

more excessively peaked around 90° PA and thus more anisotropic. Thus, in this study, we will be mainly
focusing on coefficient ¢, when analyzing model results.

During geomagnetically quiet times, as the first column of Figure 4 shows, 1 keV electron PADs are more
anisotropic at lower R, potentially due to larger loss cones at lower altitudes. As the geomagnetic activity
gets more intense, 1 keV electron PADs start to get more anisotropic from midnight to dawn and to noon at
awide R range. Under intense geomagnetic activity with Kp > 3+, model results show that large anisotropy
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Figure 6. Similar format to Figure 4 but for 5 keV electrons.

exists for 1 keV electrons, and the distribution of such high anisotropy region is R- and MLT-dependent.
At R = ~3-4 Rg, more anisotropic PADs exist at a wide MLT range from around midnight to dawn to pre-
noon. As R gets higher, the region of large anisotropy in electron PADs starts to shift toward dayside. At
R = ~4-5.5 Ry, the PADs are highly anisotropic from dawn to noon. These anisotropic PADs may be a result
of particle injection and/or convection under the effect of the enhanced large-scale DC electric field during
geomagnetically active times. They can be a potential energy source for the excitation of the plasma waves
during active times.

Figure 5 shows the averaged equatorial PADs of 1 keV electrons reconstructed using the medians of co-
efficients of the model results at various R and MLT. Three different colors indicate three activity levels:
Kp < 1+ (black), 1+ < Kp < 3+ (blue), and Kp > 3+ (red). At R = 2.5 Rg, 1 keV electron PADs have little
variation over different MLT and different activity levels. This suggests that, in the Van Allen Probes era, the
geomagnetic activity was not intense enough to strongly influence the dynamics of 1 keV electrons at such
low altitudes. At higher R, the results start to show differences under different geomagnetic activity condi-
tions. At R = 3.5 Rg, the electron PADs become more excessively peaked around 90° PA at MLT = 0 and 6
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during active times. At R = 4.5 Rg, more anisotropic PADs exist at MLT = 0, 6, and 12 during active times;
while intriguingly, the PAD at MLT = 18 becomes less anisotropic during active times than that during quiet
times. At R = 5.5 Rg, enhanced geomagnetic activity has a mixed effect on electron PADs, causing larger
anisotropy mainly around MLT = 12. These results are consistent with Figure 4 and suggest the effects of
enhanced convection or injection during active times. Also, note that the head-and-shoulder (or cap) PADs
can be observed at some R and MLT bins mostly during active times. These head-and-shoulder PADs could
be caused by plasmaspheric hiss wave scattering inside the plasmasphere (e.g., Lyons & Williams, 1975;
Zhao et al., 2014b) or a combination of the drift-shell-splitting effect and a substorm injection or a sudden
magnetospheric compression (Sibeck et al., 1987).

Figure 6 shows the model results of 5 keV electron PADs in a similar format to Figure 4. During quiet times,
the PADs with large anisotropy are often located at R < 4 Rg, and slight day-night asymmetry in PADs can
be observed. Comparing to 1 keV electron PADs, 5 keV electron PADs are more anisotropic at the lower
R region. As the geomagnetic activity gets more intense, the anisotropy of electron PADs at larger R at
midnight to dawn gets more significant, while near dusk, the electron PADs flatten. Again, this may be re-
lated to the enhanced convection electric field and associated variations of electron drift paths during active
times. It may also be caused by injections of 5 keV electrons into the inner magnetosphere during active
times, which preferentially occur near midnight to dawn. Note that the patterns of regions with enhanced
anisotropy during active times are very different for 1 and 5 keV electrons: at R ~ 4-5.8 Rg, the anisotropy
of 1 keV electron PADs enhances the most at dawn to noon, while 5 keV electron PADs get more excessively
peaked around midnight to dawn at a narrower R range (R ~ 4-5 Rg); at lower R, however, 5 keV electron
PADs change little under different geomagnetic activities, while 1 keV electrons still get more anisotropic
at R ~ 3-4 R at a relatively wide MLT range (~midnight to prenoon). These differences may be related to
the different drift patterns of electrons with different energies: electrons with lower energies are subject to
more significant influence from the electric field and often drift closer to Earth when the convection electric
field enhances (e.g., Korth et al., 1999; Zhao et al., 2017). They may also be caused by deeper, more frequent
injections of lower-energy electrons during active times (e.g., Reeves et al., 2016; Turner et al., 2015; Zhao
et al., 2016).

Figure 7 shows the averaged PADs of 5 keV electrons reconstructed using the model results in a similar
format to Figure 5. At R = 2.5 Ry, little variation in PADs can be observed; thus, we only show results at
R =3.5,4.5,and 5.5 Rg. At R = 3.5 Rg, for 5 keV electrons, the averaged PAD does not change much under
different geomagnetic activities. At R = 4.5 Ry, during active times, more excessively peaked PADs can be
observed at dawn and midnight; while at dusk, PAD gets less anisotropic. At R = 5.5 Rg, the variations in
electron PADs are not very significant, while it is still intriguing to see more flattened PADs at noon and
dusk.

The medians of coefficients of 30 keV electron PADs are shown in Figure 8. At geomagnetically quiet times,
similar to 5 keV electrons, 30 keV electron PADs are also more anisotropic at lower R region (R < 4 Rg), and
day-night asymmetry can be clearly observed at larger R. As the geomagnetic activity gets more intense, the
electron PADs become more excessively peaked around 90° PA at R > 4 Ry from midnight to dawn; while
around dusk, the PADs get more flattened. The averaged PADs shown in Figure 9 also clearly demonstrate
these features. At R = 3.5 R, little variation can be seen under different geomagnetic activity, while at
MLT = 6, the PAD gets slightly more anisotropic during active times. At R = 4.5 R, significant differences
exist in PADs under different geomagnetic activity levels: at midnight and dawn, the electron distribution
gets more anisotropic during active times; at dusk, the electron PAD flattens as geomagnetic activity en-
hances. At R = 5.5 Rg, enhanced anisotropy in electron PADs can still be observed at midnight and dawn
during active times.

The anisotropy of 1-10s of keV electrons plays a critical role in chorus wave excitation in the inner mag-
netosphere. It is commonly believed that the chorus wave in the inner magnetosphere is mainly generated
by the cyclotron resonance of 1-10s of keV electrons with sufficient flux and anisotropy. Many studies
have examined the statistical distribution of chorus wave intensities under various geomagnetic conditions
(e.g., O. V. Agapitov et al., 2015; Aryan et al., 2014; W. Li et al., 2009; Meredith et al., 2012, 2003; Wang
et al., 2019). Meredith et al. (2012), using data from multiple satellites including the Dynamics Explorer
1, the Combined Release and Radiation Effects Satellite (CRRES), Cluster, Double Star, and the Time His-
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180

0.2

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

0.2

Sample Size: 611 514 85
I 1

0.8

0.6

0.4

0.2

>

Sample Size: 936 657 94
1 L

0.8

0.6

0.4

0.2

>

Sample Size: 693 830 181
1 1 1

Sample Size: 372 300 22
1 1

0.8

0.6

0.4

0.2

>

Sample Size: 825 732 30
1 1

0

45

90 135
PA (deq)

180

0

45 90 135 180
PA (deg)

tory of Events and Macroscale Interactions during Substorms (THEMIS), showed that the chorus waves
are often much stronger during geomagnetically active times. Statistically, during active times with AE >
300 nT, the near-equatorial (magnetic latitude ~ -15°-15°) lower-band chorus wave intensity peaks at 2300
to 1200 MLT at L ~ 4-9, and the equatorial upper-band chorus wave intensity peaks at similar MLT region
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Figure 8. Similar format to Figure 4 but for 30 keV electrons.

at L ~ 3-7. While the midlatitude (magnetic latitude ~ 15°-30°) chorus waves are mainly in the lower band
with peak intensity at 0700-1400 MLT at L ~ 4-9. Their results are consistent with our observations of the
statistical distribution of 1-10s of keV electron PADs. The anisotropy of 1-10s of keV electrons strongly en-
hances during geomagnetically active times, which can be responsible for generating more intense chorus
waves through electron cyclotron resonance. Different MLT patterns of high anisotropy region are also ob-
served for electrons of different energies. The anisotropy of 5 and 30 keV electrons gets larger at midnight to
dawn during active times at R > ~4 Rg, consistent with the statistical distribution of intense near-equatorial
chorus waves shown in Meredith et al. (2012). While for 1 keV electrons, their anisotropy enhances mainly
from dawn to noon at R > 4 Rg during active times, similar to the distribution of mid-latitude chorus waves.
These results suggest the differential roles of electrons with different energies in generating near-equatorial
and midlatitude chorus waves. On the other hand, chorus waves mainly propagate approximately parallel
to the local geomagnetic field; however, highly oblique chorus waves have also been observed at mid to high
latitudes during disturbed times at L. ~ 4-5.5 (e.g., Hayakawa et al., 1984; Santolik et al., 2009; O. Agapitov
et al., 2013, 2015). J. Li et al. (2016) and W. Li et al. (2016), combining observations from the Van Allen
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Figure 9. Similar format to Figure 5 but for 30 keV electrons.

Probes with simulations, showed that the cyclotron resonance of electrons with a temperature anisotropy at
keV energies could be an excitation mechanism for this highly oblique chorus waves. Our results show that
such a temperature anisotropy of keV electrons commonly exists at R ~ 4-5.8 Rg at dawn to noon during ge-
omagnetically disturbed times, consistent with the much stronger highly oblique chorus waves observed at
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Figure 10. Comparison of electron averaged PADs at noon (red) and midnight (black) under quiet geomagnetic activity. Solid lines are modeled PADs
reproduced using medians of coefficients, and shaded areas show the regions between 25th and 75th percentiles. PAD, pitch angle distribution.

0300-1500 MLT than at 1500-0300 MLT by O. V. Agapitov et al., (2015), which further supports that the tem-
perature anisotropy of keV electrons could be responsible for the excitation of highly obliques chorus waves.

Focusing on the day-night comparison of electron PADs, Figures 10 and 11 show the comparisons of av-
eraged PADs at midnight (black curves) and noon (red curves) for electrons of different energies under
quiet times (Kp < 14) and active times (Kp > 3+), respectively. To assess the variability of PADs, the region
between 25th and 75th percentiles of PADs in each bin is also shaded in these figures with corresponding
colors. Figure 10 shows that, under quiet geomagnetic condition, at R = 3.5 Ry, the differences in keV-10s of
keV electron PADs at midnight and noon are minimal; however, at larger R, the PADs are relatively steeper
at noon than midnight. Such a more significant anisotropy at dayside could be a preferable condition to
excite whistler-mode chorus waves. W. Li et al. (2009) studied the statistical distribution of chorus waves
and found that moderate chorus waves are often present at dayside even during geomagnetically quiet
times. Our observations of higher anisotropy of 1-10s of keV electrons at high R at dayside confirm that the
natural enhancement of electron anisotropy could be one of the mechanisms that are responsible for the
excitation of these dayside chorus waves.
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Figure 11. Similar format to Figure 10 but for geomagnetically active times.

During active times, as shown in Figure 11, much stronger anisotropy at dayside can be observed for 1 keV
electrons at high R, providing a much more favorable condition for chorus waves to develop. However, for
5 keV and 30 keV electrons, the differences in PADs at midnight and noon diminish, and PADs even flatten
slightly at R = 5.5 Rg at dayside. These may be related to different drift patterns of electrons with different
energies caused by the enhanced large-scale DC electric fields. These could also be caused by stronger
wave-particle interactions during active times.

Figures 12 and 13 show comparisons of averaged PADs and their uncertainties at dusk (black curves) and
dawn (red curves) during quiet and active times, respectively. During geomagnetically quiet times, overall,
the PADs are quite similar at dawn and dusk. Only for 1 keV electrons, the PAD at dawn is slightly more an-
isotropic than that at dusk. Such dawn-dusk symmetry is expected from a quiet-time dawn-dusk symmetric
geomagnetic field. The small differences in PADs at dawn and dusk for 1 keV electrons may be caused by
quiet time convection electric field: though small, convection electric field still affects electron drift paths
under quiet conditions, and such effects are more significant for lower-energy electrons than higher-energy
electrons. Note that at R = 4.5 Rg, PADs of 30 keV electrons show some discrepancies at dawn and dusk
during quiet times, which may be due to the relatively small number of samples at dawn.
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Figure 12. Comparison of averaged electron PADs at dawn (red) and dusk (black) under quiet geomagnetic activity. PAD, pitch angle distribution.

The situation becomes drastically different as the geomagnetic activity gets more intense. Figure 13 shows that
for 1-10s of keV electrons, strong dawn-dusk asymmetry in PADs exists in a wide R range (~3.5-5.5), with much
larger anisotropy in electron distribution at dawn than at dusk. These anisotropic electron distributions at dawn
provide a significant energy source for the excitation of chorus waves, which are consistent with the observed en-
hanced chorus waves during active times near dawn by previous statistical studies (e.g., O. Agapitov et al., 2013;
Aryan et al., 2014; W. Li et al., 2009; Meredith et al., 2012, 2003). The electron PAD model results further confirm
the critical role of 1-10s of keV electrons in the excitation of chorus waves in the inner magnetosphere.

4. Summary

In this study, using ~7 years of data from the HOPE instrument on the Van Allen Probe—A, statistical anal-
ysis of 1-10s of keV electron equatorial PADs has been conducted, and an empirical model of electron equa-
torial PADs as a function of radial distance, magnetic local time, geomagnetic activity represented by the Kp
index, and electron energy from 1 to 52 keV has been constructed. The main findings of this study include:
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Figure 13. Similar format to Figure 11 but for active times.

1. Most equatorial PADs of 1-10s of keV electrons in Earth's inner magnetosphere are pancake PADs. This

is very different from those of MeV electrons, which are often butterfly PADs at nightside. The lack of
significant butterfly PADs of 1-10s of keV electrons is likely due to relatively flat or positive flux radial
gradients of these electrons at higher altitudes

. The anisotropy of 1-10s of keV electrons enhances significantly during geomagnetically active times,

which is consistent with the enhanced chorus wave activity during active times, suggesting a critical role
of these electrons in generating whistler-mode chorus waves in Earth's inner magnetosphere

. Specific R- and MLT-dependent patterns of high anisotropy region of electrons with different energies

exist during active times. More significant anisotropy of 1 keV electrons are observed at midnight to
dawn at R ~ 3-4 R and dawn to noon at R > ~4 Rg, while 5 and 30 keV electrons have larger anisotropy
at midnight to dawn at R > ~4 Rg. These differences, combined with the statistical distribution of chorus
waves as shown in previous studies, suggest the differential roles of electrons with different energies
in generating chorus waves with different properties. Electrons with energies of 5-10s of keV could
be mainly responsible for the generation of near-equatorial chorus waves, while the anisotropy of keV
electrons could potentially lead to the generation of mid to high latitude highly oblique chorus waves
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4. Day-night asymmetry in 1-10s of keV electron PADs at high R during geomagnetically quiet times is
found, suggesting that the natural enhancement in electron anisotropy due to a stretched magnetic field
could be responsible for the moderate chorus wave intensity at dayside during relatively quiet times.
Such day-night asymmetry in electron anisotropy almost disappears for 5 and 30 keV electrons during
active times, which may be related to energy-dependent drift caused by an enhanced electric field and/
or more intense wave-particle interactions

5. Strong dawn-dusk asymmetry is observed for 1-10s of keV electron PADs during geomagnetically active
times, with more anisotropic distributions near dawn than near dusk. These findings are consistent with
the enhanced chorus wave intensity during active times, preferably around the dawn sector, further con-
firming the critical role of cyclotron resonance of 1-10s of keV electrons in the chorus wave excitation

Data Availability Statement

The parameters and sample programs of 1-50 keV electron pitch angle distribution model constructed in
this study are available at https://zenodo.org/record/3884260. Van Allen Probes HOPE data are available at
the ECT Science Operations and Data Center (http://www.rbsp-ect.lanl.gov). Kp index used in this study is
available at OMNIWeb (http://omniweb.gsfc.nasa.gov).
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