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Key Points:
e Modulated energetic electron precipitation is observed by BARREL at L ~ 6 from noon to dusk.

e Whistler-mode waves observed by RBSP-B are well correlated with electron precipitation both in
the plumes and plasma trough.

e Modulation of the modeled electron precipitation driven by whistler-mode waves is consistent
with the enhancement in BARREL X-rays.
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Abstract

In this study, we present simultaneous multi-point observations of whistler-mode waves detected
by RBSP-B, associated with conjugate electron precipitation observed through enhanced
BARREL X-rays at L ~ 6 from noon to dusk. Both long period modulation at periods of several to
tens of minutes and short period modulation at about tens of seconds are observed in X-ray
measurements. Similar periodicities are also observed for whistler-mode wave amplitude. We
show that the correlation coefficient between whistler-mode waves and electron precipitation is
high in several regions, including plumes and plasma trough. Ultra-Low-Frequency (ULF) waves
(8-30 mHz), which have been suggested to play a potential role in precipitating electrons by
modulating whistler-mode wave intensity or loss cone size, show a weak correlation with whistler-
mode wave amplitudes and the X-ray counts during the conjunction. We further evaluate whistler-
mode wave driven electron precipitation using a physics-based technique. The time evolution of
the modeled electron precipitation is found to be remarkably consistent with the modulation in the
BARREL X-ray counts both in plumes and plasma trough. By taking advantage of the high-
resolution wave data and close conjunction, we provide strong evidence that whistler-mode waves
are not only directly responsible for the longer modulation (several to tens of minutes), but also
the shorter modulation (tens of seconds) of the electron precipitation.

Plain Language Summary

Whistler-mode waves, which are right-handed polarized electromagnetic plasma waves commonly
observed in the Earth's inner magnetosphere, have been known to be efficient in precipitating
electrons. Extensive studies have revealed the pitch angle scattering of energetic electrons caused
by whistler-mode waves in the plasmasphere (near-Earth regions where cold and dense plasmas
are corotating with the Earth) or in the plasma trough (regions further away from the Earth where
cold plasmas are less dense). However, the role of whistler-mode waves in the plasmaspheric
plumes (the extension of the plasmasphere at further distances from the Earth), especially the
temporal and spatial evolution of plume whistler-mode waves and associated energetic electron
precipitation, requires further investigation. In the present study, by taking advantage of multi-
point measurements, we evaluate the time evolution of whistler-mode wave driven energetic
electron precipitation in both the plumes and the plasma trough regions, with waves observed by
RBSP-B near the equator and electron precipitation detected through enhanced X-rays observed
by BARREL. We show that whistler-mode waves in both the plumes and the plasma trough
account for the energetic electron precipitation, which is essential to understand the radiation belt
electron dynamics.

1 Introduction

Whistler-mode chorus and hiss waves have been suggested to be effective in driving energetic
electron precipitation into the atmospheric loss cone. Whistler-mode chorus waves are commonly
observed in two distinctive bands, i.e., lower band with a frequency range of 0.1-0.5 f.. and upper
band with a frequency range of 0.5-0.8 f.., where f.. is the equatorial electron gyrofrequency.
Chorus waves can effectively precipitate electrons and have been known to be the main driver of
diffuse (Ni et al., 2008, 2011) and pulsating aurorae (Nishimura et al., 2010). Plasmaspheric hiss
(tens of Hz to a few kHz) is an incoherent, broadband whistler-mode emission. Hiss waves have
been suggested to be responsible for the slow decay of radiation belt electrons, leading to the
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formation of the quiet-time slot region (Lyons et al., 1972; Lyons & Thorne, 1973). Hiss waves
have not only been extensively detected in the plasmasphere (Thorne et al.,1973; Meredith et al.,
2004), but also in the plasmaspheric plumes (Chan & Holzer, 1976; Shi et al., 2019; Su et al.,
2018), detached or attached regions of the plasmasphere drained sunward toward the dayside
magnetopause in the afternoon sector during enhanced plasma convection (Carpenter et al., 2000;
Chen & Wolf, 1972; Goldstein et al., 2004; Moldwin et al., 2004).

There is growing interest in plume whistler-mode wave driven energetic electron precipitation.
Borovsky & Steinberg (2006) found that dropout of the radiation belt electrons often coincided
with plasmaspheric plumes at geosynchronous orbit, suggesting that plume hiss potentially plays
arole in precipitating energetic electrons. Summers et al. (2008) investigated electron precipitation
driven by plume hiss observed by the CRRES satellite. It was shown that plume hiss can
effectively precipitate ~100 keV energetic electrons into the loss cone and affect the generation of
MeV electrons by reducing the seed population. Plume hiss waves are further shown to effectively
scatter electrons into the loss cone (~10 to 100 keV) within a few days, leading to their rapid loss
(Zhang et al., 2018, 2019). Despite previous studies that have suggested the potential importance
of plume hiss waves, simultaneous observations of plume hiss waves and energetic electron
precipitation are rare. Li et al. (2019) reported plume whistler-mode wave driven energetic electron
precipitation by analyzing conjunction events observed by Van Allen Probes and POES. Though
the observation of electron precipitation caused by hiss waves has been shown to be consistent
with quasi-linear theory, the quantification of the temporal and spatial dynamics of precipitation
is still needed.

The BARREL campaigns, which were conducted during the Van Allen Probes mission (also
known as RBSP; Mauk et al., 2013), provide measurements of bremsstrahlung X-rays generated
by precipitating electrons as they interact with the atmosphere (Millan et al., 2013; Woodger et al.,
2015). Since the BARREL platform drifts slowly in space, evaluation of the temporal evolution of
electron precipitation is allowed. Breneman et al. (2020) presented modulated X-ray enhancements
driven by plume hiss in association with solar wind dynamic pressure variations (tens of minutes);
however, the quantitative calculation of hiss-driven electron precipitation was difficult because of
the lack of high-frequency-resolution wave data from THEMIS during this event. The modulation
of X-rays on several minutes has been shown in Breneman et al. (2015) and was suggested to be
directly driven by plasmaspheric hiss.

In the present paper, we report and quantitatively analyze the modulation of X-rays generated by
energetic electron precipitation both on a long-time scale (several to tens of minutes) and a short
time scale (< 2 min) and its correlation with the whistler-mode waves in plumes and the plasma
trough, detected by RBSP-B. Concurrent X-ray enhancements detected by BARREL provided
evidence of electron precipitation associated with the whistler-mode waves. The close conjunction
between RBSP and BARREL provides a unique opportunity to perform an in-depth analysis of the
whistler-mode wave modulated electron precipitation. The content of the paper is outlined below.
An overview of the event and detailed whistler-mode wave properties are presented in section 2.
In section 3, we discuss the correlation between the measured whistler-mode emissions and
BARREL X-rays, and through a physics-based method using the quasi-linear theory, the
modulation of the modeled electron precipitation with the observed modulated X-rays is compared.
Results and conclusions are discussed and summarized in section 4.
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2 Observations

2.1 Event overview

Figure 1 shows an overview of the conjunction event, with waves observed by RBSP-B and
enhanced X-rays observed by BARREL 3E. Figures 1a—1b show the calculated L and MLT for
RBSP-B (blue) and BARREL-3E (red) based on the T89 magnetic field model (Tsyganenko, 1989).
The separation between RBSP-B and BARREL was within AL = 1 and AMLT = 1 h over 10:40—
14:32 UT, as marked by the black vertical dashed lines. Both RBSP-B and BARREL drifted slowly
from noon to dusk during this time period. The close conjunction and slow drift of BARREL and
RBSP-B indicate that the variations were mostly temporal. During the conjunction, RBSP-B
detected moderate whistler-mode wave emissions, which are shown in Figure lc. The
superimposed magenta line represents electron number density inferred from the upper hybrid
resonance frequency identified from the EMFISIS High Frequency Receiver (HFR) (Kletzing et al.,
2013) spectral data onboard RBSP-B (Kurth et al., 2015). Whistler-mode wave emissions were
detected both in high-density plumes and low-density plasma trough.

EMIC waves, which are known to effectively scatter relativistic electrons (Z. Li et al., 2013; Qin
et al., 2018, 2019, 2020; Summers et al., 2003;) as well as ~100s keV electrons (Capannolo et al.,
2019a, 2019b; Chen et al., 2016; Clilverd et al., 2015; Hendry et al., 2017), were not detected
within the conjunction region (Figure 1d), and thus were unlikely to play a role in this precipitation
event. It is also suggested that ULF waves could play a potential role in precipitating energetic
electrons, either by modulating the whistler-mode wave intensity (Breneman et al., 2015, 2020;
Halford et al., 2015; Jaynes et al., 2015) or transporting particles radially inward where the loss
cone becomes larger (Brito et al., 2012, 2015). During conjunction with BARREL-3E in our case,
RBSP-B detected moderate ULF waves which were analyzed based on the EMFISIS (Kletzing et
al., 2013) magnetometer measurement with 4-s resolution, as shown in Figure le. The horizontal
lines in panel (e) indicate frequencies of 8 mHz and 30 mHz, and ULF waves within this frequency
range were selected to show modulations below the 2-min period. The observed waves in the
conjunction region were associated with the enhancement of the 2548 keV and 48-95 keV
BARREL X-rays, as shown in the fast spectrum (Millan et al., 2013; Woodger et al., 2015) in
Figure 1f. The balloon detected X-rays are mainly generated by the interaction between the
atmospheric constituents and <100 keV precipitating electrons (Jaynes & Usanova, 2019). We
further evaluate whether whistler-mode hiss waves (Period I) and chorus waves (Period II) are
fully responsible for the electron precipitation, whether ULF waves are modulating the whistler-
mode waves, or whether ULF waves are the direct cause of the precipitation, as discussed in Section
2.2. Although highly-correlated intense chorus waves and X-rays were observed during 11:45—
12:15 UT, this period was not further analyzed due to the data gaps in the BARREL observation.

The whistler-mode wave properties during the conjunction are further analyzed in Figure 2. Figure
2a shows total electron density inferred from the upper hybrid resonance frequency (magenta line)
and spacecraft potential (black line). The whistler-mode waves observed over 11:10-11:25 UT
(Period I) were located in the plume region, as indicated by the elevated electron density compared
to the plasma trough region after 11:25 UT, where chorus waves were observed. Figures 2b—2d
show the magnetic spectral density, ellipticity and wave normal angle of the waves. The waves
with the frequency from 100 Hz to a few kHz are right-hand polarized with small wave normal
angles. Magnetic waveform data from the EMFISIS search coil magnetometer shows that these
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emissions are hiss-like whistler-mode waves rather than discrete chorus waves inside the plume
region (not shown). The MagEIS (Blake et al., 2013) instrument onboard RBSP-B observed an
enhancement of electron flux peaking at 90° pitch angle in the 54 keV energy channel, as shown
in Figure 2e. The increased temperature anisotropy might contribute to the observed whistler-
mode wave growth. Although magnetosonic waves were also observed during the period, they
typically accelerate the electrons at higher pitch angles only and are unlikely to directly cause the
observed energetic electron precipitation (Ma et al., 2016).

2.2 Modulation of waves and electron precipitation

In order to evaluate whether the observed electron precipitation is correlated with the whistler-
mode waves or ULF waves, we show the correlation coefficients between them (Figure 3). The
amplitudes of the whistler-mode waves (black) observed by RBSP-B is shown in Figure 3a. The
whistler-mode wave amplitude is obtained by integrating the wave magnetic spectral intensity
measured by Waveform Receiver (WFR) from 200 to 2,000 Hz. Figure 3b shows the enhancement
of X-rays generated by electron precipitation observed by BARREL. Long period modulations on
a time scale of 5-60 minutes were observed in X-rays, which show clear similarities to the
modulation of whistler-mode wave amplitude. Such a slow modulation of wave amplitude and
electron precipitation has been suggested to be driven by modulation of the overall magnetosphere
cavity size (forced-breathing) (Breneman et al., 2020; Kepko & Spence, 2003; Kepko & Viall,
2019; Kepko et al, 2002). The magnetic field fluctuations obtained from the fluxgate
magnetometer waveform data were filtered to obtain the ULF wave amplitude between 8 and 30
mHz (33s to 2 min) in all three components, as shown in Figure 3c. To evaluate the correlation
between the observed waves and electron precipitation on a time scale shorter than 2 min, the ULF
wave amplitude and the X-ray count rates were interpolated to match the time resolution of
whistler-mode wave observations (6-s time resolution). Then the correlation coefficient was
calculated every 15 minutes with a time-shifted window of 2 minutes between X-ray count rate,
whistler-mode wave amplitude and ULF wave amplitude (8—30 mHz). The correlation coefficient
between whistler-mode wave amplitudes and X-ray count rates in the lowest energy channel 25—
48 keV is shown in Figure 3f, which is found to be especially high (~0.7) in the region of plumes
(Period I). The correlation coefficient between ULF and whistler-mode wave amplitudes is low
(Figure 3e) and the whistler-mode wave intensity in the region of plumes is likely modulated by
plasma density (Chen et al., 2012). The correlation coefficient between spacecraft potential which is
used to infer the plasma density and the whistler wave amplitude is ~0.8 (not shown here). In period
II, the highest correlation coefficient is ~0.7 between whistler-mode chorus waves and X-rays. It
is also worth noting that the correlation coefficient between 8-30 mHz ULF waves and X-rays
(Figure 3d) is much lower compared to that of whistler-mode waves and X-rays (Figure 3f) in
these two periods, suggesting that the role of 8-30 mHz ULF waves in the X-ray enhancement is
negligible.

3 Comparison between observed and modeled electron precipitation

We follow a physics-based technique to quantify the pitch angle scattering rates driven by the
moderately strong whistler-mode waves (Ma et al., 2020). The quasi-linear diffusion coefficients
based on whistler-mode wave frequency spectra and the background plasma parameters are
calculated with the Full Diffusion Code (Ni et al., 2008). Landau resonance and cyclotron
harmonic resonances (-10 to 10) are taken into account. It is assumed that whistler-mode wave
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normal angles are quasi-parallel to the magnetic field line near the equatorial plane as supported
by the RBSP-B observations (Figure 2d) and increase as magnetic latitudes increase (Ni et al.,
2013). Plasma density is taken from the RBSP measurement and assumed to be constant along the
field lines.

The long period structures (~10s of minutes) are shown in the bounce-averaged pitch angle
diffusion coefficients at the loss cone (<D,,>Lc) for electrons from 10 keV to 1 MeV in Figure 4b,
which is calculated from the observed whistler-mode wave amplitude (Figure 4a), wave frequency
spectrum, and the plasma density and magnetic field every 6 s. From Figure 4b, it can be seen that
the observed whistler-mode waves can cause electron precipitation up to MeV and are most
effective in precipitating electrons below 100 keV, with scattering rates up to 107 s at the loss
cone. This is consistent with the BARREL observation that only 25-95 keV X-rays, which are
mainly generated by <100 keV electron precipitation (Jaynes & Usanova, 2019), are enhanced
during this time period. The slow modulation in wave amplitude (Figure 4a) and <D,,>1c (Figure
4b) best matches the count rate of 2548 keV BARREL X-rays (the superimposed purple line) at
periods of tens of minutes.

With the <D,,>1c and the electron flux near the loss cone, we then determine the equatorial pitch
angle distribution of electrons inside the loss cone using the solution for the Fokker-Planck
equation under the quasi-equilibrium state (Kennel & Petschek, 1966; Li et al., 2013). The electron
flux near the loss cone is calculated based on the electron flux measured by RBSP-B at the lowest
pitch angle bin, as shown in Figure 4c. During the conjunction, the HOPE (Funsten et al., 2013)
and MagEIS instruments on ECT (Spence et al., 2013) were only able to measure electrons with
local pitch angles above 18° and 24° respectively, and the flux just outside the loss cone angle is
approximately evaluated as the flux at the lowest pitch angle bin. Since the flux tends to fall off as
pitch angle decreases, using the fluxes at 18°-24° pitch angles will likely lead to an upper limit estimate
on the precipitation.

The equatorial electron pitch angle distributions are mapped to the 70 km using T89 magnetic field
model. Figure 4d shows the energy spectrogram of electron fluxes averaged within the local loss
cone, which indicates the precipitation of ~10s to ~100s of keV electrons especially when the
whistler-mode wave amplitudes are modest or intense. The time evolution of the calculated
electron precipitation is also roughly consistent with the enhancement in BARREL X-rays. The
electrons with lower energies (~tens of keV) are subject to more efficient scattering loss than the
higher-energy ones (above several hundred keV). The observed electron flux at the lowest pitch
angle bin is roughly constant during the conjunction (Figure 4c), indicating that modulation in the
modeled electron precipitation are caused by the modulation of the observed whistler-mode waves.

In addition to the large-scale modulation with periods of several to tens of minutes, fluctuations
on a shorter time scale (< 2 min) have also been extensively observed in the BARREL data but are
often neglected in previous studies. Breneman et al. (2015) investigated the global-scale
modulation of whistler-mode wave driven electron precipitation. The modulation of X-rays
generated by electron precipitation at periods > 1 min for an event studied on 3 January 2014 was
found to be remarkably consistent with hiss wave amplitude; however, the fluctuation on a time
scale of <1 min is not consistent between waves and electron precipitation. This might be caused
by the large separation between the BARREL payload and the spacecraft and hiss wave intensity
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might be modulated by the local plasma density. In our case, the separation between BARREL-3E
and RBSP-B is small (AL < 1, AMLT < 0.9), allowing us to exclude the spatial effect. In order to
evaluate the modulation between the observed waves and electron precipitation on a shorter time
scale (<2 min), observations in Period I and Period II in Figure 4 are zoomed in to show more
details. The results are shown in Figures 5 and 6 respectively. The wave amplitude of plume hiss
waves shown in Figure 5a ranges from 5 pT to ~35 pT and the observed plume hiss waves are
most effective in precipitating electrons around 30 keV, as shown in <D,,>1c in Figure 5b. The
wave amplitude of chorus waves shown in Figure 6a is about the same as the plume hiss waves.
The chorus waves are more effective in precipitating electrons at lower energies (at least below
~30 keV) in our case, as shown in <D,,>1 ¢ in Figure 6b. An almost one-to-one correlation was
observed between the whistler-mode wave amplitudes and the enhancement in X-ray counts in
both the plasmaspheric plumes and the plasma trough. The time evolution of the calculated
<Due>1c, Wwhich controls the pitch angle evolution and ultimate precipitation rate under the quasi-
equilibrium state, was remarkably consistent with the modulation of X-rays measured by BARREL
on the short time scale of less than 2 minutes. The correlation between the electron precipitation
and the whistler-mode waves firmly demonstrates that the observed whistler-mode waves account
for the energetic electron precipitation and can drive electron precipitation into the atmospheric
loss cone.

4 Summary and Discussion

In this paper, we analyze a unique event when BARREL-3E was ideally situated to observe the
enhancement of X-rays associated with the whistler-mode waves detected by RBSP-B. By
analyzing the close conjunction event (AL < 1,AMLT < 0.9), we quantitatively investigate the
role of whistler-mode waves in causing energetic electron precipitation, and their relation to the
observed ULF waves. The main conclusions are the following.

(1) Energetic electron precipitation modulation was observed by BARREL at L ~ 6 from noon to
dusk. Besides the previously proposed long period modulation on the time scale of 1-60
minutes (Breneman et al., 2015, 2020), we also report the modulation on a shorter time scale
of less than 2 minute.

(2) Whistler-mode wave amplitude observed by RBSP-B was well correlated with the observed
enhancement in X-ray spectrum in both time and space, with a correlation coefficient of ~0.7
in the plume region.

(3) The observed whistler-mode waves can cause electron precipitation up to MeV and are most
effective for precipitating electrons below 100 keV, with bounce-averaged scattering rates up
to 10~ s™ at the loss cone. This is consistent with the BARREL observation that only 25-95
keV X-rays. mainly generated by < 100 keV electron precipitation (Jaynes & Usanova, 2019)
are enhanced during this time period. The modulation of the calculated <D, >|ic, which
controls the pitch angle distribution and ultimate precipitation rate under the equilibrium state,
was remarkably consistent with the modulation of enhancement of BARREL X-rays produced
by the energetic electron precipitation.
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(4) Modulation of the modeled precipitation due to whistler-mode waves was qualitatively
consistent with the enhancement in BARREL X-rays, indicating that whistler-mode waves are
responsible for the observed modulation of electron precipitation both in the plumes and the
plasma trough.

It was suggested that the density and magnetic field fluctuating on the ULF time-scale might affect
the electron precipitation through modulating whistler-mode wave growth (Breneman et al., 2015,
2020; Halford et al., 2015). In our event study, the whistler-mode waves are modulated on longer
breathing mode periods than the ULF wave periods (8—30 mHz). The correlation between ULF waves
and whistler-mode wave is quite low, indicating that ULF waves play little role in precipitating
the electrons into the loss cone in this event. An extensive analysis on a sufficient number of events
is needed to determine the accurate role of ULF waves in energetic electron precipitation; however,
this is beyond the scope of the current work and left for a future study. Nevertheless, our result has
provided strong evidence of whistler-mode wave driven energetic electron precipitation in both
plumes and plasma trough regions, which is essential to understand the radiation belt electron loss.
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489  Figure 1. (a) L shells of RBSP-B (blue) and BARREL-3E (red) based on the T89 magnetic field
490  model. (b) MLT of RBSP-B (blue) and BARREL-3E (red). (c) Magnetic spectral density observed
491 by the Waveform Receiver (WFR) onboard RBSP-B. In panel (c), the white lines represent the
492  electron cyclotron frequency (fee), 0.5 fee, 0.1 fce and fLur from top to bottom. The superimposed
493  magenta line represents the electron number density inferred from the upper hybrid resonance
494  frequency (Kurth et al., 2015) measured by the High-Frequency Receiver (HFR). (d—e) Magnetic
495  spectral density calculated from the fluxgate magnetometer onboard RBSP-B. The white lines in
496  panel (d) indicate proton, helium, and oxygen cyclotron frequencies. The horizontal lines in panel
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(e) indicate 8 mHz and 30 mHz. ULF waves within this frequency range were selected to show
modulations below 2 min. (f) BARREL fast spectrum X-rays at energies of 25-48 (purple), 48-95
(red), 95-180 (blue), and 180-550 keV (black). The black vertical dashed lines represent the
conjunction region when the separation between RBSP-B and BARREL was within AL = 1 and
AMLT = 1 over 10:40-14:32 UT. The red vertical dashed lines represent the times when RBSP
was in the plume region (Period I) and plasma trough (Period II), which are analyzed in detail in
Figures 5 and 6.
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Figure 2. (a) Total electron density observed near the equator by RBSP-B, where the magenta
solid line represents density inferred from the upper hybrid resonance frequency, and the black
solid line represents density inferred from the spacecraft potential. (b) Frequency-time
spectrogram of magnetic spectral density, (c) ellipticity, and (d) wave normal angle (WNA), where
the white lines represent the electron cyclotron frequency fee, 0.5 fee, 0.1 fee, and lower hybrid
resonance frequency (fLgr) from top to bottom. (e) Pitch angle spectrogram of 54 keV electron
flux measured by MagEIS. Period I represents the time when RBSP-B was in the plume region
and observed hiss waves, and Period II represents the time when RBSP-B was in the plasma trough

and observed chorus waves.
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Figure 3. (a) Whistler-mode wave amplitude observed by RBSP-B with time resolution of 6 s. (b)
30 s smoothed BARREL fast spectrum X-rays, with arrows indicating data gaps. (c) Wave
amplitude of poloidal (black), toroidal (blue) and compressional (red) 8-30 mHz ULF wave
components. (d) Correlation coefficients between X-ray count rate and 8-30 mHz ULF wave
amplitudes. (e) Correlation coefficients between whistler-mode wave amplitude and 8-30 mHz
ULF wave amplitudes (black, blue and red cross signs represent poloidal, toroidal, and
compressional components respectively). (f) Correlation coefficients between whistler-mode wave
amplitude and X-ray count rate. The gaps in panel (d) and panel (f) are caused by the data gaps in
BARREL fast spectrum X-rays shown in panel (b). Period I and II are the same as in Figure 1.
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Figure 4. (a) Whistler-mode wave amplitude in the plume region. (b) Energy spectrogram of
bounce-averaged pitch angle diffusion coefficients at the loss cone, (c) electron flux at the loss
cone using the combined RBSP-ECT data product (Boyd et al., 2019) of HOPE and MagEIS, and
(d) modeled electron precipitation under the quasi-equilibrium state. The superimposed purple line
in panel (b) and (d) is the observed count rate of 25-48 keV BARREL X-rays. Periods I and II are
the same as those marked in the Figure 1.
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538  Figure 5. Same as Figure 4, except in the plume region during Period L.
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