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• We have investigated the correlation
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and electron beam‐like distribution
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• But for oblique chorus waves, the
electron beam‐like distribution
should be a precondition for exciting
waves rather than caused by waves.
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Abstract In this letter, we have investigated the correlation between lower band chorus waves and
electron beam‐like distribution with long‐term THEMIS data. Cold, hot, and beam electrons are assumed
in the plasma. For quasi‐parallel chorus waves, they are usually observed along with a relatively weak
electron beam. Moreover, the density ratio between beam and hot electrons nb/nh is positively correlated
with the wave parallel electric ﬁeld and inversely correlated with the hot electron density, in agreement with
a formation of the beam by Landau acceleration during wave propagation, while, along with oblique waves,
there typically exists a strong electron beam. Notably, the nb/nh is found to be independent of both the
parallel electric ﬁeld and hot electron density, indicating that the electron beam‐like distribution should be a
precondition for exciting oblique waves rather than caused by waves. Our study provides some new insights
into understanding the generation and evolution of chorus waves.
Plain Language Summary The interaction between whistler‐mode chorus waves and electrons
has long been a hot topic, which is important for understanding the evolution and generation of chorus
waves. Both theoretical and simulation studies have indicated that quasi‐parallel chorus waves are initially
excited near the magnetic equator and then propagate toward high‐latitude regions with increasing wave
normal angles and enhanced parallel electric ﬁelds. During the propagation, the Landau resonance
between chorus waves and electrons begins to take effect, causing the damping of waves and the formation
of local electron beam. Within the equatorial region, there also exist a number of oblique chorus waves with
large wave normal angles, which should be also locally excited. To generate oblique waves, a beam‐like
electron distribution is needed to suppress the Landau damping of oblique chorus waves, which should
already exist before those waves. Although the two physical pictures are well known in this community,
actually, there is still a lack of observational support. In this paper, we have made some new progress in
understanding these two different scenarios by studying the correlation between chorus waves and electron
beam‐like distribution with long‐term THEMIS data.

1. Introduction
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Chorus waves are one of the most intense electromagnetic emissions in the Earth's inner magnetosphere,
whose frequency typically ranges from 0.1 to 0.8fce, where fce is the equatorial electron gyrofrequency
(Burtis & Helliwell, 1969; Gao et al., 2016b; Gao et al., 2017a; Tsurutani & Smith, 1974). They have drawn
much attention because of their key role in controlling electron dynamics in the Van Allen radiation belt
(Ni et al., 2008; Reeves et al., 2013; Thorne et al., 2010; Thorne et al., 2013). The free energy to generate
chorus waves comes from anisotropic hot (tens of keV) electrons injected from the plasma sheet during
active periods (Gao et al., 2014; Li et al., 2010a; Omura et al., 2008). Based on previous theoretical and simulation studies, lower band chorus waves are generally considered to be excited near the magnetic equator
with very small wave normal angles (Chen et al., 2013; Ke et al., 2017; Lu et al., 2019; Omura et al., 2008).
Then, they will propagate toward high‐latitude regions with increasing wave normal angles and enhanced
parallel electric ﬁelds (Chen et al., 2013; Ke et al., 2017; Lu et al., 2019). As a result, the Landau resonance
between chorus waves and electrons begins to take effect, causing the damping of chorus waves and parallel
acceleration of electrons (Chen et al., 2013; Ke et al., 2017; Lu et al., 2019). In this scenario, a beam‐like or
plateau structure is expected to form in the electron parallel velocity distribution around the phase velocity
of chorus wave, while, within the equatorial region, there also exist a number of oblique lower band chorus
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waves with large wave normal angles (Agapitov et al., 2013; Gao et al., 2018; Li et al., 2011, 2013), which cannot be simply explained by the propagation effect. Whether these waves are generated through the cyclotron
resonance or Landau resonance, a beam‐like electron distribution is needed to suppress the Landau damping of chorus waves at large wave normal angles (Artemyev et al., 2016; Gao et al., 2016a; Li et al., 2016;
Mourenas et al., 2015). In this case, the beam‐like electron distribution should be considered as a precondition for the wave excitation rather than the feedback caused by waves. These two scenarios have been theoretically proposed and veriﬁed in selected observations (Li et al., 2016) for the second scenario and
statistically (Min et al., 2014) for the ﬁrst scenario. However, there is still a lack of statistical observational
support for the second scenario, and no statistical comparison has ever been performed between electron
distributions measured during these two different kinds of events, that is, when weakly oblique or very oblique lower band chorus waves are observed around the equator.
In this letter, we have statistically investigated the correlation between chorus waves and electron beam‐like
distribution by evaluating the density ratio between beam and hot electrons with nearly 7‐year THEMIS data
and uncovered two different scenarios for quasi‐parallel and oblique chorus waves.

2. THEMIS Instruments
THEMIS mission is composed of ﬁve identical probes (THEMIS A, B, C, D, and E), which are placed in
highly elliptical orbits and near the magnetic equator with apogees above 10 RE and perigees below 2 RE
(Angelopoulos, 2008). Chorus waves are captured by the search‐coil magnetometer (SCM, Le Contel et al.,
2008; Roux et al., 2008) and electric ﬁeld instrument (EFI, Bonnell et al., 2008), which simultaneously measure triaxial magnetic and electric ﬁelds with a sampling frequency up to ~8 kHz. Each waveform burst lasts
about 6–8 s, while, the electron distributions are provided by the electro‐static analyzer (ESA; McFadden
et al., 2008), covering an energy range from a few electron volt to ~30 keV. Here, the total electron density
is inferred from the spacecraft potential and electron thermal speed (Li et al., 2010b). And the background
magnetic ﬁeld used to estimate the equatorial electron gyrofrequency is measured by the ﬂuxgate magnetometer (FGM, Auster et al., 2008). Following the procedure developed by Bortnik et al. (Bortnik et al.,
2007; essentially an implementation of Means, 1972), we can obtain the polarization properties of chorus
waves by analyzing three components of magnetic ﬁelds.

3. Observational Results
The chorus waves are collected from three inner probes (THEMIS A, D, and E) between L = 5 and 10 during
the period from 1 June 2008 to 31 December 2014 based on the same criteria used in Gao et al. (2014). Two
representative examples are displayed in Figure 1, including (a) the spectrogram of total magnetic ﬁelds Bt,
(b) spectrogram of parallel electric ﬁelds E∥, (c) a ﬂag Pf, (d) wave normal angle θ, and (e) magnetic amplitude Bw. The propagating direction (Pf) of chorus waves is determined by both the direction of the Poynting
ﬂux vector and radial component of the ambient magnetic ﬁeld (Gao et al., 2017b; Li et al., 2013). Here
Pf = −1 means propagating direction toward the magnetic equator, while Pf = 1 means propagating direction toward the polar region. The magnetic amplitude at each time is obtained by integrating the magnetic
power over 0.1–0.5fce. As shown in Figure 1c, both chorus events are propagating away from the magnetic
equator. Chorus waves in Event I are quasi‐parallel (θ < 45°), while waves in Event II are quite oblique
(θ > 45°; Figure 1d). Although the magnetic power of Event II is about two orders lower than that of
Event I, the powers of parallel electric ﬁelds of two events are comparable (Figure 1b). In each event, the
time ts corresponding to the maximum magnetic amplitude has been chosen to extract detailed wave parameters, which has been marked by red star in Figure 1e.
The magnetic power Bt, parallel electric power E∥, and wave normal angle θ as a function of frequency at ts
are given in Figures 2a and 2b for Events I and II, respectively. Taking Event I as an example, we ﬁrst ﬁnd the
peak frequency fp with the maximum magnetic power. Then, we calculate the average wave frequency fave
and wave normal angle θave weighted by the magnetic power over three adjacent frequency bins around
fp. Meanwhile, the parallel electric ﬁeld amplitude E∥w is obtained by integrating over the same frequency
bins. The Landau resonance between chorus wave and electron works only when the parallel velocity of
electron is close to the parallel phase velocity of wave, that is, v∥ = ω/kcosθ, where ω and k are wave angular
CHEN ET AL.
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Figure 1. (a) The spectrogram of total magnetic ﬁelds Bt, (b) spectrogram of parallel electric ﬁelds E∥, (c) a ﬂag Pf, (d) wave
normal angle θ, and (e) magnetic amplitude Bw. In all panels, the solid and dashed horizontal lines in white or black
represent 0.1 and 0.5fce, respectively.

frequency and wave number, respectively. For simplicity, the wave number is estimated by employing the
dispersion relation of whistler mode in a cold plasma (Stix, 1962):
 2
ω2pe
kc
¼−
;
ω
ωðω−Ωce cosθÞ

(1)

where Ωce, ωpe, and c are the electron gyrofrequency, plasma frequency, and light speed, respectively. Note
that the background magnetic ﬁeld and density are chosen at the time closest to ts during the calculation.
Therefore, the Landau resonant velocity vL of electron is given by ω=k cos θ. Finally, we record these wave parameters (i.e., θave, E∥w, and vL) for this event to further analyze the parallel velocity distribution of electrons.
The electron parallel velocity distributions (black dots) for Events I and II are shown in Figures 2c and 2d,
respectively, which are obtained from ESA data at the time closest to ts. For ESA data, there are eight pitch
angle channels ranging from 11.25° to 168.75°. In this study, the 11.25° and 168.75° channels will be treated
as the parallel and antiparallel directions for convenience, respectively. The Landau resonant velocity of
electron has been marked by the vertical dashed line in Figure 2c or 2d. Then, we choose six adjacent data
points (red circles) around the Landau resonant velocity to ﬁt the electron parallel velocity distribution. Note
that since only the parallel velocity distribution is considered in the following investigation, the precise anisotropy of the full distribution is unimportant. Accordingly, we assume that the electron distribution function fe = fc+fh+fb is a combination of three distribution functions (cold, hot, and beam, respectively) with
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where nj, Tj, and vtj (j = c, h, or b) are the number density, temperature, and thermal velocity of j component.
It is worth noting that the bulk velocity of electron beam is ﬁxed at the Landau resonant velocity vL, where
the interaction between chorus waves and electrons in the parallel direction is most intensive. Since the
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Figure 2. (a and b) The magnetic power Bt, parallel electric power E∥, and wave normal angle θ as a function of frequency
at ts of Events I and II, respectively. In each panel, the shaded region represents the selected frequency bins to calculate
mean wave parameters. (c and d) The electron parallel velocity distribution. The black dots are observed data from electro‐
static analyzer (ESA) instrument, while six of them marked by red cycles are chosen to perform the ﬁtting. The blue line is
the ﬁtted distribution function. We have also marked the Landau resonance velocity with the vertical dashed line.

temperature of cold electrons (~eV) is typically much smaller than that of hot or beam component (~keV),
the parallel electron distribution around vL approximately becomes

f e ≈f h þ f b ¼ nh
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We have employed the least square method to ﬁt the distribution curve, which is plotted as the blue line in
Figure 2c or 2d. Meanwhile, we can also get the nb, nh, and the ratio between them nb/nh. Here, the parameter nb/nh is utilized to quantitatively describe the correlation between chorus waves and electron
beam‐like distribution. The high parameter R2, deﬁned as R2 = 1 − SSE/SST (SSE is the sum of squares of
the difference between the ﬁtted result and the original data; SST is the sum of squares of the difference
between the original data and the mean value), indicates the high reliability of calculated ﬁtting parameters.
In this study, we only retain those events in which R2 > 0.9. In Event I, we can hardly tell the presence of a
beam‐like structure around vL in the parallel electron distribution, since the ratio nb/nh is very small, that is,
0.0022. However, in Event II, it is clearly found that there is a distinct “plateau” located at vL, suggesting that
there is a signiﬁcant beam component (nb/nh ~0.065) accompanying chorus waves.
It is worth noting that we have only focused on the lower band waves regardless of their spectral structures
in this study. In this study, we have analyzed a much larger database than Min et al. (2014) and also developed a method to directly evaluate the beam‐like component. We have selected about 1,060 chorus events in
total. They are typically detected at the low magnetic latitudes (−20° to 20° limited by the range of latitudes
CHEN ET AL.
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Figure 3. (a) The occurrence rate of wave normal angle for chorus waves and (b) the median density ratio nb/nh (black
cycle) in different categories of wave normal angle with the ﬁrst and third quartiles marked by black and red dots,
respectively.

covered by THEMIS) over all magnetic local time (Gao et al., 2014). The event inside the plasmapause or
outside the magnetopause has already been excluded following the method in Li, Thorne, Nishimura,
et al. (2010a). Moreover, those chorus events in which the calculated Landau resonant energy 12 me v2L is
out of the energy coverage of ESA (i.e., a few eV to 30 keV for electrons) are also removed in our study.
Figure 3a shows the occurrence rate of chorus waves as a function of the wave normal angle. The occurrence
rate is deﬁned as the ratio between the numbers of wave events in each category and total events. Just as
mentioned above, chorus waves captured by THEMIS probes are not far from their main source region, that
is, the magnetic equator. Therefore, they tend to have small wave normal angles (θ < 45°) even though the
propagating effect plays a role in increasing the wave normal angle. As shown in Figure 3a, nearly 80% of
chorus waves are quasi‐parallel with θ < 45°, which is consistent with previous statistical results (Gao et al.,
2014; Li et al., 2011), while there is also a signiﬁcant population of chorus waves having very large wave normal angles (θ > 45°). These oblique chorus waves have been believed to be locally excited by hot electrons,
which is supported by both theoretical and observational studies (Agapitov et al., 2016; Gao, Lu, et al., 2016a;
Li et al., 2016; Mourenas et al., 2015). The correlation between chorus waves and electron beam‐like distribution (i.e., nb/nh) as a function of the wave normal angle is displayed in Figure 3b. Overall, the nb/nh is generally larger than 0.01, suggesting that the majority of chorus waves is found to be with a noticeable beam‐
like component of electrons. In fact, there is only a weak trend that the nb/nh increases with the increase of
the wave normal angle. Instead, there is a remarkable difference between quasi‐parallel (θ < 45°) and oblique (θ > 45°) chorus waves. The median values of nb/nh for oblique waves are at least ﬁve times as large as
those for quasi‐parallel waves. In other words, the oblique chorus wave is usually accompanied by a more
signiﬁcant electron beam.
Therefore, we divide chorus events into two categories, that is, quasi‐parallel (θ < 45°) and oblique (θ > 45°)
events, and further investigate the dependences of nb/nh on the parallel electric ﬁeld amplitude E∥ and hot
electron density nh. To remove the effects of various background magnetic ﬁeld B0 and plasma density n0, we
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
have normalized E∥ and nh by B0VAe (VAe is given by B0 = μ0 n0 me ) and n0, respectively. Figures 4a and 4b
present the scatter plots of chorus events in the (E∥/B0VAe, nh/n0) plane with color‐coded nb/nh. For clarity,
we have also shown the median nb/nh in the (E∥/B0VAe, nh/n0) plane in Figures 4c and 4d. For quasi‐parallel
chorus waves, the majority of them is accompanied by a relatively weak electron beam with nb/nh around
0.01. The density nb of electrons accelerated by E∥ near v∥ = vL should depend on E∥ and on the initial fh
(vL). For θ < 45° events, nb/nh is small, and vL is on the fast‐decreasing shoulder of the distribution. Then,
the density nh of fh ﬁtted around vL depends (exponentially) strongly on the varying vth but only weakly (linearly) on fh(vL). As a result, nh should be statistically mostly independent of fh(vL) and nb, and nb/nh is
expected to decrease as nh increases. Therefore, the density ratio nb/nh is positively correlated with the parallel electric ﬁeld amplitude E∥/B0VAe but inversely correlated with hot electron density nh/n0. As shown in
Figure 4c, from bottom right to up left, the median density ratio nb/nh gradually increases up to comparable
to 1 from ~10−3. This result well supports the physical picture that the electron beam‐like distribution is
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Figure 4. (a and b) The scatter plots of chorus events in the (E∥/B0VAe, nh/n0) plane with color‐coded nb/nh for two categories (i.e., θ < 45° and θ > 45°) and (c and d) the median value of nb/nh in the (E∥/B0VAe, nh/n0) plane. In panels c and d,
we only retain those bins with more than three wave events.

caused by the Landau resonance during the propagation of chorus waves. However, for oblique chorus
waves, they tend to be observed with a strong electron beam with nb/nh around 0.05. Unlike the case of
quasi‐parallel waves, the median density ratio nb/nh is independent of either E∥/B0VAe or nh/n0
(Figure 4d), suggesting that the electron beam‐like distribution is more like a necessary condition for the
generation of oblique waves rather than caused by waves.

4. Summary and Discussion
In this letter, we have studied the correlation between lower band chorus waves and electron beam‐like distribution by evaluating the density ratio between beam and hot electrons nb/nh with nearly 7‐year THEMIS
data. The larger nb/nh indicates a more signiﬁcant electron beam‐like or plateau structure located around the
Landau resonant velocity in the parallel velocity distribution. Two different scenarios have been uncovered.
Quasi‐parallel chorus waves are usually observed along with a relatively weak electron beam with nb/nh
typically smaller than 0.02. Moreover, the nb/nh is positively correlated with the parallel electric ﬁeld amplitude E∥/B0VAe and inversely correlated with hot electron density nh/n0. This result indicates that the electron beam‐like (or plateau) distribution is caused by Landau resonance during wave propagation. In
contrast, oblique chorus waves are accompanied by a strong electron beam with nb/nh larger than 0.04. In
particular, the nb/nh is found to be independent of both E∥/B0VAe and nh/n0, suggesting that the electron
beam‐like distribution is more like a precondition for exciting oblique waves rather than caused by waves.
Chorus waves are commonly believed to be excited by anisotropic hot electrons at the magnetic equator,
whose wave normal angles are typically very small (Chen et al., 2013; Ke et al., 2017; Lu et al., 2019;
Omura et al., 2008). Then, they will propagate toward high‐latitude regions with increasing wave normal
angles (Chen et al., 2013; Ke et al., 2017; Lu et al., 2019). Meanwhile, the parallel electric ﬁeld of chorus
waves also becomes signiﬁcant, which will accelerate electrons in the parallel direction through the
CHEN ET AL.
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Landau resonance (Agapitov et al., 2015, 2016; Artemyev et al., 2016; Min et al., 2014). Therefore, a beam‐
like or plateau structure is expected to form in the electron parallel velocity distribution around the phase
velocity of chorus wave, which is consistent with the results of previous work (Agapitov et al., 2015, 2016;
Artemyev et al., 2016; Min et al., 2014). Min et al. (2014) provided evidence for the Landau resonant interactions between electrons and chorus waves with 4‐year THEMIS data. It is readily accepted that the stronger parallel electric ﬁeld and lower hot electron density will result in the larger nb/nh or more signiﬁcant
beam‐like or plateau structure. This trend can be clearly observed in Figure 4c, which provides a strong evidence to support the above physical picture of wave evolution. On the other hand, there is also a population
of oblique chorus waves with large wave normal angles (Gao et al., 2018; Li et al., 2011), which cannot be
simply explained by the propagation effect. Both theoretical and observational studies have pointed out that
these waves can be locally excited but a beam‐like electron distribution is required to suppress the Landau
damping of oblique chorus waves (Artemyev et al., 2016; Gao, Lu, et al., 2016a; Li et al., 2016; Mourenas
et al., 2015). In this case, the beam‐like electron distribution already exists before the excitation of chorus
waves. Then, we can understand why the nb/nh is independent of the wave ﬁelds but remains at a high level
for oblique waves. Our study provides some new observational clues for understanding the generation and
evolution of chorus waves in the Earth's magnetosphere.
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