
1. Introduction
Early space exploration beginning in the late 1960s, discovered a ubiquitous, intense electromagnetic emission 
at frequencies below a few kilohertz (Burtis & Helliwell,  1969; Gao et  al.,  2014; Li et  al.,  2012; Meredith 
et al., 2001; Tsurutani & Smith, 1974, 1977) in the near-Earth magnetized environment known as magnetosphere, 
as well as other planetary magnetospheres (Gurnett et al., 1981, 1986; Li et al., 2021; Scarf et al., 1979; Shprits 
et al., 2018). This emission is named chorus wave because it sounds like a dawn chorus of birds due to its coher-
ent and repetitive nature (Storey, 1953). This important wave is known to efficiently accelerate electrons that are 
trapped in the Earth's magnetic field from energies of the order of a few keV to several MeV (Horne et al., 2005; 
Shprits et al., 2008; Summers et al., 1998; Thorne et al., 2013), producing the radiation hazards to satellites and 
human in space. Chorus wave is also responsible for the precipitation of low-energy (0.1–30 keV) electrons into 
the polar upper atmosphere, powering aurorae and changing high-latitude ionization and chemistry (Kasahara 
et al., 2018; Lam et al., 2010; Ni et al., 2008; Nishimura et al., 2010; Thorne et al., 2010).

Chorus wave typically appears as a series of periodic or quasi-periodic frequency chirpings (called elements; 
Burtis & Helliwell,  1969; Tsurutani & Smith,  1974; Li et  al.,  2012; Gao et  al.,  2014) in the frequency-time 
spectrogram. Numerous theories and simulation models have been developed to understand its generation (Katoh 
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& Omura, 2006; Lu et al., 2019; Nunn et al., 1997; Omura et al., 2008; Tao, 2014), and the rising-tone chorus 
element has been successfully reproduced by relaxing a population of anisotropic electrons (i.e., perpendicular 
pressure larger than parallel pressure with respect to the background magnetic field). But those simulated chorus 
emissions have lost the repetitive nature with the presence of only one or several distinct rising-tone elements.

The repetitive nature of chorus wave exhibits not only in the rapid modulation of pulsating aurorae in the upper 
atmosphere (Hosokawa et al., 2020; Ozaki et al., 2019), but also in the high temporal variations (<1 s) of precipi-
tating electron fluxes to the ionosphere (called microbursts; Lorentzen et al., 2001; Thorne et al., 2005; Tsurutani 
et al., 2013; Mozer et al., 2018). However, the origin of repetitive chorus emissions remains unclear for over 
50 years. In the Earth's magnetosphere, chorus emissions are usually excited following the long-lasting injection 
of plasma sheet electrons during periods of enhanced geomagnetic activity (Li et al., 2009). Due to the inho-
mogeneity of Earth's inherent magnetic fields, these injected electrons drift eastward around the Earth in the 
magnetosphere. Lately, using a one-dimensional (1-D) δf particle-in-cell (PIC) simulation model, Lu et al. (2021) 
proposed that the electron injection plays an important role in forming the repetitive pattern. But no observational 
evidence has yet been obtained to support that.

Here we provide the first observational evidence for the origin of repetitive chorus emissions, uncovering how 
the drifting energetic electrons tune the repetitive period of chorus emissions. We present a survey of 1.5 year 
data from Van Allen Probes, showing there exists an inverse correlation between the repetitive period of chorus 
emissions and drift velocity of energetic electrons. Our finding can well explain the day-night asymmetry of the 
repetitive period of chorus emissions, that is the dayside chorus emissions typically have the longer repetitive 
period than nightside emissions.

2. Dataset and Simulation Model
Van Allen Probes (Mauk et  al.,  2013), consisting of two identical satellites (A and B), are operating in 
near-equatorial, highly elliptical, and low-inclination orbits with perigees of ∼1.1 RE and apogees of ∼5.8 RE, 
perfectly covering the main source region (i.e., magnetic equator) of chorus emissions. The onboard Electric and 
Magnetic Field Instrument Suite and Integrated Science (EMFISIS) instrument (Kletzing et al., 2013) provides 
not only the high-resolution waveform data (35,000 samples/sec) in burst mode, but also the power spectrum data 
(1/6 sample/sec) in survey mode. The background magnetic field is obtained from the triaxial fluxgate magneto-
meter (MAG, a part of the EMFISIS instrument suite). The plasma measurement is provided by the Helium, 
Oxygen, Proton, and Electron (HOPE; Funsten et al., 2013) instrument.

One-dimensional (1-D) gcPIC-δf simulation model is performed in a dipole magnetic field. In this model, there are 
two electron components: cold and energetic electrons. All electrons are treated as particles, but ions are motionless. 
The simulation domain is along the magnetic field line with the magnetic latitude ranging from about −28° to 28°, 
and the topology of the magnetic field is roughly equal to that at L = 0.6. Different from previous PIC simulations, 
energetic electrons are continuously injected into the simulation domain in the azimuthal direction. The details about 
this model have been elaborated by Lu et al. (2021). In our simulations, the other parameters at the equator are initial-
ized as follow: the ratio of number density of energetic electrons to that of cold electrons is nho/nc0 = 0.6%, the ratio 
of plasma frequency to electron gyrofrequency is ωpe/Ωe0 = 5 (where 𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝 =

√

𝑛𝑛0𝑝𝑝2∕𝑚𝑚𝑝𝑝𝜀𝜀0 is the plasma frequency, 
n0 = nc0 + nh0, and Ωe0 = eB0eq/me is the electron gyrofrequency at the equator), the temperature anisotropy of ener-
getic electrons is T⊥0/T∥0 = 6, and the parallel plasma beta of energetic electrons is 𝐴𝐴 𝐴𝐴

‖ℎ0 = 𝑛𝑛ℎ0𝑇𝑇‖0∕𝐵𝐵
2
0𝑒𝑒𝑒𝑒
∕2𝜇𝜇0 = 0.01 . 

These parameters are consistent with observations at L = 6 in the Earth's magnetosphere, and the other values of 
these parameters along the magnetic field can be obtained based on the Liouville's theorem. In each simulation, 
there are 4,000 grid cells, and its length is 0.34 de (where de = c/ωpe is the electron inertial length). On average, there 
are about 4,000 particles in each cell, and the time step is 0.03 𝐴𝐴 Ω−1

𝑒𝑒0
 . Absorbing boundary condition is applied for the 

electromagnetic field, while reflecting boundary is applied for particles.

3. Results
Chorus waves in the Earth's magnetosphere typically exhibit discrete and repetitive emissions with the rising 
frequency. For example, Van Allen Probe-A detected a significant enhancement of electron flux from a few keV 
to tens of keV on 17 March 2013 (Figure 1b), due to intense substorm injections during 22:00–23:30 UT with 
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Auroral Electrojet index larger than 500 nT (Figure 1a). Expectedly, chorus emissions were clearly observed 
in the frequency range between 0.1  fce and 1.0  fce (where fce is the equatorial electron gyrofrequency) during 
this time interval (Figure 1c), and two 6 s segments with the high-cadence magnetic field data are selected to 
show  the zoom-in wave dynamic spectra (Figures 1d and 1e). Figure 1f presents an example (marked by the white 
line in Figure 1d) for illustrating how to identify the rising-tone chorus element. Firstly, we select two adjacent 

Figure 1. (a) 4 hr overview of Auroral Electrojet (AE) index, (b) electron differential energy flux measured by Van Allen 
Probe-A, (c) magnetic wave spectral intensity, (d and e) two 6 s high-resolution measurements of magnetic wave spectrum at 
E1 and E2 marked by the blue dashed lines in panel b and f enlarged view of one element marked by the white line in panel 
(d) Chorus waves falling in the range between 0.1 fce and 1.0 fce, which are illustrated by dashed white lines.
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points (marked by gray stars) inside the element, that is, (tp1, fp1) and (tp2, fp2). Here, fp1 (or fp2) is the frequency 
corresponding to the maximum power over 0.1–0.5 fce at tp1 (or tp2). Secondly, we use linear interpolation to get 
the next candidate point (tp3, fcan) based on the two previous points. At time tp3, the power-weighted average of 
frequency from fcan − 170 Hz to fcan + 170 Hz to obtain the next point (tp3, fp3). Finally, we repeat the second step 
forward and backward until get the ending point (tpend, fpend) and initial point (tpini, fpini) of the element where the 
maximum power over fcan − 170 Hz to fcan + 170 Hz falls below one thousandth of the maximum power during 
the entire time interval (6 s). For an element, the frequency is further required to increase monotonically. There-
fore, the extracted frequency profile of the example element is shown by the black curve. Moreover, one element 
is required to include at least five points, and one repetitive chorus event must include at least six rising-tone 
elements. The time interval Δt between two adjacent rising-tone elements is given by the time between their 
initial points (marked by triangles in Figures 1d and 1e). For each chorus event (6 s interval), the repetitive period 
Td is obtained by averaging all Δt. Each segment, consisting of multiple nearly identical rising-tone elements, is 
recognized as one chorus event. In both chorus events, the rising-tone element appears one after another with 
an almost constant repetitive period, but repetitive periods of the two events are distinctly different, estimated as 
∼0.13 and ∼0.26 s respectively.

Energetic electrons from Earth's magnetotail are continually injected into inner magnetosphere during substorms, 
and then drift eastward around the Earth caused by the inhomogeneous magnetic field (i.e., dipole field; Figure 2a). 
During the azimuthal drift, these energetic electrons are unstable to excite chorus waves through cyclotron reso-
nance (Figure 2a). Van Allen Probes can be treated as stationary during such a short time interval (i.e., 6 s), since 
the satellite velocity (1–10 km/s) is far less than the drift velocity of energetic electrons (∼570 km/s at energy 
∼34.2 keV). As these electrons pass by the same filed line where the satellite locates, the rising-tone chorus 
element will be triggered one after another due to the continuous supplies of free energy in electrons and then 
propagate toward the satellite. Therefore, it is natural to speculate the repetitive period Td of chorus emissions 
should be controlled by the rate of energy supplies, that is, the drift velocity Vd of energetic electrons.

Since chorus waves are generated by energetic electrons through cyclotron resonance, so we need to estimate 
the drift velocity Vd of resonant electrons. The parallel velocity v∥r of resonant electrons is determined by the 
first-order cyclotron resonance condition

𝜔𝜔 − 𝑘𝑘
‖

𝑣𝑣
‖𝑟𝑟 = Ωce, (1)

where ω is wave angular frequency, and k∥ is the parallel component (relative to background magnetic field) of 
wave number. Here, the ω is given by 2πfpini, since previous theories and simulations suggested that rising-tone 
chorus element is triggered by the triggering wave (i.e., at the initial wave frequency fpini; Katoh & Omura, 2006; 
Hikishima & Omura,  2012). The wave number is estimated based on the cold plasma dispersion relation 

Figure 2. (a) Schematic diagrams summarizing electron drift motion (purple line), resonant electrons motion (cyan line) and chorus waves propagation (red line). 
Due to the gradient and curvature of background magnetic field, electrons do the eastward drift motion around the Earth. Meanwhile, resonant electrons can provide 
free energy for the generation of chorus waves. (b) The relation between the repetitive period Td and drift velocity Vd of resonant energetic electrons. (c) The relation 
between normalized period Vd/VAe and normalized drift velocity fceTd. In panel b and c, the black and red lines are the fitting curves for two distributions.
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(Stix, 1962). Since the drift velocity of resonant electrons is caused by the curvature and gradient of the Earth's 
magnetic field, then the drift velocity can be estimated by the formula

⃖⃖⃖⃗𝑉𝑉𝑑𝑑 =
2𝐸𝐸

‖

+ 𝐸𝐸⟂

𝑞𝑞𝑞𝑞3
0

⃖⃖⃖⃗𝑞𝑞0 × ∇ ⃖⃖⃖⃗𝑞𝑞0, (2)

where 𝐴𝐴 𝐴𝐴
‖

=
1

2
𝑚𝑚𝑚𝑚2

‖𝑟𝑟
 is the parallel kinetic energy of resonant electrons, and E⊥ is the perpendicular kinetic energy. 

For simplicity, we assume E⊥ to be three times E∥, meaning the pitch angle of electrons is 60°. Other pitch 
angles are also tested, and the principal results remain unchanged. 𝐴𝐴 ∇ ⃖⃖⃖⃗𝐵𝐵0 can be calculated from the magnetic field 
model, such as Ts04 model (Tsyganenko & Sitnov, 2005). After the drift velocity for each rising-tone element is 
obtained, then we average all of them to get the Vd for this event. For example, the drift velocities Vd for event E1 
and E2 are ∼570 km/s and ∼100 km/s, respectively.

To determine the correlation between repetitive period Td and drift velocity Vd, we have collected chorus events 
(793 in total) detected by Van Allen Probe-A from January 2013 to August 2014, and extracted the values of Td 
and Vd for each event. As shown in Figure 2b, there is a clear inverse correlation between repetitive period Td and 
drift velocity Vd, which can be approximately described as 𝐴𝐴 𝐴𝐴𝑑𝑑 = 104.905𝑉𝑉 −1.085

𝑑𝑑
 through the least square fitting. 

This result suggests energetic electrons with a larger Vd, the faster energy injection, will produce chorus elements 
of shorter separations. Considering the background plasma condition for each event is quite different in Earth's 
magnetosphere, we also normalize the Vd and Td by the local electron Alfven velocity (VAe) and gyrofrequency 
(fce). Figure 2c shows a similar inverse correlation between them, approximately described as fceTd = 10 −0.921(Vd/
VAe) −1.402.

Solar wind, a stream of plasma released from the upper atmosphere of the sun, reshapes the Earth's magneto-
sphere as shown in Figure 3a, where the dayside field line becomes compressed, while the nightside filed line 
becomes more stretched (Figure 3a). This permanent asymmetric inhomogeneity of magnetic fields naturally 
leads to the day-night asymmetry of the drift velocity of energetic electrons (Figure 3b). Since the repetitive 
period of chorus emission is controlled by the drift velocity, then it is easily to conclude that the repetitive period 
of chorus emission should also exhibit the day-night asymmetry. Taking two chorus events as examples, we can 
clearly find the chorus event at magnetic local time (MLT) = 8.9 hr has a much longer repetitive period than the 
one at MLT = 0.3 hr (Figure 3a). The distribution of repetitive periods of all chorus events in Figure 2a over MLT 
is illustrated in Figure 3c, which shows a distinct day-night asymmetry. Specifically, the repetitive period tends to 
increase from midnight (MLT = 0 or 24 hr) toward noon (MLT = 12 hr). The repetitive period of chorus waves at 
nightside ranges from ∼0.1 to ∼0.4 s, while at dayside the repetitive period falls between ∼0.3 and ∼0.9 s. This 
statistical result reveals that the geometry of Earth's magnetic field plays an important role in determining the 
repetitive period of chorus emissions.

Figure 3. (a) The day-night asymmetric configuration of magnetic field under the strong solar wind environment. At the bottom, the magnetic spectrums of two 6 s 
rising-tone chorus events are presented, where the left one is captured at dayside (i.e., MLT = 8.9 hr) and the right one is captured at night side (i.e., MLT = 0.3 hr), 
while both events are at close L-shell and magnetic latitude. (b) The distribution between drift velocity Vd and MLT. (c) The distribution between repetitive period Td 
and MLT. In panels b and c, the event at nightside (MLT, 0–6, 18–24 hr) is marked by red triangle, and the event at dayside (MLT, 6–18 hr) is marked by blue square. 
The black line is the fitting curve for the repetitive period between 0 and 12 hr in panel (c).
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Using the same one-dimensional (1-d) δf simulation model as Lu et al. (2021), we have further studied the corre-
lation between the repetitive period of rising-tone chorus emissions and drift velocity of anisotropic electrons. 
In this model, anisotropic electrons are continuously injected into the simulation system with a constant drift 
velocity that can be expressed by 𝐴𝐴 𝐴𝐴−1

𝐷𝐷
 . The smaller τD represents the larger drift velocity of injection. Figure 4a 

shows the simulated chorus emissions for the case with τDΩe0 = 1,800, where six clear rising-tone elements can 
be observed. This repetitive chorus emission is quite similar to that observed in the magnetosphere (Figures 1d 
and 1e). The repetitive period is estimated as ∼3,034 𝐴𝐴 Ω−1

𝑒𝑒0
 for this case. We have simulated 7 cases with differ-

ent values of τD, that is, 700, 1,000, 1,200, 1,500, 1,700, 1,800, and 2,200 𝐴𝐴 Ω−1
𝑒𝑒0

 . For each case, the repetitive 
rising-tone chorus is excited and its repetitive period is extracted using the same method applied for observed 
chorus waves. As shown in Figure 4b, we can also find that there exists an inverse correlation between Td and 

𝐴𝐴 𝐴𝐴−1
𝐷𝐷

 , which qualitatively agrees with the statistical result presented in Figures 2b and 2c. However, it still remains 
computationally challenging to quantitatively compare simulations with observations, because such kinetic simu-
lations using the realistic parameters require extremely huge computing resource.

4. Conclusion and Discussion
Chorus wave typically appears as a series of periodic or quasi-periodic frequency chirpings, and its repeti-
tive nature can directly lead to the rapid modulation of pulsating aurorae in the upper atmosphere (Hosokawa 
et al., 2020; Ozaki et al., 2019) and the microbursts in the ionosphere (Lorentzen et al., 2001; Mozer et al., 2018; 
Thorne et al., 2005; Tsurutani et al., 2013). In this report, we provide the first direct observational evidence for 
the origin of repetitive chorus emissions, uncovering how the drift velocity of injections controls the repetitive 
period of chorus emissions. Based on 1.5 year high-resolution Van Allen Probes data, combining with the Ts04 
magnetic field model, we find there exists an inverse correlation between the repetitive period of chorus emis-
sions and drift velocity of energetic electrons. The faster drift typically produces more frequent chorus elements, 
consistent with the 1-D δf simulation results. Our study can well explain the day-night asymmetry of the repetitive 

Figure 4. (a) The fluctuating magnetic spectrum of 𝐴𝐴 𝐴𝐴𝐴𝐴2∕𝐴𝐴2
𝑒𝑒0

 (𝐴𝐴 𝐴𝐴𝐴𝐴2  = 𝐴𝐴 𝐴𝐴𝐴𝐴2

𝑥𝑥  + 𝐴𝐴 𝐴𝐴𝐴𝐴2

𝑦𝑦  + 𝐴𝐴 𝐴𝐴𝐴𝐴2

𝑧𝑧 ) in the case with τDΩe0 = 1,800, 
where the starting point of each rising tone element is denoted by magenta triangle. (b) The Td as a function of τD, in which 
the simulation cases are represented by blue asterisks, with a blue line connecting them.
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period of chorus emissions, that is the dayside chorus emissions typically have the longer repetitive period than 
nightside emissions.

When the free energy of energetic electrons is sufficiently large, a nonlinear wave growth leads to an increasing 
amplitude. Accompanied with it, the frequency increases and thus a rising-tone chorus element is formed. During 
the chorus element formation, the free energy is rapidly released due to the scattering by the formed chorus 
element. The refilling due to the electron injection starts to restore the free energy, and when the free energy 
exceeds the threshold of nonlinear wave growth, another cycle of chorus element formation starts. Therefore, the 
period of the repetitive cycle depends on the refilling rate, which explains the dependence of the repetitive period 
of chorus elements on the refilling rate (i.e., the drift velocity).

The Sun is the ultimate source of energy to power all dynamics in the Earth's outer space, but the underlying phys-
ical principals still remains one of the most challenging problems. The solar wind permanently compresses the 
Earth's dipole magnetic field at dayside, and drags the magnetic field at nightside (Tsyganenko & Sitnov, 2005). 
Due to the asymmetric background magnetic field, the drift velocity of energetic electrons injected from the 
magnetotail will decrease during the eastward drift (i.e., from midnight to noon; Figure 3b). In this report, we find 
there is a clear trend that the repetitive period of chorus emissions increases from midnight to noon (Figure 3c), 
which is caused by the asymmetric drift velocity of energetic electrons over MLT. Our study presents a potential 
way of how the macroscopic solar wind affects the microscopic wave-particle interactions inside the Earth's 
magnetosphere.

Repetitive chorus emissions are observed not only in the Earth's magnetosphere (Burtis & Helliwell,  1969; 
Gao et al., 2014; Li et al., 2012; Meredith et al., 2001; Tsurutani & Smith, 1974), but also in other planetary 
magnetospheres (Gurnett et al., 1981, 1986; Li et al., 2021; Scarf et al., 1979) and laboratory plasma device 
(Van Compernolle et al., 2015). Therefore, the repetitive pattern could be a common character for chorus emis-
sions generated in an open system, where the electron free energy continuously supplies. The drift velocity of 
energetic electrons, how fast the free energy supplies, should be the key factor to tune the repetition of chorus 
emission in such system. This drift-driving mechanism, supported by observations and simulations, may also 
apply to the generation of repetitive emissions in other open systems.

Data Availability Statement
The entire Van Allen Probes data set is publicly available at https://spdf.gsfc.nasa.gov/pub/data/rbsp/. The input 
parameters for Ts04 magnetic model are available at http://geo.phys.spbu.ru/∼tsyganenko/TS05_data_and_
stuff/. The Van Allen Probe data analysis is carried out using the publicly available Space Physics Environ-
ment Data Analysis Software (SPEDAS, http://spedas.org). The computer code of δf simulation in this work 
is available upon request to the corresponding author. The simulation data can be accessed via https://dx.doi.
org/10.12176/01.99.01876.
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