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 34 

Key Points 35 

1) Chorus spectral gaps are formed near the equatorial source region where parallel and anti-36 

parallel emissions are interleaved 37 

2) Landau resonance causes electron parallel acceleration and phase space density isotropization 38 

around half electron Alfven velocity, which increases with latitudes 39 

3) Chorus spectral gaps are usually found below 0.5 fce due to electron anisotropy reduction 40 

caused by Landau resonance at high latitudes 41 

 42 

Abstract 43 

The present study addresses two basic questions related to banded chorus waves in the Earth’s 44 

magnetosphere: 1) are chorus spectral gaps formed near the equatorial source region or during 45 

propagation away from the equator? and 2) why are chorus spectral gaps usually located below 46 

0.5 fce (fce: electron gyro-frequency)? By analyzing Van Allen Probes data, we demonstrate that 47 

chorus spectral gaps are observed in the source region where chorus waves propagate both in the 48 

parallel and anti-parallel directions to the magnetic field. Chorus spectral gaps below 0.5 fce are 49 

associated with electron parallel acceleration at energies above the equatorial Landau resonant 50 

energies. We explain that initially generated chorus waves quickly isotropize the electron 51 

distribution through Landau resonant acceleration, and the isotropization occurs for higher 52 

energies at higher latitudes. The isotropized population, after returning to the magnetic equator, 53 

leads to a chorus gap typically below 0.5 fce by suppressing wave excitation. 54 

Plain Language Abstract 55 

Chorus waves are naturally occurring electromagnetic waves in the Earth’s magnetized space 56 

known as the magnetosphere, and they typically have two frequency bands. A previous study 57 

proposed that the banded characteristics is produced by two anisotropic electron populations. 58 
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This study aims to address two basic questions about banded chorus waves: 1) are chorus 59 

frequency gaps formed near the equatorial source region or during propagation away from 60 

equator? and 2) why are chorus frequency gaps usually located below 0.5 fce (fce: electron gyro-61 

frequency)? Van Allen Probe spacecraft data reveals that chorus frequency gaps are formed in 62 

the equatorial source region where the waves propagate both in the parallel and anti-parallel 63 

directions to the magnetic field. By showing the electron distribution in association with banded 64 

chorus waves, we explain that initially generated chorus waves quickly accelerate electrons as 65 

they propagate away from equator, and the electrons being accelerated at high latitudes lead to a 66 

chorus gap below 0.5 fce when they bounce back to the equatorial source region.   67 
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1. Introduction 68 

Whistler-mode chorus waves in the Earth’s magnetosphere typically have two frequency bands 69 

(Tsurutani and Smith, 1974; Santolík et al., 2003), namely, the upper band and the lower band, 70 

separated by a spectral gap located around half of the equatorial electron gyro-frequency (0.5 fce). 71 

Chorus waves play a critical role in accelerating electrons to MeV energies (Horne et al., 2005; 72 

Reeves et al., 2013; Thorne et al., 2013) and scattering ~0.1-100 keV electrons, precipitating 73 

them to the atmosphere to form diffuse and pulsating aurorae (Thorne et al., 2010; Nishimura et 74 

al., 2010).  75 

Chorus waves are generated by anisotropic electrons with higher perpendicular temperature than 76 

parallel temperature ( 𝑇 > 𝑇∥)  through cyclotron resonance (Kennel, 1966). Numerous 77 

mechanisms have been proposed to explain the banded structure, and the core question that has 78 

been under debate is whether chorus waves around 0.5 fce are not generated in the source or are 79 

gradually damped as chorus waves propagate to higher latitudes. Many explanations suggest that 80 

chorus gaps are formed as the waves propagate away from the equator (e.g., Tsurutani and Smith, 81 

1974; Omura et al., 2009; 2020; Bortnik et al., 2006). Recent statistical studies (Gao et al., 2019; 82 

Teng et al., 2019) show that banded chorus waves are mostly observed within ~6° in magnetic 83 

latitude (MLAT), which favors that chorus gaps are formed in the equatorial source region. 84 

However, recent studies (Hsieh and Omura, 2018; Omura, 2020; Chen et al., 2021) suggested 85 

that the chorus waves around 0.5 fce can be significantly damped during propagation at only a 86 

few degrees away from equator.  87 

A competing mechanism proposed that chorus gaps are formed in the source region. Liu et al., 88 

(2011) and Fu et al. (2014) suggested the banded chorus waves may be generated at the source 89 

region from two distinct anisotropic electron populations at different energies. Li et al. (2019) 90 

showed that in association with banded chorus waves, an ubiquitous plateau in the electron phase 91 

space density (PSD) occurs at around half of the electron Alfven velocity (0.5 𝑣஺௘) and separates 92 

two anisotropic electron populations. They revealed that initially generated chorus waves can 93 

quickly isotropize the electrons at Landau resonant energies, leading to the separation of the 94 

anisotropic electrons into two components. Self-consistent particle-in-cell (PIC) experiments 95 

(Ratcliffe and Watt, 2017; Li et al., 2019; Chen et al., 2021) successfully reproduced the electron 96 

PSD plateau and the chorus gap around 0.5 fce, supporting this idea. To determine where the gaps 97 
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are actually formed and thus to tackle the generation mechanism of banded chorus waves, the 98 

core approach is to accurately identify the source region and survey chorus wave spectra therein.  99 

An important feature of the chorus spectral gap that has been shown in past studies is that the 100 

gaps are not symmetric about, but generally occur below the equatorial 0.5 fce, and the upper-101 

band usually arises from a frequency very close to 0.5 fce. The statistical distribution of chorus 102 

gap frequency shows a center at 0.45 - 0.5 fce (Gao et al., 2019). In addition, banded chorus 103 

waves in the Jovian (Coroniti et al., 1980; Scarf et al., 1981; Kurth et al., 2001) and Saturnian 104 

magnetospheres (Hospodarsky et al., 2008; Menietti et al., 2008) show similar spectral gaps 105 

below 0.5 fce. The question of why chorus spectral gaps are usually located below 0.5 fce has not 106 

been fully explained and is the topic of the present study. 107 

The present study mainly focuses on case studies based on Van Allen Probes observations (Mauk 108 

et al., 2013). The waves and the DC magnetic fields are provided by the Electric and Magnetic 109 

Field Instrument Suite and Integrated Science suite (Kletzing et al., 2013). Specifically, the 110 

waveform receiver (WFR) of the Waves instrument provides the survey-mode electric and 111 

magnetic wave in a frequency range of ~10 Hz to 12 kHz and the burst-mode waveforms with a 112 

sampling rate of 35 k samples/s. The high‐frequency receiver (HFR) provides the electric wave 113 

measurements over a frequency range of 10–400 kHz, covering the upper hybrid resonance 114 

frequency from which the plasma density can be inferred (Kurth et al., 2015). The Helium, 115 

Oxygen, Proton, and Electron (HOPE) instrument (Funsten et al., 2013; Spence et al., 2013) 116 

provides electron distributions over an energy range from 15 eV to 51 keV.  117 

2. Are chorus spectral gaps formed at the source region or 118 

during propagation? 119 

Chorus waves have wave vectors predominantly quasi-parallel to the background magnetic field 120 

and propagate both northward and southward away from the equator; therefore, the coexistence 121 

of parallel and anti-parallel propagating waves can be used to identify the chorus source region. 122 

Here we present Van Allen Probe B observations on 8 May 2016. Figure 1a shows the plasma 123 

density and the ratio between the electron plasma frequency and the electron gyro-frequency 124 

(fpe/fce), derived from the HFR wave measurements shown in Figure 1b and the magnetometer 125 

data. The magnetic and electric wave spectral intensities measured by the WFR, shown in 126 
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Figures 1c and 1d respectively, show chorus waves that were almost continuously observed over 127 

6.5 hours. The wave normal angle with respect to the ambient magnetic field, shown in Figure 1e, 128 

indicates that chorus waves were mostly quasi-parallel (or quasi-anti-parallel) propagating. The 129 

spacecraft was initially in the southern hemisphere and traveled to the northern hemisphere 130 

according to the MLAT derived from the TS04 model (Tsyganenko and Sitnov, 2005). Figure 1f 131 

presents the Poynting flux angle with respect to the ambient magnetic field, showing several 132 

reversals between near-parallel and near-antiparallel wave propagation at low latitudes from 133 

07:30 UT to 11:30 UT, suggesting that the spacecraft located near or within the source region. 134 

Chorus spectral gaps were almost persistently observed during this period, indicating the 135 

existence of chorus gaps in the source region. As the satellite traveled away from the equator to 136 

the northern hemisphere after 11:30 UT, the chorus waves were seen to become steadily 137 

northward propagating, indicating exit from the source region. 138 

Figure 2a show the burst-mode wave spectra at 08:02 UT. Figure 2b shows the wave normal 139 

angle calculated using the Means (1972) method. The Poynting flux angle presented in Figure 2c 140 

shows that the parallel and anti-parallel propagating waves were interleaved in the lower band, 141 

indicating that the spacecraft was traveling through the source region. The upper band chorus 142 

also exhibits both parallel and anti-parallel propagating components, while it is dominated by 143 

anti-parallel propagating component, possibly because the source region of the upper-band is 144 

more spatially compact than that of the lower-band. A survey of the burst-mode data during 145 

07:30-11:00 UT suggests that the majority of banded chorus waves were a mixture of parallel 146 

and anti-parallel elements, and we show two additional observations in supporting information 147 

Figure S1. These observations reveal that chorus spectral gaps are formed in the source region 148 

near the equator. This is consistent with the statistical results that banded chorus waves are 149 

mostly observed close to the magnetic equator and within ±6°, while single-band chorus waves 150 

are observed over a slightly wider latitude range (Gao et al., 2019, Teng et al., 2019). The 151 

previous hypothesis that chorus spectral gaps are developed during propagation would predict 152 

that single-band chorus waves are closer to the equator, contrary to the statistical results. 153 

3. Why are chorus gaps usually observed below 0.5 fce? 154 

The banded chorus waves shown in Figure 2a are a typical case that has a spectral gap occurring 155 

predominantly below 0.5 fce and Figure 3a shows the 2-min averaged electron PSD associated 156 
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with these banded chorus waves. The electron PSD distribution shows a plateau starting from 157 

1.17 keV at the low pitch angles. The electron distribution has the smallest anisotropy in the 158 

range of 2.7 - 5 keV, which separates two pronounced anisotropic components in the lower (~0.1 159 

– 1 keV) and higher (>5 keV) energies. 160 

Figure 3b shows the resonant velocities and the corresponding minimum resonant energy for 161 

Landau (𝜔 − 𝑘∥𝑣∥ = 0) and cyclotron (𝜔 − 𝑘∥𝑣∥ = 𝜔௖௘) resonances under the condition fpe/fce = 162 

7 (which is taken from Figure 1e). Here, ω = 2πf, and ωce = 2πfce. Color coded are three wave 163 

normal angles, 5°, 15° and 30°. The Landau resonant velocity changes slightly as a function of 164 

frequency and wave normal angle, and maximizes at 0.5 𝑣஺௘ . (This applies for conditions 165 

fpe/fce >2, which is usually valid at the equator of the outer radiation belt.) The electron Alfven 166 

velocity 𝑣஺௘ is defined as 𝐵/ඥ𝜇଴𝑚௘𝑛, or equivalently, c· fce/fpe. Here, 𝑚௘ is the electron mass, 𝑛 167 

is the electron number density, μ0 is the vacuum magnetic permeability, and c is the light speed 168 

in vacuum. The electron PSD at 18° pitch angle shows a plateau starting from 1.17 keV, which 169 

corresponds to 𝑣∥ = 0.45 𝑣஺௘, suggesting Landau resonant acceleration at the equator.  170 

The reduced electron anisotropy is observed mainly above 0.5 𝑣஺௘, up to an energy of ~ 5.2 keV. 171 

Our investigations indicate that banded chorus waves with gaps below 0.5 fce are highly 172 

correlated with two anisotropic electron components and an isotropized population above 0.5 𝑣஺௘. 173 

Figure S2 in the supporting information shows 9 snapshots of electron distributions observed 174 

from 07:30 UT to 11:30 UT, demonstrating that banded chorus waves throughout this event were 175 

associated with electron parallel acceleration and reduced anisotropy above 0.5 𝑣஺௘. 176 

According to linear wave-particle interaction theory, Landau resonance at the equator can only 177 

accelerate electrons to a parallel velocity around 0.5 𝑣஺௘, corresponding to 1.45 keV for an 18° 178 

pitch angle electron in the current case. The reduced anisotropies observed at energies up to 5.2 179 

keV are probably caused by Landau resonance occurring at higher latitudes. This is because 180 𝐵 ∝ √1 + 3 sinଶ 𝜆 / cos଺ 𝜆  in the dipole field, and 𝑛 ∝ 1/ cos஑ 𝜆  where 𝛼 = 1.6 − 4.2  in an 181 

empirical model (Denton et al., 2004; 2006). Thus, the representative Landau resonant velocity 182 0.5 𝑣஺௘ ∝ 𝐵/√𝑛  increases with latitude 𝜆 rapidly. In the present study, we adopt a median value 183 𝛼 = 2.8, and the latitudinal variations of B, n and 𝑣஺௘  are shown in Figure 3c. The reduced 184 

anisotropy at 5.2 keV in Figure 3a corresponds to 0.5 𝑣஺௘ at a latitude of ~26°, implying a strong 185 

resonant interaction up to that point.  186 
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The parallel acceleration and the resultant isotropization above 0.5 𝑣஺௘ is more pronounced than 187 

that below 0.5 𝑣஺௘, possibly because the waves propagate away from equator, and the Landau 188 

resonant interaction occurs mostly at higher latitudes. In addition, the chorus waves in this case 189 

are quasi-parallel in the source region, and the Landau damping rate is weak (note that the 190 

Landau damping rate approaches 0 as the wave normal angle approaches 0°).  These chorus 191 

waves become increasingly oblique as they propagate to high latitudes (e.g., Bortnik et al., 2007, 192 

2008), leading to stronger Landau resonant acceleration with increasing latitude. The accelerated 193 

electrons are then reflected to the source region by the mirror force, forming a new electron 194 

distribution as was observed by the spacecraft. The isotropized population above 0.5 𝑣஺௘ 195 

suppresses the chorus excitation just below 0.5 fce and thus forms the spectral gap.  196 

We use linear growth theory (Kennel, 1966) to demonstrate the formation of the chorus gap due 197 

to parallel acceleration. Following previous studies (e.g., Li et al., 2017), the observed electron 198 

PSD is fitted as a combination of kappa distributions and Gaussian distributions, which are 199 

expressed as 200 

𝑓 = 𝑛଴2ଶ఑ିଵ(𝜅 − 1/2)𝛤ଶ(𝜅)𝜋ଶ√𝜅𝛤(2𝜅)𝑣்ୄ ଶ 𝑣்∥ ቆ1 + 𝑣ଶୄ𝜅𝑣்ୄଶ + 𝑣∥ଶ𝜅𝑣்∥ଶ ቇି఑ିଵ, 
and 201 

𝑓 = 𝑛௢𝜋ଷ/ଶ𝑣்ୄଶ 𝑣்∥ exp ቆ− 𝑣ଶୄ𝑣்ୄଶ  – (𝑣∥ − 𝑣௕)ଶ𝑣்∥ଶ ቇ , 
respectively. Here (𝑣ୄ, 𝑣∥) are the particle velocities in the transverse and parallel directions with 202 

respect to the background magnetic field, and (𝑣்ୄ, 𝑣்∥) the perpendicular and parallel thermal 203 

velocities. The beam velocity is represented by 𝑣௕, and 𝑛଴ is the number density. The 𝜅 index is 204 

the exponent of the Kappa distribution at high energies, and the expression 𝛤(𝜅) is the Gamma 205 

function. 206 

Distribution Density (cm-3) 𝑣்ୄ (km/s) 𝑣்∥ (km/s) 𝑣௕ (km/s) 

Kappa, 𝜅=2 11 700 700 0 

Kappa, 𝜅=3 0.52 5,200 3,000 0 
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Gaussian 0.01 × 2 20,000 10,000 ±29,000 

Kappa, 𝜅=4 0.22 20,000 9,000 0 

Kappa, 𝜅=2 0.25 32,000 24,000 0 

Table 1. The fitting parameters for the electron distribution averaged over 08:01-08:03 UT 207 

observed by Van Allen probe B. 208 

 209 

The linear growth theory requires that the electron anisotropy 𝐴 = 𝑇 /𝑇∥ − 1  should exceed 210 

f/(fce-f) to excite chorus waves at frequency f (Kennel and Petschek, 1966).  We note that the 211 

anisotropy of the measured distribution is not large enough to excite chorus waves in the upper-212 

band and the lower-band. Previous statistical surveys show that the electron anisotropy 213 

associated with chorus waves is usually below the marginal instability levels (Yue et al., 2016; 214 

An et al., 2017), possibly because the anisotropic distribution had already been relaxed by the 215 

time the wave is observed. In addition, nonlinear interaction may play an important role which is 216 

still to be understood, and it is possible that the nonlinear marginal instability condition deviates 217 

from the linear one. We therefore use larger anisotropies than observed to fit the original electron 218 

distribution (before it has been relaxed by the wave excitation process), as has been commonly 219 

used in previous studies (e.g., Fu et al., 2014; Li et al., 2019). The parameters for each 220 

component are shown in Table 1. The anisotropy for generating the upper-band is 𝐴 = 𝑇 /𝑇∥ −221 1 = 3.9, and that for the lower-band is 0.78. A beam population (and another beam with the 222 

opposite bulk velocity for symmetry) is used to model the parallel acceleration effect. 223 

Figure 4a shows the comparison between the fitted and the observed distributions. The wave 224 

linear growth rate is calculated using the fitted distribution, and the total growth rates, shown in 225 

Figure 4b, are the total effect due to the 1st-order cyclotron resonance and Landau resonance. The 226 

contribution from high-order and negative-order resonances are negligible in this case. The 227 

growth rates capture the main feature of the chorus power spectrum in Figure 2, that is, chorus 228 

waves are separated into two bands, and the gap is mainly below 0.5 fce. The exact wave 229 

frequency range differs slightly between the observed power spectrum and the growth rates, 230 

possibly because the linear growth rate represents the wave growth rate at the initial linear stage, 231 

and therefore is not proportional to the wave spectrum which reflects the wave intensity after the 232 
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nonlinear saturation phase. Besides, the fitted electron distribution we used for calculating the 233 

growth rates differs slightly from the real electron distribution. The fitted electron distribution 234 

produces a chorus gap centered below 0.5 fce, which is the result of the reduced anisotropy above 235 

0.5 𝑣஺௘.  236 

Previous PIC simulations used a uniform background magnetic field, and the Landau resonant 237 

velocity did not vary along the field line. Consequently, the chorus gaps are more symmetric 238 

with respect to 0.5 fce (Li et al., 2019, Chen et al., 2021). Chorus waves in the magnetosphere 239 

with a spectral gap centered above 0.5 fce (e.g., Santolík et al., 2010) have been reported only 240 

rarely. For those cases, it is possible that a PSD plateau is initially created within a high-density 241 

region, and then drifts to a nearby low-density region. In these cases, the previously generated 242 

PSD plateau becomes significantly below 0.5 𝑣஺௘  at the new location, leading to a chorus gap 243 

above 0.5 fce. 244 

The discrete, rising-tone chorus elements indicate that a nonlinear interaction takes place during 245 

the wave excitation (see Tao et al., 2021 and references therein). Nevertheless, the linear theory 246 

has been successful in revealing the initial stage of wave excitation and explaining many features 247 

of whistler-mode waves, e.g., the excitation threshold (e.g., Kennel and Petschek, 1966; Li et al., 248 

2008) and the wave normal angles (e.g., Li et al., 2016; Teng et al., 2019). The linear growth 249 

theory provides a foundational understanding of the formation location and the frequency of 250 

chorus spectral gaps, while the discrete rising-tone feature of two chorus bands is still left to be 251 

fully understood. 252 

4. Conclusions 253 

This study addresses two important questions about the generation of banded chorus waves by 254 

investigating Van Allen Probe observations in the source region. The source region is identified 255 

by using the coexistence of parallel and anti-parallel propagating chorus waves. Observations of 256 

banded chorus waves that consist of interleaved parallel and anti-parallel elements indicate that 257 

chorus gaps are formed in the equatorial source region, instead of being developed advectively as 258 

the waves propagate to higher latitudes. By showing electron PSD plateaus around 0.5 𝑣஺௘ and 259 

the reduced anisotropy above 0.5 𝑣஺௘, we conclude that chorus gaps below 0.5 fce are due to 260 

electron parallel acceleration above 0.5 𝑣஺௘ that have already occurred due to Landau resonances 261 

at higher latitudes. We suggest that chorus waves generated early in the process accelerate the 262 
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electrons’ parallel velocity to above 0.5 𝑣஺௘ when propagating to higher latitude, and meanwhile 263 

are gradually damped. Landau resonant acceleration at higher latitudes leads to reduced electron 264 

anisotropies at higher energies, and the altered electron distribution, when bounce back to the 265 

equator, produces banded chorus waves with a wider gap. 266 

The lower limit of chorus spectral gaps and the energy range of electron isotropization can be 267 

used to estimate the latitude range of chorus wave damping via Landau resonance. For instance, 268 

the electron distribution measured around 08:01 UT in the present case study suggests that the 269 

chorus waves might be significantly damped at latitudes below 26°. This may also explain no-270 

gaps chorus, which preferentially occurs on the dayside (e.g., Teng et al., 2019) where Landau 271 

damping of chorus waves is weak. The formation of chorus spectral gap below 0.5 fce and the 272 

concurrent electron redistribution can be applied to studies of planetary magnetospheres. 273 
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Figure Captions 412 

Figure 1. Overview of the wave and plasma measurements by Van Allen Probe B during 07:00-413 

13:30 UT on 08 May 2016. (a) The fpe/fce ratio and the plasma density provided by the HFR 414 

instrument. (b) The electric spectral intensity over 10-500 kHz measured by the HFR instrument. 415 

(c) The electric spectral intensity over 0.5-10 kHz measured by the WFR instrument. (d) The 416 

magnetic spectral intensity. (e) The wave normal angle between the wave k-vector and the 417 

background magnetic field. (f) The Poynting flux angle with respect to the background magnetic 418 

field. (g) Energy spectrogram of the omni directional electron flux. 419 

Figure 2. The burst-mode chorus wave measurements at 08:02 UT. (a) Wave magnetic spectral 420 

intensity. (b) Wave normal angle; (c) Poynting flux angle.  421 

Figure 3. Electron PSD distribution and resonant velocity. (a) The electron PSD distribution 422 

averaged over 08:01-08:03 UT. (b) The minimum resonant energies (resonant velocities) versus 423 

wave frequency for Landau (solid lines) and cyclotron resonant interactions (dash-dotted lines). 424 

Color coded are different wave normal angles. (c) The latitudinal variation of the dipole 425 

magnetic field strength, the plasma density from Denton’s empirical model, and the resultant 426 

electron Alfven velocity.  427 

Figure 4. Linear growth calculation of wave growth and frequency gap. (a) The color-coded 428 

lines (dots) represent the fitted (measured) electron PSD distribution at different pitch angles. (b) 429 

The linear wave growth rates at three different wave normal angles calculated for the fitted 430 

electron distribution. 431 
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