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Key Points 40 

1) Freshly injected anisotropic electron population without a PSD plateau generates single band 41 

chorus waves 42 

2) Banded chorus waves are more common because electrons usually have already undergone 43 

isotropization at Landau resonant energies along the drift path 44 

3) Landau acceleration extending to higher energies occurring at higher latitudes leads to more 45 

pronounced electron isotropization and larger chorus spectral gaps 46 

Abstract 47 

The present study compares a single-band chorus wave against a banded chorus wave observed 48 

by Van Allen Probes at adjacent times, and demonstrates that the single-band chorus wave is 49 

associated with an anisotropic electron population over a broad energy range, while the banded 50 

chorus wave is accompanied by an electron phase space density plateau and an electron 51 

anisotropy reduction around Landau resonant energies. We further compare banded chorus 52 

waves with different spectral gap widths, and show that a wider spectral gap is associated with 53 

electron isotropization extending to higher energies with respect to the equatorial Landau 54 

resonant energy. We suggest that early generated chorus waves isotropize electrons via Landau 55 

resonant acceleration, and the waves that propagate to higher latitudes isotropize electrons at 56 

higher energies. The isotropization extending to higher energies leads to a larger spectral gap of 57 

new chorus waves after electrons bounce back to the equator. 58 
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Plain Language Summary 59 

Naturally occurring chorus waves in the Earth’s magnetosphere typically consist of two 60 

frequency bands. The present study aims to explain what controls the bandwidth of the chorus 61 

frequency gap that separates chorus waves into two bands. We first compare a single-band 62 

chorus wave against a banded chorus wave observed by a Van Allen Probe satellite at adjacent 63 

times. The banded chorus wave is accompanied by an electron phase space density plateau and 64 

an electron anisotropy reduction due to Landau resonance, while this phenomenon is not clearly 65 

seen in association with the single-band chorus wave. We further compare banded chorus waves 66 

with different gap widths. Satellite observations indicate that a wider frequency gap is associated 67 

with electron isotropization extending to higher energies. We suggest that Landau resonant 68 

acceleration extending to high latitudes isotropizes electron distribution at high energies, leading 69 

to new chorus waves with a large frequency gap. In contrast, Landau resonance that stops at a 70 

relatively lower latitude (due to waves being damped) leads to new chorus waves with a smaller 71 

frequency gap. 72 

  73 
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1. Introduction 74 

Chorus waves in the Earth’s magnetosphere are typically observed with a spectral gap around 75 

half of the equatorial fce (electron gyro-frequency), which separates the waves into an upper-band 76 

and a lower-band (e.g., Tsurutani and Smith, 1974; Santolík et al., 2003). Single-band chorus 77 

waves that do not have a spectral gap or a significant intensity reduction around 0.5 fce have also 78 

been observed (e.g., Kurita et al., 2012), but are less common than banded chorus waves. Van 79 

Allen Probe burst-mode observations from 2012 to 2016 show that single-band chorus waves are 80 

mostly observed on the Earth’s morning side and the dayside (Teng et al., 2019), while banded 81 

chorus waves have higher occurrences between midnight and dawn. THEMIS burst-mode 82 

observations from 2008 to 2015 show that banded chorus waves have an average spectral gap 83 

width of ~0.07 fce, which is nearly independent of magnetic latitude (MLAT) and magnetic local 84 

time (MLT) while having a weak dependence on L-shell (Gao et al., 2019). 85 

Previous explanations for chorus gaps can be categorized into two scenarios: 1) chorus gaps are 86 

formed as the waves propagate away from the equator to higher latitudes (e.g., Tsurutani & 87 

Smith, 1974; Omura et al., 2009; 2020; Bortnik et al., 2006); 2) chorus gaps, including those 88 

formed due to nonlinear mechanisms (Schriver et al., 2010; Gao et al., 2016), are observed in the 89 

source region (e.g., Liu et al., 2011; Fu et al., 2014; Ratcliffe and Watt, 2017; Li et al., 2019a). Li 90 

et al., (2022) showed banded chorus waves consisting of interleaved parallel and anti-parallel 91 

elements near the equator, revealing that chorus gaps are formed in the equatorial source region, 92 

instead of being developed as the waves propagate to high latitudes. This is consistent with the 93 

statistical results that banded chorus waves are mostly observed within ~6° in MLAT, while 94 

single-band chorus waves are observed over a slightly wider MLAT range, instead of being 95 

closer to the equator (Gao et al., 2019; Teng et al., 2019). 96 

Chorus spectral gaps are usually observed below the equatorial 0.5 fce, and the upper-band 97 

usually arises very nearly from the 0.5 fce frequency (Tsurutani and Smith, 1974; Burtis and 98 

Helliwell, 1976; Santolík et al., 2003; Fu et al., 2014; Gao et al., 2019; Teng et al., 2019). 99 

Banded chorus waves in the Jovian (Coroniti et al., 1980) and Saturnian magnetospheres 100 

(Hospodarsky et al., 2008) also show similar features with spectral gaps below 0.5 fce. Li et al. 101 

(2019a; 2022) explained that chorus waves generated early in the process quickly cause parallel 102 

electron acceleration at Landau resonant velocities, which are around 0.5 𝑣𝐴𝑒 and increase with 103 
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increasing latitude. The Alfvenic velocity 𝑣𝐴𝑒, defined as B/√𝜇0𝜌𝑒, or equivalently c· fce/fpe . 104 

Here B is the ambient magnetic field strength, 𝜇0 is the magnetic permeability of free space, 𝜌𝑒 105 

is the electron density, c is the light speed in vacuum and fpe is the electron plasma frequency. 106 

The modified electron distribution is then reflected to the equator by the mirror force, forming a 107 

PSD plateau and a reduced anisotropy above 0.5 𝑣𝐴𝑒. The isotropized population suppresses the 108 

chorus excitation just below 0.5 fce, while the anisotropic populations not impacted by Landau 109 

resonances generate new chorus waves at the lower- and upper-bands. 110 

The spectral gap widths of banded chorus waves vary case by case, and as discussed in sections 2 111 

and 3 in this paper, the gap width can vary significantly within a short time or over a small 112 

spatial scale. The present study aims to investigate important factors that determines the width of 113 

chorus spectral gaps, and under which conditions we might expect to observe a large gap. We 114 

will focus on in situ measurements in the source region near the equator identified by the 115 

coexistence of parallel and anti-parallel chorus waves. This is because satellites away from the 116 

equator cannot capture particle distributions at large equatorial pitch angles. More importantly, 117 

the quasi-parallel propagating chorus waves statistically propagate at wave normal angles 118 

centered around ~10°–15° (Taubenschuss et al., 2016) near the equator and become more 119 

oblique at high latitudes, thus, the waves and particles measured away from equator may not 120 

originate from the same source region at the equator. 121 

2. Single-band and two-band chorus waves 122 

Li et al., (2022) investigated the 8 May 2016 event in which the two Van Allen Probes (Mauk et 123 

al., 2013) measured banded chorus waves near the source region over a period of several hours. 124 

The present study revisits this event from the perspective of understanding the controlling factors 125 

of the spectral gap width. Figure 1 presents the wave measurements provided by the waveform 126 

receiver (WFR) of the Waves instrument, which is part of the Electric and Magnetic Field 127 

Instrument Suite and Integrated Science (EMFISIS) suite (Kletzing et al., 2013), and the electron 128 

distribution provided by the Helium, Oxygen, Proton, and Electron (HOPE) instrument (Funsten 129 

et al., 2013), which is part of the Energetic Particles, Composition, and Thermal Plasma (ECT) 130 

suite (Spence et al., 2013). Figure 1a exhibits the burst-mode wave magnetic spectral intensity 131 

measured by Probe B at 07:31 UT, showing banded chorus waves with a gap around 0.5 fce and a 132 

gap width that varied between ~0.025 fce and ~0.05 fce. The waves measured at 07:42 UT, 133 
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presented in Figure 1d, show a mixture of single-band and banded with tiny gaps. The wave 134 

normal angle information calculated using the Means (1972) method, shown in Figures 1b and 135 

1e, indicates that the banded chorus waves have small wave normal angles (~0-45) relative to 136 

the background magnetic field, and the waves shown in Figure 1e are more parallel to the 137 

background magnetic field. The Poynting flux angle with respect to the magnetic field, presented 138 

in Figures 1c and 1f, respectively, shows a coexistence between parallel and anti-parallel 139 

propagating elements, especially at the lower band, implying that the spacecraft was in the 140 

source region of chorus waves. 141 

Figure 1g shows the electron PSD distribution averaged over 07:30-07:33 UT, in association 142 

with the banded chorus wave. The fpe/fce ratio, provided by the high‐frequency receiver (HFR) 143 

and the magnetometer of the EMIFSIS suite, varied from 4 to 5 during this period.  A PSD 144 

plateau is observed at 2.7 keV at 18o pitch angle and is close to a parallel velocity of 0.5 𝑣𝐴𝑒 145 

calculated using fpe/fce=5, suggesting a Landau resonant acceleration starting at the equator. The 146 

distribution at 18° pitch angle approaches that at 36° pitch angle at 3-6 keV, implying a reduced 147 

anisotropy possibly caused by Landau resonant acceleration at high latitudes. In contrast, the 148 

electron distribution averaged over 07:41-07:44 UT accompanied by the single-band chorus 149 

wave, shown in Figure 1h, does not exhibit a PSD plateau around 0.5 𝑣𝐴𝑒, and the reduction of 150 

anisotropy is not evident. It is possible that the wave-particle interaction was at the initial stage, 151 

and only a small portion of electrons at 0.5 𝑣𝐴𝑒 were accelerated; therefore, chorus waves were a 152 

mixture of two-band and single-band elements. 153 

While banded chorus waves displayed in Figure 1a show a small frequency gap (~0.03 fce), 154 

chorus waves are typically observed with significantly larger frequency gaps (Gao et al., 2019), 155 

which are typically accompanied with more pronounced PSD plateau extending to higher 156 

energies (Li et al., 2019a; 2022; also refer to the cases shown in Figures 2d and 4b). Those 157 

pronounced PSD plateaus are formed possibly because electrons around 0.5 𝑣𝐴𝑒 have undergone 158 

continuous isotropization along the drift path via Landau resonant interactions with chorus waves. 159 

As the two anisotropic electron populations drift inward due to the convection electric field or 160 

through a radial diffusion, they are preferentially energized in the direction perpendicular to the 161 

magnetic field. As a result, their anisotropy increases, providing free energy to continue 162 

generating banded chorus waves in new locations. Banded chorus waves are more common than 163 
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single-band chorus waves, probably because energetic electrons form two anisotropic 164 

distributions by chorus waves all the way along their drift path. Single band chorus waves are 165 

possibly observed at locations where chorus waves are just beginning to be generated, and the 166 

electron isotropization due to Landau resonance has not yet taken place.  167 

3. Expansion of chorus spectral gap width 168 

To further explore the factors controlling the width of the chorus gap, we investigate chorus 169 

waves with an expanding spectral gap. Figures 2a and 2d show burst-mode wave spectra 170 

measured by Probe A starting from 09:26 UT and 09:33 UT, respectively. The two groups of 171 

chorus waves show similar wave normal angle characteristics (Figures 2b and 2e), and they were 172 

both in the source region, as identified by the alternating, oppositely directed Poynting flux 173 

angles (Figures 2c and 2f). However, the waves at 09:33 UT have a much wider spectral gap 174 

than the waves at 09:26 UT. The electron distribution associated with chorus at 09:26 UT, 175 

presented in Figure 2g, shows a PSD plateau around the equatorial 0.5 𝑣𝐴𝑒 (1.3 keV), and an 176 

isotropization up to ~3.3 keV. In contrast, the electron distribution associated with chorus waves 177 

at 09:33 UT, presented in Figure 2h, shows a broad plateau and isotropization up to ~4.1 keV, 178 

and f(18°)  largely exceeded f(36°) in the range of 3.3-4.1 keV (the two dashed lines). This 179 

comparison demonstrates that the expansion of chorus gap is associated with pronounced parallel 180 

acceleration extending to higher energies.  181 

Along the dipole magnetic field from the equator toward the pole, the magnetic field strength 182 

increases faster than the plasma density does; therefore, the Landau resonant velocity, which is 183 

associated with 0.5 𝑣𝐴𝑒, increases as a function of latitude (Li et al., 2019a). The isotropization 184 

above equatorial 0.5 𝑣𝐴𝑒 is most likely due to Landau resonant acceleration occurring at high 185 

latitudes. To estimate the latitudinal extent of the Landau resonance, we use a dipole magnetic 186 

field model and an empirical density model that 𝑛 ∝ 1/ cosα 𝜆 (Denton et al., 2004) where we 187 

adopt a median value 𝛼 = 2.8 . Even though chorus waves may become oblique when 188 

propagating to high latitudes, the largest possible Landau resonant velocity from all frequencies 189 

is still 0.5 𝑣𝐴𝑒 and roughly independent of the wave normal angle. This is because under the high 190 

density approximate (𝜔𝑐𝑒 ≪ 𝜔𝑝𝑒), the reflective index is given by (Gurnett and Bhattacharjee, 191 

2005) 192 
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𝑛2 =
𝜔𝑝𝑒

2

𝜔(𝜔𝑐𝑒 cos 𝜃 − 𝜔)
, 

where  is the wave normal angle. The reflective index n minimizes at 2𝜔𝑝𝑒/(𝜔𝑐𝑒 cos 𝜃), which 193 

occurs at the frequency of 0.5 𝜔𝑐𝑒 cos 𝜃. Hence, the largest possible Landau resonant velocity, 194 

𝑐/𝑛 cos 𝜃 is 0.5 𝑣𝐴𝑒. Using this fact, the acceleration at 3.3 keV for 18° pitch angle particles 195 

observed at 09:26 UT suggests a Landau resonant acceleration that occurred at latitudes up to 196 

~21°. The acceleration at 4.1 keV observed at 09:33 UT indicates pronounced Landau resonant 197 

acceleration at latitudes up to ~23°. 198 

We use the linear growth theory (Kennel, 1966) to quantitatively explain the generation and the 199 

expansion of the chorus gap due to enhanced parallel acceleration. Since the electron 200 

distributions are close to the power-law distribution, we use a combination of the kappa 201 

distribution and the Gaussian distribution to model the electron distributions, which are 202 

expressed as 203 

𝑓 =
𝑛022𝜅−1(𝜅 − 1/2)𝛤2(𝜅)

𝜋2√𝜅𝛤(2𝜅)𝑣𝑇⊥ 
2 𝑣𝑇∥

(1 +
𝑣⊥

2

𝜅𝑣𝑇⊥
2 +

(𝑣∥ − 𝑣𝑏)2

𝜅𝑣𝑇∥
2 )

−𝜅−1

, 

𝑓 =
𝑛0

𝜋3/2𝑣𝑇⊥
2 𝑣𝑇∥ 

(−
𝑣⊥

2

𝑣𝑇⊥
2 −

(𝑣∥ − 𝑣𝑏)2

𝑣𝑇∥
2 ). 

Here (𝑣⊥, 𝑣∥) are the particle velocities in the transverse and parallel directions with respect to 204 

the background magnetic field, and (𝑣𝑇⊥, 𝑣𝑇∥) the perpendicular and parallel thermal velocities. 205 

The beam velocity is represented by 𝑣𝑏 , and 𝑛0  is the number density. The 𝜅  index is the 206 

exponent of the Kappa distribution at high energies, and the expression 𝛤(𝜅) is the Gamma 207 

function. Min et al. (2015) suggested that accurately fitting the observed distribution using 19 208 

components yields a result similar to that achieved using much fewer components. To simplify 209 

the scenario and avoid distractions, we conduct an experiment where the electron distribution 210 

consists of a cold isotropic component and a warm anisotropic component. The parameters for 211 

each component are listed in Table 1. We note that the modeled electron anisotropy is larger than 212 

the observed values so that high-frequency waves can grow, which is a common approach. The 213 

fpe/fce ratio is 7, similar to the case in Figure 2. 214 
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Distribution Density (cm-3) 𝑣𝑇⊥ (km/s) 𝑣𝑇∥ (km/s) 𝑣𝑏 (km/s) 

Kappa, 𝜅=2 7.3 300 300 0 

Kappa, 𝜅=3 0.7 8,900 5,500 0 

Gaussian nb 12,000 6,000 22,000 

Table 1. The electron components and parameters that are used to fit the averaged electron 215 

distribution observed by Probe A during 09:33-09:36 UT. 216 

 217 

We use a beam population with a bulk velocity 22,000 km/s (and another beam population with 218 

an opposite bulk velocity for symmetry) to model the parallel acceleration effect. We carried out 219 

three experiments with different densities of the beam: 1) nb=0, 2) nb=0.001 cm-3, and 3) 220 

nb=0.002 cm-3, representing non acceleration, a weak Landau resonant acceleration and an 221 

enhanced Landau resonant acceleration, respectively, and the resultant electron PSD distributions 222 

are shown in Figures 3a-3c. Figures 3d-3f demonstrate the calculated wave growth rates 223 

contributed by cyclotron and Landau resonance. The electron distribution without the beam can 224 

excite chorus waves covering 0.1-0.65 fce without a gap. By adding a weak beam to the 225 

distribution, the linear growth theory produces banded chorus waves with a narrow gap (Figure 226 

3e). Adding a strong beam which represents enhanced parallel acceleration extending to more 227 

energies, the linear theory produces a wider gap (Figure 3f). 228 

We note that in the real magnetosphere, the Landau resonant energy increases with latitude, and 229 

the electron isotropization typically extends to high energies like that shown in Figure 2h and in 230 

previous studies (Li et al., 2022), and the chorus gaps usually expend toward lower frequencies.  231 

It is expected that chorus waves with very large spectral gaps are created by two anisotropic 232 

electron populations that are widely separated, in association with Landau resonant acceleration 233 

extending to very high velocities. For example, Figure 4 shows an event that was measured by 234 

Van Allen Probe A on 11 January 2013. A chorus wave is observed with a large spectral gap that 235 

exceeds 0.2 fce at the beginning (Figure 4b). This spectral gap shrank to a smaller one in a few 236 

minutes as the spacecraft travelled to locations of smaller fpe/fce (Figure 4a) due to a decrease of 237 

the plasma density. The electron distribution in association with the large chorus spectral gap, 238 
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presented in Figure 4c, shows that f(18°) and/or f(36°) exceeded f(90°) from 0.3 keV to 1.3 keV, 239 

implying those electrons have undergone Landau resonant acceleration at latitudes at least up to 240 

~27° (based on the empirical density model and dipole field model). The wide separation of the 241 

two anisotropic components led to the formation of a large chorus spectral gap. The electron 242 

distribution observed in association with a small chorus spectral gap in the low fpe/fce region, 243 

shown in Figure 4d, indicates less pronounced parallel acceleration that extended to ~1.7 keV 244 

(using the criterion that f(18°) and/or f(36°) exceeded f(90°)), corresponding to a Landau 245 

resonant acceleration at latitudes up to ~20°. 246 

We note that the upper limit of the chorus spectral gap in Figure 4 is above 0.5 fce, and the 247 

electron PSD plateaus are seen at velocities below 0.5 𝑣𝐴𝑒. One possible explanation is that the 248 

electron PSD plateaus at lower energies were produced at nearby locations with larger fpe/fce 249 

ratios and then drifted to the location of the satellite where the fpe/fce is smaller.  250 

4. Discussion 251 

Although the linear instability theory can roughly explain the frequency of chorus spectral gaps, 252 

it has a few limitations that need to be considered. 1) The rising-tone spectral feature of chorus 253 

waves both at the lower- and upper- bands is believed to be generated due to nonlinear resonant 254 

interactions (e.g., Omura et al., 2009; Tao et al., 2020), which are not described by the linear 255 

theory regime. 2) As mentioned earlier, the measured electron anisotropy is usually smaller than 256 

needed to excite chorus waves according to linear theory, and in some upper-band chorus wave 257 

cases, the observed electron anisotropy is significantly smaller than that required by the linear 258 

theory for instability. 3) The electron distribution in Figure 2h shows electron isotropization up 259 

to 4.1 keV at 18° pitch angle, which corresponds to a parallel velocity of 0.84 𝑣𝐴𝑒. If the electron 260 

distribution at 𝑣∥ = 0.84 𝑣𝐴𝑒 is stable and does not excite chorus waves, a spectral gap down to 261 

0.37 fce is expected according to the linear theory. However, the observed chorus spectral gaps 262 

stopped at 0.42 fce. It is possible that nonlinear interactions play a significant role in this process 263 

and generate waves in a wider range of frequencies than linear theory predictions. Nevertheless, 264 

we note that the linear theory can roughly and reasonably explain the wave source and the 265 

spectral gap formation.  266 

As demonstrated by several case studies, the bandwidth of chorus spectral gaps is significantly 267 

influenced by the energy range of reduced electron anisotropy. However, variations in locations, 268 
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ambient magnetic field and plasma density may also influence the chorus gap width. Note that 269 

the spectral gap in the case of Figure 1a is wider than that in Figure 2a, although the electron 270 

PSD shown in Figure 2g shows a more pronounced plateau. One possible explanation is that as 271 

electrons with a PSD plateau inject inward, they undergo perpendicular acceleration due to the 272 

conservation of the first adiabatic invariant. At the new location, the overall distribution is 273 

anisotropized while the PSD plateau may still be apparent. If the electrons exhibit a substantial 274 

anisotropy around plateau energies, chorus waves with no gap or small gaps could still be 275 

generated. 276 

Single-band chorus waves are often observed to be coexisting with banded chorus waves, and the 277 

coexistence observed off equator appears in morphologies different from that shown in Figure 1d. 278 

For instance, Figure 5a shows strong single-band chorus waves occurring intermittently and 279 

coexisting with weaker two-band chorus waves. Figure 5b shows an event in which some lower-280 

band emissions are stronger than the upper-band, while other emissions are continuous across 0.5 281 

fce. Figure 5c shows single-band chorus waves extending across 0.5 fce while some emissions are 282 

weaker at 0.5 fce. Figures 5d and 5e show a case in which chorus waves were generally banded 283 

over the long term, while single-band chorus waves may occasionally occur over shorter time 284 

spans, for example a period of 20 seconds. The 3-minute averaged electron distribution 285 

associated with these waves (not shown) exhibits clear evidence of isotropization at Landau 286 

resonant energies and the resultant two anisotropic energy components. It is quite likely that the 287 

electron distributions vary rapidly on short timescales, but the 3-min averaged distributions 288 

cannot capture this variation. We note that although the HOPE instrument provides electron 289 

distribution at a cadence of 22 seconds, each sample contains a random noise due to low 290 

counting rates; therefore, we use 3-min averaged data to smooth out random noises (in the case 291 

of Figure 4, the electron PSD at energies of interest is high and the random noise is low, and we 292 

use 1-min averages). In addition, these coexisting single-band and banded chorus waves are 293 

observed away from equator (MLAT > 4.2°), and these waves may originate from different L-294 

shells since they do not propagate strictly parallel to the magnetic field. Therefore, the observed 295 

electron population, even though it is projected to the equator, may not be completely 296 

representative of the source of those chorus waves. The conditions for excitation of single-band 297 

chorus waves, and the coexistence between single-band and banded chorus waves remain to be 298 

fully understood. 299 
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5. Conclusions 300 

The present study compared a single-band chorus wave and a banded chorus wave measured 301 

closely in time by one of the Van Allen Probes spacecraft, and showed that the single-band 302 

chorus wave is associated with an anisotropic electron distribution without isotropization at 303 

Landau resonant energies, while the banded chorus waves are observed to be associated with an 304 

anisotropic electron population with a PSD plateau at 0.5 𝑣𝐴𝑒. We then compared banded chorus 305 

waves with different spectral gap widths, and showed that chorus waves with wider gaps are 306 

associated with electron isotropization extending to higher energies. We suggest that a freshly 307 

injected anisotropic electron distribution can excite single-band chorus waves without a gap. 308 

Chorus waves generated early cause Landau resonant parallel acceleration at velocities around 309 

0.5 𝑣𝐴𝑒. Landau resonance that extends to high latitudes isotropizes electrons at high energies. 310 

When electrons bounce back to the equator, the isotropized distribution suppresses the wave 311 

generation over a certain frequency range, and a more pronounced isotropization leads to a large 312 

chorus spectral gap.  313 

We use a beam population to model the electron parallel acceleration and utilize the linear 314 

instability theory to quantify the wave growth. We show that adding a beam to the anisotropic 315 

distribution leads to a chorus spectral gap. A beam with a larger density, which represents a 316 

stronger parallel acceleration and a more pronounced isotropization, leads to a wider spectral gap.  317 

As shown in the case of Figure 4c, chorus waves created a field-aligned population at hundreds 318 

of eV. Therefore, chorus waves provide an important mechanism for creating field-aligned 319 

suprathermal electron populations observed in the magnetosphere (Li et al., 2010), similar to hiss 320 

wave-induced acceleration (Li et al., 2019b).  321 

Data Availability Statement 322 

The waves, the magnetic field and the plasma density measured by Van Allen Probes are 323 

publicly available from https://emfisis.physics.uiowa.edu/Flight. The electron distributions 324 

measured by the HOPE instrument are publicly available from https://rbsp-325 

ect.newmexicoconsortium.org/data_pub. The Van Allen Probe data analysis is carried out using 326 

the publicly available SPEDAS software (http://spedas.org). 327 
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https://rbsp-ect.newmexicoconsortium.org/data_pub/
https://rbsp-ect.newmexicoconsortium.org/data_pub/
http://spedas.org/
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Figure Captions 426 

Figure 1. Observations of single-band and banded chorus waves and the associated electron PSD 427 

distributions. (a) The burst-mode wave magnetic spectral intensity measured at 07:31 UT, 428 

showing banded chorus waves. (b) The wave normal angle. (c) The Poynting flux angle. (d-f) 429 

The same as Figures 1a-1c, but measured at 07:42 UT, showing a mixture between single-band 430 

chorus waves and banded chorus waves with tiny spectral gaps. (g-h) The electron PSD 431 

distribution averaged over 07:30-07:33 UT and 07:41-07:44 UT, respectively. The standard 432 

deviation of PSD for 18° pitch angle measured over 3 minutes is augmented in Figure 1g. 433 

Figure 2. Chorus waves with different gap widths and the associated electron PSD distributions. 434 

(a) The wave spectral intensity measured at 09:26 UT, showing banded chorus waves with a 435 

small spectral gap. (b) The wave normal angle. (c) The Poynting flux angle. (d-f) The same as 436 

Figures 2a-2c, but measured at 09:33 UT, showing banded chorus waves with a large spectral 437 

gap. (g-h) The electron PSD averaged over 09:26-09:29 UT and 09:33-09:36 UT, respectively. 438 

Figure 3. The impact of beam density to chorus gap width.  (a) The electron PSD distribution 439 

consisting of a cold isotropic distribution and a warm anisotropic distribution, color-coded for 440 

different pitch angles.  (b) The electron PSD distribution after being added a weak beam 441 

(nb=0.002 cm-3), representing a weak Landau resonant acceleration. (c) The electron PSD after 442 

being added a stronger beam (nb=0.004 cm-3), representing an enhanced Landau resonant 443 

acceleration extending to more energies. (d-f) The linear growth rates of chorus waves from 444 

three different distributions, respectively, color-coded for various wave normal angles of chorus.  445 

Figure 4. Banded chorus waves and electron distributions in the 11 January 2013 event. (a) The 446 

fpe/fce ratio. (b) The wave magnetic spectral intensity. (c-d) The 1-minute averaged electron PSD 447 

distributions at 11:50 UT and 11:56 UT, respectively, color-coded for various pitch angles.  448 

Figure 5. Different forms of mixture between single-band and banded chorus waves. (a) Strong 449 

single band chorus waves coexist with weaker banded chorus waves.  (b) Some lower-band 450 

emissions are stronger than the upper-band by 2-3 orders, while other emissions are continuous 451 

across 0.5 fce without a significant intensity decrease. (c) Some chorus emissions are single-452 

banded, while other emissions are significantly weaker at 0.5 fce. (d) and (e), A case in which 453 
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chorus waves were generally banded over half an hour, while single-band chorus waves 454 

occasionally occur over a period of 20 seconds. 455 
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