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Abstract

Whistler waves are often observed in magnetopause reconnection associated with electron beams. We analyze seven MMS

crossings surrounding the electron diffusion region (EDR) to study the role of electron beams in whistler excitation. Waves

have two major types: (1) Narrow-band waves with high ellipticities and (2) broad-band waves that are more electrostatic with

significant variations in ellipticities and wave normal angles. While both types of waves are associated with electron beams,

the key difference is the anisotropy of the background population, with perpendicular and parallel anisotropies, respectively.

The linear instability analysis suggests that the first type of wave is mainly due to the background anisotropy, with the beam

contributing additional cyclotron resonance to enhance the wave growth. The second type of distribution excites broadband

waves via Landau resonance, and as seen in one event, the beam anisotropy induces an additional cyclotron mode. The

results are supported by particle-in-cell simulations. We infer that the first type occurs downstream of the central EDR, where

background electrons experience Betatron acceleration to form the perpendicular anisotropy; the second type occurs in the

central EDR of guide field reconnection. A parametric study is conducted with linear instability analysis. A beam anisotropy

alone of above ˜3 likely excites the cyclotron mode waves. Large beam drifts cause Doppler shifts and may lead to left-hand

polarizations in the ion frame. Future studies are needed to determine whether the observation covers a broader parameter

regime and to understand the competition between whistler and other instabilities.
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Key points 19 

• In EDRs observed by MMS, electron distributions of background plus beams excite 20 

whistler by beam drift and anisotropy of both populations  21 

• Different types of distributions and waves are inferred to depend on the distance from the 22 

X-line 23 



• A parametric study with the linear instability analysis is used to discuss the competition 24 

between different whistler modes   25 



Abstract 26 

Whistler waves are often observed in magnetopause reconnection associated with electron beams. 27 

We analyze seven MMS crossings surrounding the electron diffusion region (EDR) to study the 28 

role of electron beams in whistler excitation. Waves have two major types: (1) Narrow-band waves 29 

with high ellipticities and (2) broad-band waves that are more electrostatic with significant 30 

variations in ellipticities and wave normal angles. While both types of waves are associated with 31 

electron beams, the key difference is the anisotropy of the background population, with 32 

perpendicular and parallel anisotropies, respectively. The linear instability analysis suggests that 33 

the first type of wave is mainly due to the background anisotropy, with the beam contributing 34 

additional cyclotron resonance to enhance the wave growth. The second type of distribution excites 35 

broadband waves via Landau resonance, and as seen in one event, the beam anisotropy induces an 36 

additional cyclotron mode. The results are supported by particle-in-cell simulations. We infer that 37 

the first type occurs downstream of the central EDR, where background electrons experience 38 

Betatron acceleration to form the perpendicular anisotropy; the second type occurs in the central 39 

EDR of guide field reconnection. A parametric study is conducted with linear instability analysis. 40 

A beam anisotropy alone of above ~3 likely excites the cyclotron mode waves. Large beam drifts 41 

cause Doppler shifts and may lead to left-hand polarizations in the ion frame. Future studies are 42 

needed to determine whether the observation covers a broader parameter regime and to understand 43 

the competition between whistler and other instabilities.  44 



1. Introduction 45 

Magnetic reconnection involves explosive energy conversion from electromagnetic fields to 46 

plasmas. In this process, highly structured particle distribution functions are formed that are 47 

unstable to various instabilities and waves to help dissipate energies and accelerate particles. The 48 

whistler wave is one example. It has 𝜔𝑟 < 𝜔𝑐𝑒 with right-hand polarization, since it is coupled to 49 

the electron gyro-motion, where the wave frequency is expressed as 𝜔 = 𝜔𝑟 + 𝑖𝛾. Whistlers can 50 

be excited through two modes. (1) The cyclotron mode is excited when the electron distribution 51 

has a perpendicular anisotropy that overcomes cyclotron damping (e.g., Kennel, 1966; Gurnett and 52 

Bhattacharjee, 2005), and the cyclotron resonant velocity is 𝑣∥,𝑟𝑒𝑠 ≡ 𝑉𝑔𝑦𝑟𝑜 = (𝜔𝑟 ± 𝜔𝑐𝑒)/𝑘∥. (2) 53 

The Landau mode requires a positive slope in the distribution along v|| (𝑑𝑓/𝑑𝑣|| > 0), and the 54 

resonant velocity is 𝑣∥,𝑟𝑒𝑠 ≡ 𝑉𝑝ℎ,|| = 𝜔𝑟/𝑘∥. 55 

 56 

The whistler wave is commonly observed in magnetopause reconnection, and a few wave 57 

excitation mechanisms have been analyzed (e.g., review in Khotyaintsev et al., 2019). The first 58 

instability source is the anisotropy of hot magnetospheric electrons (Graham et al., 2016; Wilder 59 

et al., 2016, 2017; Le Contel, Retino, Breuillard et al., 2016; Yoo et al., 2018, Li et al., 2018, Ren 60 

et al., 2020). The corresponding waves often exhibit narrow-band power enhancements close to 61 

0.5 fce, and statistically the waves propagate at 𝜃𝐵𝑛  of 10 ° -50 °  (Ren et al., 2020). In the 62 

magnetospheric inflow region on closed field lines, magnetospheric electrons can already develop 63 

a perpendicular anisotropy (e.g., Le Contel, Retino, Breuillard et al., 2016; Yoo et al., 2018). 64 

Entering the open field line region near the magnetospheric separatrix, the loss of magnetospheric 65 

electrons moving away from the X-line forms loss cone distributions that excite the waves 66 



propagating toward the X-line (Graham et al., 2016; Wilder et al., 2017; Li et al., 2018, Zhong et 67 

al., 2021).  68 

 69 

The picture of the whistler excitation closer to the current sheet mid-plane associated with 70 

magnetosheath populations is less clear. A statistical study of the whistler wave spectrograms 71 

shows that such waves are mainly below 0.5 fce (Ren et al., 2020). The estimated cyclotron 72 

resonance energy is often a few hundred eV, corresponding to either energized magnetosheath 73 

electrons or magnetospheric electrons (Graham et al., 2016; Le Contel et al., 2016). In an electron 74 

diffusion region (EDR) of negligible guide field reconnection, Cao et al. (2017) analyzed that the 75 

whistler wave is excited due to the perpendicular anisotropy of electrons energized in the EDR. In 76 

EDRs of guide field reconnection, field-aligned beams are often observed, and they can be 77 

associated with whistler waves (Burch, Ergun, Cassak et al., 2018; Khotyaintsev et al., 2020; 78 

Zhong et al., 2021). In an EDR with a significant guide field, Khotyaintsev et al. (2020) concluded 79 

that the magnetosheath electron beam, which has a perpendicular anisotropy, excites both an 80 

electromagnetic whistler mode through cyclotron resonance and a quasi-electrostatic oblique 81 

whistler mode through Landau resonance. The distribution can be more complicated to contain a 82 

background of energized magnetosheath-like electrons and a beam, both with perpendicular 83 

anisotropies, e.g., in an event that crossed the EDR (Burch, Webster, Genestreti et al., 2018). A 84 

model of the observed distribution was found to be unstable to whistler waves associated with the 85 

anisotropy.  86 

 87 

Electron distributions in magnetopause reconnection diffusion regions often contain a beam 88 

concurrent with whistler waves, where the beam is usually (but not always) the magnetosheath 89 



population. There exist studies about beam-related whistler waves for radiation belt parameters, 90 

where the beam density is very low (e.g., An et al., 2016), and for shock regions where the beam 91 

is modelled to be hotter than the background population (Wong et al., 1994). These studies showed 92 

that the beam can lead to both Landau and cyclotron resonance, and when the beam density and 93 

drift are significant, the drift provides a significant Doppler shift for the wave frequency. In the 94 

radiation belt regime, the electron beam/plateau can also lead to damping of the cyclotron mode 95 

whistler waves close to 0.5 fce (e.g., Chen et al., 2021, 2022). What is the role of the electron beam 96 

in exciting whistler waves in the context of magnetopause reconnection? When the beam has a 97 

perpendicular anisotropy, the anisotropy and the beam drift are two possible energy sources for 98 

the whistler instability. How do the two modes compete? In the reconnection outflow region, the 99 

beam is often superimposed on a hotter background population, which has a similar intensity with 100 

magnetosheath electrons but is usually more energized than the magnetosheath proper. For such 101 

distributions, what are the contributions of the individual populations to excite the whistler waves? 102 

In this study, we analyze multiple magnetopause reconnection events close to the EDR to 103 

investigate whistler waves associated with electron beams. We examine the wave properties and 104 

conduct the linear instability analysis based on the observed distributions. Additional linear 105 

instability analyses with the parameter scan are also performed to help further understand how 106 

different factors affect the instability regimes. 107 

 108 

2. Data 109 

Data are from the Magnetospheric Multiscale (MMS) mission burst-mode measurements. The 110 

magnetic fields are from the Flux Gate Magnetometer at 128 samples/s (Russell et al., 2016) and 111 

Search Coil Magnetometer at 8,192 samples/s (Le Contel, Leroy, Roux et al., 2016). Electric fields 112 



are from the double probes at 8,192 samples/s (Ergun et al., 2016; Lindquvist et al., 2016; Torbert 113 

et al., 2016). Plasma data are from the Fast Plasma Investigation (Pollock et al., 2016), where the 114 

ion and electron measurements have time resolutions of 0.15 s and 0.03 s, respectively. The linear 115 

instability analysis is performed using the dispersion solver ‘BO’, which assumes the equilibrium 116 

distribution functions to be bi-Maxwellian, and solves the dispersion relation using the matrix 117 

algorithm without requiring an initial guess of the root (Xie, 2019). 118 

 119 

3. Observations 120 

We analyze MMS magnetopause reconnection EDR crossings. To identify EDRs, we first utilize 121 

the criteria in Lenouvel et al. (2021), with adjustments, to select candidate events. (We are not 122 

using the more sophisticated Neural Network techniques as in Lenouvel et al. (2021)). We look 123 

for data points that indicate electron current layers with electron nongyrotropy. Specifically, for 124 

magnetopause crossings with burst-mode measurements, MMS 3 data are used to look for data 125 

points that have (1) Large electron flow ( |𝑉𝑒⊥| >400 km/s). (2) Electron nongyrotropy 126 

(
2(𝑓𝑅−𝑓𝐿)

𝑓𝑅+𝑓𝐿
>0.3), where we take the sliced distribution in the 𝑽𝐸×𝐵 frame at the bulk V||, and fR (fL) 127 

is the average in the 𝑣⊥1 > 0(< 0) half plane, with 𝑣⊥1 along (𝑩 × 𝑽) × 𝑩. That is, a significant 128 

asymmetry exists between 𝑣⊥1 > 0  and 𝑣⊥1 < 0  sides. (3) Significant energy conversions 129 

(|𝑱 ∙ 𝑬| > 1 𝑛𝑊/𝑚3). (4) Averaged to the ion time cadence, the electron perpendicular flow in 130 

the spacecraft frame is much greater than the ion perpendicular flow (|𝑽𝑒⊥| − |𝑽𝑖⊥|)/|𝑽𝑖⊥| > 1). 131 

We avoid data points that are likely in the magnetospheric inflow region by requiring (5) n>5 cm-132 

3 and (6) Bz,GSM<30 nT. The numerical thresholds mentioned above are empirically determined 133 

based on the test using published events. In addition to data points that simultaneously satisfy the 134 

above six conditions, those with 𝜅2 < 25 are also identified, where 𝜅2 is the ratio of the magnetic 135 



field curvature radius to the electron thermal gyro-radius, calculated from four-spacecraft data. 136 

The small 𝜅2 values indicate sharp magnetic curvatures that may cause electron demagnetization 137 

and often occur in thin current layers (e.g., Lavraud et al., 2016).  138 

 139 

The above criteria help identify events with nongyrotropic electron current layers, and we further 140 

manually select those that have signatures of the reconnection diffusion region: (1) Parallel 141 

electron heating is a typical feature in the ion diffusion region. Thus, we look for the feature that 142 

electrons have clear parallel anisotropy in the magnetospheric inflow region. (2) Reconnection 143 

changes the magnetic field topology, and the open field lines in the outflow region enable mixture 144 

of electrons of different origins. Thus, we look for electron pitch angle distributions with 145 

asymmetries between 0 and 180 degrees in the current sheet (usually clear on the magnetospheric 146 

side). (3) Close to the X-line and on the magnetospheric side, an electric field normal to the current 147 

sheet points toward the magnetosheath (EN>0), and it penetrates to the current sheet mid-plane 148 

(BL~0). Further downstream, such an electric field is only restricted around the magnetospheric 149 

separatrix where BL has large positive values. Thus, with EN~Ex,GSM, we look for the feature that 150 

the positive Ex,GSM (enhanced compared to a background level) penetrates to the vicinity of the 151 

current sheet mid-plane (Bz,GSM~0, where zGSM is a proxy for the L direction). (4) In the EDR, the 152 

ion outflow jet is not significant, e.g., smaller than ~100 km/s of the enhancement relative to the 153 

magnetosheath level. We note that such semi-automatic methods are helpful for identifying EDR 154 

candidates, but further careful examinations are still needed for individual cases. About 10% of 155 

the events selected from the first set of criteria can pass the second set of the tests, and we further 156 

determine the LMN coordinates and examine particle distributions to finalize the event selection. 157 

 158 



Applying the above methods to MMS dayside magnetopause crossings from 2015 fall to 2021 159 

spring, we identify 19 EDR events, where 14 are in the list of Webster et al. (2018), 1 is in Lenouvel 160 

et al. (2021), and 5 are additional events. Other events in the Webster et al. (2018) and Lenouvel 161 

et al. (2021) lists are not included, mainly because they usually do not satisfy our criteria in the 162 

manual selection, e.g., no positive EN penetrating to the current sheet mid-plane. Thus, these 163 

excluded events may be further away from the X-line compared with those included in this study. 164 

They are also helpful for studying whistler waves in the diffusion region, but will be left for future.  165 

 166 

We analyze the crossings about ±15 s surrounding the EDR, and can always find whistler wave 167 

packets, loosely defined by the wave power enhancements between flh (lower-hybrid frequency) 168 

and fce with right-hand magnetic field polarizations. Our interest is the effect of electron beams on 169 

exciting whistler waves, and we find 7 events that have electron beams associated with the whistler 170 

waves (Table 1). A summary of the findings is as follows. The waves and the concurrent electron 171 

distributions mainly have two types: (1) the wave is narrow-band with high ellipticity and small 172 

wave normal angle (𝜃𝑘𝐵), and the instability is dominated by the perpendicular anisotropy of the 173 

background population (likely to be energized magnetosheath electrons), with the beam 174 

contributing additional cyclotron resonance to enhance the wave growth rate; (2) the wave is 175 

broad-band with more electrostatic contributions, has significant variations in the ellipticity and 176 

𝜃𝑘𝐵, and the instability is associated with the Landau resonance due to the beam drift. For the 177 

second situation, the beam anisotropy may excite an additional cyclotron mode. 178 

 179 

3.1 Whistler waves associated with anisotropy of background electrons 180 



An example of the first type of waves is shown in Figure 1, for the EDR on 2016-11-23. The EDR 181 

is characterized by the large electron flow along both L and M directions on the magnetosheath 182 

side (BL<0) near 07:49:34 UT. BM is small, indicating a negligible guide field. The LMN directions 183 

in GSM are L=[0.013 0.638, 0.771], M=[0.436, -0.697, 0.570], and N=[0.900, 0.328, -0.287]. A 184 

whistler wave burst exists around 07:49:35-07:49:36 UT, which was reported in Burch, Webster, 185 

Genestreti et al. (2018), manifested as a narrow-band enhancement in the magnetic (Figure 1e) 186 

and electric (Figure 1i) field spectrograms. Wave properties are obtained from the polarization 187 

analysis (Samson and Olson, 1980). Data points that represent the whistler waves are selected with 188 

(1) the magnetic field wave power greater than 10 times of the noise level, where the noise level 189 

is determined by the average wave power spectrum in a quiet interval in the magnetosphere (2015-190 

12-08/11:21:10 to 11:21:20 UT), and it is consistent with the noise level shown in Le Contel et al. 191 

(2016, Figure 11); (2) magnetic field degree of polarization larger than 0.7; (3) magnetic field 192 

ellipticity larger than 0.2, as shown in Figures 1f-1h. The whistler waves are in the frequency range 193 

of 0.11-0.62 𝑓𝑐𝑒. The waves have high ellipticities close to 1 (Figure 1f), small 𝜃𝑘𝐵 (Figure 1g) 194 

that has an average of 24° with a standard deviation of 15°, and the wave propagation with respect 195 

to the magnetic field represented by the parallel Poynting flux (S||) is mainly positive (Figure 1h). 196 

The location of the spacecraft is on the magnetosphere (BL>0) -L side of the X-line with negative 197 

VeL jets, so the wave propagates toward the X-line in this case.  198 

 199 

The electron distributions concurrent with the whistler waves are examined. The pitch angle 200 

distribution for 0.2-2 keV electrons (Figure 1b) changes from counter-streaming during 07:49:34-201 

07:49:35 UT to perpendicular anisotropy with a peak at 90° at 07:49:35-07:49:36 UT. It indicates 202 

that as the spacecraft observes the whistler waves, it is leaving the central EDR, where electrons 203 



are energized in the perpendicular direction as the magnetic field piles up. The magnetic field 204 

indeed shows an increasing amplitude of BN (Figure 1c). An example 2D reduced distribution 205 

during the interval marked by the vertical dashed lines (Figure 1j) shows the presence of an anti-206 

parallel beam in addition to the background population with perpendicular anisotropy. The beam 207 

is likely a magnetosheath population moving away from the X-line. It comes across the current 208 

sheet mid-plane not too close to the EDR, so that it did not experience sufficient pitch angle 209 

scattering to become isotropic.  210 

 211 

We model the electron distribution with two drift-bi-maxwellian distributions for the background 212 

and the beam, and use such model distributions to perform the linear instability analysis. The 213 

model distribution is obtained by fitting the 2D reduced distributions in the 𝑣|| − 𝑣⊥1 plane, with 214 

10 fitting parameters (each drift-Maxwellian distribution has 5 parameters of n, 𝑉||, 𝑉⊥, 𝑇||, and 215 

𝑇⊥). Figure 1k shows the modeled 2D distribution, and Figure 1l shows the comparisons between 216 

the observed (solid) and modeled (dashed) distributions for 1D cuts along 𝑣|| (cut at 𝑣⊥1 = 0, 217 

black) and along 𝑣⊥1 (cut at 𝑣∥ = 0, red), respectively. The model parameters are: (1) background 218 

ne=12.7 cm-3, Ve||=226 km/s, 𝑉𝑒⊥=546 km/s, 𝑇𝑒||=55 eV, 𝑇𝑒⊥=86 eV; (2) beam nb=1.3 cm-3, Vb||=-219 

3878 km/s, 𝑉𝑏⊥=298 km/s, 𝑇𝑏||=7 eV, 𝑇𝑏⊥=21 eV. (The bulk 𝑉⊥ of both populations are neglected 220 

in all the linear instability analyses, and we have separately confirmed that including 𝑉⊥ only 221 

slightly changes the dispersion curves without changing any key conclusions.) The same 222 

distribution was modeled with four populations in Burch, Webster, Genestreti et al. (2018). Our 223 

model with two populations, although with less perfect agreement with data, captures the essence 224 

of the distribution and would help understand the roles of the background and beam populations, 225 

respectively. We also note that the resulting dispersion relation for the two-population model 226 



qualitatively agrees with that for three- or four-population models (not shown). In addition to 227 

electrons, we model the ions as a bi-maxwellian distribution at rest with 𝑇𝑖||=555 eV, 𝑇𝑖⊥=545 eV 228 

(based on measurements), and the magnetic field strength is taken as 22 nT. 229 

 230 

The dispersion relation for the model distribution is shown in Figure 1l where the blue and red 231 

curves represent the real and imaginary parts of the frequency, respectively. The dispersion curve 232 

is along 𝜃𝑘𝐵=0 with the maximum growth rate of 0.021 𝜔𝑐𝑒. The corresponding real frequency is  233 

𝜔𝑟=0.23𝜔𝑐𝑒, and the wavenumber is 𝑘𝑑𝑒=0.63. The waves have an ellipticity of 1 (not shown). 234 

The cyclotron resonant velocity 𝑉𝑔𝑦𝑟𝑜 = (𝜔 − 𝜔𝑐𝑒)/𝑘  is about -6700 km/s, and we obtain 235 

|𝑉𝑔𝑦𝑟𝑜 − 𝑉𝑒|||/𝑣𝑡ℎ||,𝑒 =1.53, |𝑉𝑔𝑦𝑟𝑜 − 𝑉𝑏|||/𝑣𝑡ℎ||,𝑏 =1.81, where 𝑣𝑡ℎ|| = √2𝑘𝐵𝑇||/𝑚 . Previous 236 

studies suggested that the condition of |𝑉𝑟𝑒𝑠 − 𝑉|||/𝑣𝑡ℎ|| < ~2.5  can be considered as being 237 

resonant with the whistler waves, for both the Landau and cyclotron resonance (e.g., Gary and 238 

Cairns, 1999). Thus, the right-hand polarization is consistent with the whistler waves, and the small 239 

deviations between Vgyro and Ve, Vb indicate that both populations contribute to the cyclotron 240 

resonance for the wave excitation.  241 

 242 

The 𝜔𝑟 − 𝑘 dispersion relation is modified by the drift of individual populations (mainly the beam). 243 

The purple curve is the dispersion relation for the whistler waves in the cold plasma limit with one 244 

electron population: 245 

𝑘2𝑐2

𝜔2 =
𝜔𝑝𝑒

2

𝜔(𝜔𝑐𝑒 cos 𝜃𝑘𝐵−𝜔)
  (1) 246 

Since the distribution involves an electron beam with a significant drift, we also plot the R-mode 247 

cold plasma dispersion relation for multiple drifting populations as the yellow curve (Stix, 1992): 248 



1 −
𝑐2𝑘2

𝜔2 − ∑
𝜔𝑝𝑠

2

𝜔2

𝜔−𝑘∥𝑉∥

𝜔−𝑘∥𝑉∥−𝜔𝑐𝑒
= 0𝑠   (2) 249 

The dispersion curve for the model distribution (blue) agrees with the single-electron whistler 250 

dispersion relation at small k values, and bends to have negative slopes at large k, similar to the 251 

multi-electron dispersion relation. Overall we find that the multi-electron cold plasma dispersion 252 

relation is a good approximation for the model distributions in this study. The deviation from the 253 

single-electron dispersion relation due to the drift of electron populations was also recently 254 

reported when comparing with the dispersion curve deduced from MMS measurements (Zhong et 255 

al., 2022).   256 

 257 

To further understand the roles of the background and beam populations, we compare the growth 258 

rates of a few modified model distributions. In Figure 1m, the black curve is the growth rate same 259 

with that in Figure 1l, where both populations have perpendicular anisotropy. The blue curve is 260 

for a model that keeps the anisotropy of the background population but removes the beam 261 

anisotropy by setting its 𝑇⊥ equal to 𝑇||. The maximum growth rate is slightly smaller than the 262 

original model. The green curve is for a model that keeps the beam anisotropy and removes the 263 

background anisotropy, and the instability is suppressed. We have also confirmed that removing 264 

the beam drift has little effect on the growth rate (not shown). The result indicates that the 265 

background anisotropy dominates the whistler wave excitation, while the beam contributes to 266 

increase the growth rate. 267 

 268 

3.2 Whistler waves associated with the beam drift via Landau resonance 269 

An example of the second type of whistler waves is shown in Figure 2, where the EDR event was 270 

first reported in Burch and Phan (2016). The LMN directions in GSM are L=[0.265, -0.010, 0.964], 271 



M=[0.110, -0.993, -0.041], and N=[0.958, 0.117, -0.262]. A relatively steady BM exists throughout 272 

the shown interval, indicating the presence of the guide field. The magnetic and electric field wave 273 

spectrograms are shown in Figures 2e, and 2i, respectively. Around the time marked by the vertical 274 

dashed lines, the magnetic wave power (Figure 2e) is enhanced up to about fce/2, and the electric 275 

field wave power (Figure 2i) enhancement extends to higher frequencies above fce. For other wave 276 

properties shown in Figures 2f-2h, and 2j, the shown data satisfy (1) the magnetic field wave power 277 

greater than 10 times of the noise level, (2) either the magnetic field or electric field degree of 278 

polarization is greater than 0.7 and (3) the magnetic field ellipticity is greater than 0.2. Criterion 2 279 

is less strict than that for the first type of event, since the significant electric field wave power 280 

extending to higher frequencies than the magnetic field spectrum indicates more electrostatic 281 

contributions. The selected data points are mainly below fce/2, covering a broad frequency range, 282 

unlike the narrow-band enhancement in the first event. The magnetic field has right-hand 283 

polarization (as required by criterion 3) with an ellipticity near 0.5 (Figure 2f), while the ellipticity 284 

of the corresponding electric field is near zero and is sometimes negative (Figure 2j).  285 

 286 

The waveforms are further examined to ensure that the wave power enhancements are mainly due 287 

to sinusoidal wave fluctuations instead of coherent structures. Figure 2k is the DC-coupled electric 288 

field, and Figure 2l is the AC-coupled magnetic field (>1 Hz), which are up to the Nyquist 289 

frequency of 4,096 Hz. The electric field waveform exhibits high-frequency fluctuations as well 290 

as some spiky features. However, the spiky fields also have fluctuations of multiple well-defined 291 

periods, indicating that the wave power at high frequencies represents nonlinear waves rather than 292 

coherent structures. The filtered fields in the whistler wave frequency range of 50-150 and 150-293 

500 Hz (Figures 2m-2o) exhibit regular sinusoidal fluctuations. The low-frequency portion (50-294 



150 Hz) of the fluctuations is mostly electromagnetic with |dE|/|dB|~10,000 km/s (close to the 295 

electron beam speed). The high-frequency portion (150-500 Hz) is more electrostatic, so only the 296 

electric field waveform is shown, and the significant E|| fluctuations may contribute to parallel 297 

electron acceleration. The complicated electric field polarization (indicated by both the ellipticity 298 

and the waveform) was already discussed in Burch, Ergun, Cassak et al. (2018), while the 299 

frequency range and the right-hand polarized magnetic field still indicate the waves to be a type of 300 

whistler, even though the wave properties are not as clean as those for the first event. S|| has both 301 

positive and negative values, indicating that waves propagate in both directions.  302 

 303 

The electron distribution at the marked time shows bi-directional beams, as seen in the v|| 304 

spectrogram (Figure 2a) and the distribution at the marked time (Figure 2p). We interpret that the 305 

spacecraft location is at the -L side of the X-line, the parallel beam is the magnetosheath population, 306 

and the anti-parallel beam is the magnetospheric population. The anti-parallel beam is as intense 307 

as the magnetosheath electrons, so it is possible that such electrons originally came from the 308 

magnetosheath, got transported to the magnetospheric side through past reconnection or waves, 309 

and serves as the magnetospheric inflow population for the current reconnection (e.g., Wang et al., 310 

2017). Since the guide field BM is negative, and the expected reconnection electric field EM is also 311 

negative, the anti-parallel beam from the magnetosphere moves along +M opposite to the 312 

reconnection electric field, which can be accelerated. It might be a reason why the anti-parallel 313 

beam has a larger speed than the parallel beam.   314 

 315 

We first model the distribution as one background population plus two beams and evaluate its 316 

corresponding linear instability condition. The model parameters are: background ne=3.4 cm-3, 317 



Ve||=-1113 km/s, 𝑉𝑒⊥=457 km/s, 𝑇𝑒||=115 eV, 𝑇𝑒⊥=99 eV; anti-parallel beam: nb1=1.6 cm-3, Vb1||=-318 

8967 km/s,  𝑉𝑏1⊥=552 km/s, 𝑇𝑏1||=29 eV, 𝑇𝑏1⊥=52 eV; parallel beam: nb2=1.3 cm-3, Vb2||=4115 319 

km/s , 𝑉𝑏2⊥=1598 km/s, 𝑇𝑏2||=25 eV, 𝑇𝑏2⊥=49 eV. The model 2D distribution is shown in Figure 320 

2q, with comparisons of 1D cuts with the observed distributions in Figure 2r, which well resembles 321 

the data. The ions have n=6.3 cm-3, 𝑇𝑖||=499 eV, and 𝑇𝑖⊥=707 eV. The magnetic field strength is 322 

23 nT. We perform the linear instability analysis by neglecting the perpendicular drifts. The results 323 

show that the instability grows toward the v||<0 side, but no instability develops toward the v||>0 324 

side. The maximum growth rate occurs at 𝜃𝑘𝐵=148°, along which the dispersion curves are shown 325 

in Figure 2s. The maximum growth rate is 0.04 𝜔𝑐𝑒, at 𝜔𝑟=0.36𝜔𝑐𝑒 and 𝑘𝑑𝑒=0.69. The parallel 326 

phase velocity (Vph||) is about -5200 km/s, and (𝑉𝑝ℎ|| − 𝑉𝑏1||)/𝑣𝑡ℎ||,𝑏1 =1.17, smaller than the 327 

empirical threshold of the resonant condition of 2.5 (Gary and Cairns, 1999). Thus, Vph is away 328 

from the bulk velocity of the anti-parallel beam by about its thermal speed, so that Landau 329 

resonance at 𝑑𝑓/𝑑|𝑣||| > 0 contributes to the instability. The ellipticity of the waves is ~0.5, 330 

which suggests that the electron gyro-motion is coupled to the waves, leading to the right-handed 331 

whistler. 332 

 333 

We next examine the instability for the distribution model only with the background and the anti-334 

parallel beam, while the parallel beam is removed. It still enables the instability, with the maximum 335 

growth rate at 𝜃𝑘𝐵=138°. The dispersion curves are shown in Figure 2t. The maximum growth rate 336 

is 0.003 𝜔𝑐𝑒 , occurring at 𝜔𝑟 =0.11 𝜔𝑐𝑒  and 𝑘𝑑𝑒 =0.25, with (𝑉𝑝ℎ − 𝑉𝑏1||)/𝑣𝑡ℎ||,𝑏1 =0.93. The 337 

dispersion curves are similar if the density of the original parallel beam is added to the background 338 

(not shown). It indicates that the 2-population model is also unstable to the Landau-mode whistler 339 

waves, but the 3rd population of the parallel beam significantly increases the growth rate, due to 340 



its drift. The 2-population model cannot excite a cyclotron mode whistler wave, but the cyclotron 341 

mode becomes unstable if the beam perpendicular anisotropy is increased from 1.8 to 2.6. 342 

 343 

The distribution at the marked time is selected since it has the most prominent beam. We have also 344 

examined the instability conditions for other locations, e.g., around 11:20:44 UT. These 345 

distributions are also unstable to the Landau mode (not shown), and similar to the case above, the 346 

beam anisotropy is too small to excite the cyclotron mode wave. 347 

 348 

3.3 Whistler waves excited by both the beam drift and beam anisotropy 349 

Next we discuss another event where the magnetosheath beam dominates the instability, observed 350 

on 2018-02-26 (Figure 3). The LMN directions in GSM are L=[0.027, -0.265, 0.964], M=[-0.128, 351 

-0.957, -0.260], and N=[0.991, -0.116, 0.060]. The EDR is manifested with large-amplitude VeL 352 

and VeM (Figure 3d) during the current sheet crossing. The VeL reverses the sign together with BN, 353 

indicating that the spacecraft transitions from the +L to -L side of the X-line. Meanwhile, BM  354 

exhibits a positive peak, likely due to the Hall field. At the positive VeL side, the electron 355 

distribution exhibits parallel beams (Figure 3a), which are consistent with the motion of the 356 

magnetosheath population. Meanwhile the magnetic and electric field wave power spectrograms 357 

(Figures 3e, 3i) show broadband enhancements. The data points that represent the whistler waves 358 

in other wave properties are selected with the same criteria as in the second event on 2015-12-08. 359 

Similarly, the selected data points scatter in a broad frequency range of 0.1~0.5 fce; data are 360 

selected with positive magnetic field ellipticity, where the electric field ellipticity varies between 361 

positive and negative values; 𝜃𝑘𝐵  is large around 45 ° with significant variations; S|| has both 362 

positive and negative values. The electric field waveform up to the Nyquist frequency of 4,096 Hz 363 



(Figure 3k) exhibits high-frequency fluctuations without spiky structures, indicating that the wave 364 

power at high frequencies is contributed by additional electrostatic waves. The filtered waveforms 365 

in the whistler wave frequency range of 50-400 Hz (Figures 3m-3n) exhibit regular sinusoidal 366 

fluctuations. The two perpendicular magnetic field components (blue and green) have clear near-367 

90° phase shifts, e.g., around 09:52:08.610 and 09:52:08.645 UT, further demonstrating the right-368 

handed circular polarization. 369 

 370 

A distribution at the interval marked by the vertical dashed lines (Figure 3o) is modelled and 371 

analyzed. The model 2D distribution is shown in Figure 3p, and the comparisons of 1D cuts of 372 

distributions are shown in Figure 3q, with the following parameters: background ne=7.8 cm-3, 373 

Ve||=-1029 km/s, 𝑉𝑒⊥=293 km/s, 𝑇𝑒||=90 eV, 𝑇𝑒⊥=57 eV; beam: nb=3.6 cm-3, Vb||=5894 km/s,  374 

𝑉𝑏⊥=-170 km/s, 𝑇𝑏||=13 eV, 𝑇𝑏⊥=56 eV. The ions have n=11.4 cm-3, 𝑇𝑖||=625 eV, and 𝑇𝑖⊥=653 375 

eV. The magnetic field strength is 27 nT. Adding another population with an anti-parallel drift 376 

would further improve the agreement with data, but it does not qualitatively change the instability 377 

analysis, so we present the result for the simple background plus a beam model. Performing the 378 

linear instability analysis, we find an instability propagating toward the v||>0 side. Figure 3r shows 379 

the dispersion curves along 𝜃𝑘𝐵=32°, where the maximum growth rate is 0.024 𝜔𝑐𝑒 occurring at 380 

𝜔𝑟=0.10 𝜔𝑐𝑒, 𝑘𝑑𝑒=0.33. (𝑉𝑝ℎ|| − 𝑉𝑏||)/𝑣𝑡ℎ||,𝑏 is -1.51, indicating the Landau resonance due to the 381 

beam drift. The waves have an ellipticity of ~0.7. The model distribution is also unstable to another 382 

mode propagating along 𝜃𝑘𝐵=180° (Figure 3s). The maximum growth rate is 0.019 𝜔𝑐𝑒 occurring 383 

at 𝜔𝑟=0.07 𝜔𝑐𝑒, and 𝑘𝑑𝑒=0.79, with an ellipticity of 1. |𝑉𝑔𝑦𝑟𝑜 − 𝑉𝑏|||/𝑣𝑡ℎ||,𝑏=1.40, indicating that 384 

the instability is associated with the cyclotron resonance of the beam, and the free energy source 385 

is its perpendicular anisotropy. The large beam drift significantly alters the dispersion curve and 386 



shifts 𝜔𝑟 to a rather small value. This situation is similar to the event reported in Khotyaintsev et 387 

al. (2020). 388 

 389 

3.4 Implications from the observations 390 

We may obtain some implications about the electron beam-related whistler wave properties and 391 

how they are generated close to the magnetopause reconnection EDR, illustrated in Figure 4. In 392 

the 7 events we have analyzed, 3 events have narrow-band whistler waves, and the other 4 events 393 

have broadband waves with more electrostatic contributions and more significant variations in the 394 

ellipticity and wave normal angle. The 3 narrow-band wave events all have similar background 395 

electron populations with perpendicular anisotropy, which dominates the wave generation by 396 

cyclotron resonance, where the beam contributes additional cyclotron resonance to enhance the 397 

wave growth (Figure 4, right). For the 4 broadband wave events, 3 events have a background 398 

population with a slight parallel anisotropy. The linear instability analysis suggests that such 399 

whistler waves are generated via Landau resonance (Figure 4, left), and the result is not sensitive 400 

to the electron distribution model, e.g., whether to use a model with one background plus one beam 401 

or a more accurate model with more populations. The 1 event on 2018-02-26 shown in Figure 3 is 402 

unstable to both the Landau mode and the cyclotron mode due to the beam anisotropy. The 403 

cyclotron mode has narrower ranges of 𝜔𝑟 and k than the Landau mode. The 1 outlier event on 404 

2015-09-22 has a background with slight perpendicular anisotropy of 1.18. The linear instability 405 

analysis result is sensitive to the electron distribution model: it suggests Landau resonance for the 406 

background plus one beam model, and suggests cyclotron resonance if using a 3-population model. 407 

Based on these multi-event analyses, the results mostly suggest two types of waves associated with 408 

two kinds of electron distributions. 409 



 410 

Considering the reconnection context, the two types of distributions and waves seem to be a 411 

function of the distances from the X-line. In Figure 4, the distributions are put into the reconnection 412 

context, with illustrations of the trajectories of different electron populations. The magnetosheath 413 

electron beam is often observed in the EDR, especially when a guide field (e.g., 20% or more) 414 

exists, as reported in observations (e.g., Burch and Phan, 2016; Khotyaintsev et al., 2020) and 415 

analyzed in particle-in-cell simulations (Hesse et al., 2016; Chen et al., 2017; Bessho et al., 2019; 416 

Choi et al., 2022). The beam feature can extend to outside the EDR mainly on one side of the 417 

outflow where the reconnection electric field projected to the field-aligned direction is in the 418 

direction to accelerate the beam population (e.g., Choi et al., 2022). Close to the X-line, there often 419 

co-exists a background population with parallel anisotropy, where the population can be 420 

magnetospheric electrons (Hesse et al., 2016), or it can be formed due to thermalization, e.g., by 421 

Buneman-type instabilities, as discussed in Khotyaintsev et al. (2020). Away from the X-line in 422 

the outflow direction, electrons that are trapped near the current sheet mid-plane can experience 423 

Betatron acceleration as the magnetic field becomes stronger, forming a background with 424 

perpendicular anisotropy; electrons entering the current sheet not too close to the X-line may 425 

remain as a field-aligned beam without much pitch angle scattering. Such features were discussed 426 

in magnetotail simulations and observations (e.g., Huang et al., 2015; Wang et al., 2016; 427 

Khotyaintsev et al, 2019 and references therein) and in magnetopause observations (Lavraud et al., 428 

2016). Thus, the background population with parallel anisotropy may indicate locations close to 429 

the X-line, while the background with perpendicular anisotropy indicates a farther distance. 430 

 431 



The role of the distance from the X-line is supported by the presented events. In the event on 2016-432 

11-23 (Figure 1), the perpendicular anisotropy (Figure 1b) occurs when the electron flow becomes 433 

smaller, indicating that the spacecraft crossed away from the X-line. In the event on 2018-02-26 434 

(Figure 3), the VeL reversal indicates crossing of the L location of the X-line. The region with large 435 

positive VeL is associated with a clear beam plus a background with parallel anisotropy. After 436 

09:52:08.8 UT, the electron flow becomes smaller, and the perpendicular anisotropy develops 437 

along with an increasing amplitude of BN (Figure 3b). Parallel beams co-exist with the background 438 

population as seen from the phase-space density enhancement close to zero pitch angle (Figure 439 

3b), though the beams are weak. The whistler wave features in this event also exhibit the transition 440 

between the two types. Close to the X-line, the distribution with a background of parallel 441 

anisotropy plus a beam excites broad-band, more electrostatic waves; away from the X-line after 442 

09:52:08.8 UT, the waves become narrow-band around 0.5 fce (Figure 3f), with higher magnetic 443 

ellipticities (Figure 3j). 444 

 445 

4. Particle-in-cell simulations of the whistler waves based on observed parameters 446 

In order to test whether the interpretation of the wave excitation mechanisms based on the linear 447 

instability analysis is valid, we perform 1D particle-in-cell simulations using the VPIC code 448 

(Bowers et al., 2008). The simulations have spatial variations (i.e., the wave propagation direction) 449 

along x, and start from a homogeneous magnetic field in the x-y plane. Electrons have a 450 

background population at rest (their small drift speeds in observations are neglected), and a beam 451 

population with a parallel drift. An isotropic ion population is set to have a drift such that the net 452 

current is zero. We have confirmed with the linear instability analysis that the modifications of the 453 

distributions compared to those used in the linear instability analysis in section 3 have a negligible 454 



effect on the dispersion curves. The system size is 120 de with 16,128 grid cells, and the grid size 455 

of dx is in the range of 0.67~0.69 De and 2.7~5.9 Db, where De (Db) is the Debye length of the 456 

background (beam) electrons. A mass ratio of mi/me=1836 is used. The time step is ∆𝑡𝜔𝑝𝑒 =457 

0.0074. The number of particles per cell for each of the three populations is 104, with different 458 

numerical weights applied according to the density ratios. 459 

 460 

The first case we examine is the event in Figure 1, where the background electrons have a 461 

perpendicular anisotropy of 1.6. The ratio between the electron plasma and cyclotron frequencies 462 

is 𝜔𝑝𝑒/𝜔𝑐𝑒 = 50, same as in the observation event. Since we expect the most unstable mode to be 463 

the cyclotron mode with field-aligned propagation, the magnetic field is set to be along +x, i.e., 464 

𝜃𝑘𝐵 = 0°. The Fast Fourier Transform (FFT) spectrum as a function of k at a selected time 𝑡𝜔𝑐𝑒 =465 

200 during the wave growth is shown in Figure 5a. The sign of k represents the helicity. The 466 

spectrum for k>0 is the wave power for By
*-iBz

*, where the asterisk represents the FFT 467 

transformation, so the field rotates in the left-hand direction toward +x (along the background 468 

magnetic field); the spectrum at k<0 is the power for By
*+iBz

*, so the field rotates in the right-hand 469 

direction toward +x.  Two peaks with comparable amplitudes show up. The peak around kde=0.68 470 

has a slightly higher wave power, and the value is close to the linear instability result of kde=0.63 471 

for the maximum growth rate (Figure 1m). Figure 5b shows the evolution of Bz filtered in a range 472 

of kde=0.3 ~ 1.0. The wave fronts propagate toward +x, which together with the positive helicity 473 

indicates the right-hand polarization over time if observed at a fixed position. By tracing a 474 

wavefront as marked by the black curve, with a linear fit of the positions and time, the wave phase 475 

speed is estimated as Vph=0.37 VAe. The corresponding real frequency is 𝜔𝑟 = 0.25𝜔𝑐𝑒, close to 476 

the linear instability analysis result of 𝜔𝑟 = 0.23𝜔𝑐𝑒 , and the corresponding 𝑉𝑔𝑦𝑟𝑜 = (𝜔 −477 



𝜔𝑐𝑒)/𝑘|| is -1.10 VAe. With Vb=-0.71 VAe, 𝑣𝑡ℎ||,𝑏=0.28 VAe, and 𝑣𝑡ℎ||,𝑒=0.82 VAe, we estimate the 478 

gyro-resonant conditions as (𝑉𝑔𝑦𝑟𝑜 − 𝑉𝑏||)/𝑣𝑡ℎ||,𝑏 = 1.4, and (𝑉𝑔𝑦𝑟𝑜 − 𝑉𝑒||)/𝑣𝑡ℎ||,𝑒 = 1.3, so both 479 

populations satisfy the cyclotron resonant conditions. We also estimated the wave growth rate by 480 

fitting the slope between ln|𝑑𝐵|and time during 𝑡𝜔𝑐𝑒 = 100~200, and the results close to the 481 

power peak at positive k are shown with red dots in Figure 5a, where the correlation coefficients 482 

are required to be greater than 0.9 for the shown data points. The maximum growth rate is 483 

estimated to be 𝛾 = 0.020 𝜔𝑐𝑒, in a good agreement with the linear instability result (Figure 1m). 484 

We note that the wave power peaks at the positive and negative k have comparable amplitudes, 485 

corresponding to waves propagating toward +x and -x respectively. It indicates that the anisotropy 486 

of the background electrons dominates the instability, and the asymmetry caused by the additional 487 

beam is not significant. In Figure 1h, the parallel Poynting flux is dominantly positive, likely 488 

because the observation location is not too close to the wave excitation location.  489 

 490 

Next we perform simulations using the model distribution in Figure 3, where the background 491 

electrons have a parallel anisotropy 𝑇𝑒⊥/𝑇𝑒|| = 0.6 and the beam with 𝑇𝑒⊥/𝑇𝑒|| = 4.3 drifts with a 492 

speed 𝑉𝑏||/𝑣𝑡ℎ||,𝑏 = 3.2. 𝜔𝑝𝑒/𝜔𝑐𝑒 is 40 according to the observation, and we first set 𝜃𝑘𝐵 = 0 to 493 

examine the possible field-aligned mode due to the beam cyclotron resonance. Figure 6a shows 494 

the FFT spectrum of the wave magnetic field as a function of k at 𝑡𝜔𝑐𝑒 = 200, and a peak occurs 495 

at around kde=-0.89. The evolution of Bz shows that the wave propagates toward +x (toward the 496 

beam), which together with the negative helicity indicates that the wave is left-handed in the 497 

background electron frame. By tracing a wave front, we estimate Vph=0.065 VAe. The 498 

corresponding 𝜔𝑟 is 0.057 𝜔𝑐𝑒, Vgyro=1.19 VAe. With Vb=0.91 VAe and vth||,b=0.28 VAe, the beam 499 

gyro-resonant condition is evaluated as (𝑉𝑔𝑦𝑟𝑜 − 𝑉𝑏||)/𝑣𝑡ℎ||,𝑏 = 1.0, and is hence satisfied.  500 



 501 

Compared to the linear instability analysis in Figure 3s, the wave numbers are similar (simulation: 502 

|k|de=0.89, linear instability analysis: |k|de=0.79). The estimated growth rate by fitting data during 503 

𝑡𝜔𝑐𝑒 = 100~150  is 𝛾~0.04𝜔𝑐𝑒 , about twice of the linear instability analysis result of 𝛾 =504 

0.02𝜔𝑐𝑒. Both indicate a very small real frequency and the waves are right-handed in the resonant 505 

beam frame. However, the simulation shows a more significant frequency shift associated with the 506 

beam drift compared to the single-fluid whistler dispersion relation, so that the wave has a small 507 

Vph toward the beam and the wave becomes left-handed in the background electron frame. In the 508 

observation, the low-frequency features (about 2flh) are likely mixed with the lower-hybrid waves, 509 

and data bins with negative magnetic field ellipticities do not exhibit persistent high degree of 510 

polarizations (not shown). Therefore, the cyclotron mode wave that is expected to have a narrow 511 

frequency range and high ellipticity is not clearly observed, and it is not conclusive whether the 512 

wave is right-handed or left-handed in the background electron frame in this situation. Despite the 513 

slight difference in the real frequency that affects the wave propagation direction, the simulation 514 

result is overall consistent with the linear instability analysis.  515 

 516 

Using the same particle distributions, we perform a simulation with 𝜃𝑘𝐵 = 32°, at which the linear 517 

instability analysis predicts the maximum growth rate for the Landau mode. The highest peak in 518 

the FFT spectrum of the magnetic field is around kde=0.47 (Figure 7a), slightly higher than the 519 

value of 0.33 predicted by the linear instability analysis. The growth rate is estimated to be 520 

𝛾~0.01𝜔𝑐𝑒, about half of the linear instability analysis result of 𝛾~0.02𝜔𝑐𝑒. The filtered Bz at 521 

kde=0.3~0.9 shows that the wave propagates toward +x (Figure 7b), which together with the 522 

positive helicity indicates a right-hand polarization. The estimated Vph by tracing the wave front 523 



is 0.55 VAe. The corresponding 𝜔𝑟 = 0.26𝜔𝑐𝑒, and Vph||=0.65 VAe. The Landau resonant condition 524 

for the beam is satisfied with (𝑉𝑝ℎ|| − 𝑉𝑏||)/𝑣𝑡ℎ||,𝑏 = −0.91. 525 

 526 

We also examine the FFT spectrum peak around kde=-1.0 (Figure 7a). The filtered Bz fields at 527 

kde=-1.3 ~ -0.8 is shown in Figure 7c, where the wave slowly propagates toward +x with the 528 

estimated Vph of 0.009 VAe. The corresponding beam gyro-resonant condition is evaluated as 529 

(𝑉𝑔𝑦𝑟𝑜 − 𝑉𝑏||)/𝑣𝑡ℎ||,𝑏 = −0.16 ~ 0.38, where the uncertainty corresponds to the kde range used 530 

for the calculation. It indicates the wave to be the beam cyclotron mode, similar to that in the 531 

𝜃𝑘𝐵 = 0 case.  532 

 533 

An additional run has been performed for 𝜃𝑘𝐵 = 15°. It also excites both the cyclotron and the 534 

Landau mode, while the cyclotron mode has a higher and dominant wave power (not shown). The 535 

relative strengths of the two modes are consistent with the expectation that the maximum growth 536 

rate for the cyclotron and Landau modes are at 𝜃𝑘𝐵 = 0° and an oblique angle ~32°, respectively, 537 

so that the wave power for the cyclotron (Landau) mode is stronger at small (large) 𝜃𝑘𝐵. The results 538 

demonstrate that the Landau and the cyclotron modes can indeed be excited together.  539 

 540 

5. Parameter scan with the linear instability analysis 541 

To better understand the whistler wave excitation mechanisms in the magnetopause reconnection 542 

diffusion region and the role of electron beams, we perform a parameter scan using the linear 543 

instability analysis, since we have used the 1D particle-in-cell simulations to justify that such 544 

analysis is valid for predicting different modes of the whistler waves with a reasonable accuracy. 545 

Based on observations of 7 events listed in Table 1, we model the particle distributions as 1 546 



isotropic ion population at rest, 1 background electron population at rest, and 1 electron beam with 547 

a parallel drift. We fix the magnetic field strength as 20 nT, plasma number density as 10 cm-3, the 548 

ion temperature as 500 eV, and the electron beam Tb|| as 10 eV. We will scan the parameters 549 

according to their ranges obtained from the observations: the background electron Te|| at 30-120 550 

eV, the beam density ratio (nb/n) mainly in the range of 0.1-0.4 (extending to 0.9 in some tests), 551 

background electron anisotropy 𝑇𝑒⊥/𝑇𝑒|| at 0.5-2, beam 𝑇𝑏⊥/𝑇𝑏|| mainly at 1-4.  The ratio between 552 

the beam drift and beam thermal speed (𝑉𝑏||/𝑣𝑡ℎ||,𝑏) at 1-4, where 𝑣𝑡ℎ||,𝑏/𝑉𝐴𝑒 = 0.32. For Te|| = 60 553 

eV in most of the tests, it corresponds to 𝑉𝑏||/𝑣𝑡ℎ||,𝑒 of 0.4-1.6, so the beam is located around the 554 

thermal speed of the background population, and the electron distribution exhibits a bump-on-tail 555 

like property. 556 

 557 

5.1 Background with a parallel anisotropy, Landau vs. cyclotron resonance of the beam 558 

Let us first discuss the situation where the background electron population has 𝑇𝑒⊥/𝑇𝑒|| ≤ 1, so 559 

that no whistler waves are generated due to the background perpendicular anisotropy. Figure 8a 560 

shows a model distribution with Te||=60 eV, 𝑇𝑒⊥/𝑇𝑒||=0.8, nb/n=0.3, 𝑉𝑏||/𝑣𝑡ℎ||,𝑏=2, 𝑇𝑏⊥/𝑇𝑏||=4. 561 

The linear instability shows that an unstable mode develops and propagates toward the v||>0 half-562 

plane. The maximum growth rate occurs at 𝜃𝐵𝑛=48°, and the dispersion curves along this direction 563 

are shown in Figure 8c (black). The parallel phase velocity is Vph||=2710 km/s (marked by the 564 

green dashed vertical line in Figure 8a), corresponding to (𝑉𝑝ℎ|| − 𝑉𝑏||)/𝑣𝑡ℎ||,𝑏=-0.72. It indicates 565 

the Landau resonance mechanism of exciting the whistler waves (marked as ‘L’ in the legend of 566 

Figure 8c and the following similar plots). Another unstable mode develops toward the v||<0 half 567 

plane. The maximum growth rate occurs at 𝜃𝐵𝑛=180°, and the dispersion curves are shown in 568 

Figure 8c (cyan). Vph|| is -965 km/s (solid green vertical line in Figure 8a), and the cyclotron 569 



resonant velocity is Vgyro=6247 km/s (solid black vertical line), which corresponds to 570 

|𝑉𝑔𝑦𝑟𝑜 − 𝑉𝑏|||/𝑣𝑡ℎ||,𝑏=1.32. Thus, the beam gyro-resonant condition is satisfied, and the wave is 571 

due to the beam anisotropy.. In Figure 8c, the label of ‘Cb
-’ indicates that the mode is due to the 572 

cyclotron resonance (C), Vgyro and the beam drift have the same sign (subscript of ‘b’), and Vph|| is 573 

opposite to the beam drift (superscript of ‘-’). Both ‘L’ and ‘Cb
-’ waves have right-hand 574 

polarization. 575 

 576 

The instability dependence on the beam drift speed is examined by varying 𝑉𝑏||/𝑣𝑡ℎ||,𝑏 while fixing 577 

other parameters. For the Landau mode, no instability exists when 𝑉𝑏||/𝑣𝑡ℎ||,𝑏 =1. Increasing 578 

𝑉𝑏||/𝑣𝑡ℎ||,𝑏 from 2 to 2.5 increases the growth rate (Figure 8c, blue). Further increasing 𝑉𝑏||/𝑣𝑡ℎ||,𝑏, 579 

we no longer find the Landau mode; however, the cyclotron mode changes to propagate toward 580 

the beam due to the Doppler shift effect. Figure 8b shows the model distribution with 𝑉𝑏||/𝑣𝑡ℎ||,𝑏=4, 581 

where the maximum growth occurs at 𝜃𝐵𝑛=30°, and Vph|| (green vertical line) is positive. Since 582 

Vph|| and Vgyro have the same sign, the waves become left-handed in the background electron frame. 583 

The corresponding dispersion curves are shown in Figure 8c (red, the superscript ‘+’ of the label 584 

‘Cb
+’ means Vph|| is along the beam drift). Such a feature of the distribution and whistler waves 585 

was reported in a simulation study of guide field reconnection (Choi et al., 2022). Figure 8d shows 586 

the maximum growth rate as a function of 𝑉𝑏||/𝑣𝑡ℎ||,𝑏, which overall exhibits an increasing trend. 587 

The colors indicate different modes, and 𝜃𝐵𝑛  for the maximum growth rate is labelled. Below 588 

𝑉𝑏||/𝑣𝑡ℎ||,𝑏=3, the oblique ‘L’ and parallel ‘Cb
-’ coexist. At 𝑉𝑏||/𝑣𝑡ℎ||,𝑏=3, the ‘Cb

+’ mode becomes 589 

the only instability, with parallel propagation. Further increasing 𝑉𝑏||/𝑣𝑡ℎ||,𝑏 , the ‘Cb
+’ mode 590 

propagation becomes oblique. We have also confirmed with the 1D particle-in-cell simulations 591 

that the transition from Cb
- to Cb

+ indeed occurs at 𝑉𝑏||/𝑣𝑡ℎ||,𝑏 of 2.5~3.0 (not shown). 592 



 593 

The dependence on nb/n is examined and summarized in Figure 8e. 𝑉𝑏||/𝑣𝑡ℎ||,𝑏=2.5 is used, and 594 

nb/n varies at 0.2-0.8. It shows that the Landau mode growth rate first increases and then decreases 595 

with increasing nb/n, while the cyclotron mode growth rate increases with increasing nb/n. We may 596 

understand the trend in the following way. The free energy of the Landau mode is the positive 597 

slope of the distribution along v||, superposed on an overall negative slope of the background 598 

distribution. Increasing nb/n enhances the positive slope and leads to an increase of the growth rate. 599 

However, when nb/n is very high, the beam becomes the dominant population, and the distribution 600 

is more like a shifted beam instead of a bump-on-tail shape, so that the Landau mode becomes less 601 

favorable.  Thus, we can expect that the cyclotron mode dominates when the beam density is high. 602 

For this specific set of parameters, the cyclotron mode transitions from right-hand Cb
- to left-hand 603 

Cb
+ at nb/n=0.4, and the maximum growth rate remains at parallel propagation. 604 

 605 

The dependence on the beam temperature anisotropy is examined and summarized in Figure 8f. 606 

We set nb/n=0.3, 𝑉𝑏||/𝑣𝑡ℎ||,𝑏 =2.5, and vary 𝑇𝑏⊥/𝑇𝑏||  by changing 𝑇𝑏⊥ . The Landau mode has 607 

increasing growth rates with increasing 𝑇𝑏⊥/𝑇𝑏|| (green, blue and red curves). It can be understood 608 

that with larger 𝑇𝑏⊥, the region with df/dv||>0 extends to a broader region in the velocity space, 609 

favorable for the instability. The cyclotron mode also has increasing growth rates with increasing 610 

𝑇𝑏⊥/𝑇𝑏||, as expected, since the anisotropy is the direct cause of the instability. In addition, it shows 611 

that the Landau mode dominates over the cyclotron mode at small 𝑇𝑏⊥/𝑇𝑏||, e.g., 3.3, and the 612 

cyclotron mode dominates at large 𝑇𝑏⊥/𝑇𝑏||, e.g., 4. 613 

 614 

5.2 Background with perpendicular anisotropy, cyclotron modes 615 



When the background population has perpendicular anisotropy, it further favors the anisotropy-616 

induced whistler waves through cyclotron resonance. An example model distribution is shown in 617 

Figure 9a, where nb/n=0.3, 𝑉𝑏||/𝑣𝑡ℎ||,𝑏 =2, 𝑇𝑒⊥/𝑇𝑒||=1.5, and 𝑇𝑏⊥/𝑇𝑏||=2. The linear instability 618 

analysis shows that a parallel mode develops toward the beam. The dispersion curves are shown 619 

in Figure 9b (blue), with Vph||=3399 km/s (green dashed line in Figure 9a), Vgyro=-8222 km/s (black 620 

dashed line), |𝑉𝑔𝑦𝑟𝑜 − 𝑉𝑒|||/𝑣𝑡ℎ||,𝑒=1.79. Thus, the cyclotron resonance of the background electron 621 

on the v|| side without the beam leads to the instability (labelled as ‘Ce
+’ in Figure 9b). Another 622 

parallel mode develops opposite to the beam, with the dispersion curves shown in Figure 9c (blue). 623 

It has Vph||=-1194 km/s (green solid line in Figure 9a), Vgyro=7624 km/s (black solid line), 624 

|𝑉𝑔𝑦𝑟𝑜 − 𝑉𝑒|||/𝑣𝑡ℎ||,𝑒 =1.66, and |𝑉𝑔𝑦𝑟𝑜 − 𝑉𝑏|||/𝑣𝑡ℎ||,𝑏 =2.06. Thus, the instability is due to the 625 

cyclotron resonance of both populations, labelled as Cb
-
 like before. No Landau mode with 626 

appreciable growth rates is found. 627 

 628 

The dependence on 𝑉𝑏||/𝑣𝑡ℎ||,𝑏 is examined. Figure 9b shows that the Ce
+ mode, although the beam 629 

does not directly contribute to the cyclotron resonance, has a gradual increase of the growth rate 630 

with increasing 𝑉𝑏||/𝑣𝑡ℎ||,𝑏. Figure 9c shows that at small 𝑉𝑏||/𝑣𝑡ℎ||,𝑏 ≤ 2, the Cb
- mode propagates 631 

opposite to the beam (with right-hand polarization in the background frame), and the growth rate 632 

decreases as 𝑉𝑏||/𝑣𝑡ℎ||,𝑏  increases. At large 𝑉𝑏||/𝑣𝑡ℎ||,𝑏 ≥ 3, the Doppler shift effect makes the 633 

waves propagate toward the beam (labelled as Cb
+), represented by the negative 𝜔𝑟 , and the 634 

polarization becomes left-handed in the background frame. The growth rate at 𝑉𝑏||/𝑣𝑡ℎ||,𝑏=3 is 635 

smaller than those of the Cb
- modes at smaller 𝑉𝑏||/𝑣𝑡ℎ||,𝑏, while it increases as 𝑉𝑏||/𝑣𝑡ℎ||,𝑏 further 636 

increases. 637 

 638 



Overall, the growth rate for Cb
-(+) is larger than that of Ce

+, as the beam contributes additional 639 

cyclotron resonance to the instability. Thus, for such distributions, we may expect the waves 640 

propagating opposite to the beam are stronger than those toward the beam. 641 

 642 

5.3 Beam-background competition 643 

For the cyclotron mode, the anisotropy of both the background and beam populations can 644 

contribute to exciting the waves. For the observation event on 2016-11-23 (Figure 1), we showed 645 

that the instability is primarily due to the background anisotropy, since the instability still exists 646 

after removing the beam anisotropy or the beam population. For the event on 2018-02-26 (Figure 647 

3), the beam anisotropy alone can excite a cyclotron mode. Then under what conditions can the 648 

beam anisotropy alone excite the whistler waves? 649 

 650 

The nb/n and 𝑇𝑏⊥/𝑇𝑏||  are two important factors for beam anisotropy induced waves, and we 651 

evaluate the dependence in a quantitative way. Fixing 𝑇𝑒⊥/𝑇𝑒||=1, and taking 𝑉𝑏||/𝑣𝑡ℎ||,𝑏=1, 2, 3, 652 

respectively, we vary nb/n and 𝑇𝑏⊥/𝑇𝑏|| to find critical values where the cyclotron mode starts to 653 

be unstable, defined by the growth rate threshold of 0.005 𝜔𝑐𝑒. The result (Figure 10a) shows that 654 

the critical 𝑇𝑏⊥/𝑇𝑏|| decreases as nb/n increases. Increasing 𝑉𝑏||/𝑣𝑡ℎ||,𝑏 also leads to decrease of the 655 

critical 𝑇𝑏⊥/𝑇𝑏||. For large nb/n and 𝑉𝑏||/𝑣𝑡ℎ||,𝑏, there appears the Cb
+ mode that propagates toward 656 

the beam. The observed beam density ratio is typically below 0.5, so a beam anisotropy of above 657 

~3 is needed to excite the whistler waves through cyclotron resonance.   658 

 659 

The background temperature also affects the wave growth, since the value of the phase-space 660 

density leads to cyclotron damping. Figure 10b shows the dispersion curves for Te|| varying at 30, 661 



60, 90 and 120 eV, where nb/n=0.7, 𝑉𝑏||/𝑣𝑡ℎ||,𝑏=1, 𝑇𝑒⊥/𝑇𝑒||=1, and 𝑇𝑏⊥/𝑇𝑏||=3. It shows that the 662 

growth rate decreases as Te|| increases. The corresponding 𝑉𝑏||/𝑣𝑡ℎ||,𝑒 are 0.58, 0.41, 0.33, and 0.29. 663 

It is likely that with increasing Te||, the beam location has increasing phase-space densities of the 664 

background population, which leads to more cyclotron damping and reduces the growth rate. 665 

 666 

6. Conclusions and discussions 667 

In this study, we investigate the whistler wave properties and excitation mechanisms related to 668 

electron beams in magnetopause reconnection diffusion regions. By analyzing 7 EDR crossings 669 

with whistler waves and electron beams, we find that the waves have two major types: (1) Narrow-670 

band whistler waves with high ellipticity and small 𝜃𝐵𝑛. (2) Broad-band whistler waves, more 671 

electrostatic, with significant variations in the ellipticity and 𝜃𝐵𝑛. While the associated electron 672 

distributions of both types of waves have beams, the key difference is the anisotropy of the 673 

background population, with perpendicular and parallel anisotropies for types (1) and (2), 674 

respectively. The linear instability analysis suggests that the first type of waves is mainly due to 675 

the background anisotropy, with the beam contributing the cyclotron resonance to enhance the 676 

growth rate. The second type of waves is due to the Landau resonance associated with the beam 677 

drift, and the observed waves are often associated with large-amplitude parallel electric fields that 678 

may contribute to electron acceleration. In one event, the beam anisotropy excites a cyclotron 679 

mode in addition to the Landau mode wave. The 1D particle-in-cell simulations justify the validity 680 

of the linear instability analysis, and demonstrate that the cyclotron and Landau modes can indeed 681 

be excited simultaneously. In the reconnection context, we infer that the first type occurs 682 

downstream of the central EDR where the background population can experience Betatron 683 



acceleration to develop the perpendicular anisotropy, and the second type of waves and 684 

distributions occur close to the central EDR of guide field reconnection. 685 

 686 

Based on the observations, we further perform parameter scans using the linear instability analysis 687 

of model distributions, where the electron distribution model contains a background at rest and a 688 

parallel-drifting beam population.  689 

(1) When the background has a parallel anisotropy, at small beam drifts, it excites an oblique 690 

Landau mode toward the beam and a parallel cyclotron mode opposite to the beam (if the beam 691 

has a perpendicular anisotropy). At large drifts, it excites a cyclotron mode toward the beam with 692 

left-hand polarization in the background frame.  A large beam density ratio and anisotropy are 693 

overall favorable for the cyclotron mode. 694 

 695 

(2) When the background has a perpendicular anisotropy, the anisotropy-induced whistler waves 696 

via cyclotron resonance dominates the instability. One mode has the cyclotron resonant velocity 697 

opposite to the beam, and the waves propagate toward the beam. The second mode has the 698 

cyclotron resonant velocity on the beam side, so that both populations contribute to the resonance, 699 

leading to overall higher growth rates than the other mode. When the beam drift is not too large, 700 

the second mode propagates opposite to the beam with right-hand polarization, consistent with the 701 

observations. Since the beam is mainly of magnetosheath origin, the waves would be toward (away 702 

from) the X-line on the magnetospheric (magnetosheath) side. When the beam drift is very large, 703 

the second mode could be Doppler-shifted to propagating toward the beam with left-hand 704 

polarization. 705 

 706 



(3) To understand under what conditions the beam anisotropy alone can excite whistler waves, we 707 

have examined the critical beam density ratio and beam anisotropy for such a mode. Since the 708 

observed beam density ratio is typically below 0.5, the result suggests that the beam anisotropy 709 

needs to be above ~3. We also show that reducing the background temperature increases the wave 710 

growth rate, since it leads to less cyclotron damping. 711 

 712 

 One limitation in the observation is that the observed distributions are not really the ones that 713 

excite the observed waves. The waves may come from a different location, and the distributions 714 

may be modified after the waves are excited. The fact that the distributions concurrent with the 715 

waves are able to excite whistler waves with similar properties to the observed ones indicates that 716 

the distributions are qualitatively similar to those that really generate the waves, and that the waves 717 

are likely generated closeby. The parameter scan based on the linear instability further helps 718 

understand how variations of the distribution parameters affect the resulting waves.  719 

 720 

Further investigations on a few aspects would be beneficial. We utilize a simplified electron 721 

distribution model of 1 background plus 1 beam. As discussed with the observation events, the 722 

distributions can be better modelled if adding additional populations, while the corresponding 723 

instabilities are qualitatively similar. Further understanding of how additional populations affect 724 

the instability would be helpful. In addition, the instability analysis suggests that when the beam 725 

density and drift are large, the Doppler shift effect leads to the cyclotron mode waves propagating 726 

toward the beam with left-hand polarization in the background electron (or ion) frame, and the 727 

corresponding real frequency is small. Such features are different from the typically observed 728 

right-hand whistler waves near fce/2. We do not yet find definite observational evidence of such 729 



left-handed whistler waves in the reconnection diffusion region, and it would be valuable to 730 

examine more events to see whether the conditions can cover such a regime. Moreover, the 731 

electron distributions with a beam can be unstable to other instabilities, such as the Langmuir wave 732 

(Li et al., 2018), Buneman instability (Khotyaintsev et al., 2020), and nonlinear E|| structures 733 

(Wilder et al., 2016, 2017). These modes contribute to thermalize the distribution and change the 734 

properties of the beam and background populations. Future work is needed to understand how 735 

these additional beam-related modes compete or work together with the whistler waves and 736 

interact with particles.  737 
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Table 1 List of model distribution parameters for the whistler wave events 885 

Time 
B  

(nT) 

n 

 (cm-3) 

𝑇𝑒∥ 

(eV) 

𝑇𝑏∥ 

(eV) 

𝑛𝑏

𝑛
 

𝑉𝑏∥

𝑣𝑡ℎ∥,𝑏
 

𝑉𝑏∥

𝑉𝐴𝑒
 

𝑇𝑒⊥

𝑇𝑒∥
 

𝑇𝑏⊥

𝑇𝑏∥
 mechanism 

20150919/074447 29 23.1 26 5 0.13 2.23 0.52 1.85 4.00 
Background 

anisotropy 

20151022/060527 21 12.7 63 5 0.07 3.49 0.84 1.29 3.80 
Background 

anisotropy 

20161123/074935 22 14 55 7 0.09 2.47 0.71 1.56 3.00 
Background 

anisotropy 

20151208/102149 20 5.7 85 15 0.35 1.74 0.51 1.18 2.67 Anisotropy/Landau 

20150922/134125 23 5.6 64 30 0.46 1.91 0.68 0.89 1.93 Landau, Msh beam 

20151208/112043 23 5 115 29 0.32 2.46 0.81 0.86 1.79 
Landau, Msph 

beam 

20180226/095208 27 11.4 90 13 0.32 3.24 0.91 0.63 4.31 
Landau, Msh beam; 

beam anisotropy 

𝑉𝑏∥ represents the relative drift between the background and the beam. It can be characterized by 886 

either 𝑉𝑏||/𝑣𝑡ℎ||,𝑏  or 𝑉𝑏||/𝑉𝐴𝑒 , and both values are provided. For these observation events, the 887 

background does not always have zero drift, and we keep their drift velocities in the model. ‘Msh’ 888 

represents ‘Magnetosheath’, ‘Msph’ represents ‘Magnetospheric’  889 



 890 

Figure 1. Narrow-band whistler wave observation in the EDR crossing on 2016-11-23 by MMS1. 891 
(a) Electron reduced 1D spectrograms along v||. (b) Pitch angle distributions of 0.2-2 keV electrons 892 

(the energy range for energized magnetosheath populations). (c) Magnetic field. (d) Electron bulk 893 
velocity, with large values around 07:49:34 UT that indicate the EDR crossing. (e) Magnetic field 894 

FFT wave power spectrogram. The narrow-band enhancements below fce/2 during 07:49:35-895 
07:49:36 UT indicate the whistler wave. (f) Magnetic field ellipticity. (g) Magnetic field wave 896 
normal angle. (h) Parallel Poynting flux normalized by the Poynting flux amplitude, indicating the 897 
propagation direction. (i) Electric field wave power spectrogram. For (f)-(h), data with the 898 
magnetic field degree of polarization greater than 0.7, magnetic field ellipticity greater than 0.2 899 

are shown, which represent the whistler wave. (j) The observed 2D reduced electron distribution 900 
during the vertical dashed lines marked in the left panels. (k) The modeled distribution using one 901 
background population plus one electron beam. (l) Comparison of observed (solid) and modeled 902 



(dashed) 1D cuts of the reduced distributions along 𝑣|| (black) and 𝑣⊥1 (red).  (m) The dispersion 903 

curves based on the model distributions, blue: real frequency; red: 10 times of the growth rate; 904 
purple: the theoretical cold plasma whistler wave dispersion relation based on the single-electron 905 
population; yellow: the R-mode cold plasma dispersion relation for two drifting electron 906 
populations, which resemble the features in the real frequency curve. (n) The growth rate for the 907 
original model in (k) where both populations have perpendicular anisotropy (black), a model that 908 

has anisotropy only for the background electrons (blue), a model that has anisotropy only for the 909 
beam (green). 910 
  911 



 912 
Figure 2. Broad-band more electrostatic whistler wave observation in the EDR on 2015-12-08 by 913 
MMS2. (a)-(i) The formats are the same as in Figures 1a-1i. (j) Electric field ellipticity. The criteria 914 

of the selected data points in (f)-(h), (j) are less restrict than in Figure 1, where either the magnetic 915 
or electric field degree of polarization needs to be greater than 0.7, and the magnetic field ellipticity 916 
needs to be greater than 0.2. (k) DC-coupled electric field waveforms in the field-aligned 917 
coordinate up to the Nyquist frequency of 4,096 Hz. (l) AC-coupled magnetic field (>1 Hz) 918 

waveforms up to 4,096 Hz. The waveforms at the whistler frequency range of the electric field at 919 
150-500 Hz (m) and electric and magnetic field at 50-150 Hz (n)-(o) show that the wave power 920 
enhancements are associated with sinusoidal fluctuations instead of purely due to the coherent 921 

structures. (p) Observed distribution during the marked vertical dashed lines. (q) The model 922 
distribution with one background and two electron beams. (r) Comparisons of 1D cuts of 923 
distributions between the observation and the model. (s) The dispersion curves for the 3-population 924 
model in (q). (t) The dispersion curves for a model that only has the background and the v||<0 beam.  925 



 926 
Figure 3. Broad-band whistler wave observation in the EDR on 2018-02-26 by MMS 3. (a)-(n) 927 
The formats are the same as in Figures 2a-2n. (o) Observed distribution during the marked vertical 928 
dashed lines. (p) The model distribution with one background and one beam. (q) Comparisons of 929 

1D cuts of distributions between the observation and the model. (r) Dispersion curves for the 930 

Landau mode wave excited by the model distribution in (p), propagating at 𝜃𝑘𝐵 =32 ° . (s) 931 
Dispersion curves for the cyclotron mode wave excited by the model distribution, propagating at 932 

𝜃𝑘𝐵=180°. Electrons exhibit transitions from a background with parallel anisotropy plus a beam to 933 
a background with perpendicular anisotropy plus a weak beam, indicating a crossing away from 934 
the central EDR. The corresponding whistler waves transition from broad-band to narrow-band.  935 



 936 
Figure 4. Illustration of the waves and electron distributions in the magnetopause reconnection 937 
context. Colored trajectories represent the behaviors of populations marked by dots of the same 938 
color in the distributions. The distribution with a background population that has slight parallel 939 

anisotropy plus a beam is likely to be close to the X-line. The corresponding waves are broad-band 940 
with a significant electrostatic component, due to Landau resonance. The beam anisotropy can also 941 

excite a (narrow-band) cyclotron mode, as demonstrated in the observation event in Figure 3. The 942 
distribution with a background that has perpendicular anisotropy plus a beam may be at further 943 
downstream locations, where the background experienced Betatron acceleration and the beam 944 

locally enters the current sheet. The corresponding wave is narrow-band with high ellipticity, due 945 
to cyclotron resonance dominant by the background anisotropy. 946 

  947 



 948 

Figure 5. The 1D particle-in-cell simulation result based on the model distribution in Figure 1, 949 

where the background electrons have a perpendicular anisotropy, with 𝜃𝑘𝐵 = 0. (a) FFT spectrum 950 

(black) of the wave magnetic field as a function of k at 𝑡𝜔𝑐𝑒 = 200, where the sign of k indicates 951 

the helicity. The red dots represent the estimated growth rates by fitting the growth rate of the 952 

magnetic field wave power at 𝑡𝜔𝑐𝑒 = 100~200. (b) The time evolution of the filtered Bz in a 953 

range of kde=0.3~1.0. The wave propagation toward +x parallel to the background magnetic field 954 

together with the positive helicity indicates the right-hand polarization. The wave properties have 955 

a good consistency with the linear instability analysis result in Figure 1.  956 

  957 



 958 

Figure 6. The 1D particle-in-cell simulation result for the model distribution in Figure 3, with 959 

𝜃𝑘𝐵 = 0. (a) FFT spectrum (black) of the wave magnetic field as a function of k at 𝑡𝜔𝑐𝑒 = 200. 960 

The red dots represent the estimated growth rate for 𝑡𝜔𝑐𝑒 = 100~150. (b) The Bz evolution. The 961 

result is consistent with the beam cyclotron mode.  962 

  963 



 964 

Figure 7. The 1D particle-in-cell simulation result for the model distribution in Figure 3, with 965 

𝜃𝑘𝐵 = 32°. The dominant wave power peak in the FFT spectrum (a, black) is consistent with the 966 

Landau mode, with the filtered Bz evolution shown in (b). The red dots represent the estimated 967 

growth rate for 𝑡𝜔𝑐𝑒 = 90~140 . A secondary wave power peak around kde=-1.0 has the 968 

corresponding Bz evolution shown in (c), which is consistent with the beam cyclotron mode that 969 

co-exists with the Landau mode.  970 



 971 
Figure 8. The linear instability analysis for model distributions of a background electron 972 

population with parallel anisotropy plus a beam. (a) An example 2D reduced distribution with 973 

𝑛𝑏/𝑛=0.3, 𝑉𝑏||/𝑣𝑡ℎ||,𝑏=2, 𝑇𝑒⊥/𝑇𝑒||=0.8, and 𝑇𝑏⊥/𝑇𝑏||=4. The green dashed vertical line marks Vph,|| 974 

of the Landau mode toward the beam. The solid green line marks Vph,|| of the cyclotron mode 975 
propagating opposite to the beam, and the solid black line marks the cyclotron resonance velocity 976 

Vgyro. (b) An example distribution with same parameters as in (a) except for 𝑉𝑏||/𝑣𝑡ℎ||,𝑏=4. The 977 

solid green line marks Vph,|| of the cyclotron mode propagating toward the beam, and the solid 978 
vertical line marks Vgyro. (c) Dispersion curves for four cases. For all the similar figures that follow, 979 

the solid curves are for the real frequency with the values shown on the left axis, and dashed curves 980 
are for the growth rate with the values shown in the right axis. In the labels, the numbers represent 981 

the values of 𝑉𝑏||/𝑣𝑡ℎ||,𝑏; ‘L’ represents the Landau mode; ‘C’ represents the cyclotron mode; the 982 

subscript ‘b’ indicates that Vgyro has the same sign with the beam drift; the superscript ‘+’ or ‘-’ 983 

represents whether the wave propagates toward or opposite to the beam. (d) The maximum growth 984 

rate as a function of 𝑉𝑏||/𝑣𝑡ℎ||,𝑏, with 𝑛𝑏/𝑛=0.3. Colors represent different modes, and marked 985 

numbers represent 𝜃𝐵𝑛 for the maximum growth rate of each mode. (e) The maximum growth rate 986 

as a function of 𝑛𝑏/𝑛, with 𝑉𝑏||/𝑣𝑡ℎ||,𝑏=2.5. (f) Dispersion curves for different 𝑇𝑏⊥/𝑇𝑏|| , with 987 

𝑛𝑏/𝑛=0.3, and 𝑉𝑏||/𝑣𝑡ℎ||,𝑏=2.5. 988 



 989 

Figure 9. The linear instability analysis for model distributions of a background electron 990 
population with perpendicular anisotropy plus a beam. (a) A model distribution with nb/n=0.3, 991 

𝑉𝑏||/𝑣𝑡ℎ||,𝑏=2, 𝑇𝑒⊥/𝑇𝑒||=1.5, and 𝑇𝑏⊥/𝑇𝑏||=2. (b) Dispersion curves for modes with Vgyro on the 992 

side with only the background electrons without a beam (indicated by the subscript of ‘e’ in the 993 
labels). The Vph,|| (green) and Vgyro (black) of the example distribution (a) are marked with dashed 994 

lines. (c) Dispersion curves for modes with Vgyro on the side with the beam (indicated by the 995 
subscript of ‘b’ in the labels). Vph,|| and Vgyro of the example distribution (a) are marked with solid 996 

lines.  997 
 998 

 999 
Figure 10. The linear instability analysis for the competition between the background and beam 1000 

populations. (a) Setting 𝑇𝑒⊥/𝑇𝑒||=1, the critical 𝑇𝑏⊥/𝑇𝑏|| that leads to the cyclotron mode growth 1001 

rate reaching 0.005 𝜔𝑐𝑒 as a function of nb/n and 𝑉𝑏||/𝑣𝑡ℎ||,𝑏. The modes propagating away from 1002 

(‘-’) and toward (‘+’) the beam are marked with different symbols. The critical 𝑇𝑏⊥/𝑇𝑏|| decreases 1003 

with increasing nb/n and 𝑉𝑏||/𝑣𝑡ℎ||,𝑏. (b) Dispersion curves for different Te||, with other parameters 1004 

fixed at nb/n=0.7, 𝑉𝑏||/𝑣𝑡ℎ||,𝑏=1, 𝑇𝑒⊥/𝑇𝑒||=1, and 𝑇𝑏⊥/𝑇𝑏||=3. A smaller Te|| allows for a higher 1005 

growth rate, as it reduces the cyclotron damping effect. 1006 


