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Supplementary Fig. 1 | Formation of MMS spacecraft in the field-aligned coordinate 
system. MMS1 and MMS4 are the closest pair in the direction perpendicular to the 
background magnetic field (𝐁𝐁0 ). The distance perpendicular to 𝐁𝐁0  (about 2 km) was 
comparable to the gyro-radius (about 1.43 km) of the strongly nongyrotropic electrons 
(Background magnetic field intensity: 33.1 nT, Energy: about 500 eV, Pitch angle: about 
141°). The distance along 𝐁𝐁0 was about 6 km, which was about 2.5 times smaller than the 
wavelength of the whistler-mode wave (about 15 km). Even the maximum separation (about 
11 km) was much smaller than the gyro-radius of ions (about 116 km) with energy of 700 eV 
(ion temperature perpendicular to 𝐁𝐁0). 
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Supplementary Fig. 2 | Details of the whistler-mode wave and gradient of the 
background magnetic field intensity (Event 1). a. Wave frequency calculated using the 
waveform of 𝐁𝐁w (see Methods, subsection Calculation of wave frequency). b. Amplitude of 
𝐁𝐁w  in the plane perpendicular to the background magnetic field (𝑥𝑥 -𝑦𝑦  plane in the 
field-aligned coordinate (FAC)). c. the background magnetic field intensity (𝐵𝐵0). d. Gradient 
of 𝐵𝐵0 along the background magnetic field (𝐁𝐁0). Original 𝐵𝐵0 and 0.1-s moving-average 𝐵𝐵0 
were used for blue and red curves, respectively. e. Ion bulk velocity in FAC (MMS1). f. Phase 
differences from MMS1 to MMS4 (closest pair in the direction perpendicular to 𝐁𝐁0 (see 
Supplementary Fig. 1)). Vertical grey dashed lines indicate the interval used for Fig. 3. 
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Supplementary Fig. 3 | Details of electron velocity distribution function. a. Energy spectra 
of electron phase space density (PSD) at various pitch angle (PA) bins. b. PA spectra of 
electron PSD at various energy bins. Electron data from 9 temporal bins (270 ms) around 
15:59:19.644 UT (Fig. 3) from MMS1 were used. A gradient of PSD adequate for the initial 
linear growth of whistler-mode waves (increase toward PA of 90°) is found only at PA larger 
than about 130° and the energy higher than about 200 eV. 
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Supplementary Fig. 4 | Long overview of MMS1 burst data (Event 2). The format is the 
same as that of Fig. 1. Vertical gray dotted lines indicate the interval shown in Supplementary 
Fig. 5. Vertical grey dashed lines indicate the 8-s interval used for the detailed analysis. 
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Supplementary Fig. 5 | Short overview of MMS1 burst data (Event 2). a. 
Omni-directional energy spectrum of electrons (photoelectrons were subtracted). b. 
Omni-directional energy spectrum of ions. c. the background magnetic field (𝐁𝐁0) in the 
geocentric solar magnetic (GSM) coordinates. d. Ion, electron, magnetic, and total pressures. 
In the trough of magnetic field intensity, the decrease in magnetic pressure was compensated 
with an increase in plasma (mainly ion) pressure. The format of e–h, which indicate property 
of the wave, is the same as that of Fig. 1f–i. Enhancements of electromagnetic right-hand 
polarized (positive ellipticity) waves corresponds to whistler-mode waves. Vertical grey 
dashed lines indicate the 8-s interval used for the detailed analysis. Vertical gray dotted lines 
indicate the interval shown in Fig. 6. 
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Supplementary Fig. 6 | Formation of MMS spacecraft in the field-aligned coordinate 
system. MMS1 and MMS4 are the closest pair in the direction perpendicular to the 
background magnetic field (𝐁𝐁0). The distance perpendicular to 𝐁𝐁0 (about 3 km) was smaller 
than the gyro-radius (about 4.1 km) of the strongly nongyrotropic electrons (Background 
magnetic field intensity: 11.6 nT, Energy: about 500 eV, Pitch angle: about 141°). The 
distance along 𝐁𝐁0 was about 8 km, which was about 4.3 times smaller than the wavelength 
of the whistler-mode wave (about 34 km). The maximum separation (about 12 km) was much 
smaller than the gyro-radius of ions (about 175 km) with energy of 500 eV (ion temperature 
perpendicular to 𝐁𝐁0). 
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Supplementary Fig. 7 | Details of the whistler-mode wave and gradient of 𝑩𝑩𝟎𝟎 (Event 2). 
The format is same as that for Supplementary Fig. 2. MMS1 and MMS4 was the closest pair 
in the direction perpendicular to the background magnetic field (𝐁𝐁0) (see Supplementary Fig. 
6). Vertical grey dashed lines indicate the interval used for Supplementary Fig. 8, 9. 
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Supplementary Fig. 8 | Details of electron velocity distribution function. The format is 
same as that for Supplementary Fig. 3. Electron data from 9 temporal bins (270 ms) around 
05:26:23.684 UT (Fig. 6) from MMS1 were used. A gradient of phase space density (PSD) 
adequate for the initial linear growth of whistler-mode waves (increase toward pitch angle 
(PA) of 90°) is found only at PA larger than about 140° and the energy higher than about 100 
eV. 
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Supplementary Fig. 9 | Electron velocity distribution function (Event 2). a. 
Gyro-averaged electron velocity distribution function (28.3–2,112 eV) with the resonance 
velocity (𝑉𝑉res) as a red dashed line. b–d. histograms of electron PSD in 𝜁𝜁 direction at 3 
energy bins. The nongyrotropy exceeded 2σ error bars (see Methods, subsection Electron and 
ion measurements by FPI) around 𝑉𝑉res, while the electrons did not exhibit clear nongyrotropy 
around the pitch angle of about 135°. Electron data from 9 temporal bins (270 ms) around 
05:26:23.684 UT (Fig. 6) from each spacecraft were used (see Methods, subsection Electron 
and ion measurements by FPI). The fan-shaped area surrounded by a gray curve indicate the 
pitch angle and energy ranges for the calculation of the resonant current (𝐉𝐉res) for Event 2. 
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