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Abstract  1 

Magnetic reconnection, a fundamental energy conversion process, underpins a multitude of 2 

eruptive phenomena across the universe1-12. Compared to the traditional standard magnetic 3 

reconnection with ion coupling, the recently discovered electron-only magnetic reconnection 4 

operates at strikingly diminutive spatial scales, imposing formidable observational constraints 5 

on resolving its intrinsic physical processes, most critically within its core region—near the X-6 

line. Consequently, the intrinsic mechanism governing electron-only magnetic reconnection 7 

remains largely enigmatic. Leveraging high-resolution data from NASA’s MMS mission, we 8 

present unprecedented observations of two types of whistler waves in electron-only magnetic 9 

reconnection: right-handed whistler waves near the X-line, excited by perpendicular anisotropy 10 

electron distributions via second order cyclotron resonance, contrasted by left-handed whistler 11 

waves in the outflow jet. The outflow-associated whistler waves reside within a magnetic hole 12 

coupled to the Hall magnetic field. Beyond these distinct features diverging from standard 13 

magnetic reconnection, hallmark phenomena analogous to standard magnetic reconnection—14 

specifically flux pileup region in the outflow—is also identified for the first time in this 15 

electron-only regime. Our observations may provide novel insights into the magnetic 16 

reconnection and the microscale dynamics in space and astrophysical plasmas.  17 

Introduction  18 

Magnetic fields permeate the universe as fundamental repositories of electromagnetic 19 

energy whose topological reconfigurations drive catastrophic energy release—a universal 20 

process exemplified by Earth’s geomagnetic storms and substorms1-3, stellar flares and coronal 21 

mass ejections4-8, flares and jets in accretion system9-11, and even disruptions of controlled 22 

fusion experiments12. Magnetic reconnection is of particular importance to this process12-14, 23 

wherein energy stored in magnetic fields is rapidly converted to heat and kinetic energy of 24 

plasma as magnetic fields break and reconnect to change their topology, leading to plasma 25 

heating and bi-directional plasma jets.  26 

Magnetic reconnection initiates in current sheet, with its physical characteristics exhibiting 27 

dependence on the spatial scale of current sheet. A well-acknowledged picture of magnetic 28 

reconnection, termed standard magnetic reconnection with ion coupling12,15-18, has garnered 29 

considerable scientific interest over the past few decades, with its features of sufficiently large 30 

current sheet enabling both ions and electrons couple to it while ion-electron mass disparity 31 

induces scale separation phenomena. Recently, a novel type of magnetic reconnection, termed 32 

electron-only magnetic reconnection19, was discovered in a microscale current sheet in the 33 



turbulent magnetosheath downstream of Earth’s bow shock, which exclusively involves 34 

electrons, without ions’ participation due to insufficient space for ions coupling. The transition 35 

from standard magnetic reconnection to electron-only magnetic reconnection is triggered when 36 

the size of current sheet contracts to smaller than ~10 di (ion inertial length)20-21. The presence 37 

of Hall magnetic field topology persists as a unifying feature across both reconnection 38 

regimes20-23, while the prominent features distinguishing electron-only magnetic reconnection 39 

from standard magnetic reconnection lies in the absence of bi-directional ion jets and much 40 

faster reconnection rate (i.e. faster magnetic flux transport)20,24.  41 

Electron-only magnetic reconnection is prevalent in plasma turbulence due to abundant 42 

self-generated microscale current sheets, actively mediating its energy conversion and 43 

cascade21,25. The novel regime has additionally been discovered in plasma jets produced by 44 

standard magnetic reconnection26,27, as well as in interactions between solar wind and mini-45 

magnetosphere induced by crustal magnetic field of celestial bodies lacking intrinsic magnetic 46 

fields, as exemplified by lunar plasma environments28,29. Even in large-scale current sheet, 47 

electron-only magnetic reconnection possibly acts as the transition phase from quiet current 48 

sheet to standard magnetic reconnection30,31. Furthermore, electron-only reconnection has been 49 

produced in laboratory plasma experiments32.  50 

Despite the novel electron-only magnetic reconnection has been observationally 51 

confirmed across diverse plasma environments, its strikingly diminutive spatial scale imposes 52 

formidable observational constraints on direct measurements of its intrinsic physical processes, 53 

most critically within its core region—near the X-line. Moreover, in previous observations by 54 

spacecraft, spacecraft often traversed the reconnection current sheet along its normal 55 

direction—trajectory Ⅰ in Fig. 1, thereby precluding unambiguous determination of whether the 56 

X-line was encountered. Consequently, the intrinsic mechanism governing electron-only 57 

magnetic reconnection remains largely enigmatic. Earth’s magnetotail serves as a nature 58 

laboratory for deciphering this intricate mystery through two unique advantages: (1) the larger 59 

plasma inertial length facilitates larger spatial scale of electron-only magnetic reconnection; 60 

and (2) the X-line occasionally propagates along its jet’s direction—trajectory Ⅱ in Fig. 1, 61 

enabling definitive evidence of X-line identification—coincident reversal variations in normal 62 

magnetic field and electron jet33,34. 63 

In this study, we present a pioneering investigation on this outstanding question by 64 

capturing whistler waves at both the X-line and outflow jet within an electron-only magnetic 65 

reconnection in Earth’s magnetotail. The observation was made by NASA’s Magnetospheric 66 



Multiscale (MMS) satellites, which was designed to study microscale physical processes in 67 

magnetic reconnection by providing unprecedented high-cadence in situ measurements35-40. 68 

Utilizing MMS high-resolution data, we fully resolved the excitation of right-handed 69 

polarization whistler waves at the X-line, and unveiled left-handed polarization feature of 70 

whistler waves within a magnetic hole coupled to the Hall magnetic field.  71 

Results  72 

An electron-only magnetic reconnection in Earth’s magnetotail  73 

On 02 August 2020 at 14:45:50-14:47:20 Universal Time (UT), the four MMS spacecrafts, 74 

in a tetrahedral formation separated by ~37 km, were at [-28.0, -1.8, 4.0] RE (Earth’s radii) in 75 

geocentric solar magnetospheric (GSM) coordinates. The MMS spacecraft, while cruising in 76 

the magnetotail plasma sheet—a region characterized by significant hot plasma populations 77 

(Fig. 2a, 2b), detected an earthward ( 𝑉௜௫  > 0) high-speed plasma flow (Fig. 2e). At 78 

approximately 14:46:35 UT, an electron-only magnetic reconnection was observed in this high-79 

speed plasma flow, as distinctly delineated by teal arrows in Fig. 2c and 2d. This event is 80 

characterized by a pronounced weakening of the magnetic field magnitude (Fig. 2c), a distinct 81 

bipolar variation in the electron velocity 𝑉௘௫ component accompanied by an enhancement of 82 

the electron velocity 𝑉௘௬ component (Fig. 2d), while notably lacking corresponding bipolar 83 

variations in the ion velocity (Fig. 2e).  84 

A local current sheet (LMN) coordinate system was adopted to orient the observation data 85 

to the usual two-dimensional view of magnetic reconnection (Fig.2f), with L aligned to the 86 

direction of jet and reconnecting magnetic field, M along the out-of-plane (X-line) direction of 87 

reconnection plane, and N normal to the reconnection current sheet. The LMN coordinate 88 

system was obtained by the minimum variation analysis on magnetic field (‘Minimum variation 89 

analysis’ in Methods). A zoom-in view of this event during the interval 14:46:28-14:46:42 UT 90 

is presented in Fig. 2g-2m. At approximately 14:46:35.60 UT, a coincident reversal from 91 

positive to negative in both magnetic field ܤே  component and electron velocity 𝑉௘௅ 92 

component—indicated by teal arrows in Fig. 2g and 2j—was observed, providing definitive 93 

evidence for encounter of an X-line propagating along the L-direction. As expected for an 94 

electron-only magnetic reconnection, the electron bi-directional outflow jets achieved super-95 

Alfvénic velocity (+500 and −1500 km/s along ±L directions; Fig. 2j), while the ion flows 96 

demonstrated no dynamic response during the reconnection interval (Fig. 2k). Here, the Alfvén 97 

velocity, 𝑉஺ =  0݉௜݊௜ , is ~242 km/s, evaluated using averaged magnetic field 98ߤ√/|࡮|

magnitude of 8 nT and number density of 0.52 cm-3 during this interval. During the traversal 99 



across the X-line from the +L-direction jet to the −L-direction jet, the MMS spacecraft 100 

gradually migrated from the ܤ௅>0 side of the reconnection current sheet toward the proximity 101 

of the neutral line (ܤ௅=0), subsequently moving along the neutral line. Such trajectory, shown 102 

in Fig.1f, is evidenced by the decline of ܤ௅ from ~10 nT to ~2 nT followed by its stabilization 103 

at this baseline level (Fig. 2g).  104 

As the MMS traversed toward the neutral line, electron number density exhibited an 105 

enhancement from ~0.4 to ~0.53 cm-3 (Fig. 2i), revealing a density asymmetry across this 106 

reconnection current sheet with ℎܰ௜௚ℎ/ ௟ܰ௢௪ ≥ 1.3. Such density asymmetry would modulate 107 

the quadrupole configuration of the Hall magnetic field16,41,42, leading to a compression of the 108 

two quadrants at low-density side while an expansion of the other two quadrants at high-density 109 

side, as illustrated in Fig. 2f. This asymmetric compression and expansion produced a bipolar 110 ܤெ signature (negative-to-positive) along the X-line traversal trajectory (Fig. 2f), following 111 

guide field (ܤ௚≈2.2 nT) subtraction. The ratio of guide field to the reconnection magnetic field, 112 ܤ௚/ܤ௅, for this event is estimated to less than 22%. During approach toward the neutral line, 113 

the electric field ܧே component exhibited a negative-to-positive bipolar variation (Fig. 2h). 114 

This bipolar signature emerges prior to traversal across the neutral line, which is attributed to 115 

density asymmetry as well16. Following the traversal across this X-line, a negative enhancement 116 

of ܤே accompanied by reduction of number density immediately exhibited in the −L-direction 117 

jet, (Fig. 2g and 2i), consistent with the physical pictures of flux pile-up region (FPR) in 118 

standard magnetic reconnection43. Concurrently, a magnetic hole (MH) emerged in the jet (Fig. 119 

2g), characterized by a depletion of magnetic field magnitude and coupled to the Hall magnetic 120 

field in quadrant Ⅳ. It is the first evidence of FPR and MH existing in electron-only magnetic 121 

reconnection.  122 

Quantitative analysis reveals pronounced energy conversion within the electron jet, where 123 

the ܬ ⋅  reaches -0.2 nW/m³ (Fig. 2l), indicative of kinetic-to-electromagnetic energy transfer. 124 ′ܧ

In contrast, the X-line vicinity exhibited weaker energy exchange (ܬ ⋅  up to 0.04 nW/m³) 125 ′ܧ

with reversed electromagnetic-to-kinetic conversion polarity (Fig. 2l). The energy conversion 126 ܬ ⋅  is dominated by the contribution of the components perpendicular to the magnetic field 127 ′ܧ

(Fig. 2l). Electron temperature near the X-line exhibited a primary temperature increment of 128 ∆ ௘ܶ~80 eV, with FPR coincident observations showing a subsequent ∆ ௘ܶ~120 eV enhancement 129 

(Fig. 2m), demonstrating staged energization processes in this electron-only magnetic 130 

reconnection.  131 

Whistler waves near the X-line  132 



Obvious fluctuations in all three magnetic components exhibited in the X-line vicinity (Fig. 133 

2g and Fig. 3a), indicative of the presence of electromagnetic waves therein. To determine the 134 

wave properties, we conducted polarization analysis using the well-acknowledged singular 135 

value decomposition (‘Wave polarization analysis’ in Methods). Intense wave emissions are 136 

observed in both electric and magnetic fields (Fig. 3c, 3d), exhibiting a spectral enhancement 137 

between ~3 Hz and ~10 Hz, with power peaking at ~0.1 ௖݂௘  ( ௖݂௘  is the electron cyclotron 138 

frequency). The waves have large positive ellipticity of approximately 1 (Fig. 3e), wave normal 139 

angle smaller than ~25° (Fig. 3f), and large planarization degree of approximately 1 (Fig. 3g), 140 

indicating they are right-handed circularly polarized whistler waves. We further calculated the 141 

wavevector ࢉ࢑࢙ and wave speed ࢎ࢖ࢂ based on the wave dispersion relation in spacecraft rest 142 

frame resolved through the cross-power spectral analysis using four spacecraft observations 143 

(‘Wave dispersion relation obtained by cross power spectral analysis’ in Methods), as shown in 144 

Fig. 4a-4c. The obtained ࢉ࢑࢙ corresponding to the maximum wave power is determined as 145 

3.13 × 10-5 × [-0.06, 0.25, 0.97] in the field-aligned coordinates (‘Field-aligned coordinate’ in 146 

Methods). This orientation results in a wave normal angle of approximately 15° with respect to 147 

the background magnetic field. The propagating direction obtained by the cross-power spectral 148 

analysis is consistent with that obtained by the minimum variation analysis and Timing analysis 149 

(‘Minimum variation analysis’ and ‘Timing analysis’ in Methods). The normalized 150 

wavenumber is |ࢉ࢑࢙|݀௘  = 0.23, where ݀௘ ≡ ܿ ߱௣௘⁄ ≈ 5.31 × ݊௘−1/2  is the electron inertial 151 

length. This yields ݀௘  = 7.3 km for measured mean number density ݊௘  = 0.53 cm-3. The 152 

frequency ௦݂௖  corresponding to the maximum wave power is ~6 Hz, yielding wave speed 153 |ࢎ࢖ࢂ| = ߨ2 ௦݂௖/|1204 = |ࢉ࢑࢙ km/s.  154 

The Doppler-shift effect imposed by high-velocity electron jet on whistler waves becomes 155 

non-negligible at these low frequencies, requiring explicit consideration in the analysis44. The 156 

frequency in plasma rest frame is determined as ~7.8 Hz (or equivalent to ~0.1 ௖݂௘ ) by the 157 

Doppler-shift relation, ௣݂௟ = ௦݂௖ − ࢉ࢑࢙ ⋅  where the electron bulk velocity in the 158 , ߨ2/࢝࢕࢒ࢌࢋࢂ

field-aligned coordinates [247- 397- 374] = ࢝࢕࢒ࢌࢋࢂ km/s and magnetic field 2.7 = 0ܤ nT are 159 

averaged measurements in the X-line vicinity. The electron cyclotron frequency ௖݂௘ = 76 Hz 160 

is calculated using ௖݂௘ = 0ܤ௘ݍ ⁄௘݉ߨ2 . The wavenumber in the plasma rest frame is obtained 161 

through |࢒࢖࢑| = ߨ2 ௣݂௟ ⁄|ࢎ࢖ࢂ| , yielding the normalized wavenumber |࢒࢖࢑|݀௘ = 0.3.  162 

The field-aligned Poynting fluxes exhibit positive dominance with sporadic negative 163 

excursions (Fig. 3h), suggesting local excitation of whistler waves. This energy propagation 164 

pattern correlates with observed electron pitch-angle distributions showing higher fluxes near 165 



90° compared to near 0° (Fig. 3b). The anisotropic nature of electron distribution was further 166 

quantitatively demonstrated through pitch-angle-resolved electron phase space density (PSD) 167 

measurements (Fig. 4d), where electrons with energy higher than 800 eV exhibit a pronounced 168 

enhancement at 90° relative to 0° pitch angles (i.e. perpendicular anisotropy distribution). The 169 

observed electron distribution was successfully reproduced through a model comprised of five 170 

bi-Maxwellian distributions (solid curves in Fig. 4d). To examine whether the observed whistler 171 

waves were locally excited near the X-line, we conducted a kinetic instability analysis through 172 

dispersion relation calculations, adopting this five-component bi-Maxwellian model as input 173 

parameters (‘Instability analysis and electron distribution fitting’ in Methods). This local 174 

anisotropic electron distribution provided free energy sufficient to sustain whistler waves 175 

growth, with positive growth rates emerging in the frequency range ݂ ~0.03-0.13 ௖݂௘ 176 

(corresponding to wavenumbers |࢒࢖࢑|݀௘~0.15-0.41) for whistler waves propagating at 177 15°=ߠ 

(Fig. 4e). Peak growth rate (ߛ/߱௖௘ =0.02) is resolved at (݂/ ௖݂௘ , |࢒࢖࢑|݀௘ ) = (0.09, 0.30), 178 

quantitatively aligned with the observed maximum in spectral power centered at (0.10 ௖݂௘ , 179 

0.30݀௘−1), as denoted by asterisk (Fig. 4e). Whistler waves are predominantly excited through 180 

second-order cyclotron resonances (‘Resonant energy’ in Methods), where normal (݉ = +2) 181 

and anomalous (݉  = -2) resonant electrons at 1383 eV and 1132 eV respectively exhibit 182 

perpendicular anisotropy (Fig. 4f). Whereas first-order (݉ = ±1) cyclotron resonant electrons 183 

below 800 eV show no measurable anisotropy (Fig. 4f), Landau resonance (݉ = 0) electrons 184 

demonstrates no field-aligned beam features. The reduced PSD of electrons at 0° pitch-angle 185 

compared to those at 180° suggests that second-order anomalous cyclotron resonance—186 

characterized by resonant electrons exhibiting parallel velocities (‘Resonant energy’ in 187 

Methods)—likely dominates whistler waves excitation.  188 

Whistler waves in magnetic hole within outflow jet 189 

A magnetic hole (MH)—characterized by a depletion of magnetic field magnitude—190 

emerged in the −L-direction electron jet, which was detected by all four MMS spacecrafts (Fig. 191 

5c). This MH exhibited coupling with the Hall magnetic field in quadrant IV, due its depletion 192 

primarily stemmed from reductions in ܤெ  component (Fig. 5b). Analysis of spacecraft 193 

configuration and ܤ௅  intensity measurements near the X-line (Fig. 5a) demonstrates that 194 

MMS3 exhibited the closest proximity to the neutral line, followed sequentially by MMS2, 195 

MMS1, and MMS4 with progressively larger displacements. Consistently, spacecraft in closer 196 

proximity to the neutral line recorded stronger Hall magnetic fields (Fig. 5b), indicating the 197 

central region of Hall fields in quadrant IV resides adjacent to the neutral line, as illustrated in 198 

the schematic diagram (Fig. 2f). Whereas within the MH (Fig. 5c), MMS3 recorded the smallest 199 



reduction in magnetic field magnitude (0.23 ∽ܤ߂ nT), while MMS1 observed the most 200 

significant weakening (1.37 ܤ߂ nT), followed by MMS4 (1.24 ܤ߂ nT) and MMS2 (201 1.08 ܤ߂ 

nT). This spatial pattern indicates that this MH’s center was displaced along the +N direction 202 

relative to the Hall magnetic field's center, with MMS1 having successfully captured this MH’s 203 

core region during its traverse.  204 

Magnetic field fluctuations were also detected in this MH (Fig. 5a-5c). Consistently, wave 205 

emissions are observed as well (Fig. 3c, 3d), exhibiting a spectral enhancement between ~8 Hz 206 

and ~20 Hz. The waves have positive ellipticity of approximately 0.5 (Fig. 3e), large wave 207 

normal angle >30° (Fig. 3f), and large planarization degree of approximately 1 (Fig. 3g), 208 

indicating they are right-handed elliptically polarized oblique-propagating whistler waves. The 209 

whistler waves were also observed by MMS1 (Extended Data Fig. S1). Wave properties were 210 

further analyzed using MMS1 measurements, which captured this MH’s core region. The wave 211 

dispersion was resolved by using the Bellan method based on Ampere’s law (‘Wave dispersion 212 

relation based on Ampere’s law’ in Methods). The peak wave power occurs at frequency ௦݂௖~14 213 

Hz (or equivalent to 0.13 ௖݂௘ with 3.96=0ܤ nT) and normalized wavenumber |ࢉ࢑࢙|݀௘~0.64, 214 

yielding wave speed |ࢎ࢖ࢂ| = ߨ2 ௦݂௖/|1029 =  |ࢉ࢑࢙ km/s (Fig. 5e). The negative parallel 215 

wavenumbers (Fig. 5d) and the negative field-aligned Poynting fluxes (Extended Data Fig. S1h), 216 

indicating that the whistler wave had a propagation velocity component anti-parallel to the 217 

background magnetic field. The wave propagating direction was estimated as (-0.75, -0.28, -218 

0.60) in the field-aligned coordinates using the minimum variation analysis. This orientation 219 

yields a wave normal angle of approximately 50° with respect to the background magnetic field, 220 

which is consistent with the results obtained from the SVD method (Extended Data Fig. S1). 221 

The frequency in plasma rest frame is determined as ௣݂௟~-3.5 Hz by the Doppler-shift relation, 222 

where the electron bulk velocity in the field-aligned coordinates 223 [281- ,196 ,1562-] = ࢝࢕࢒ࢌࢋࢂ 

km/s are averaged measurements in the MH. This negative frequency indicates the polarization 224 

reversals to left-handed sense in the plasma rest frame. The left-handed polarization was 225 

possibly attributed to wave-wave interactions45,46.  226 

Conclusions  227 

In summary, this study presents unprecedented observations of whistler waves in electron-228 

only magnetic reconnection, exhibiting distinct characteristics from those reported in standard 229 

magnetic reconnection with ion-coupling. The right-handed whistler waves near the X-line are 230 

excited by perpendicular anisotropy electron distributions via second-order cyclotron resonance, 231 

while those in the outflow jet exhibit left-handed polarization. The outflow-associated whistler 232 



waves reside within a magnetic hole coupled to the Hall magnetic field. Furthermore, 233 

phenomenon analogous to standard magnetic reconnection—specifically flux pileup region in 234 

the outflow—is also identified in this electron-only regime. These groundbreaking discoveries 235 

not only elicit further exploration into the internal physical processes of electron-only magnetic 236 

reconnection, but also provide novel insights into the microscale dynamics in space and 237 

astrophysical plasmas.  238 

 239 
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 377 

 378 

Figure Legends  379 

Fig. 1. Schematic showing electron-only magnetic reconnection within high-speed plasma 380 

flow in Earth’s magnetotail, along with two typical spacecraft trajectories traversing the 381 

reconnection region. The trajectory Ⅰ—along the normal direction—precludes unambiguous 382 

determination of whether the X-line was encountered. The trajectory Ⅱ—along the jet’s 383 

direction—enables definitive evidence of X-line identification, namely coincident reversal 384 

variations in normal magnetic field and electron jet.  385 

Fig. 2. An electron-only magnetic reconnection in Earth’s magnetotail observed by MMS 386 

on 02 August 2020. a-e, Ambient plasma environment during interval 14:45:50-14:47:20 387 

Universal Time (UT) showing ion energy spectrum of the differential energy fluxes (a), electron 388 

energy spectrum of the differential energy fluxes (b), magnetic field (c), electron bulk velocity 389 

(d), and ion bulk velocity (e). f, Schematic of observations in the two-dimensional view (ܮ − ܰ 390 

plane) of magnetic reconnection and configuration of four spacecraft in the ܮ − ܰ plane. g-m, 391 

Zoomed-in interval (14:46:28-14:46:42 UT marked between two gray vertical lines in a-e) 392 

showing magnetic field (g), electric field (h), electron number density (i), electron bulk velocity 393 

(j), ion bulk velocity (k), energy conversion in electron rest frame (l), and electron temperature 394 

(m), which present the definitive observational evidence of the X-line in the electron-only 395 

magnetic reconnection. The teal arrows in g, j, and l denote the X-line. The data in a-e are 396 

displayed in the geocentric solar magnetospheric (GSM) coordinates, while the data in f-m are 397 

displayed in the local current sheet (LMN) coordinates. The LMN coordinate is obtained by 398 

MVA on magnetic field during 14:46:33-14:46:36 UT, showing 399 = ܯ ,(0.46 ,0.26 ,0.85) = ܮ 

(-0.46, 0.80, 0.39), and ܰ = (-0.27, -0.54, 0.80) in the GSM coordinate. These data are made 400 

by MMS3, as MMS3 exhibited the closest proximity to the neutral line (ܤ௅ = 0 denoted by 401 

dashed curves in f).  402 

Fig. 3. Wave polarization analysis. a, Magnetic field. b, Pitch-angle distributions of electrons 403 



with energy of 0.8-10 keV. c, Power spectral density of the electric field. d, Power spectral 404 

density of the magnetic field. e, Ellipticity. f, Wave normal angle. g, Planarity. h, Normalized 405 

Poynting flux parallel to the magnetic field. The red and black curves in c-h denote electron 406 

cyclotron frequency ( ௖݂௘ ) and 0.1 ௖݂௘ , respectively. The teal arrow in a denotes the X-line. 407 

These data are made by MMS3.  408 

Fig. 4. Dispersion relation and generation of whistler waves near the X-line. a-c, Observed 409 

dispersion relation showing wave power in ݇⊥1 − ݇∥  plane (a), wave power in ݇⊥2 − ݇∥ 410 

plane (b), and wave power versus frequency and wave number (c). The red arrows and line are 411 

obtained by searching the strongest power. The observed dispersion relation is shown in 412 

spacecraft rest frame and calculated using cross-spectrum analysis based on magnetic fields 413 

measured by four spacecraft. d, Observed and fitted electron phase space densities as a function 414 

of pitch‐angle. The circles and the curves are observed and fitted distributions, respectively. e, 415 

Predicted dispersion relation (blue) and growth rate (red) in plasma rest frame for waves with 416 

normal angle of 15°, and a comparison with the observed dispersion relation upon accounting 417 

for Doppler-shift effect (asterisk). f, Energies of electrons resonating with whistler waves. ݉ 418 

= 0, 1, -1, 2, and -2 represent Landau resonance, normal cyclotron resonance, anomalous 419 

cyclotron resonance, second order normal cyclotron resonance, and second order anomalous 420 

cyclotron resonance. These data displayed in d-f are based on MMS3 measurements.  421 

Fig. 5. The whistler waves in a magnetic hole coupled with the Hall magnetic field within 422 

the outflow jet. a-c, Four MMS spacecraft observations of magnetic field ܤ௅ component (a), 423 ܤெ component (b), and magnitude (c). The teal arrow in b denotes the X-line. d-e, Dispersion 424 

relation of whistler waves in the magnetic hole resolved based on Ampere’s law showing wave 425 

power in |݇⊥| − ݇∥ plane (d) and wave power versus frequency and wave number (e). The red 426 

line is obtained by searching the strongest power. These data in d-e are made by MMS1 due to 427 

it captured the core region of magnetic hole.  428 

 429 

Methods  430 

Minimum variation analysis  431 

Minimum variation analysis (MVA) is used to estimate the direction normal to a current 432 

layer or wave front based on single-spacecraft data. Many vector measurements, ࡮௠ (݉ = 1, 433 

2, 3, . . ., M), are made during an encounter of a current layer or wave. Along the normal 434 

direction (࢔), the field-component set {࡮௠ ⋅  has minimum variance. 435 (M ,. . . ,3 ,2 ,1 = ݉) {࢔

Therefore, ࢔ is determined by minimization of  436 

2ߪ = ܯ1 ∑ ௠࡮)| − ܯ1 ∑ ௠ெ࡮
௠=1 ) ⋅ 2ெ|࢔

௠=1 (1) 437 

which is subject to the normalization constraint |2|࢔ = 1 . Using the Lagrange multiplier 438 

method to find the direction of minimum variance, the problem ultimately reduces to solving 439 

for the eigenvalues and eigenvectors of matrix ܯఓఔ஻ = 1ெ∑ ఔெ௠=1ܤఓܤ − 1ெ2∑ ఓெ௠=1ܤ ∑ ఔெ௠=1ܤ 47, 440 



where the subscripts 3 ,2 ,1 = ߥ ,ߤ denote cartesian components along the ܺ, ܻ, ܼ system. 441 

Ordered by descending eigenvalues, the three corresponding eigenvectors characterize the 442 

directions of maximum, intermediate, and minimum variance for the field components along 443 

each vector. The eigenvector characterizing minimum variance is identified as the normal 444 

direction of a current layer or wave front.  445 

The local current sheet (ܰܯܮ) coordinate was obtained by MVA on magnetic field during 446 

14:46:33-14:46:36 UT, showing (0.39 ,0.80 ,0.46-) = ܯ ,(0.46 ,0.26 ,0.85) = ܮ, and ܰ = (-447 

0.27, -0.54, 0.80) in the geocentric solar magnetospheric (GSM) coordinate. The propagating 448 

direction of the whistler waves near the X-line was estimated as (-0.06, 0.20, 0.98) in the field-449 

aligned coordinate.  450 

For the whistler waves in the magnetic hole within the outflow jet, the estimated 451 

propagation directions, derived from measurements by four satellites, exhibit significant 452 

divergence, with (-0.75, -0.28, -0.60) for MMS1, (-0.89, 0.40, -0.24) for MMS2, (-0.71, -0.06, 453 

-0.70) for MMS3, and (-0.18, -0.39, -0.90) for MMS4 in the field-aligned coordinate. This 454 

indicates inapplicability of methods based on four spacecraft measurements to analysis wave 455 

dispersion relation.  456 

Field-aligned coordinate  457 

Field-aligned coordinate is a curvilinear coordinate where one axis (typically denoted as 458 ∥) is aligned with the ambient magnetic field ࡮૙, while the other two axes (⊥1, ⊥2) span the 459 

plane perpendicular to ࡮૙. Hence,  460 

∥ࢋ = |૙࡮|૙࡮ , ૚⊥ࢋ = ∥ࢋ × ∥ࢋ|࢞ × ࢞| , ૛⊥ࢋ = ∥ࢋ × ૚⊥ࢋ (2) 461 

where ࢞ represents (1, 0, 0) in geocentric solar magnetospheric (GSM) coordinates.  462 

Timing analysis  463 

Timing analysis is used to estimate normal direction and propagation velocity of a structure 464 

or wave front when it is sequentially detected by four spacecraft48, since  465 (ݐࢂఈఉ) ⋅ ࢔ = ࢘ఈఉ ⋅ ࢔ (3) 466 

where ࢘ఈఉ and ݐఈఉ are the separation vector and time difference between any spacecraft pair. 467 

Based the Timing analysis, the propagating velocity of the whistler waves near the X-line is 468 

estimated as 1230 × (-0.14, 0.12, 0.98) km/s.  469 

Wave polarization analysis  470 

The wave vector is determined by the linearized Faraday’s law   471 



࢔ × ࡱ = ࡮ܿ (4) 472 

where ࢔ =  is a dimensionless vector which has the modulus of the wave refractive 473  ݓ/࢑ܿ

index and the direction of the wave vector, and ܿ  is the speed of light. Based on spectral 474 

analysis of three-dimensional magnetic and electric fields, the wave polarization can be 475 

resolved by the singular value decomposition (SVD) method49.  476 

Wave dispersion relation obtained by cross power spectral analysis  477 

The wave dispersion relation can be resolved using the cross power spectral between the 478 

magnetic or electric fields measured by four spacecraft. The phase difference ∆߰ between the 479 

detected waves by any spacecraft pair is determined by  480 

∆߰ = arctan 〉)݉ܫ) ఈܹ(݂, (ݐ ఉܹ∗(݂, 〉)ܴ݁(〈(ݐ ఈܹ(݂, (ݐ ఉܹ∗(݂, ((〈(ݐ (5) 481 

where ఈܹ and ఉܹ are the wavelet transforms of detected fields by any spacecraft pair. The 482 

corresponding wave vector for a specific frequency can be then determined by incorporating 483 

the inter-spacecraft separation50. To prevent phase aliasing, this method remains valid only 484 

when the inter-spacecraft separation is maintained below half the wavelength. For the whistler 485 

waves near the X-line, its wave velocity is estimated as ఋாఋ஻  ~ 1380 km/s, yielding the 486 

wavelength of ఋாఋ஻ × 1௙  ~230 km. The estimated half the wavelength surpasses the inter-487 

spacecraft separation (~37 km), indicating applicability of cross power spectral analysis on the 488 

whistler waves near the X-line.  489 

Wave dispersion relation based on Ampere’s law  490 

The wave dispersion can be also resolved based on Ampere’s law  491 ࡶߜ0ߤ = ݅࢑ × ࡮ߜ (6) 492 

where ࢑ ,ࡶߜ ,0ߤ, and ࡮ߜ are magnetic permeability in empty space, wave current density, 493 

wavevector, and wave magnetic field, respectively. Based on this equation, the wave vector can 494 

be directly calculated from measurements by single spacecraft51.  495 

Instability analysis and electron distribution fitting  496 

To investigate the generation of whistler waves, the local dispersion relation was 497 

calculated using a general kinetic dispersion relation solver for magnetized plasma (PDRK)52. 498 

A model composed of five bi-Maxwellian distribution functions53 was employed to fit the 499 

averaged electron phase space density observed between 14:46:35.10 and 14:46:35.80 UTC so 500 



as to obtain the input parameters of PDRK. The model reads  501 

,∥ݒ)݂ (⊥ݒ =∑ ℎ݆ݐݒߨ√)݆݁݊ )3 exp(−(ݒ∥ − ℎ݆ݐݒ݆݀ݒ )2)5
݆=1 ⋅ ܶ∥݆ܶ⊥݆ exp(  

 −( 
݆∥݆ܶ⊥2ܶ⊥ݒ  ℎ݆ݐݒ) )2) 

 
)  
 (7) 502 

where j denotes different electron populations, ݒ∥ and ݒ⊥ are the parallel and perpendicular 503 

velocity, ݊௘ , ݒ௧ℎ , ݒௗ , ∥ܶ , and ⊥ܶ  are the number density, electron thermal velocity, drift 504 

velocity parallel to the magnetic field, parallel and perpendicular temperature. The fitting 505 

parameters are: (1) ݊௘=0.2 cm-3, ∥ܶ=5 eV, ⊥ܶ=5 eV, ݒௗ=0 km/s; (2) ݊௘=0.15 cm-3, ∥ܶ=200 506 

eV, ⊥ܶ=150 eV, ݒௗ=0 km/s; (3) ݊௘=0.17 cm-3, ∥ܶ=400 eV, ⊥ܶ=700 eV, ݒௗ=2000 km/s; (4) 507 ݊௘ =0.17 cm-3, ∥ܶ =700 eV, ⊥ܶ =700 eV, ݒௗ =-2000 km/s; (5) ݊௘ =0.03 cm-3, ∥ܶ =1500 eV, 508 

⊥ܶ=1800 eV, ݒௗ=0 km/s.  509 

Resonant energy  510 

The energy of resonant electrons is obtained by the following equation44,54  511 

ோܧ = ௘ݍ1 0݊௘ߤ022ܤ ߱௖௘߱ܿߠ2ݏ݋ ߠݏ݋ܿ) − ߱߱௖௘) (−݉ + ߱߱௖௘)2 (8) 512 

where ݍ௘, 0ߤ ,0ܤ, ݊௘, ߱௖௘, ߱, ߠ, and ݉ are the electron charge, ambient magnetic field, 513 

magnetic permeability in vacuum, electron number density, electron cyclotron angular 514 

frequency, angular frequency of the whistler waves, wave normal angle of the whistlers, and 515 

resonance mode. For the whistler waves near the X-line, the parameters are used: 2.7~0ܤ nT, 516 ݊௘~0.53 cm-3, ߱௖௘~475 rad/s, ߱= 0.1߱௖௘, 2 ,1- ,1 ,0 = ݉ .15°~ߠ, and -2 represent Landau 517 

resonance, normal cyclotron resonance, anomalous cyclotron resonance, second order normal 518 

cyclotron resonance, and second order anomalous cyclotron resonance. The minimum resonant 519 

velocity can be calculated by ݒ∥ = (߱ −݉߱௖௘)/݇∥55, where ݇∥ is the parallel wave number. 520 

Near the X-line, whistler waves exhibit distinct resonance velocity alignments: parallel to the 521 

magnetic field for the ݉ = −2 mode, and antiparallel for the ݉ = 2 mode.  522 
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 583 

Extended data figure legends  584 

Extended data Fig. 1. Wave polarization analysis based on MMS1 measurements. a, 585 

Magnetic field. b, Pitch-angle distributions of electrons with energy of 0.8-10 keV. c, Power 586 

spectral density of the electric field. d, Power spectral density of the magnetic field. e, Ellipticity. 587 

f, Wave normal angle. g, Planarity. h, Normalized Poynting flux parallel to the magnetic field. 588 

The red and black curves in c-h denote electron cyclotron frequency ( ௖݂௘ ) and 0.1 ௖݂௘ , 589 

respectively.  590 
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Figures  611 

Fig. 1 612 

 613 

Fig. 1. Schematic showing electron-only magnetic reconnection within high-speed plasma 614 

flow in Earth’s magnetotail, along with two typical spacecraft trajectories traversing the 615 

reconnection region. The trajectory Ⅰ—along the normal direction—precludes unambiguous 616 

determination of whether the X-line is encountered. The trajectory Ⅱ—along the jet’s 617 

direction—enables definitive evidence of X-line identification, namely coincident reversal 618 

variations in normal magnetic field and electron jet.  619 
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Fig. 2 636 

 637 

Fig. 2. An electron-only magnetic reconnection in Earth’s magnetotail observed by MMS 638 

on 02 August 2020. a-e, Ambient plasma environment during interval 14:45:50-14:47:20 639 

Universal Time (UT) showing ion energy spectrum of the differential energy fluxes (a), electron 640 

energy spectrum of the differential energy fluxes (b), magnetic field (c), electron bulk velocity 641 

(d), and ion bulk velocity (e). f, Schematic of observations in the two-dimensional view (ܮ − ܰ 642 

plane) of magnetic reconnection and configuration of four spacecraft in the ܮ − ܰ plane. g-m, 643 

Zoomed-in interval (14:46:28-14:46:42 UT marked between two gray vertical lines in a-e) 644 

showing magnetic field (g), electric field (h), electron number density (i), electron bulk velocity 645 

(j), ion bulk velocity (k), energy conversion in electron rest frame (l), and electron temperature 646 

(m), which present the definitive observational evidence of the X-line in the electron-only 647 

magnetic reconnection. The teal arrows in g, j, and l denote the X-line. The data in a-e are 648 

displayed in the geocentric solar magnetospheric (GSM) coordinates, while the data in f-m are 649 

displayed in the local current sheet (LMN) coordinates. The LMN coordinate is obtained by 650 

MVA on magnetic field during 14:46:33-14:46:36 UT, showing 651 = ܯ ,(0.46 ,0.26 ,0.85) = ܮ 

(-0.46, 0.80, 0.39), and ܰ = (-0.27, -0.54, 0.80) in the GSM coordinate. These data are made 652 

by MMS3, as MMS3 exhibited the closest proximity to the neutral line (ܤ௅ = 0 denoted by 653 

dashed curves in f).  654 
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Fig. 3 662 

 663 

Fig. 3. Wave polarization analysis. a, Magnetic field. b, Pitch-angle distributions of electrons 664 

with energy of 0.8-10 keV. c, Power spectral density of the electric field. d, Power spectral 665 

density of the magnetic field. e, Ellipticity. f, Wave normal angle. g, Planarity. h, Normalized 666 

Poynting flux parallel to the magnetic field. The red and black curves in c-h denote electron 667 

cyclotron frequency ( ௖݂௘ ) and 0.1 ௖݂௘ , respectively. The teal arrow in a denotes the X-line. 668 

These data are made by MMS3.  669 

 670 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

 679 

 680 

 681 



Fig. 4 682 

 683 

Fig. 4. Dispersion relation and generation of whistler waves near the X-line. a-c, Observed 684 

dispersion relation showing wave power in ݇⊥1 − ݇∥  plane (a), wave power in ݇⊥2 − ݇∥ 685 

plane (b), and wave power versus frequency and wave number (c). The red arrows and line are 686 

obtained by searching the strongest power. The observed dispersion relation is shown in 687 

spacecraft rest frame and calculated using cross-spectrum analysis based on magnetic fields 688 

measured by four spacecraft. d, Observed and fitted electron phase space densities as a function 689 

of pitch‐angle. The circles and the curves are observed and fitted distributions, respectively. e, 690 

Predicted dispersion relation (blue) and growth rate (red) in plasma rest frame for waves with 691 

normal angle of 15°, and a comparison with the observed dispersion relation upon accounting 692 

for Doppler-shift effect (asterisk). f, Energies of electrons resonating with whistler waves. ݉ 693 

= 0, 1, -1, 2, and -2 represent Landau resonance, normal cyclotron resonance, anomalous 694 

cyclotron resonance, second order normal cyclotron resonance, and second order anomalous 695 

cyclotron resonance. These data displayed in d-f are based on MMS3 measurements.  696 
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Fig. 5 712 

 713 

Fig. 5. The whistler waves in a magnetic hole coupled with the Hall magnetic field within 714 

the outflow jet. a-c, Four MMS spacecraft observations of magnetic field ܤ௅ component (a), 715 ܤெ component (b), and magnitude (c). The teal arrow in b denotes the X-line. d-e, Dispersion 716 

relation of whistler waves in the magnetic hole resolved based on Ampere’s law showing wave 717 

power in |݇⊥| − ݇∥ plane (d) and wave power versus frequency and wave number (e). The red 718 

line is obtained by searching the strongest power. These data in d-e are made by MMS1 due to 719 

it captured the core region of magnetic hole.  720 
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Extended data 740 

Extended data Fig. 1  741 

 742 

Extended data Fig. 1. Wave polarization analysis based on MMS1 measurements. a, 743 

Magnetic field. b, Pitch-angle distributions of electrons with energy of 0.8-10 keV. c, Power 744 

spectral density of the electric field. d, Power spectral density of the magnetic field. e, Ellipticity. 745 

f, Wave normal angle. g, Planarity. h, Normalized Poynting flux parallel to the magnetic field. 746 

The red and black curves in c-h denote electron cyclotron frequency ( ௖݂௘ ) and 0.1 ௖݂௘ , 747 

respectively.  748 
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