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ABSTRACT 

Electron heating at the Earth’s quasi-perpendicular bow shock has been surmised to be 

due to the combined effects of a quasi-static electric potential and scattering through 

wave-particle interaction. Here we report the observation of electron distribution 

functions indicating a new electron heating process occurring at the leading edge of the 

shock front. Incident solar wind electrons are accelerated parallel to the magnetic field 

toward downstream, reaching an electron-ion relative drift speed exceeding the electron 

thermal speed. The bulk acceleration is associated with an electric field pulse embedded 

in a whistler-mode wave. The high electron-ion relative drift is relaxed primarily through 

a nonlinear current-driven instability. The relaxed distributions contain a beam traveling 
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toward the shock as a remnant of the accelerated electrons.  Similar distribution functions 

prevail throughout the shock transition layer, suggesting that the observed acceleration 

and thermalization is essential to the cross-shock electron heating. 

 

 

Collisionless shocks are fundamentally nonlinear phenomena in which the plasma 

kinetic energy in the form of supersonic flows is dissipated into heat without the aid of 

binary collisions. The interaction between the solar wind and planetary magnetospheres 

and between the interstellar medium and supernova remnants  gives rise to collisionless 

shocks that have stimulated intense research [e.g., 1-4]. The Earth’s bow shock is the 

most accessible laboratory for studying how the bulk flow energy is dissipated to heat 

ions and electrons. For strong shocks with a quasi-perpendicular geometry (i.e., the angle 

between the upstream magnetic field and the shock normal is greater than 45 degrees), 

while ion heating is commonly regarded as a result of particle reflection by electric and 

magnetic forces [5], the electron heating problem remains controversial [2]. 

The key controversy concerning electron heating lies in how and when 

irreversible dissipation occurs. A widely accepted picture of electron heating at the 

Earth’s bow shock describes that the electron phase space is inflated by a quasi-static 

cross-shock potential accelerating (decelerating) incoming (escaping) electrons, 

conserving the first adiabatic invariant, and creates an inaccessible region at energies 

lower than the cross-shock potential energy of electrons [6-12]. The inaccessible region is 

postulated to be filled by wave-particle scattering, leading to thermalization and thus  

irreversibility [e.g., 8, 12-13]. The picture is based on past observations of heated “flat-
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topped” distributions [6, 13-14] and approximately isotropic temperature increase 

through the shock ramp [e.g., 7, 8, 13]. However, the time resolution of previous electron 

measurements was not sufficient to resolve the acceleration and thermalization processes 

in the shock transition layer. Furthermore, the presence of intense, possibly transient, 

electron-scale electric field fluctuations [15-21] could invalidate the adiabatic invariance 

assumption, thus calling into question the simple phase-space inflation picture [e.g., 12]. 

The adiabadic invariant can also be broken by strong gradients in the electric field [18, 

22-23], leading to heating perpendicular to the magnetic field [24]. 

 In this Letter, we present the observation of electron acceleration and thermalization 

in action using measurements from the Magnetospheric Multiscale (MMS) spacecraft 

[25]. The electron instrument onboard MMS is capable of obtaining a full 3D electron 

velocity distribution every 30 ms, a cadence two orders of magnitude higher than that 

achieved on previous missions and capable to resolve the acceleration and thermalization 

time scales for the event to be discussed. 

  

Method. —The measurements come from the MMS four-spacecraft mission [25] 

when MMS crosses the bow shock at Earth. The location of MMS during the shock 

crossing at 2015-11-04/05:28:20-55 UT is [10.6, 2.5, -0.5] RE in Geocentric Solar 

Ecliptic (GSE) coordinate, very close to the nose of the bow shock. The spacecraft 

trajectory is approximately along -x in GSE. The shock normal n based on the shock 

model by Merka et al. [26] is [0.993, 0.116, -0.028] in GSE. The upstream Alfven Mach 

number (MA) is ~7.8. The angle (θBn) between the upstream B and n is about 115 degrees. 

Other parameters of the shock are: the ion beta βi ~ 1.1 (based on the OMNI ion 
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temperature and density as the MMS ion instrument was not designed to monitor the 

solar wind), the electron beta βe ~ 0.3, the upstream ion inertial length di ~ 94 km, the 

upstream ion gyroperiod ~ 6 s, and the magnetosonic Mach number ~ 4. 

 The MMS data employed are from the burst-mode Fast Plasma Investigation [27], 

the Fluxgate Magnetometer [28], the Search-Coil Magnetometer [29], and the electric 

field spin-plane [30] and axial [31] double probes in the FIELDS suites [32].  All 

displayed data are from MMS4. The axial (~̂ݖGSE) electric-field calibration assumes ܧ ڄ ܤ ൌ 0 in 1-s intervals, implying that the DC component of the electric field parallel to 

B for the time scale larger than 1s is filtered out. The electron velocity distributions are 

displayed in v||-v�1 (sliced at the bulk v�2) with the phase-space density averaged over a  

range of v�2 and the parallel direction defined bŷܾwhile the two perpendicular directions 

by ݒԦୄଵ ൌ ൫ܾ̂ ൈ ܸ̂൯ ൈ ܾ̂and ݒԦୄଶ ൌ ܾ̂ ൈ ܸ̂ , where ܾ̂and ܸ̂  are the unit vectors of the magnetic 

field B and the electron velocity moment Ve, respectively. The zero parallel velocities in 

both the spacecraft and the de Hoffmann-Teller (dHT) [33] frames are marked in the 

distributions as vertical dotted and dashed lines, respectively. The dHT velocity is 

determined by ு்ܸ ൌ ݊ ൈ ሺ ܸ ൈ ሻܤ ⁄ܤ , where ܸ is the upstream ion bulk velocity in the 

shock frame, B0 is the upstream magnetic field, and Bn is the normal component of B0 

[34]. 

 

       Observations. — An overview of the observed shock is presented in Figure 1. The 

plasma density compresses from 6 cm-3 upstream to 50 cm-3 at the ramp (Fig. 1a),  

magnetic field magnitude increases from 11 nT upstream to 66 nT (Fig. 1b), and the solar 

wind bulk ion flow decreases from 720 km/s (~3 keV) to 200 km/s after the ramp (Fig. 
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1c). The upstream solar wind speed is significantly higher than the usual 400 km/s, 

enabling the shock to achieve an electron thermal energy gain of approximately 140 eV 

(Fig. 1d), compared to the typical values of a few tens of eV (see [35] for a relation 

between the electron thermal energy gain and the upstream solar wind speed and [11] for 

the energy budget to heat electrons). Magnetic fluctuations are large both in magnitude 

and direction (the angle αBn between n and the instantaneous B is shown). The ion and 

electron phase-space-densities as functions of energy and time show that the solar wind 

ion energy decrease (Fig. 1e) and electron energization (Fig. 1f) take place at discrete 

locations (e.g., at 052834 and 052839 UT). At these locations, the electric field 

component along n (Fig. 1g), the plasma density N, and magnetic field B all exhibit sharp 

enhancements with substantial non-uniformity on the scale of spacecraft separations 

(approximately 0.2 di). The normal component of the electric field (En) is thought to be 

responsible for slowing down the supersonic ion flow and reflecting part of the incoming 

ions [e.g., 36].  The first En spike (time marked by the magenta arrow in Fig. 1a) appears 

near the time when the reflected ions are first observed (the population above 3-4 keV at 

around 052834 UT in Fig. 1e). 

 Figure 2 demonstrates the bulk acceleration and thermalization of the incident solar 

wind electrons during the first En spike (high-resolution measurements are displayed in 

Fig. 2a). The sequence A-F of electron distributions (Fig. 2c) in v||-v�1 shows that: (1) 

solar wind electrons are accelerated along B toward the shock (distributions A-C); (2) in 

distribution C, the acceleration results in a high parallel speed of the electron population 

peak, leading to a relative drift with respect to the bulk ion parallel speed (~200 km/s) at 

~2900 km/s, larger than the electron parallel thermal speed of ~1600 km/s (estimated 
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byඥ2ܶ ݉⁄ based on a Maxwellian temperature fit to the 1D cut of the distribution along 

B), a condition with high parallel current density and potentially subject to the Buneman 

instability [37]; (3) transport of the phase-space-density from parallel to antiparallel along 

an arc (flanked by a purple dashed curve in distribution D), suggesting electron trapping 

by fast growing waves [e.g., 38-40]; (4) counterstreaming populations with unequal |v||| in 

both the dHT and spacecraft frames are formed (distribution E), similar to those predicted 

by a shock microinstability simulation [41]; (5) a thermalized distribution (F) contains a 

beam as a remnant of the accelerated solar wind electrons, analogous to the beam on a 1D 

flat-topped distribution observed [6] and modeled [42] previously. The electron 

temperature Te (defined as one third of the trace of the electron pressure tensor divided by 

the density) increases from 33 eV for distribution A to 54 eV for distribution F. Note that 

all the reported features are at velocities above the instrument cutoff velocity (after 

subtracting the spacecraft potential for the photo-electron correction) of 1600 km/s, 

corresponding to the lowest energy of 7.2 eV in Fig. 2d. 

 The inflation from distributions A to C occurs only for the part of the phase space 

with v||>0. Comparing the 1D cuts of the distributions in the energy space shows a 20-eV 

energy shift (in the spacecraft frame; a 45-eV shift in the dHT frame) in the direction 

parallel to B (Fig. 2d). No corresponding energy shift in the anti-parallel direction is 

observed.   

 The bulk acceleration of the incident solar wind electrons moving along B and 

reaching a velocity larger than its parallel thermal spread is directly measured for the first 

time at the bow shock. The spreading in pitch angle in distribution C creates a partial 

spherical shell (based on examining slices of the entire distribution) spanning the positive 



7 

v|| part of the 3D distribution. The 3D structure may need to be taken into account for 

proper instability considerations. Electrostatic waves linearly polarized along B with a 

plasma-frame phase speed approximately 155 km/s near the expected value for the 

Buneman wave (~100 km/s based on a 1D theory [37]) are observed at 052834.304-.314 

UT (Fig. 2b), but the wave amplitude does not grow appreciably, suggesting that the 

Buneman instability, possibly triggered, is quickly taken over by other processes. 

 Thermalization in the form of dissipating the parallel electron flow (with respect to 

ions) into thermal energy is achieved within 90 ms (< 30 electron cyclotron periods using 

the upstream |B|), as revealed in distributions D-F. Electron transport in the phase space 

from v|| > 0 to v|| < 0 occurs in distribution D as shown by the arc extending through v�1 > 

0. The asymmetry with respect to v�1 = 0  indicates nongyrotropy and possible 

demagnetization of electrons. The beam in distribution F suggests that the nonlinear 

current-driven ion acoustic or Buneman instability could be responsible for relaxing the 

unstable distribution. In 1D, both instabilities are known to spread the original electron 

stream in the velocity space leaving a remnant beam of the original population in the 

thermalized distribution [e.g., 38-39], analogous to the beam in distribution F. 

The electric field spike (shown in Fig. 2a) associated with the electron 

acceleration discussed above consists of a sharp central peak embedded in an 

electromagnetic whistler-mode wave (Fig. 3a). The wave exhibits properties consistent 

with whistler-mode precursors near collisionless shock ramps [43-44], including right-

hand polarization (based on B and E excluding the central peak, not shown), a frequency  

higher than the ion cyclotron and lower than the lower hybrid frequencies, a wave-length 

approximately 30 electron skin depths, and a propagation velocity (based on multi-
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spacecraft timing analysis) toward upstream approximately along n. Note that the sharp 

central peak of the En spike (> 20 mV/m, see Fig. 3a) does not have a corresponding 

magnetic component. 

Electric-field fluctuations grow drastically in amplitude (Figs. 2a-b) as  the phase-

space-density transport occurs. The power spectral density (PSD) exhibits enhancements 

in E|| at multiple electron-cyclotron-frequency (fce ~ 733 Hz) harmonics (Fig. 3b; the time 

interval is color coded in blue and marked as interval 2 in Figs. 2a-b), indicating the 

presence of the Bernstein mode [45]. The PSD in E|| is much stronger than that in E� at 

the fce  harmonics, a feature observed before at interplanetary shocks and interpreted as 

the ion acoustic waves coupled with the Bernstein mode [20]. These large-amplitude 

fluctuations exhibit features consistent with the nonlinear ion acoustic waves: (1) 

broadband waves mainly in E||, (2) the phase speed (~500 km/s in the plasma frame) 

comparable to the ion sound speed (~600 km/s), and (3) the plasma-frame frequency (435 

Hz) less than the ion plasma frequency (674 Hz) for the near fce waves. 

Electromagnetic electron Bernstein waves are observed during a brief interval 

(interval 1, color coded in  orange and marked in Figs. 2a-b) covering the transition 

between distributions C and D. The PSD in both E (Fig. 3c) and B (Fig. 3d) exhibit peaks 

between the fce harmonics. The peaks are most pronounced in ୄܧand צܤ, consistent with 

that predicted for the electron cyclotron drift instability extended for propagations quasi-

perpendicular to B [45]. 

Electron distributions in various phases of the acceleration and relaxation are 

observed throughout the shock. Sample distributions from the main electron temperature 

ramp (052840-47 UT) along with burst-mode measurements of the electric field, parallel 
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and perpendicular to B, are presented in Figure 4 to provide a glimpse into the cross-

shock electron heating. Thermalized distributions with a remnant beam at v|| > 0 are 

observed in about half of the total 233 distributions in the shown interval, indicating that 

electrons are continually being accelerated and thermalized in the Te ramp. Distribution G 

(Fig. 4a), resembling distribution B, presents the accelerated solar wind electrons as a 

population shifted in v|| > 0. A pronounced beam at v||  < 0, similar to that in distribution 

E, is present in Distribution H with simultaneous enhancements in E|| (Fig. 4c). 

Distribution I withܶୄ >  T|| (Fig. 4b) is among a series of nongyrotropic distributions 

observed concurrently with strong ୄܧ(Fig. 4d).  Distributions J and K are thermalized 

with remnant beams. The hundreds of electron distributions provide continuous 

monitoring of the electron phase space in the shock transition layer, showing a heating 

process that is highly non-adiabatic, far beyond the simple picture of a quasi-static cross-

shock potential. 

Throughout the shock front, the electron distributions are predominantly 

anisotropic, despite an on-average equal partition between T||  andܶୄ . Localized variations 

in T||  and ܶୄ (Fig. 4b) often exist with large-amplitude electric-field fluctuations, 

supporting local anisotropic heating correlated with the strong short-scale electric fields, 

rather than isotropic heating as suggested in earlier work [19].  Only near the end of the 

Te ramp, the distribution functions are more isotropic and the beam is less pronounced 

(distribution K) or wiped out (distribution L), indicating participation of additional 

isotropization processes. Detailed analysis of the field fluctuations and their potential role 

in heating and/or isotropizing electrons is left for future work. 

In summary, the measurements reported in this Letter reveal the bulk acceleration 
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of the solar wind electrons and the nonlinear relaxation resulting in heating at a quasi-

perpendicular shock front. The acceleration is achieved by an electric field embedded in a 

low-frequency whistler-mode wave, and leads to a high parallel current density. The 

dominant instability responsible for dissipating the current is likely the nonlinear ion 

acoustic-Bernstein mode, although the exact signature of the instability in 3D is yet to be 

investigated. Electron distributions resembling the shown examples are observed in other 

quasi-perpendicular shock events with similar Mach numbers and different θBn (~ 60-82 

degrees) configurations. However, the electron heating physics may be quite different for 

perpendicular shocks. Studies simulating the perpendicular geometry predict electron 

heating to be due to scattering by the high-frequency electron whistlers [46-47]. 

   Our study raised questions regarding the nature of the cross-shock potential. A 

collection of the localized strong electric fields (the En spikes) may constitute part of the 

‘cross-shock potential.’ Efforts integrating space observations, simulations, and  

laboratory experiments with sufficiently high Mach numbers  [48] will be highly valuable 

to address the true nature of the cross-shock potential and the associated electron heating. 

 

ACKNOWLEDGEMENTS 

The authors thank the entire MMS team for developing and operating the mission. 

The research was supported in part by DOE grant DESC0016278, NSF grants AGS-

1202537, AGS-1543598 and AGS-1552142, and by the NASA MMS project. The French 

involvement (SCM) on MMS is supported by CNES and CNRS. The data are available at 

the MMS Science Data Center. 

Figure 1. Overview of Earth’s bow shock encountered by the MMS4 spacecraft. (a) The 
density N. (b) The magnetic field |B| and the angle between the instantaneous B and the 
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shock normal n. (c) The bulk ion velocity |Vi|. (d) The electron temperature parallel (  (צܶ
and perpendicular (ܶୄ ) to B. The ion (e) and electron (f) phase space density as a function 
of energy (W) and time. (g) The electric field component along n (En), averaged to the 
same cadence as the electron measurements. The magenta arrow marks the time to be 
zoomed in.  
 
Figure 2. Electron distributions revealing acceleration and nonlinear relaxation leading to 
heating. (a-b) High-time-resolution data (8192 sample/s) of the first En spike (time 
marked by the magenta arrow in Fig. 1) and the concurrent AC parallel electric field. (c) 
Sequence of electron distributions inୄݒ - צݒଵ. The dHT velocity projected onto the local B 
is marked on each distribution by a vertical dashed line. (d) 1D cuts (taken at the bulk ୄݒଵalong צݒ) of distributions A & C shown in energy space. 

 
 
Figure 3. Analysis of the electric and magnetic fields from the acceleration and  
relaxation phase to shed light on participating waves and instabilities. (a) Profiles of En 
and |B| showing that the first En spike (in the magenta box) is embedded in an 
electromagnetic whistler-mode wave. The power spectral densities (PSD) for the 
intervals marked blue (interval 2, marked in Figs. 2a-b) and orange (interval 1) are 
presented in (b) and (c-d), respectively.  
 
Figure 4. Sample electron distributions (a) from the main electron temperature (b) ramp 
(052840-47 UT) along with burst-mode measurements of the electric field parallel (c) and 
perpendicular (d) to B. Note that the employed velocity range in distributions G-L is 50% 
larger than that in Fig. 2c. The burst field data averaged to the electron measurement 
cadence are presented in red (c-d). 
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