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Key Points:20

• MMS observed periodic low frequency waves, likely KHI, at the dawn-flank high-21

latitude boundary layer.22
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• Waves close to proton cyclotron frequency were identified as Kinetic Alfvén waves,25

and were evaluated to provide partial heating.26
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Abstract27

Understanding the physical mechanisms responsible for the cross-scale energy transport28

and plasma heating from solar wind into the Earth’s magnetosphere is of fundamental im-29

portance for magnetospheric physics and for understanding these processes in other places30

in the universe with comparable plasma parameter ranges. This paper presents observa-31

tions from Magnetosphere Multi-Scale (MMS) mission at the dawn-side high-latitude day-32

side boundary layer on 25th of February, 2016 between 18:55-20:05 UT. During this in-33

terval MMS encountered both inner and outer boundary layer with quasi-periodic low fre-34

quency fluctuations in all plasma and field parameters. The frequency analysis and growth35

rate calculations are consistent with the Kelvin-Helmholtz Instability (KHI). The intervals36

within low frequency wave structures contained several counter-streaming, low- (0-200 eV)37

and mid-energy (200 eV-2 keV) electrons in the loss cone and trapped energetic (70-60038

keV) electrons in alternate intervals. Wave intervals also showed high energy populations39

of O+ ions, likely of ionospheric or ring current origin. The counter-streaming electron in-40

tervals were associated with a large-magnitude field-aligned Poynting fluxes. Burst mode41

data at the large Alfvén velocity gradient revealed a strong correlation between counter42

streaming electrons, enhanced parallel electron temperatures, strong anti-field aligned wave43

Poynting fluxes, and wave activity from sub-proton cyclotron frequencies extending to44

electron cyclotron frequency. Waves were identified as Kinetic Alfvén waves but their con-45

tribution to parallel electron heating was not sufficient to explain the > 100 eV electrons,46

and rapid non-adiabatic heating of the boundary layer as determined by the characteristic47

heating frequency, derived here for the first time.48

1 Introduction49

While the solar wind cools as it flows through the solar system, it is rapidly heated50

when interacting with magnetized planets. The first part of this heating occurs at the plan-51

etary bow-shocks, followed by additional heating at the magnetospheric boundary layers,52

until reaching the highest temperatures inside the planetary magnetospheres. The temper-53

atures in the Earth’s dayside central magnetosheath are typically around few 100s of eV54

for ions and few 10s of eV for the electrons. In-situ spacecraft observations have shown55

that the Earth’s magnetosheath plasma has been significantly heated and rarefied when56

it penetrates into the magnetosphere, indicating that the heating process is nonadiabatic57

[Borovsky and Cayton, 2011]. Meanwhile, the average temperature ratio between ions and58

electrons remains nearly the same [Wing et al., 2005; Wang et al., 2012]. This indicates59

that the non-adiabatic heating (nearly two orders of magnitude) associated with the entry60

mechanism enhances both the ion and electron temperatures almost by the same propor-61

tion.62

The main physical mechanisms that transport and heat plasma through magnetic63

boundaries are magnetic reconnection [Dungey, 1961; Sonnerup and Cahill, 1967; Rus-64

sell and Elphic, 1978; Paschmann et al., 1979; Sonnerup et al., 1981] and diffusive pro-65

cesses such as transport driven by the kinetic Alfvén waves (KAWs) [Johnson et al., 1997;66

Johnson and Cheng, 2001; Chaston et al., 2007; Chaston et al., 2008]. Also, shear flow67

driven Kelvin-Helmholtz Instability (KHI) (e.g., [Fairfield et al., 2000; Otto and Fairfield,68

2000; Hasegawa et al., 2004; Wing et al., 2014; Masson and Nykyri, 2018]) can lead to69

plasma transport and heating via secondary processes such as magnetic reconnection [Otto70

and Nykyri, 2003; Nykyri et al., 2017; Ma et al., 2017] and turbulent mixing through thin71

boundaries created by the KHI [Thomas and Winske, 1993; Fujimoto and Terasawa, 1994;72

Wilber and Winglee, 1995; Matsumoto and Hoshino, 2004; Nakamura et al., 2011; Cowee73

et al., 2009; Delamere et al., 2011].74

Recently, it has been demonstrated using Hall-magnetohydrodynamics (MHD) with75

test particles and hybrid simulations that plasma is mainly transported through a few big76

magnetic islands caused by KHI-driven reconnection in the fluid simulation, while hybrid77
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simulation produces small and patchy magnetic islands [Ma et al., 2019]. These simula-78

tions also revealed that KHI, in its non-linear stage, can lead to anisotropic (perpendicular79

vs. parallel) temperature ratios in the different regions of the vortex structures which may80

lead to wave-excitation. The temperature asymmetries can also be created by magnetic81

reconnection: Hietala et al. [2015] showed how the boundaries of reconnection exhaust82

originating from magnetotail reconnection had larger parallel ion temperatures (Ti ‖ > Ti⊥).83

Also, the reconnection jet driven magnetic flux pileup can generate anisotropic electron84

distributions with perpendicular electron temperature anisotropy (Te⊥ > Te ‖) that can85

drive parallel propagating whistler waves [Le Contel et al., 2009; Khotyaintsev et al., 2011].86

The prevailing solar wind conditions and Interplanetary Magnetic Field (IMF) orienta-87

tion determines the properties of the magnetosheath plasma and the relative importance of88

these physical mechanisms. For southward IMF magnetic reconnection in the vicinity of89

the dayside magnetopause dominates the mass and energy loading of the magnetosphere90

(see e.g, Burch et al. [2016] and reference therein), whereas for northward IMF the double91

high-latitude reconnection tailward of the cusps [Song and Russell, 1992; Li et al., 2005;92

Fuselier et al., 2019] and the KHI [Nykyri and Otto, 2001; Taylor et al., 2008; Ma et al.,93

2017; Sorathia et al., 2019] become dominant processes responsible for mass loading of94

the magnetosphere. As the strongly northward and southward IMF conditions are rela-95

tively rare [Dimmock et al., 2013], the IMF y-and x component play a crucial role on the96

location of the shock geometry and draping conditions at the magnetopause downstream97

from the shock [Nykyri, 2013] which can lead to dawn-dusk asymmetries of the low lati-98

tude and high-latitude reconnection and KHI, and result in asymmetric heating.99

The MMS spacecraft recorded the first, detailed measurements of reconnection ex-100

hausts associated with the strongly compressed current sheets created by the Kelvin-Helmholtz101

(KH) waves during northward IMF [Eriksson et al., 2016; Li et al., 2016]. This same KH102

event also contained large-amplitude, parallel, electrostatic waves [Wilder et al., 2016].103

The reconnection process is closely associated with the development of kinetic-scale fluc-104

tuations [Drake et al., 1994; Vetoulis and Drake, 1999; Chaston et al., 2005, 2009; Gersh-105

man et al., 2017]. Whistler modes and kinetic Alfvén waves can be produced by current106

driven instabilities and may play a role in magnetic reconnection and plasma transport107

[Chaston et al., 2009]. Since diffusion regions are tiny, not much plasma can be circu-108

lated through it. The scale analysis based on the pressure balance shows that magnetic109

reconnection alone under the typical magnetopause environment is not able to provide110

a sufficient macroscopic non-adiabatic heating source [Ma and Otto, 2014]. The heating111

mechanism needs to have a volume filling effect in order to explain the observed level of112

magnetospheric specific entropy increase. A significant volume of the Earth’s magneto-113

sphere is adjacent to the velocity shear layer created by the shocked solar wind flow along114

the magnetopause. As the typical velocity shear layer thickness is about one to two orders115

of magnitude larger than the ion inertial length (40-100 km for proton number densities of116

40/cc and 10/cc, respectively) at the vicinity of the dayside magnetopause [Sckopke et al.,117

1981; Nykyri and Dimmock, 2016], the energy conversion from solar wind bulk flow ki-118

netic energy into the thermal energy of the magnetospheric particles must be through a119

“cross the scale" fashion spanning MHD, ion and electron scales.120

Clues to a heating source may be provided by examining the origin of the dawn-121

dusk asymmetries of the heated plasma. The upstream shock geometry can lead to dawn-122

dusk asymmetries of several magnetosheath plasma quantities (see e.g., Walsh et al. [2014]123

and Dimmock et al. [2017] and references therein), which can contribute to the magneto-124

spheric asymmetries. For example, the heating and transport of the cold component ions125

favors the dawn-sector [Hasegawa et al., 2003; Wing et al., 2005]. A statistical study of126

magnetosheath temperatures has revealed that ion magnetosheath temperatures down-127

stream of quasi-parallel (dawn-flank for Parker-Spiral IMF) bow shock are only up to128

15 percent higher than downstream of the quasi-perpendicular shock [Dimmock et al.,129

2015] which is not adequate to explain the 30-40% asymmetry in the plasma sheet [Wing130

et al., 2005]. Spatial distribution of the KH waves observed between 2007-2013 has re-131
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vealed a dawn flank-favored asymmetry during mainly the Parker-Spiral (PS) IMF orien-132

tation while for strongly northward IMF more events were observed at the dusk but fa-133

vored higher solar wind speed [Henry et al., 2017], due to increased magnetic tension at134

the dusk flank due to draped PS horizontal component. The KH waves at the dawn-flank135

magnetopause are shown to be associated with the enhanced ion-scale magnetosonic and136

kinetic Alfvén wave-activity with adequate Poynting flux to explain the observed level of137

ion heating [Moore et al., 2016, 2017]. Ion beams generated by the reconnection in KH138

vortices [Nykyri et al., 2006] could also drive electromagnetic wave activity at ion scales.139

Also, turbulent processes associated with the KHI [Stawarz et al., 2016] can contribute to140

the plasma heating [Kaminker et al., 2017; Burkholder et al., 2020b]. For northward IMF,141

Sorathia et al. [2019] showed, using a combination of global MHD and test-particle simu-142

lations, that cusp particle entry further contributes to the dawn-dusk temperature asymme-143

try due to asymmetric particle heating in the cusp.144

In general, the role of the physical processes is to reduce the sources of free energy.145

These free-energy sources can be provided for example by the velocity shear and magnetic146

shear. There are several processes that allow cross-scale energy transport from fluid-scale147

Kelvin-Helmholtz (KH) waves into ion and electron scales that could operate both at low148

and high-latitudes. To summarize, we list below the following five mechanisms that we149

are aware of (but there may be others):150

Mechanism 1A): Secondary reconnection close to the plane of the velocity shear151

[Nykyri and Otto, 2001, 2004; Nykyri et al., 2006; Eriksson et al., 2016; Li et al., 2016].152

The in-plane reconnection such as observed by Nykyri et al. [2006] was associated with153

ion beams. It is well known that the ion beams can drive various ion-scale wave activ-154

ity (e.g., ion cyclotron waves) which can resonantly interact with ions. The KH waves155

have been associated with enhanced ion cyclotron-range wave activity when compared to156

boundary crossings without active KH wave activity [Moore et al., 2017].157

Mechanism 1B): Secondary KHI driven "Mid-latitude", reconnection [Ma et al.,158

2017]. This can result in the development of the shell-like ion distribution functions [Nykyri159

et al., 2020]. These shell distributions have free energy to drive kinetic magnetosonic160

waves that were previously shown to explain the observed level of ion heating at the flank161

magnetopause [Moore et al., 2016].162

Mechanism 2) Ultra-low frequency waves (below 0.5 Hz) can be associated with163

mode conversion [Lee et al., 1994; Belmont et al., 1995; De Keyser et al., 1999] which can164

explain the amplification of the perpendicular wave power at the magnetopause: compres-165

sional MHD waves can mode convert into Kinetic Alfvén Waves (KAWs) at the magne-166

topause [Johnson et al., 2001]. These KAWs have been expected to be strong contributors167

for plasma heating and mixing in Low Latitude Boundary Layer (LLBL) [Johnson et al.,168

1997; Johnson and Cheng, 2001]. Chaston et al. [2007] showed observations of large169

Alfvén speed gradients at the LLBL generated by the KHI. The results were consistent170

with the mode conversion from surface waves to KAWs and transport of both electromag-171

netic energy and plasma at the Alfvén resonance.172

Mechanism 3) Possible generation of other plasma wave modes due to inhomo-173

geneities and sharp gradients generated by the KHI, for example generation of perpen-174

dicular vs parallel temperature asymmetry [Ma et al., 2019] that can lead to kinetic wave175

excitation.176

Mechanism 4) Turbulent cascade and turbulent heating from MHD scales to ion and177

electron scales [Stawarz et al., 2016; Burkholder et al., 2020b; Hasegawa et al., 2020].178

It is important to understand the effectiveness and relative contribution of the differ-179

ent physical mechanisms on the ion and electron heating under different solar wind and180

magnetosheath/magnetopause conditions. The present paper is motivated by simultane-181

ous MMS observations of the multi-scale plasma wave structures (spanning fluid, ion and182
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electron frequency scales) and parallel heated electrons at the dawn-sector high-latitude183

dayside magnetosphere during northward, ortho-Parker Spiral IMF orientation. Therefore,184

our first step was to identify these different plasma wave modes. Once the wave modes185

and properties are identified their efficiency for plasma heating can be evaluated in com-186

bination with plasma physics theory. However, due to Doppler shifts, identifying a plasma187

wave mode unambiguously in terms of experimental dispersion relation is possible only if188

two or more spacecraft see the same wave structure. Therefore, we selected this event for189

further study as the burst mode search coil magnetometer (SCM) data revealed an interval190

where at least two MMS spacecraft identified the same wave packet at the strong gradient191

of Alfvén velocity where strong Ohmic heating was observed.192

As magnetosheath flow is nearly perpendicular to magnetospheric field lines and193

based on the growth rate calculations, we demonstrate that KHI can be generated in this194

region for the prevailing IMF and magnetosheath conditions. KHI has also been previ-195

ously observed in the northern hemispheric high-latitude boundary layer [Hwang et al.,196

2012; Ma et al., 2016]. The observed low frequency wave structures are associated with197

high-frequency plasma waves and enhancements of the parallel electron temperature as198

well as trapped high energy electrons during some intervals. The kinetic scale plasma199

waves, with largest amplitudes and corresponding to the strongest anti-field-aligned Poynt-200

ing flux and counter-streaming electrons, were identified as KAWs. We show that for the201

identified interval, the KAWs are not solely responsible for rapid heating of the boundary202

layer.203

The paper is organized as follows. Section 2 discusses the data and instruments used204

in the study. Section 3 discusses 1) Overview observations of the event, 2) Scatter Plot205

Characterization of Boundary Layer Plasma and Various Instability Criteria, 3) Minimum206

Variance Analysis of Low Frequency Fluctuations and Field Aligned Poynting Flux at the207

Outer Boundary Layer, 4) Burst Mode Analysis of Field Aligned Poynting Flux, Electron208

Heating and Plasma Wave Characteristics, and 5) Plasma Wave Mode Identification Using209

Two-spacecraft Method. Section 4 concludes and discusses the research findings.210

2 Methodology211

2.1 Data and Instrumentation212

All magnetospheric data shown in Figures 2-10 are the level 2 data from NASA’s213

MMS satellites [Burch et al., 2016]. We use Hot Plasma Composition Analyzer (HPCA)214

for the H+, He++, and O+ ion phase space-energy spectrograms [Young et al., 2016]; Fast215

Plasma Investigation (FPI) [Pollock et al., 2016] for the ion and electron energy spectra216

and moments; Flux Gate Magnetometers (FGM) [Russell et al., 2016; Torbert et al., 2016]217

for the DC magnetic field and Search Coil Magnetometers (SCM) for the AC magnetic218

field [Le Contel et al., 2016; Torbert et al., 2016]. Energetic ion and electron distribu-219

tion and pitch angle (PA) data comes from the Fly’s Eye Energetic Particle Spectrome-220

ter (FEEPS) [Blake et al., 2016] instrument. The Electric field is from spin-plane and ax-221

ial Double Probes (EDP) [Lindqvist et al., 2016; Ergun et al., 2016; Torbert et al., 2016].222

The versions of the data files used are v4.22.0 for FGM (survey mode cadence of 16 Hz);223

v4.25.0 for FGM (burst mode cadence of 128 Hz); v2.2.0 for SCM (burst mode cadence224

of 8192 Hz), v2.1.0 for EDP (fast mode cadence of 32 Hz); v2.2.0 for EDP (burst mode225

cadence of 8192 Hz); v3.3.0 for FPI (burst mode cadence of 150 ms for ions and 30 ms226

for electrons, respectively, and the fast mode cadence of 4.5 s); v4.1.0 for HPCA (survey227

mode cadence of 10 s); v6.0.2 for FEEPS (survey mode cadence of 19.4 s); v6.0.3 for228

FEEPS (burst mode cadence of 0.3 s), respectively. Solar wind conditions are taken from229

the OMNI (http://omniweb.gsfc.nasa.gov/) database [King and Papitashvili, 2005]. Figure230

captions indicate when burst mode data is used.231
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In the present paper we are focusing on the electromagnetic wave analysis using232

FGM, SCM and EDP and for plasma regime (< 30 keV) using the FPI instrument. We233

are only including the 70-600 keV energetic particle observations from FEEPS as well as234

the ion composition from HPCA for context.235

3 MMS Observations236

3.1 Overview of the Observations237

Figure 1 shows MMS location with respect to Earth’s magnetosphere on 25th of238

February, 2016 between 19:00-20:00 UT during the event interval and Figure 2 presents239

an overview plot (see caption for more details) of the MMS 3 observations in GSM coor-240

dinates between 18:55-20:05 UT at the dawn sector (y ≈ -10 RE ), high-latitude (z ≈ -6241

RE ) dayside (x ≈ 1 RE ) magnetopause. Due to small spacecraft separation of ≈ 30 km, all242

the MMS spacecraft observe essentially the same large scale plasma and field properties.243

The IMF is northward and the horizontal component is in the Ortho-Parker Spiral orienta-244

tion, (BIMF ≈ [-8, -5, +4] nT in GSM-coordinates).245

A)

MMS

z
y View from +x

B)

MMS

x
z

View from -y

IMF

IMF

Figure 1. Three−dimensional visualization of the Earth’s magnetic field topology computed using T96
model [Tsyganenko, 1996] and the MMS location between 19:00-20:00 UT on the 25th of February 2016 in
z, y (a) and x, z (b) planes (in GSM coordinates), respectively. The magnetic field direction is shown with blue
arrows. The IMF (purple arrow) is northward and becomes more northward at the dayside magnetosheath due
to shock deflection. The horizontal component of IMF is in the Ortho-Parker Spiral orientation, (BIMF ≈ [-8,
-5, +4] nT in GSM-coordinates).

246

247

248

249

250

251

Up to ≈ 19:32 MMS travels at the inner boundary layer (closer to magnetosphere)252

characterized by quasi-periodic variations between higher energy magnetospheric ions (>253

2-3 keV) and electrons (> 500 eV) and lower energy (≈ 20 eV to 2 keV) magnetosheath254

ions (panel 2) and (≈ 10 eV to 200 eV) electrons (panel 4). In the inner boundary layer255

there are higher fluxes of higher energy particles and the low energy component is at the256

higher energy than in the outer boundary layer between 19:32-19:57. In the inner bound-257

ary layer there also exists more energized double ionized helium, He++, than at the outer258

boundary layer, while the fluxes of the lower energy He++ from solar wind origin increase259

in the outer boundary layer (panel 5). The energetic component of O+ is more contin-260

uous at the inner boundary layer and becomes more patchy at the outer boundary layer261

(panel 6). The high energy O+ could either originate from the ring current or be of iono-262

spheric origin that has been energized in the high-latitude diamagnetic cavities [Nykyri263

et al., 2012; Nykyri et al., 2019a]. High energy ions and electrons (panels 1 and 3) per-264

sist throughout the interval, with the trapped electrons (panel 14) being more abundant265

in the inner boundary layer. In the inner boundary layer the plasma density is lower and266
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temperature higher (panel 7) and the tailward component (vx) of the plasma flow velocity267

is small (panel 8). From about 19:50 to 20:00 the spacecraft alternate between the outer268

boundary layer and the magnetosheath. In the magnetosheath, the tailward plasma veloc-269

ity and density increase and the temperature decreases. Ion beta (panel 9) varies between270

0.1-1.2 and Ti/Te (panel 10), which is typically quite well conserved during plasma entry271

[Wang et al., 2012] varies between 3 to 28 and reaches smaller values at the outer bound-272

ary layer.273

Throughout the interval, the magnetic pressure dominates over the plasma pressure274

of the low energy species (panel 11). The mostly negative Bx and By , and positive Bz275

(panel 12) are consistent with the expected magnetic field topology (see Figure 1a and b),276

as the outward diverging magnetic field originating from the southern hemispheric cusp277

should have a negative Bx and By , and positive Bz at the southern hemispheric, high-278

latitude dawn-sector boundary layer. At the outer boundary layer at 19:40-19:57 magnetic279

field Bx and Bz components show periodic wave structures with rapid leading edge and280

more gradual trailing edge (see this more clearly in Figure 4). Note that the solar wind281

plasma number density is high (≈ 16-23/cc) at 19:00-20:05 UT making the magnetosheath282

density higher than typical. The high energy (70-600 keV) ions at the inner boundary283

layer between 19:02 -19:15 are mostly in the loss cone (panel 13) while during the local284

magnetic field depressions there also appears a trapped population. High energy electrons285

(70-600 keV) (panel 3 and 14) are mostly trapped throughout the interval with the high-286

est fluxes also typically coinciding with the local magnetic field depressions (panel 16).287

The local loss cone pitch angle, α, calculation assumes adiabatic electron motion and uses288

similar methods as in the previous studies (see e.g., Nykyri et al. [2012]; Lavraud et al.289

[2016]; Nykyri et al. [2019a]):290

α = arctan(
1√

BM/B − 1
), (1)

where a constant magnetic field value, BM = 55 nT at the mirror point is used (which291

is also the maximum magnetic field observed by MMS during this interval) and B is the292

local magnetic field magnitude observed at each given point between 18:55-20:05 UT.293

Low energy (0-200 eV) electrons (panel 15) both at the inner and outer boundary294

layer are mostly in the loss cone and show a counter-streaming-structure.295

3.2 Scatter Plot Characterization of Boundary Layer Plasma and Various Insta-306

bility Criteria307

Figure 3 shows data from all four MMS spacecraft organized in a scatter plot-format308

using FPI moments and magnetic field (interpolated into same time tags) between 18:55-309

20:05 UT. Figure 3a shows plasma number density for ions versus vx-component of the310

ion velocity, where each point is color coded and sorted with ion specific entropy, Si =311

Ti/n
2/3
i , respectively. Figure 3b shows the same for the corresponding electron moments.312

Clear magnetospheric, magnetosheath, and tailward-accelerated (twa) and heated bound-313

ary layer (BL) populations are marked with rectangles. The rest of the points have plasma314

characteristics of a typical boundary layer plasma. Similar to Hasegawa et al. [2006], this315

shows a portion of the lower density (2/cc < n < 4/cc), heated (S > 20 eV/cm2) bound-316

ary layer electron plasma to move faster (vex < -220 km/s) than the typical sheath flow317

(vex < -150 km/s). The "faster than sheath" BL plasma has typically been interpreted as a318

signature of rolled up Kelvin-Helmholtz vortex: due to conservation of the angular mo-319

mentum, low density plasma inside vortex moves faster than the higher density sheath320

plasma. Please note that for the ions the heated boundary layer plasma does not reach321

such high velocities as for the electrons, which may be explained by the larger ion gyro-322

radius compared to the width of the narrow acceleration region within the vortex. The323

high density sheath plasma has lower specific entropy (black symbols) than the magneto-324
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spheric plasma with low velocity (red symbols). Note that the low density, faster than the325

typical sheath flow population has higher specific entropy than the sheath plasma. How-326

ever, the signature of the faster than sheath plasma is not unique to rolled-up KH vortices.327

For northward IMF and significantly sunward of the terminator the surface waves with328

presence of plasma depletion layer can also show this feature [Plaschke et al., 2014]. The329

present event occurs very close to dawn-dusk terminator, at higher latitudes and for differ-330

ent IMF orientation (with |Bx | > |By | > |Bz | ) so the present observations can’t be directly331

compared with those by Plaschke et al. [2014].332

Figure 3c presents specific entropy for the electrons (normalized to minimum elec-333

tron entropy) vs electron velocity where the maximum electron velocity for the inter-334

val has been extracted, so that the zero velocity corresponds to sunward flowing plasma.335

Color code is the total pressure (including magnetic field pressure and electron and ion336

plasma pressures). Kelvin-Helmholtz vortex center should be characterized by a total pres-337

sure minimum (see e.g., Otto and Fairfield [2000]; Nykyri et al. [2006]; Nykyri and Foullon338

[2013]). The bottom right portion of the plot shows high entropy, high tail-ward veloc-339

ity plasma characterized by low total pressure (darker blue and purple asterisks), so this340

is consistent with MMS spacecraft encountering plasma close to the vortex center dur-341

ing the interval. Figure 3d shows ion temperature anisotropy (T⊥/T‖) vs parallel ion beta,342

β‖ = 2µ0nkT‖/B2, color coded and sorted by ion specific entropy. The threshold criteria343

for mirror mode, proton cyclotron, fluid fire hose, parallel firehose and oblique fire hose344

instabilities are plotted after equations from [Hellinger et al., 2006]. It can be seen that a345

portion of the boundary layer plasma satisfies the criteria for the proton cyclotron instabil-346

ity. Figure 3e shows the same quantities for the electrons with the curves highlighting the347

threshold for the whistler and electron fire hose instability. None of the data points satisfy348

these instability thresholds.349

In order to evaluate the time scale of the non-adiabatic plasma heating during the350

present event, we use here the equation for the characteristic heating frequency, fheat (see351

Appendix for the derivation of this equation).352

fheat =
1
S

dS
dt

=
ηJ2

P/(γ − 1)
. (2)

The right hand side of the equation 2 is the Ohmic heating (ηJ2) to plasma thermal en-353

ergy density (P/(γ − 1)) ratio. The anomalous Ohmic heating" term can computed from354

the perspective of the Hall-MHD by taking the dot product of the Hall-MHD Ohm’s law355

(see e.g., [Nykyri, 2002; Nykyri and Otto, 2004]) as:356

(E + ve × B) · J = ηJ2, (3)

where the electric field, magnetic field and current (from curlometer) are interpolated into357

the same time tags as the FPI instrument fast sampling rate electron velocity. Please note358

that in the generalized Ohm’s law, there are electron pressure gradient terms and elec-359

tron inertial terms, which can break the frozen-in condition and contribute to the heat-360

ing or cooling. Therefore, this "anomalous heating" can be negative. Here, we only care361

about the time-scale of heating or cooling and therefore have taken an absolute value of362

the "anomalous Ohmic heating term". The plasma energy density is computed from the363

P/(γ − 1), where γ is the ratio of the specific heats, 5/3. All quantities are interpolated to364

the center of the MMS tetrahedron.365

Figure 3f shows the ion to electron temperature ratio vs normalized electron entropy,366

and each data point is color coded and sorted based on the "Characteristic heating fre-367

–8–



Confidential manuscript submitted to JGR-Space Physics

quency" calculated from the entropy equation (see equations 2 and 3) where the "anoma-368

lous Ohmic heating" is divided by the "plasma thermal energy density". It is apparent that369

the ion to electron temperature ratio is not constant but ranges from values of ≈ 3-7 in370

the low electron entropy magnetosheath (see also panel b) where the low entropy plasma371

is in the magnetosheath) to the highest values above 25 in the mid-entropy region, and372

above 10 in the highest entropy region. The concentration of points with most rapid heat-373

ing (red-orange dots) occurs in the low entropy magnetosheath, where the ion to electron374

temperature ratio is low (4-7), but the rapid heating continues with somewhat steadily in-375

creasing ion to electron temperature ratio to the higher electron entropy magnetosphere.376

The median "Heating frequency" is 21 Hz which suggests extremely rapid heating of the377

boundary layer by the electro-magnetic fields.378

3.3 Minimum Variance Analysis of Low Frequency Fluctuations and Field Aligned391

Poynting Flux at the Outer Boundary Layer392

Figure 4 shows 25 minutes of MMS 3 observations between 19:40-20:05 of the393

outer boundary layer in the similar format as in the KHI event with kinetic Alfvén waves394

observed by Cluster [Chaston et al., 2007]. Panels from top to bottom present magnetic395

field (a), magnetic field rotated into 90 s sliding window minimum variance of magnetic396

field (MVAB) coordinates [Sonnerup et al., 1995] (b), electric field (c), electric field ro-397

tated into MVAB coordinates (d) same as in panel b, low energy ion (e) and electron (f)398

spectrograms, low energy (0-200 eV) electron pitch angle distribution (g), Alfvén speed399

(h), and the Poynting flux, S = E × B/µ0, which is rotated along the minimum variance400

direction which is computed using 90 second sliding window (i), and the angles between401

90 s minimum variance direction and average boundary normal (j). The average boundary402

normal, computed using MVAB on 25 minutes of data, is n = [0.41,−0.91, 0.03] in GSM403

coordinates and the 90 s sliding window is applied to the individual MVAB calculations404

with 20 s shift. The subscripts i, j and k stand for the maximum, intermediate and mini-405

mum variance directions, respectively. The Alfvén speed is computed using ion densities406

from FPI. The mass density correction to the Alfvén speed calculation from heavier ions407

can be evaluated from the relative abundances of H+, O+ and He++ (from HPCA) and408

would be ≈ 5 percent, and is not included in this calculation.409

The quasi-periodic low frequency wave-like signature is clear in z and x -components410

of the magnetic field (a) and becomes more pronounced in the maximum (Bi) and inter-411

mediate (Bj) variance components of the magnetic field (b). The wave structure is also412

apparent in quasi-periodic variation of the angle between individual minimum variance413

direction and average boundary normal. A more suitable coordinate system for studying414

boundary normal variations due to KHI is presented in Ma et al. [2016], here we choose415

to use MVAB to decompose the low frequency oscillations into parallel (k) and to per-416

pendicular (i, j) components to characterize the fluctuation frequencies perpendicular to417

background field. During this 25 minute interval there are roughly 16 and 11 clear peaks418

in the Bi and Bj , corresponding roughly periods of 94 s and 136 s, respectively.419

Maximum fluxes of counter-streaming low energy electrons (g) are seen at the lo-420

cal minima of the Alfvén speed which correspond to heated, magnetosheath-like plasma421

with the typical lower energy ion (e) and electron (f) populations. The positive peaks422

of the Poynting flux rotated into minimum variance direction (i) typically match the 180423

and 0 degree electron populations (depicted with orange columns) whereas the strongest424

troughs (strong negative Sk) in the Poynting flux correlate with higher Alfvén speed (mag-425

netospheric like plasma) and lower fluxes of low-energy electrons (depicted with pur-426

ple columns). The purple column with red arrow highlights an interval of a strong, 350427

µW/m2 anti-field aligned (Earthward) Poynting flux close to Alfvén speed gradient. This428

highlighted interval will be studied in the following sections in more detail.429
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Figure 5 shows power spectral density (computed using a Fast Fourier Transform)439

of the Bi (a) and Bj (b) fluctuations confirming roughly the frequencies from the visual440

inspection. Maximum power of 19.7 nT2/s in Bi fluctuations corresponds to the frequency441

of 0.01 Hz and adjacent to the maximum power peak there is a lower, not well separated442

peak at 0.013 Hz. These frequencies correspond to the periods of 75 s and 100 s. For Bj443

the maximum power of 25.5 nT2 corresponds to frequency of 0.002 Hz (period of 500444

seconds), and the 2nd peak at 16.9 nT2/s corresponds to frequency of 0.007 Hz (period of445

136 seconds). For Bj there exists a well separated 3rd peak at 0.01 Hz, however with less446

power (2.5 nT2/s) than the corresponding peak in Bi .447

Solar wind and IMF data (determined from visual inspection from 15 s Wind space-451

craft magnetic field and 60 s resolution plasma data) do not show peaks in the vicinity452

of 0.01 Hz. However, there are significant solar wind dynamic pressure variations on a453

time scale comparable to the 500 s low frequency fluctuations so it is likely that they may454

be expected to drive some of the variability observed by the MMS in the vicinity of the455

southern cusp.456

For the KH instability, the fastest growing wave mode should have a frequency of457

f = vph/λ , where λ is the wave length and vph is the phase speed. The fastest growing458

wave mode should be proportional to the boundary layer thickness, ∆, such that k∆ = 0.5-459

1, where k is the wave number [Miura and Pritchett, 1982]. This corresponds to a wave460

length of λ = 2π∆ − 4π∆. The KH wave phase velocity can be estimated from461

vph =
n1v1 + n2v2

n1 + n2
= 107.18km/sk̂ (4)

Here subscripts 1 and 2 refer to observed magnetosheath and magnetospheric values462

shown in Table 1, respectively, with n1 = 39.5/cc, n2 = 3.2/cc, v1 = 115.38 km/s, and463

v2 = 5.66 km/s, where v on either side is projected along the KH wave k-vector direction464

(which is computed below). Using a typically observed dawn sector magnetopause thick-465

ness of 1410 km [Haaland et al., 2019], the fastest growing KH wave mode should have466

a wave length of λKH = (2 − 4)π∆ = 1.4-2.8 RE , and an upper frequency limit approxi-467

mately in the range of f = vph

λKH
=0.006-0.012 Hz, which is in good agreement with the468

observed frequencies. However, the velocity boundary layer thickness at the dawn-sector469

in the vicinity of the high-altitude cusps is likely much larger than the above estimate470

of 1410 km of the magnetopause thickness [Sckopke et al., 1981; Nykyri and Dimmock,471

2016], and depends also on the previous reconnection history, topology and orientation of472

the subsequent Earthward flow channels in the vicinity of the exterior cusp. Using an up-473

per estimate of the velocity shear layer thickness of 1 RE would give the low frequency474

limit for the fastest growing KH mode of 1.3-2.7 mHz. If the IMF orientation is chang-475

ing within KH growth time and results in differently orientated earthward flow-channels,476

it may be possible to generate a spectrum of KH waves with different propagation angles,477

wave lengths and phase speeds leading to wave-wave interference [Nykyri et al., 2017].478

The KH growth rate, Q, is determined by the unperturbed magnetospheric and mag-479

netosheath conditions, which is given by Chandrasekhar [1961]:480

(Q/k)2 = a1a2(∆v · k̂)2 − a1(vA1 · k̂)2 − a2(vA2 · k̂)2 (5)

where k is the amplitude of wave vector, ai is a density parameter for either side of the481

boundary defined by ai = ρi/(ρ1 + ρ2), ∆v is the flow shear, vAi is the Alfvén velocity482

on either side, and k̂ is the unit wave vector. In principle, KH can operate in any direc-483

tion that makes the right side of Equation 5 larger than zero, however, the wave vector484

direction which maximizes the growth rate will eventually dominate the process. There-485

fore, it is useful to quantify the KH instability by estimating the most unstable direction486

for this event by finding a direction of k that maximizes the growth rate (Q/k)2. This487

is a standard maximization eigenvalue problem where we find the three eigenvector di-488
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magnetosheath magnetosphere

density (cm−3) 39.50 3.19

magnetic field (nT) [−4.20,−13.13, 43.84] [−17.90,−30.22, 23.35]

velocity (km s−1) [−171.68,−97.59,−18.36] [−18.64,−26.77, 7.58]

temperature (eV) 78.4 1363

Table 1. Plasma properties and magnetic field in the unperturbed magnetosheath and magnetospheric side.
The vectors are in GSE-coordinates. Calculation of typical magnetosheath and magnetospheric properties
are computed using statistical entropy method (see text for details) and computed using FPI and FGM data
between 18:55-20:05.

516

517

518

519

rections corresponding to maximum, intermediate and minimum eigenvalue. The eigen-489

vector corresponding to the maximum eigenvalue is the direction of the most unstable490

k-vector, i.e., [ -0.9084, +0.4179, -0.0115] in GSE coordinates, and has the associated491

growth speed, Q/k = 26 km s−1 = 0.048Vf . For every direction for which the right-492

hand side of (Q/k)2 is positive, the KHI could grow. To evaluate the portion of the to-493

tal solid angle, ∆Ω/Ω = ∆Ω/4π = ∆ϕ∆θ/4π that is KHI unstable, we further evaluated494

the Q/k by sweeping all the directions with the finite increments of dϕ, dθ, where dϕ495

ranges from 0 to 2π and θ from 0 to π and then numerically integrated over all the an-496

gular increments, ∆Ω, that satisfied (Q/k)2 > 0. This yields a total solid angle for wave497

vector directions that satisfy the KH onset condition (i.e., ∆Ω = 0.3220 = 2.56% × 4π),498

where Vf is the average of the fast mode speed v f =
√

V2
a + c2

s between magnetosphere499

and magnetosheath, and cs is the speed of sound. These parameters suggest a KH un-500

stable boundary between magnetosheath and magnetosphere, but the KH mode can only501

propagate along a rather narrow direction. The relatively low growth rate means a rela-502

tively long-existing modified structure before the boundary has been fully diffused. This503

above estimation is based on plasma properties and magnetic field from the unperturbed504

magnetosphere and magnetosheath side (see Table 1), which is identified by the ion spe-505

cific entropy, S = T/n2/3. During the investigated interval between 18:55-20:05 UT,506

the ion specific entropy varies from about 5.7 eV cm2 in the magnetosheath side to about507

699.5 eV cm2 in the magnetospheric side, which covers two orders of magnitude. Thus, we508

set S < Smsh = αmin(S) as magnetosheath plasma, and S > max(S)/α as magnetospheric509

plasma, where α = exp[5%× log(max(S)/min(S))] = 1.2717. Please note that Equation 5 is510

only applicable to an incompressible tangential discontinuity. Merkin et al. [2013] showed511

that at least in the low-latitude boundary layer, compressibility is an important factor for512

the KHI growth rate. The high-latitude boundary layer may be less compressible though.513

In our future work we will address the evaluation of the full Miura and Pritchett [1982]514

dispersion relation in the simulation of this event.515

3.4 Burst Mode Analysis of Field-Aligned Wave Field Poynting Flux, Electron520

Heating and Plasma Wave Characteristics521

Figure 6 shows MMS 3 burst mode observations of ion and electron perpendicu-522

lar (Ti⊥ and Te⊥) and parallel temperatures (Ti ‖ and Te ‖)(panels a-d), and corresponding523

temperature ratios (e-f), and the electron pitch angle distributions at four different energy524

ranges: 0-200 eV (g), 200 eV-2 keV (h), 2-30 keV (i) and the 60-600 keV (j). The counter525

streaming electrons (with highest fluxes at 0 and 180 degree pitch angles) are evident both526

at low (g) and mid-energies (h).527
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The magnetic field strength and Alfvén speed are shown in panels k and l, respec-528

tively. The total and field-aligned wave-field Poynting flux between 1 Hz to 4096 Hz are529

shown in panels m and n, and the anomalous Ohmic heating (computed from E + ve × B) ·530

J) is shown in panel o. Both the KAWs and magnetosonic-whistler band waves can ex-531

ist in this frequency range and can interact with the electrons, with whistler mode be-532

coming more important at higher frequencies in the vicinity of the electron cyclotron fre-533

quency. The strong, 60 µW/m2, mostly anti-field aligned (Earthward) Poynting flux peak534

at 19:46:57 is highlighted with the first yellow bar and coincides with the first, intense,535

counter-streaming electron -structure and local minima in the Alfvén speed (l). Note that536

Figure 4i showed Poynting flux for the background fields, while here the Poynting flux537

computation captures the energy carried by electromagnetic plasma waves in the range of538

1-4096 Hz.539

While the perpendicular ion to electron temperature ratio is in the range of ≈ 5-22,540

the parallel ratio varies from ≈1.5-8 and has local minimum in the regions of the strongest541

fluxes of counter streaming electrons and enhanced Te ‖ (see yellow vertical bars). The low542

energy, high-intensity counter-streaming electron fluxes and parallel temperature enhance-543

ments correlate with the magnitude of the field-aligned Poynting flux enhancements and544

enhanced anomalous Ohmic heating. This suggest that the Poynting flux in the range of545

1-4096 Hz is associated with the parallel electron heating. Recent Hall-MHD and hybrid546

simulations demonstrate that anisotropic temperatures (both T⊥ and T‖ dominating) can be547

generated in the nonlinear stage of the KH instability in the different regions of the vor-548

tex, in which specific entropy and magnetic moment are not conserved [Ma et al., 2019],549

and which may lead to wave generation due to available free energy. The enhanced fluxes550

of trapped (≈ 90 degree pitch angle) energetic electrons around 19:47 correspond to the551

stronger, large-scale magnetic field depression (see panel k and also Figure 2), while the552

enhanced fluxes of counter-streaming electrons correspond to more filamentary local de-553

pressions, which is consistent with the gyro-radius and diamagnetic effect. Nykyri et al.554

[2019a] recently showed that such pockets of energetic particles at high-latitudes close to555

exterior cusp could be created by low latitude reconnection when IMF is southward and556

has a strong y-component, which leads to a generation of magnetic bottle structures. For557

the present event, as IMF is northward, the pockets of trapped energetic electrons may be558

related to the magnetic bottle generation via magnetic reconnection driven by the KHI or559

are potentially generated during the previous interval of southward IMF. This will be a560

topic for our future study.561

Figure 7 shows the analysis of the wave properties where the AC electric and mag-568

netic field components are presented in the magnetic field-aligned coordinate (FAC) sys-569

tem between 19:46-19:49 in the frequency range of 1 to 4096 Hz (panels b-h) and shows570

background magnetic field (panel a) for guidance. In the field-aligned coordinate system571

the red color corresponds to component along the magnetic field, blue is the GSM (and572

GSE) x-axis, and the green component is computed from the cross-product and completes573

the coordinate system. The three solid black lines in panels d-g show (from top to bottom)574

the electron cyclotron frequency, ion plasma frequency, and lower hybrid frequency, re-575

spectively. Throughout the interval the electric field (panel b) fluctuations are mostly per-576

pendicular to background magnetic field and have maximum amplitudes of ≈ 18 mV/m.577

The maximum power exists in the frequency range of ≈ 1-200 Hz (panel d) and they con-578

tinue with lower power up to the electron cyclotron frequency, fec , (the top solid black579

line). The magnetic field (panel c) fluctuations (measured by SCM) show more variation580

in power with larger amplitudes starting at ≈19:46:57 and coinciding with the maximum581

field-aligned Poynting flux in Figure 6j. Also, at this time the magnetic field power den-582

sity on panel e shifts towards higher frequencies while electric field fluctuations are more583

even throughout the period. The maximum magnetic field fluctuation amplitude is about 7584

nT. The largest power fluctuations exist in the frequency range of 1-40 Hz and become585

smaller above the lower hybrid frequency. The ratio of the perpendicular electric field586

fluctuation power to the magnetic field fluctuation power dE⊥/dB⊥ is shown in panel f and587
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normalized to local Alfvén speed (computed from the unfiltered SCM magnetic field) in588

panel g. This shows that the fluctuations appear to be electrostatic above the lower hybrid589

frequency and also during few intervals below the lower hybrid frequency where the mag-590

netic field fluctuations have smaller amplitude. Please note that the fluctuations above 200591

Hz are close to SCM noise level so the dE⊥/dB⊥ calculation may be less reliable above592

200 Hz. The field-aligned Poynting flux (panel h), computed for each frequency bin from593

the wave electric and magnetic fields (FAC-system is defined using 0.1 s sliding window594

averaged burst mode FGM data), is largest between 1-40 Hz and gets smaller above the595

lower hybrid frequency, which is about 30 Hz. Interestingly, this is consistent with the596

median value of the characteristic heating frequency, which was computed with Equation597

2 to be 21 Hz.598

Figure 8 shows more wave characteristics for the same time interval together with614

the low energy electron pitch angle spectrogram (panel a), magnetic field strength (panel615

b) and the burst mode SCM magnetic field measurements in field-aligned coordinates616

(panel c) for providing context. Panels d-g present various unfiltered wave properties be-617

tween 1-4096 Hz in spacecraft frame showing wave power spectrogram, degree of polar-618

ization for waves, wave propagation angle, and ellipticity. Wave properties are only shown619

for well polarized wave intervals for which polarization > 0.7.620

The counter-streaming electrons correspond to the filamentary depressions in the621

magnetic field. Overall the wave properties are very patchy. Between 19:46:50 -19:47:00,622

corresponding to the intense Earthward (anti-field aligned) Poynting flux in Figure 6, there623

exists high powered, elliptically polarized, left-handed waves (in the spacecraft frame) in624

the range of 1 to 5 Hz (see the blue circle in panel g). The proton cyclotron frequency625

for 39-54 nT field (for the 19:46-19:49 time interval) is between 0.595 − 0.823 Hz. These626

left-handed waves are further examined in the zoomed panel i) where the waveform is fil-627

tered between 1-32 Hz. It is clear that these 1-5 Hz waves exhibit a high degree of polar-628

ization with strong wave power. This interval is studied in detail, and waves identified via629

multi-spacecraft methods in the next section, because this corresponds to the largest anti-630

field aligned Poynting flux. However, there are also other left-hand polarized intervals at631

these frequencies with strong wave power and high degree of polarization, and that match632

the Poynting flux enhancements. These may belong to the same plasma wave branch.633

Another interesting feature are the right-handed polarized waves at ≈ 19:48:35 (red634

circle in panel g), above the lower hybrid frequency and below the electron cyclotron and635

ion plasma frequency, that are further examined in panel h). These right-handed waves636

that exhibit high degree of polarization in the spacecraft frame propagate closely paral-637

lel to magnetic field and are associated with a peak of electron parallel temperature (see638

Figure 6 d). These are likely whistler waves.639

The stripe-like structures in frequency space above 200 Hz are an artifact of the640

FFT due to sharp time domain structures below 32 Hz and disappear when the SCM data641

is filtered above 32 Hz. Figure 9 shows 0.8 seconds of four spacecraft measurements at642

19:46:57.7 UT of the burst mode electric field and magnetic field components in GSE-643

coordinates, filtered between 32 Hz to 4096 Hz, and the corresponding Poynting flux644

calculations. The electric and magnetic field wave forms, and corresponding Poynting645

fluxes observed by four spacecraft are quite different (by visual inspection) suggesting646

that the wave-lengths are less than spacecraft separation of ≈ 30 km. Therefore the multi-647

spacecraft techniques [Balikhin et al., 1997; Dimmock et al., 2012; Moore et al., 2016]648

may not be well suited for computing dispersion relation for these high frequency waves.649

Next we will apply a multi-spacecraft technique for calculating the experimental dispersion650

relation of the 0.16-16 Hz waves (which covers the ion cyclotron frequency) at 19:46:45-651

19:47:15 UT and compare it to the well known dispersion relations.652
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3.5 Plasma Wave Mode Identification Using a Two-spacecraft Method656

In this section we use a well-established two-spacecraft method, utilizing wavelet657

transforms, to determine the k-vector of the waves at each frequency [Balikhin et al.,658

1997; Dimmock et al., 2013; Moore et al., 2016]. We have performed the wave analy-659

sis using both SCM and FGM data, but the SCM data is more appropriate in resolving660

the peak amplitude of the ≈ 6 rad/s waves. The panel (a) of Figure 10 shows a 30 s in-661

terval of high resolution magnetic field data from MMS3 SCM instrumentation in the662

GSE coordinates at 19:46:45-19:47:15 UT, showing a series of wave packets. Panel (b)663

shows the SCM magnetic field in the local LMN coordinates by using MVA-B method,664

in which L̂ = [0.1049,−0.9885,−0.1085], M̂ = [0.9812, 0.0851, 0.1733], and N̂ =665

[−0.1621,−0.1247, 0.9789] in the GSE coordinates computed from the FGM data. The666

eigenvalue ratios are λL/λM = 1.8139, and λM/λN = 1.7944. Here, we choose the out-667

ward direction of N̂ such that N̂ · BFGM > 0, where BFGM = [−13.0394,−20.0428, 38.8561]nT668

is the average magnetic field from MMS3 and MMS4 FGM instrumentation. The panel669

(c) shows the angle between magnetic field BL,M components, φ = arctan(BL/BM ) for670

the MMS3 and MMS4. The increase of φ indicates that the wave is right-hand polarized,671

while the decrease of φ indicates a left-hand polarization.672

Therefore, the wave roughly changes polarization three times during this time inter-673

val, and the polarization of the wave at MMS4 is mostly consistent with MMS3 before674

t = 22. The panel (d) shows the normalized cross-correlation of magnetic field BL com-675

ponents from MMS3 and MMS4, which is given by R(δt) =
∫

BL,4(t)BL,3(t − δt)dt, and676

R̂ = R/max R. The peak value at δt = −30.9 ms suggests the wave mainly propagated677

from MMS3 to MMS4.678

We have decomposed the magnetic field Bx , By , and Bz from MMS3 and MM4 by679

using Morlet wavelet, B(t) → A( f , t), and zoomed into t ∈ [5, 10]s, which is highlighted680

by green shadows in panel (a)-(c). For each observed frequency in spacecraft frame, fo,681

the wave vector direction k̂( fo) is the N direction from the MVA method based on the682

real part of A3( fo, t) and A4( fo, t), where the subscript refers to MMS3 and MMS4. The683

phase difference between MMS3 and MMS4, Φ43 is estimated based on the maximum684

wave amplitude A = |AL3 |
2 + |AL4 |

2 binned by ∆Φ = arg(AL4) − arg(AL3), where AL685

is the L component of A. Thus the amplitude of the wave vector can be estimated by686

k( fo) = Φ43/(k̂( fo) · ∆R43), where ∆R43 = R4 − R3, R3 and R4 are the location of687

MMS3 and MMS4 in the GSE coordinates. We fitted the k̂( fo), for the negative k( fo).688

The sign of k · ∆R43 indicates whether the wave propagated from MMS3 to MMS4 or689

vice versa. Once the wave vector k( fo) has been identified, one can estimate the plausible690

wave frequency in the plasma rest frame by using Appleton-Hartree (AH) equation (see691

for example Bittecourt [2004]),692

(
ck
ω

)2
= 1 −

X (1 − X)

1 − X − 1
2Y2 sin2 θ ±

√(
1
2Y2 sin2 θ

)2
+ (1 − X)2 Y2 cos2 θ

(6)

Here, c is the speed of light, θ is the angle between k and background magnetic693

field, X =
ω2

pe

ω2 , Y = ωge

ω , ωpe = 2.28 × 105 rad/s and ωge = 8.20 × 103 rad/s is the elec-694

tron plasma frequency and electron gyro frequency, respectively, based on the background695

magnetic field 46.6 nT and electron density 16.4 cm−3. In this study, the non-damped wave696

solutions are only associated with the negative sign. We also compared the experimental697

dispersion relation with that of the kinetic Alfvén wave [Hasegawa, 1976], which is given698

by699

ω2 = k2
‖
V2
A

[
1 + k2

⊥r2
i

(
1 +

Te

Ti

)]
(7)

Here, ri is the ion gyro-radius. The predicted angular wave frequency ωp should trans-700

form from plasma rest frame into the spacecraft frame by including the Doppler effect,701

–14–



Confidential manuscript submitted to JGR-Space Physics

ωo(k) = 2π fo(k) = ωp − k · U, where U = [−142.1158,−85.1102,−6.8525]km/s is the702

plasma bulk velocity in the GSE coordinate during the green highlighted interval.703

To provide a rough quantification of the wave polarization for each observed angular704

frequency ωo during the given interval, we integrate all the positive angle changes be-705

tween the magnetic field BL,M components, (i.e., ∆iφ(ωo) = φ(ωo, ti+1) − φ(ωo, ti) > 0) ,706

and normalized by the total magnetic field BLM component angle change |∆iφ(ωo)|, that707

is708

σ(ωo) =

∑
>0 ∆iφ(ωo)∑
|∆iφ(ωo)|

(8)

where the subscript i refers to the i-th measurement. Thus, the σ close to 1 indicates709

right-hand polarization, and value close to 0 means left-hand polarization. The delay time710

from cross-correlation of magnetic field BL(ωo) components from MMS3 and MMS4 are711

also estimated to compare with the phase analysis results.712

The panel (e) of Figure 10 plots the wave amplitude
∫

A(ω0, t)dt as a function of713

the observed frequency, ωo, showing two energy peaks at ωo = 6.3794 rad/s and 11.1072 rad/s.714

The data are color coded by σ, suggesting that most of the waves are left-hand polar-715

ized in the spacecraft frame. The panel (f) of Figure 10 shows the predicted wave fre-716

quency with doppler shift vs. the observed wave frequency. To show the polarization in717

the plasma frame, we flipped the polarization if the doppler shift changes the sign of the718

angular frequency. The solid blue line indicates when the predicted value is equal to the719

observation, and the two dashed blue lines represent 50% deviation. For each data point,720

we only present the dispersion relation which is more close to the observed frequency, in721

which diamond marker represents the AH equation and the circle marker represents the722

KAW. All markers are color coded by the wave amplitude, A, suggesting that the predicted723

frequency of the large-amplitude waves mostly agrees with the observation. The red plus724

signs indicate that k ·∆R43 >0 and the cross-correlation analysis provides consistent results725

for the wave propagation direction, for majority of the cases. The red cross signs indi-726

cate that the two methods give inconsistent results. The size of red signs represents the727

eigenvalue ratio λM/λN . Most of the red signs are larger than the marker size, meaning728

λM/λN > 2.729

The above wave analysis shows that frequency at ω = 6.84 rad s−1 which has a wave736

vector, k = [0.0124, 0.0108, 0.0278]km−1, fits the KAW dispersion relation very well. The737

wave length perpendicular to magnetic field is λ⊥ = 2π/k⊥ = 215 km.738

We have performed the analysis using all the spacecraft pairs (see Supplementary739

Information). Figure 11 presents MMS constellation and separations relative to k-vector740

of the observed waves. The big dots represent the location of the four MMS spacecraft741

in red (1), green (2), blue (3), and black (4), respectively. The arrows indicate the direc-742

tion of the wave vectors corresponding to the largest wavelet amplitudes for each pair of743

spacecraft, which are labeled in the middle of each pair of spacecraft. It can be seen that744

MMS3 and MMS4 were mostly aligned along the KAW wave vector direction providing745

the best result. Repeating the analysis using FGM data (see Supplementary Figure S6)746

gives smaller amplitude and larger error for the 6.84 rad/s KAW peak, but in addition747

it also shows a large amplitude ≈ 2 rad/s right-handed peak that also satisfies the KAW748

dispersion relation. KAWs can have both left and right-hand polarizations in the plasma749

frame [Hunana et al., 2013].750

To better understand the dynamics of these boundary layer wave observations rel-751

ative to MMS, it is useful to consider the angles between the various wave vectors and752

background magnetic field. The angle between the KH wave k-vector direction (kKH753

= [-0.9084, 0.4179, -0.0115]) and the well defined KAW k-vector direction (kKAW =754

[0.383910, 0.334373, 0.860702]), as detected by the MMS3 and MMS4, is ≈ 100 degrees.755

The KH wave and the KAW propagate at angles of ≈ 86 and 62 degrees relative to back-756

ground magnetic field direction (B̂FGM = [-0.285795, -0.439307, 0.851663]), respectively.757
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The background magnetic field was determined from the average of MMS3 and MMS4758

FGM- observations during the KAW observation. Figure 12a shows a KH simulation and759

schematic using Hall-MHD code described in Nykyri and Otto [2004] and in Supplemen-760

tary Information. The purpose of this simulation is to illustrate how sharp Alfvén speed761

(VA) gradients can be generated by the KHI. The background color shows the Alfvén762

speed which is larger on the magnetospheric (yellow) than on the magnetosheath (blue)763

side. Virtual spacecraft time-series measurements of the Alfvén speed during the simula-764

tion are shown with black trace which matches the MMS observations shown in Figure 4.765

The KH wave wavelength in the simulation is 4.4 RE which results in ≈ 4 minute period766

between the maximum gradients in the Alfvén speed, also observed in Figure 4 (see the767

first two purple vertical columns). Figure 12b shows the KAW which was observed at the768

gradient of the Alfvén speed indicated by the yellow box in panel a. Figure 12c shows the769

schematic summarizing these high-latitude boundary layer observations, with the direc-770

tions of the KH wave and KAW k-vectors superposed onto Tsyganenko 96 magnetic field771

lines (also shown in Figure 1), together with the observed magnetic field direction (green772

vector). The four MMS spacecraft (labeled 1-4 inside colored circles) separations are over-773

magnified to illustrate the consistency of the magnetic field topology with respect to KH774

wave propagation direction, and emission of the KAW at the Alfvén velocity gradient and775

its propagation mostly along the MMS3 and MMS4 separation vector direction.776

3.6 Evaluating Electron heating by the Kinetic Alfvén Waves (KAWs)792

Since we have now "fingerprinted" the plasma wave mode as KAW, we can evaluate793

its effectiveness on electron heating. Electrons could be accelerated in the parallel electric794

field of a KAW. With electric fields defined in terms of the parallel (ψ) and perpendicular795

(φ) potentials as described in Hasegawa [1976]:796

E‖ = −k ‖ψ (9)
E⊥ = −ik⊥φ (10)

We should expect that in a KAW electrons would be accelerated along the magnetic field797

to an energy798

U ≈ eψ (11)

For a KAW799

ψ = −(Te/Ti)(k⊥ρi)2φ (12)
≈ (Te/Ti)(k⊥ρi)2E⊥/k⊥ (13)

We use here the measured values during KAW observation at 19:46:45-19:47:15 UT where800

Te/Ti = 0.1305 (average electron to ion temperature ratio), ρi = 30.9 km (ion thermal801

gyroradius), k⊥ = 0.0292 km−1 (perpendicular wave number), max E⊥ = 1.5484 mV m−1
802

(maximum perpendicular electric field), which yield the maximum parallel potential ψmax ≈803

5.6449 V. The expected electron energization in the identified KAW electric field is there-804

fore about 5.6 eV. This value is smaller than the KAW parallel potential of ≈100 V in Lee805

et al. [1994], which was estimated using typically observed Alfvén speed, perpendicular806

magnetic field fluctuation amplitude, and estimated parallel wave length instead of the807

measured E⊥/k⊥ . Note that here the MMS separation of 30 km is appropriate for esti-808

mating the KAW perpendicular wave length of 215 km. Assuming that the KAW spec-809

trum continues to k⊥ = 1/ρi =0.032/km and using the maximum electric field amplitude810

of ≈ 15 mV m−1 at 19:46:57, would yield a potential of about 60 V. The highest fluxes of811

counter-streaming electrons at the outer boundary layer (see Figure 6g and h, and panel 4812

in Figure 2) have energies from ≈ ten eV to ≈ 100 eV.813

To evaluate the electron heating by bounce resonance with the kinetic Alfvén waves,814

we use the equation from the quasi-linear theory [Hasegawa and Mima, 1978], in which815
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the parallel heating rate, dTe/dt is given by:816

dTe/dt = TeωG, (14)

where ω is the angular frequency of the surface wave, which can be estimated from spec-817

tra shown in Figure 5 to be 2π × 0.01 rad s−1, G =
√
π
8

mi

me

∑
k
|δB⊥k |

2

|B0 |2
F(x)H(λs), H(λs) =818

λs
(1+λs )3/2

, F(x) = x3 exp(−x2/2), x = vA/vTe , λs = (k⊥ρs)2, ρs = Te/Tiρi , and ρi is the819

ion gyro-radius. For a time-independent G, Te = Te0 exp(tωG). Note that F(x) ≤ 1.1582,820

and H(λs) ≤ 0.3859, and one can easily estimate that G ≤ 487|δB⊥/B0 |
2. In this event,821

assuming all perturbation is KAW wave, |δB⊥/B0 | ≈ 0.025, G is less than 0.3. Thus,822

from Equation 14, the time-scale for parallel heating of electrons from 18 eV (value of Te ‖823

in the magnetosheath at ≈19:59 UT) to 55 eV (maximum values observed at the heated824

boundary layer shown in Figure 6), ∆t is at least825

∆t = ln(
55 eV
18 eV

)/(2π × 0.01 × 0.3) = 59.3 s (15)

As a comparison, this time scale is much longer than the characteristic heating time of826

1/21 Hz = 0.047 s computed from the entropy equation 2, indicating that the KAWs pro-827

vide a rather small non-adiabatic heating source compared to the overall processes in this828

case.829

4 Conclusions and Discussion830

In this paper we have analyzed MMS observations at the high-latitude boundary831

layer where MMS encountered quasi-periodic variations in all plasma quantities, as well832

as parallel heated low energy (0-2 keV) electrons, and energetic (70-600 keV) ions and833

electrons. The present work was motivated by the observations of multi-scale wave struc-834

tures (spanning from few minutes, to typical ion and electron frequencies) observed at835

the vicinity of the dawn-sector southern cusp in association with counter-streaming, low-836

energy electrons and trapped high energy electrons. The multi-spacecraft observations and837

high time-cadence electric and magnetic field observations allowed us to identify some of838

the waves and quantify their effectiveness on the non-adiabatic heating. We can summa-839

rize our main findings as follows:840

1. The frequency analysis of the low frequency (75 -100 s) fluctuations between841

19:40-20:05 UT, growth rate calculations, finite unstable solid angle range and local 2.5-D842

simulations suggest this is a high-latitude KH event with a wave length of about 3-5 REs.843

2. The parallel electron temperature enhancements were associated with enhanced844

magnitude of field-aligned Poynting flux. The most intense anti-field aligned Poynting flux845

was carried by the large amplitude kinetic Alfvén waves (KAWs) with perpendicular wave846

lengths of about 200 km at the gradient of the Alfvén speed (see Figures 4h and 12) con-847

sistent with the previous observations of mode conversion [Chaston et al., 2007]. One of848

the KAW modes has been unambiguously identified in terms of experimental dispersion849

relation using two-spacecraft wavelet analysis method. The parallel potential associated850

with this mode was about 6V and thus not sufficient to explain the origin of the > 100 eV851

counter streaming electrons.852

3. In order to evaluate a typical time-scale of the heating of the boundary layer we853

derived the equation for the characteristic heating frequency, fheat , utilizing equations for854

plasma entropy and pressure, and Hall-MHD plasma approximation. The median fheat855

was evaluated to be 21 Hz. This indicates a rapid heating of the boundary layer.856

4. The resonant heating associated with the identified KAW spectrum was evaluated857

to be ≈ 60 seconds and thus too slow to account for all the observed heating during the858

present event.859
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5. Our analysis is indicative that the low frequency fluctuations were likely KH860

waves that were created by the velocity shear at the high-latitude boundary layer. These861

compressional KH waves can mode convert and create KAWs [Johnson et al., 2001; Chas-862

ton et al., 2007] which can carry significant Poynting flux into the ionosphere. While for863

the identified KAW spectrum the wave energy was able to provide some of the parallel864

heating of the electrons, the observed values of E⊥ and k⊥ were not to sufficient to ex-865

plain all of the rapid, non-adiabatic heating when transitioning from the magnetosheath866

into the magnetosphere. This suggests that additional processes (e.g., other plasma wave867

modes, turbulence or electric fields associated with magnetic reconnection) must also play868

role and provide heating during the present event.869

6. One potential source for both ion and electron heating are the magnetosonic-870

whistler branch waves. For the present event MMS observed right-hand polarized waves871

(in spacecraft frame) at ≈ 19:48:35, just above the lower hybrid frequency (about 30 Hz)872

that were associated with parallel electron heating. These could potentially be whistler873

waves. The median value of the characteristic heating frequency of 21 Hz would be more874

consistent with the whistler-branch waves (assuming electrons could be heated in few wave875

cycles).876

7. The anomalous Ohmic heating rate was strongly varying from -1.5 to + 1µW/m3,877

during the KAW interval at ≈ 19:46:45 (see Figure 6o), and much larger than the variation878

during the potential whistler wave emission at 19:48:35. This strong variation (in sign) in879

anomalous Ohmic heating can indicate strong wave-particle interactions between electrons880

and KAW wave field.881

The counter-streaming, bi-directional low-energy electrons in the vicinity of the882

magnetopause have been frequently observed both by Cluster [Vines et al., 2017] and883

MMS [Fuselier et al., 2017] in association with magnetic islands and multiple X-lines884

that can be formed by magnetic reconnection. Also, the anti-parallel or component re-885

connection occurring at the northern and southern hemisphere at the similar time could886

potentially lead to bi-directional electrons [Fuselier et al., 2011, 2012]. However, for the887

prevailing IMF orientation (Bz positive and By negative) we do not expect either the com-888

ponent reconnection at the low-latitudes or high-latitude reconnection in the vicinity of the889

southern cusp at the dawn-sector to directly operate.890

While the anti-parallel reconnection could operate at the dusk sector in the vicnity891

of the northern cusp, it would not explain the bi-directional electrons at the dawn sector892

of the southern cusp. One likely possibility is the mid-latitude reconnection occurring ≈893

2-3 RE above and below the shear-flow plane in association with the 3-D KHI [Ma et al.,894

2017; Hwang et al., 2020] which can generate a magnetic island and lead to potentially895

counter-streaming low-energy electron observations along spacecraft trajectory at shear896

flow plane between these two reconnection sites. Recently, another MMS event showed897

counter-streaming electrons at high-latitude magnetopause likely generated by the KHI898

driven reconnection [Burkholder et al., 2020a]. A constellation of spacecraft both below,899

above and close to instability shear-flow plane containing the most unstable k-vector di-900

rection, and spanning the fluid (≈ 0.5-6 RE ), ion (≈ 70-3000 km) and ion-electron hybrid901

scales (1-70 km) would be required to unambiguously identify this process, e.g., from pre-902

existing boundary layer with bi-directional electrons.903

The generated small scale processes have in turn impact on the plasma properties904

that affect the large scale processes. For KHI these “cross-scale couplings” would arise905

during typical KH growth time from linear to non-linear, and to the highly rolled up stage.906

The small-scale processes (such as reconnection in the vortices [Nykyri and Otto, 2004;907

Hasegawa et al., 2009; Eriksson et al., 2016; Li et al., 2016]) diffuse the sharp velocity908

boundary layer, so that sources of free energy capable for exciting the same-wavelength909

(macroscopic) KH wave get reduced as the fastest growing KH wavelength has wave-910

length proportional to the velocity shear layer thickness [Miura and Pritchett, 1982]. At911
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the low latitudes a subsequent interval of southward IMF (after northward IMF) would912

be needed to re-create thin boundaries at the KHI source region before the same wave-913

length KH wave can be re-created. The 3-D MHD simulation studies have shown that in914

the nonlinear stage, both magnetic reconnection and KH modes mutually impact the onset915

and operating conditions of each other by changing the width of the transition layer, i.e.,916

the current layer and the shear-flow layer. The normalized magnetic reconnection rate is917

strongly increased by the nonlinear KH waves; however, these waves also limit the total918

reconnected flux by dissipating the electric current when the largest wavelength mode be-919

comes highly nonlinear. This interaction leads to fast reconnection with local rates that are920

equal to the Petschek rate of fast reconnection without invoking Hall physics [Ma et al.,921

2014a,b]. Also, the kinetic scale waves generated by the KHI [Moore et al., 2016] or re-922

connection [Graham et al., 2017] can give energy to the plasma particles, increasing their923

gyroradius leading to more effective diffusion which in turn can diffuse the boundary layer924

more effectively to reduce the sources of free energy.925

We will return in our future work to quantify the heating from these other processes926

(when spacecraft separations are appropriate) as well as study the formation mechanisms927

of the trapped high-energy (70-600 keV) electrons and protons with help of numerical928

simulations. Nykyri et al. [2019a] recently showed that such pockets of energetic particles929

at high-latitudes close to exterior cusp could be created by low latitude reconnection when930

IMF is southward and has a strong y-component, which can lead to a generation of mag-931

netic bottle structures. Magnetic bottles in the vicinity of the exterior cusps can also be932

created by high-latitude reconnection [Nykyri et al., 2011a,b, 2012; Adamson et al., 2011,933

2012]. For the present event, as the IMF is northward, the pockets of trapped energetic934

electrons may be related to 1) the magnetic bottle generation via magnetic reconnection935

driven by the KHI or 2) are potentially generated during the previous intervals of south-936

ward IMF via low latitude reconnection [Nykyri et al., 2019a], or 3) due to previous IMF937

conditions favoring high-latitude reconnection [Nykyri et al., 2011a]. Ions are less adia-938

batic than electrons and have a larger gyro-radius which may explain why the 70-600 keV939

ions for the present event are frequently in the loss cone while electrons remain trapped.940

The mostly field-aligned component of high-energy ions suggest that these particles can be941

lost from the magnetosphere to the magnetosheath. Recently, Cohen et al. [2017] reported942

a statistical study of the leaked ≈ 40 keV electrons in the magnetosheath, which may be943

related to the "opening" of the magnetic bottle structures due to changing IMF orientation944

or KHI driven dynamics.945

Finally, we note that during the present event magnetosphere is embedded in a slow946

solar wind, manifested both by its low speed (≈ 300 km/s) and high density (≈ 15/cc). In947

such magnetopause configuration, our KH onset condition analysis (Equation 6) estimates948

a low KH growth rate along a very narrow direction even without considering finite ini-949

tial shear flow width and compressibility, which could further stabilize the magnetopause950

[Miura and Pritchett, 1982]. Therefore, we cannot fully rule out that the observed low-951

frequency magnetopause waves at KH frequencies could be surface waves excited by up-952

stream disturbances rather than the velocity shear [Plaschke et al., 2013]. For example,953

the magnetosheath jets originating from quasi-parallel shock can generate negative Bz in954

the magnetosheath even during northward IMF [Nykyri et al., 2019b], which could drive955

transient dayside reconnection [Hietala et al., 2018] and also generate surface waves. Ex-956

ploring these other possibilities for generation of these low frequency waves would be a957

natural extension of the work presented above.958

A: Appendix: Derivation of the Characteristic Heating Frequency959

Specific entropy is defined as960

S = ρ−γP, (A.1)
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where P is the plasma thermal pressure, ρ is the plasma density, and γ = 5/3 is the ratio961

of specific heats. The total time derivative of specific entropy is:962

dS/dt = ρ−γdP/dt + Pdρ−γ/dt. (A.2)
(A.3)

Using the definition of the plasma pressure equation (see e.g., Otto [1990]),963

1
γ − 1

(
∂

∂t
P + ∇ · Pu

)
= −P∇ · u + ηj2, (A.4)

where u is the plasma velocity, J is the current density, and taking the total time deriva-964

tive of P,965

dP
dt

=
∂P
∂t
+ u · ∇P, (A.5)

(A.6)

the Equation A.4 can be re-organized as follows,966

dP
dt
+ P∇ · u = − (γ − 1) P∇ · u + (γ − 1) η j2 (A.7)

dP
dt

= −γP∇ · u + (γ − 1) η j2. (A.8)

Using the mass continuity equation and the total time derivative of the plasma mass den-967

sity,968

∂ρ

∂t
+ ∇ · ρu = 0 (A.9)

dρ
dt

= −ρ∇ · u, (A.10)

the equation A.2 can be transformed to,969

d
dt

(
P
ργ

)
=

1
ργ

dP
dt
− γ

P
ργ+1

dρ
dt

(A.11)

=
1
ργ

(
dP
dt
− γ

P
ρ

dρ
dt

)
(A.12)

=
1
ργ

[
−γP∇ · u + (γ − 1) η j2 − γ

P
ρ
(−ρ∇ · u)

]
(A.13)

=
1
ργ

[
−γP∇ · u + (γ − 1) η j2 + γP∇ · u

]
(A.14)

=
(γ − 1)
ργ

η j2 (A.15)

→ (A.16)
dS
dt

= (γ − 1)
ηJ2

ργ
, (A.17)

Dividing both sides with S, leads to an equation with units in 1/time, and is named as the970

equation for the characteristic heating frequency, fheat :971

fheat =
1
S

dS
dt

=
ηJ2

P/(γ − 1)
. (A.18)
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The right hand side of the equation 2 is the Ohmic heating (ηJ2) to plasma thermal en-972

ergy density (P/(γ − 1)) ratio.973
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Figure 2. Overview plot of the MMS 3 observations between 18:55-20:05 UT on 25th of February 2016.
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ment (2); energetic electrons from the FEEPS instrument (3); low energy electrons from FPI instrument (4);
He++ (5) and O+ (6) from the HPCA instrument. Next three panels use ion and electron moments from the
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Figure 3. Scatter plots of the vx component of the ion (a) and electron (b) velocities vs ion and electron
densities for MMS 1-4. The color scale is the ion and and electron specific entropy, respectively. Electron
velocity vs normalized electron entropy for MMS 1-4. The color code is the total plasma pressure (c). Ion
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379

380

381

382

383

384

385

386

387

388

389

390

–32–



Confidential manuscript submitted to JGR-Space Physics

   
-40
-20

0
20
40

B-
Fi

el
d 

G
SM

[n
T]

  Bx GSM

  By GSM

  Bz GSM

   
-40
-20

0
20
40

M
M

S3
FG

M
m

va
b 

ro
t. 

90
 s

 s
lid

in
g 

av
g

[n
T]

  Bi GSM

  Bj GSM

  Bk GSM

   

-10
-5
0
5

10

m
m

s3
ed

p
dc

e
gs

m
fa

st l2
[m

V/
m

]
  Ex GSM

  Ey GSM

  Ez GSM

   
-20
-15
-10

-5
0
5

10
15

m
va

b 
ro

t. 
90

 s
 s

lid
in

g 
av

g
[m

V/
m

]

  Ei GSM

  Ej GSM

  Ek GSM

   

100

1000

10000

m
m

s3
di

s
en

er
gy

sp
ec

tr
om

ni
fa

st
[e

V]

   

100

1000

10000

104

105

106

107

[k
eV

/(c
m

^2
 s

 s
r k

eV
)]

   

100

1000

10000

m
m

s3
de

s
en

er
gy

sp
ec

tr
om

ni
fa

st
[e

V]

   

100

1000

10000

106

107

108

[k
eV

/(c
m

^2
 s

 s
r k

eV
)]

   
0

50

100

150

m
m

s3
de

s
pi

tc
ha

ng
di

st
lo

we
n

fa
st

[d
eg

]

   
0

50

100

150

108

109

[k
eV

/(c
m

^2
 s

 s
r k

eV
)]

   
0

100
200
300
400
500

V_
A 

[k
m

/s
]

   
-400
-200

0

200
400

m
va

b 
ro

t. 
90

 s
 s

lid
in

g 
av

g
[m

icr
oW

/m
^2

]

  Sk GSM

1.4
-9.8
-6.5
1940

1.5
-9.8
-6.6
1950

1.6
-9.8
-6.7
2000

0
20
40
60
80

100

an
gl

e
be

tw
ee

n
di

ff.
 a

ng
le

Xgsm
Ygsm
Zgsm
hhmm
2016 Feb 25 

Th
u 

Se
p 

 5
 0

0:
07

:0
4 

20
19

a)

b)

c)

d)

e)

f)

g)

h)

i)

j)
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Power in Bi between 19:40-20:05 UT

fmax=0.01-0.013 Hz
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Figure 5. Power spectra of the Bi (a) and Bj (b) fluctuation power as measured by MMS 3 between 19:40-
20:05 UT. The time series of Bi and Bj are shown in Figure 4b. The highlighted columns show the peak
frequencies and corresponding powers.
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Figure 8. MMS 3 wave analysis for 19:46:00-19:49:00. Panels a-c show electron pitch angle distributions,
background magnetic field strength, and high frequency magnetic field. Panels d-g present various wave
properties in spacecraft frame showing wave power spectrogram, degree of polarization for waves, wave prop-
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Wave properties are only shown for the well polarized wave intervals for which polarization > 0.7. The plot is
created using SCM burst mode (8192 Hz sampling rate) data.
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All MMS on 20160225 EDP mode: dce, filtered between Fmin=32.00 Hz and Fmax=4096.00 Hz, All MMS on 20160225 EDP mode: dce, filtered between Fmin=32.00 Hz and Fmax=4096.00 Hz, 
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Figure 9. Electric and magnetic field wave form components in GSE coordinates for 0.8 second interval
starting at 19:46:57.7 between 32 Hz to 4096 Hz and corresponding components of the wave Poynting flux.
The plot is created using burst mode data.
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Figure 10. MMS 3 and 4 wave analysis for 19:46:45-19:47:15. Panels show MMS 3 magnetic field in
GSE (a) and LMN (b) coordinates, angle between magnetic field BL,M components for MMS 3 and 4 (c),
normalized cross-correlation of magnetic field BL components from MMS3 and MMS4 (d), wave amplitude∫

A(ω0, t)dt as a function of the observed frequency, ωo (e), predicted wave frequency with doppler shift
vs the observed wave frequency (f), The solid blue line indicates when the predicted value is equal to the
observation, and the two dashed blue lines represent 50% deviation.
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Figure 11. The big dots represent the location of the four MMS spacecraft in red (1), green (2), blue (3),
and black (4), respectively during the wave k-vector determination at 19:46:45-19:47:15. The arrows indicate
the direction of the wave vectors corresponding to the largest wavelet amplitudes for each pair of spacecraft,
which are labeled in the middle of each pair of spacecraft.
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Figure 12. Schematic of the large-scale boundary structure by using a 2-D Hall-MHD simulation [Nykyri
and Otto, 2004] (see Supplementary Information) showing fluid-scale (λKH =4.4 RE ) Kelvin-Helmholtz
waves (panel a) and observation location of the KAWs with λKAW ≈ 200 km. The background color shows
the Alfvén speed which is larger on the magnetospheric (yellow) than on the magnetosheath (blue) side. Vir-
tual probe time-series measurements of the Alfvén speed during the simulation are shown with black trace.
MMS observed strong kinetic-scale wave activity (panel b), with the largest amplitude waves identified as
kinetic Alfvén waves (KAWs) at the Alfvén velocity gradient. Waves were identified by constructing an ex-
perimental dispersion relation using a two-spacecraft method [Balikhin et al., 1997; Dimmock et al., 2013;
Moore et al., 2016]. Panel c shows the schematic of the KH wave propagation direction, KAW propagation
direction and background magnetic field orientation superposed on Tsyganenko 96 magnetic field model. The
various propagation angles are described in the text.
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