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Abstract25

The Magnetospheric Multiscale mission is employed to examine intense Poynting flux di-26

rected along the background magnetic field towards Earth, which reaches amplitudes of27

nearly 2 mW/m2. The event is located within the plasma sheet but likely near the boundary28

at a geocentric distance of 9 RE in association with bulk flow signatures. The fluctuations29

have wavelengths perpendicular to the magnetic field of 124-264 km (compared to an ion30

gyroradius of 280 km), consistent with highly kinetic Alfvén waves. While the wave vector31

remains highly perpendicular to the magnetic field, there is substantial variation of the di-32

rection in the perpendicular plane. The field-aligned Poynting flux may be associated with33

kinetic Alfvén waves released along the separatrix by magnetotail reconnection and/or the ra-34

diation of waves excited by bursty bulk flow braking and may provide a means through which35

energy released by magnetic reconnection is transferred to the auroral region.36

1 Introduction37

Magnetic reconnection is a fundamental plasma process occurring in a wide variety38

of environments and can play an important role in energy transport/conversion in plasmas.39

A variety of pathways are available for the transfer, dissipation, and/or conversion of energy40

released by magnetotail reconnection, both in terms of the partition of energy at the recon-41

nection event [Eastwood et al., 2013] and subsequent redistribution of energy within recon-42

nection outflows [Stawarz et al., 2015]. A detailed understanding of these energy channels is43

important both in terms of understanding magnetospheric dynamics and more generally, the44

ways in which magnetic reconnection facilitates energy conversion in plasmas. One such45

pathway, which is the focus of this study, is the radiation of Poynting flux (S) that, in the46

context of magnetotail reconnection, may facilitate the deposition of energy into the aurora47

[Shay et al., 2011; Ergun et al., 2015].48

In Earth’s magnetotail, fast plasma flows known as bursty bulk flows (BBFs) are thought49

to be outflows associated with near-Earth reconnection at ≈ 20 RE [Baumjohann et al., 1990;50

Chen and Wolf , 1993; Sergeev et al., 2012]. BBFs play a significant role in mass, energy,51

and magnetic flux transport in the magnetotail [Angelopoulos et al., 1994]. At ≈ 10 RE from52

Earth, BBFs impinge on the nearly dipolar near-Earth magnetic field and the resulting region53

of flow deflection is know as the BBF braking region [e.g. Shiokawa et al., 1997]. Both sim-54

ulations and observations have suggested that the braking process drives turbulence, which55
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could play a role in processing/redistributing the energy released by reconnection [Shiokawa56

et al., 2005; Chaston et al., 2012, 2014; El-Alaoui et al., 2013; Stawarz et al., 2015].57

Sources of Alfvénic Poynting flux have been linked to reconnection and the resulting58

BBFs. Using Geotail data at geocentric distances of 18 RE and Polar at 5 RE , Angelopoulos59

et al. [2002] argued that S observed near Earth was linked to BBFs. Observations of intense60

S have been reported within the turbulent braking region and it has been suggested that a fi-61

nite size region of turbulence within the plasma sheet could radiate waves along the magnetic62

field toward Earth [Ergun et al., 2015; Stawarz et al., 2015]. Alternatively, reconnection sim-63

ulations have demonstrated that kinetic Alfvén waves generate an S signature near the separa-64

trix [Shay et al., 2011] and observations of S near the diffusion region using Cluster may be65

consistent with this scenario [Chaston et al., 2009; Dai et al., 2011; Eastwood et al., 2013].66

The presence of kinetic Alfvén waves, which can transport energy at super-Alfvénic veloc-67

ities, may account for the observed early onset of auroral brightening compared to Alfvénic68

transit times from the reconnection event [Angelopoulos et al., 2008].69

Previous studies of S observed nearer to Earth have suggested a link to auroral activity.70

Using the Polar satellite at geocentric distances from 4–7 RE , intense Earthward Alfvénic71

Poynting flux was reported near the plasma sheet boundary with adequate energy available to72

account for auroral observations [Wygant et al., 2000, 2002; Keiling et al., 2000, 2002]. Fast73

Auroral Snapshot (FAST) observations at lower altitudes have shown Alfvénic fluctuations in74

conjunction with energized electrons, which could result in Alfvénic aurora [Chaston et al.,75

2002, 2003, 2007], and a Polar-FAST conjunction study further supported the link between76

Alfvénic S and auroral particle acceleration [Dombeck et al., 2005].77

In this letter, a case study is presented of an observation of intense S within the plasma78

sheet at XGSM = −7RE (9 RE in radial distance) in Geocentric Solar Magnetospheric79

(GSM) coordinates using the Magnetospheric Multiscale (MMS) mission [Burch et al.,80

2016]. The event is located near the plasma sheet boundary and is associated with fast flow81

and magnetic dipolarization signatures indicative of a BBF event. While a number of studies82

have examined S closer to Earth, the intermediate distances near 10 RE and towards the inner83

edge of the plasma sheet are an important region for understanding the energy budget asso-84

ciated with magnetotail reconnection [Angelopoulos et al., 2002; Stawarz et al., 2015]. The85

small-scale multi-spacecraft formation of MMS is used to directly probe the kinetic scale86

structure of field-aligned S for the first time. The results show the fluctuations are consistent87
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with kinetic Alfvén waves and exhibit three-dimensional (3D) structure, which has not been88

reported previously.89

2 Observations90

The event analyzed in this study was observed by MMS on 24 August 2016 in the91

Earth’s plasma sheet at XGSM ≈ −7RE , YGSM ≈ 5.4RE , and ZGSM ≈ −2RE . The rela-92

tively large |ZGSM | means the spacecraft are likely near the edge of the plasma sheet, putting93

MMS in an ideal location to examine S radiating away from the neutral sheet.94

In this study, S is defined such that101

S ≡
δE × δB

µ0
(1)

where δE and δB are the fluctuations in the electric (E) and magnetic (B) fields respectively102

and µ0 is the vacuum permeability [Wygant et al., 2000]. The fluctuations are taken to be103

the signal after a 30 s running average is removed from the data and a background magnetic104

field (B0) is defined based on the running average. Subscripts | | and ⊥ will refer to the direc-105

tions parallel and perpendicular to B0 respectively. Alignment of S with B0 is consistent with106

Alfvén waves.107

Figure 1 gives an overview of the event showing ion and electron particle distributions108

and moments from the Fast Plasma Investigation (FPI) [Pollock et al., 2016] (panels a-e), B109

from the Fluxgate Magnetometers (FGM) [Russell et al., 2016] (panel f), E from the Electric110

Field Double Probes (EDP) [Ergun et al., 2016; Lindqvist et al., 2016] (panel g), S (panel111

h), and current density (J) derived from the FGM data using the four spacecraft formation112

(panel i) [Robert et al., 1998]. Figure 1j shows in detail a section of Figure 1h during the113

time period with the strongest S and Figure 1k shows the region around the most intense S | |114

as observed by all four spacecraft. FPI data was available on only MMS3 during the event.115

Background counts associated with penetrating radiation are subtracted from the ion116

distributions in Figure 1a and the distributions with the background subtracted are used to117

compute the ion density and velocity. The background is taken to be isotropic with constant118

differential energy flux as a function of energy. The density and flow speeds are overesti-119

mated and underestimated by factors of ∼ 2 respectively due to penetrating radiation in the120

vicinity of the intense S. As can be seen in Figure 1a, the ion distributions can extend to en-121

ergies above the FPI energy range, which result in the ion temperatures (Ti) derived from the122
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Figure 1. Overview of the event analyzed in this study showing (a) ion differential energy flux with Ti in

black, (b) electron differential energy flux with Te in black, (c) ion (ni) and electron (ne) number densities, (d)

ion velocity (Vi), (e) electron velocity (Ve), (f) B with |B| in black, (g) E, (h) S with S | | in black, (i) J, (j) S

within the region marked by dashed lines in panels (a)-(i), and (k) S | | for the four spacecraft within the region

marked by dashed lines in panel (j). All vectors are given in GSM coordinates. In (k), arrows labeled n̂in and

n̂out mark the ingoing and outgoing boundaries discussed in Section 2.1 respectively.

95

96

97

98

99

100

FPI data underestimating the actual temperature. Examining the omnidirectional ion differ-123

ential energy flux from FPI and the Energetic Ion Spectrogram (EIS) [Mauk et al., 2016] and124

assuming a Maxwellian distribution gives the rough estimate Ti ≈ 15 keV, which is consis-125

tent with previous plasma sheet studies [e.g. Baumjohann, 1993; Paterson and Frank, 1994;126

Stawarz et al., 2015]. Based on the electron temperature (Te) and this estimate of Ti , ion and127

electron gyroradii (ρi and ρe) are 280 km and 2.7 km respectively and β ≈ 1.26. The space-128

craft separation is ≈ 40 km, which is between the ion and electron scales.129
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Early in the event from 06:44:00 to roughly 06:45:05 UTC the spacecraft are located130

within the lobe, as indicated by the low number density (n), providing evidence that the131

overall event is close to the edge of the plasma sheet. The spacecraft then enter the plasma132

sheet and encounter two Earthward ion flows of ≈ 700km/s, separated by another excursion133

into the lobe. A third significant enhancement in flow speed reaching ≈ 500 km/s occurs at134

roughly 06:49:30 UTC. The two initial fast flows are antiparallel to B and examination of the135

ion distributions (not shown) confirms they are associated with beams in the plasma sheet136

boundary, while the latter flow enhancement is perpendicular to B consistent with BBFs.137

Several dipolarization signatures (|Bx | GSM decreases and Bz GSM increases) are seen in138

the event, for example at 06:47:05 and 06:49:30 UTC. The latter dipolarization, which is139

marked by vertical dashed lines in Figure 1a–i and is coincident with the perpendicular fast140

flow signature, is associated with enhanced E and B fluctuations that give rise to several in-141

tense spikes in anti-field-aligned S of nearly -2 mW/m2, as well as, less intense spikes in the142

field-aligned direction. The strongest values of J within the interval are also present in the143

vicinity of the S structures. The most intense S is observed within the plasma sheet and not144

at the plasma sheet/lobe boundary.145

2.1 Poynting flux analysis146

Figure 2 plots the distribution of the cosine of the angle between S and B0. The distri-147

bution is computed for all data between 06:49:40 and 06:50:10 UTC (black line), as well as148

only for data where |S| > 0.5 mW/m2 (red line). In both cases the distributions are peaked149

at -1, indicating a propensity for strong S to be near anti-alignment with B0, consistent with150

Alfvénic fluctuations. Since MMS is located below the magnetic equator, this orientation is151

consistent with energy flux propagating away from the neutral sheet and towards the southern152

polar region. The distributions do not show bidirectional S | | propagating in both directions153

along B0.154

Based on Figure 1k, which plots S | | for all four spacecraft, differences in the times at159

which each spacecraft enters the regions of intense S are present. Based on the time differ-160

ences between boundary crossings, boundary normal directions (n̂) and normal speeds (Vn)161

can be estimated [Schwartz, 1998]. In this study the times of boundary crossings are based162

on the time at which S | | reaches a specified threshold amplitude. Varying the value of the163

threshold for each of the boundaries produces similar results and quoted values are aver-164

ages of several different thresholds. While the overall structure and several boundaries in165
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Figure 2. Distribution of the cosine of the angle between S and B0 for the interval 06:49:40 to 06:50:10

UTC, which contains the strong S | | spikes in black and for data points where |S| > 0.5 mW/m2 in red. Both

distributions show enhancements at values near −1, consistent with anti-field-aligned S traveling away from

the neutral sheet and towards Earth.
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Figure 1k show sufficient similarity between the spacecraft for the timing analysis to be rea-166

sonably performed, some boundaries, such as the one near 06:50:03.5 UTC show significant167

fluctuations that are not well correlated between spacecraft. These fluctuations may indicate168

additional substructure at scales smaller than the spacecraft separation.169

The observed fluctuations appear to be essentially linearly polarized. For linearly po-170

larized fluid or kinetic Alfvén waves, the instantaneously computed S | | varies as the square of171

the E or B ∝ cos[k · x − ωt] oscillations and the wavelength for S | | ∝ cos2[k · x − ωt] =172

0.5 + 0.5 cos[2k · x − 2ωt] will be half the size. If the plasma were not moving, Vn would be173

the wave’s phase speed. However, regardless of how the plasma motions shifts the observed174

velocities, the wave vector (k) is expected to be in the n̂ direction, which can be used to ex-175

amine the geometry of the fluctuations.176

For the ingoing and outgoing boundaries marked in Figure 1k, n̂in =[0.24, -0.39, 0.87]177

and n̂out =[0.70, 0.63, -0.32] in GSM coordinates with Vn,in = 490 km/s and Vn,out = 290178

km/s. The orientation of n̂in is nearly in the +ẑGSM direction indicating MMS was towards179
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the center of the plasma sheet prior to entering the intense S | | . In the field-aligned coordinate180

system [⊥1, ⊥2, | |], where | | is the B0 direction, ⊥1 is aligned with the perpendicular compo-181

nent of n̂in, and ⊥2 completes the right-handed coordinate system, n̂in =[0.99, 0, 0.09] and182

n̂out =[-0.36, 0.93, -0.09]. With respect to B0, these n̂ make the angles θBnin = 85◦ and183

θBnout = 95◦. The normal directions are nearly perpendicular to B0, consistent with highly184

perpendicular k. Where possible, examination of additional boundaries also gives angles185

within 10◦ of perpendicular to B0.186

While n̂in and n̂out are both nearly perpendicular to B0, there is a significant difference187

in direction of 110◦ between n̂in and n̂out giving an indication of the 3D structure of the S | |188

region. Figure 3 provides a simplified diagram of the possible configuration of the strong189

S | | region that would be consistent with n̂in and n̂out . The observations indicate there is a190

significant variation of n̂ in the perpendicular plane, indicating a non-plane-wave structure.191

Intense S|| Region
(Half Max. of S||)n ̂in ~ +ẑGSM

 n ̂out

B0

 MMS 

Trajectory λ/4

S

Figure 3. Simplified diagram, neglecting additional substructure, of the possible geometry for the region

of strong S | | in Figure 1k based on the orientations of n̂in and n̂out . Shaded gray areas indicate regions of

intense S | | . For an infinite plane wave, the intense S | | would be a series of parallel planar sheets with k in the

direction normal to the sheets. The observations indicate a distortion to the plane wave structure. The n̂in

direction is within 30◦ of ẑGSM indicating MMS was above the structure prior to entering the intense S | | .

192

193

194

195

196

Just after the ingoing boundary a dip is present in |S | | | at 06:50:03.135 UTC, which is197

only observed by MMS2. Since MMS2 was the first spacecraft to enter the S | | region, this198
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feature may be consistent with MMS skimming the opposite edge of the region. Assuming199

the boundary at 06:50:03.135 UTC is nearly perpendicular to n̂in, the thickness of the region200

in the normal direction can be estimated. The time difference between MMS2 observing the201

half-maximum of |S | | | upon entering the strong S | | region and entering the dip is ≈ 0.32 s,202

which, based on Vn,in, gives a thickness of 154 km. This thickness corresponds to a wave-203

length (λ) of 600 km or k⊥ρi ≈ 2.9 since the half-maximum width of |S | | | is expected to be204

λ/4 from theory.205

2.2 Comparison to kinetic Alfvén waves206

Kinetic Alfvén waves are a generalization of magnetohydrodynamic (MHD) Alfvén207

waves for fluctuations with k⊥ρi ≥ 1 [e.g. Hasegawa, 1976; Lysak and Lotko, 1996; Bellan,208

2012] and have been invoked in previous studies of S | | observed nearer to Earth [e.g. Wygant209

et al., 2002] or in association with BBFs [Chaston et al., 2012; Ergun et al., 2015]. While210

MHD Alfvén waves have δE⊥/δB⊥ equal to the Alfvén velocity (VA), kinetic corrections211

lead to an enhancement in δE⊥/δB⊥, which can be used to estimate k⊥ from the observa-212

tions. Based on root mean square (rms) amplitudes of δB⊥ and δE⊥ for data points where213

S | | < −0.5 mW/m2, δE⊥/δB⊥ = 7500 km/s. Alternative estimates using rms amplitudes214

from the intervals 06:49:40 to 06:50:10 UTC and 06:50:02 to 06:50:06 UTC give 6800 km/s215

and 13000 km/s respectively. All of these estimates are significantly larger than the observed216

VA = 1600 km/s and therefore the fluctuations are inconsistent with MHD Alfvén waves.217

Since β & 1, which makes it difficult to obtain analytic kinetic Alfvén wave solutions,218

numerical solutions to the linearized Maxwell-Vlasov equations for a homogeneous plasma219

[Stix, 1992] are plotted in Figure 4. The solutions assume a proton-electron plasma with220

isotropic Maxwellian background particle distributions and weak dissipation as described in221

Stawarz et al. [2015]. Figure 4 plots three kinetic Alfvén wave solutions for δE⊥/δB⊥ given222

by the expression223

δE⊥
δB⊥

=
ω

k | | − k⊥
δE| |
δE⊥

(2)

where ω is the angular frequency of the wave. The solutions use the background parameters224

B0 = 63 nT, n0 = 0.72 cm−3, and Te0 = 2600 eV based on averages of the observed data,225

where subscript 0 denotes the homogeneous background. The ratio Te0/Ti0 is varied from 0.1226

to 0.4 since Ti cannot be accurately obtained from FPI alone. The range of Te0/Ti0 is chosen227

based on the range of values observed in previous studies of BBFs [e.g. Stawarz et al., 2015].228
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Figure 4. Three numerical kinetic Alfvén wave solutions for δE⊥/δB⊥ as a function of k⊥ varying the ratio

of Te0/Ti0. The solutions use the parameters B0 = 63 nT, n0 = 0.72 cm−3, and Te0 = 2600 eV as computed

from the MMS data. Horizontal dashed lines give estimates of δE⊥/δB⊥ observed by MMS. Vertical dotted

lines give the value of k⊥ where the damping rate is one tenth the angular frequency of the wave. Observed

δE⊥/δB⊥ are consistent with λ ≈ 124 − 264 km.

229

230

231

232

233

Based on the numerical solutions, k⊥ ≈ 0.024 to 0.051 km−1 or λ ≈ 124 to 264 km.234

However, for k⊥ > 0.032 km−1 (λ < 196 km) fluctuations are likely to experience signif-235

icant damping with ratios of the damping rate to the angular frequency greater than 0.1 and236

therefore may be less likely to be observed. These length scales are larger than the 40 km237

spacecraft separation, consistent with all four spacecraft fitting within the structures at the238

same time. Timing analysis results suggest a longer wavelength of 600 km; however, given239

that the orientation of n̂ is found to vary, an overestimate based on the timing might be ex-240

pected. Furthermore, the fact that the length scales correspond to k⊥ρi ranging from 8 to 18241

means the fluctuations exhibit highly kinetic behavior since k⊥ρi ≈ 1 corresponds to the242

kinetic corrections becoming dominant.243

Another method for computing k is by examining the phase differences between the244

spacecraft of the Fourier transforms of the fluctuations [Chaston et al., 2009; Dai et al.,245

2011]. This method assumes plane-wave fluctuations, which may not be a valid assump-246
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tion for this event as found in Section 2.1. Using this method to examine the magnetic fluc-247

tuations at spacecraft-frame frequencies between 0.7 and 2 Hz for the interval 06:49:40 to248

06:50:10 UTC gives k perpendicular to B0 with |k| ≈ 0.015 to 0.02 km−1, which is broadly249

consistent with the above results.250

Kinetic Alfvén waves are also expected to have a nonzero δB | | . Based on the numer-251

ical solutions, δB | |/δB⊥ in the range expected based on δE⊥/δB⊥ varies from ≈ 0.5 − 0.7252

depending on Te0/Ti0, with smaller Te0/Ti0 resulting in larger δB | |/δB⊥. Based on the rms253

values, δB | |/δB⊥ = 0.45 for data points where S | | < −0.5 mW/m2 and δB | |/δB⊥ = 0.72 for254

the interval 06:50:02 to 06:50:06 UTC corresponding to the most intense S | | structure. Both255

of these estimates are close to the theoretical range of δB | |/δB⊥ and are therefore consistent256

with kinetic Alfvén waves.257

3 Conclusions258

In this letter, intense anti-field-aligned Poynting flux observed at 9 RE in the Earth’s259

plasma sheet has been examined using multipoint measurements from MMS. The small-scale260

formation of MMS allows for the analysis of the 3D structure of S for the first time. The anti-261

field-aligned nature means the energy flux is propagating towards the southern polar regions262

of Earth. Amplitudes of S | | are observed to approach 2 mW/m2 locally and would be consid-263

erably more intense if mapped to the auroral region, where B is much larger. The S therefore264

may drive Alfvénic aurora [Chaston et al., 2007].265

The fluctuations are found to be consistent with kinetic Alfvén waves with significant266

kinetic behavior. Perpendicular wavelengths are found to be ≈ 124-264 km compared to267

ρi ≈ 280 km, which is larger than the wavelengths of 20-120 km reported closer to Earth at268

4-6 RE [Wygant et al., 2002]. Additionally, multispacecraft analysis shows the fluctuations269

have significant variations in the normal direction consistent with a non-plane-wave struc-270

ture, which has not been demonstrated previously. The non-plane-wave structure could be271

associated with the presence of multiple waves with different k⊥ orientations and the funda-272

mentally 3D nature of the excitation mechanism.273

Similar intense S | | signatures were observed closer to the center of the plasma sheet274

in association with BBF braking events [Chaston et al., 2012; Ergun et al., 2015; Stawarz275

et al., 2015]. S | | distributions in these events tended to be skewed in the direction away from276

the neutral sheet and towards Earth, however, in some cases, intense S | | was present in both277
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directions within a single event. Additionally, Pritchett et al. [2014] report simulations with278

similar wave activity near the edge of the plasma sheet in association with BBFs. On the279

other hand, Shay et al. [2011] showed the reconnection event could lead to a unidirectional280

kinetic Alfvén wave signature near the separatrix of comparable strength to these observa-281

tions.282

The event examined in this study, which was likely located towards the edge of the283

plasma sheet, showed a strong propensity of anti-field-aligned S | | with relatively little field-284

aligned S | | . S | | appears to be coincident with dipolarization/flow signatures associated with285

BBF braking. If MMS encountered the edge of the BBF braking region, these observations286

may be consistent with the BBF braking region acting as a source of Alfvénic Poynting flux,287

which then radiates away from the neutral sheet and towards the auroral regions. In this sce-288

nario, the radiation of kinetic-scale fluctuations, as observed, instead of MHD-scale Alfvén289

waves may result from a turbulent cascade, which transfers energy to the small-scale fluc-290

tuations [Stawarz et al., 2015]. However, for magnetotail reconnection the separatrix is ex-291

pected to be in the vicinity of the plasma sheet boundary and therefore it is also conceivable292

that MMS is observing this signature. Since MMS entered the intense S | | from within the293

plasma sheet, the motion of the ingoing boundary in the +ẑGSM direction may be consistent294

with this scenario. In principle, one might expect that if the trajectories of MMS are moving295

in and out of the S structures near the separatrix due to the motion of the magnetotail, the296

spacecraft might move from the plasma sheet to the lobe plasma as they travel through the297

structure. However, the distance of the spacecraft from the lobe is unclear from the observa-298

tions and since S would extend to some distance away from the separatrix, it is also possi-299

ble for the MMS trajectories to skim the region without crossing into the lobe. Additionally300

it may be possible for both of these source mechanism to be operating simultaneously and301

therefore MMS may observe S associated with both mechanisms.302

At present it is unclear how to separate the contributions from the two source mecha-303

nisms in this region, but examination of simultaneous observations of the BBF braking re-304

gion near the center of the plasma sheet and towards the edge of the plasma sheet may shed305

additional light on the source of intense S | | in the inner magnetotail. Additionally, measure-306

ments from MMS farther down tail, after the apogee has been raised to 25 RE , may provide307

additional insight on S | | near the separatrix. The highly kinetic nature of the fluctuations ob-308

served in this study also implies that local dissipation of some energy may be occurring as309
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suggested by Angelopoulos et al. [2002] and observed by Chaston et al. [2014], which could310

be examined through the use of statistical studies.311

In summary, this work provides new insight on intense S | | observed in the near-Earth312

magnetosphere. The radiation of S | | provides an important pathway for the transport of en-313

ergy released by reconnection to the auroral region. The small-scale multi-spacecraft anal-314

ysis reaveals 3D structure associated with S | | , which may be linked to the 3D nature of the315

driving mechanism. The 3D structure makes it difficult to obtain the length scale of the fluc-316

tuations directly from the timing analysis; however, analysis of δE⊥/δB⊥ indicates fluctua-317

tions consistent with highly kinetic Alfvén waves. The driving mechanism for the fluctua-318

tions may be associated with the BBF braking region and/or the magnetic reconnection sepa-319

ratrix; further analysis of S in different regions of the magnetotail will elucidate their relative320

importance.321

Acknowledgments322

This work is supported by STFC(UK) grants ST/N000692/1 and ST/K001051/1 and NSF323

grant AGS-1219382. The authors thank the entire MMS team for their work on the mission324

and Rishi Mistry for useful discussions. Data is publicly available from the MMS Science325

Data Center at http://lasp.colorado.edu/mms/sdc/.326

References327

Angelopoulos, V., C. F. Kennel, F. V. Coroniti, R. Pellat, M. G. Kivelson, R. J. Walker, C. T.328

Russell, W. Baumjohann, W. C. Feldman, and J. T. Gosling (1994), Statistical characteris-329

tics of bursty bulk flow events, J. Geophys. Res., 99, 21, doi:10.1029/94JA01263.330

Angelopoulos, V., J. A. Chapman, F. S. Mozer, J. D. Scudder, C. T. Russell, K. Tsuruda,331

T. Mukai, T. J. Hughes, and K. Yumoto (2002), Plasma sheet electromagnetic power332

generation and its dissipation along auroral field lines, J. Geophys. Res., 107, 1181, doi:333

10.1029/2001JA900136.334

Angelopoulos, V., J. P. McFadden, D. Larson, C. W. Carlson, S. B. Mende, H. Frey, T. Phan,335

D. G. Sibeck, K.-H. Glassmeier, U. Auster, E. Donovan, I. R. Mann, I. J. Rae, C. T. Rus-336

sell, A. Runov, X.-Z. Zhou, and L. Kepko (2008), Tail Reconnection Triggering Substorm337

Onset, Science, 321, 931, doi:10.1126/science.1160495.338

Baumjohann, W. (1993), The Near Earth Plasma Sheet - an AMPTE / IRM Perspective,339

Space Sci. Rev., 64, 141–163, doi:10.1007/BF00819660.340

–13–



Confidential manuscript submitted to Geophysical Research Letters

Baumjohann, W., G. Paschmann, and H. Luehr (1990), Characteristics of high-341

speed ion flows in the plasma sheet, J. Geophys. Res., 95, 3801–3809, doi:342

10.1029/JA095iA04p03801.343

Bellan, P. M. (2012), Improved basis set for low frequency plasma waves, J. Geophys. Res.,344

117, A12219, doi:10.1029/2012JA017856.345

Burch, J. L., T. E. Moore, R. B. Torbert, and B. L. Giles (2016), Magnetospheric Multiscale346

Overview and Science Objectives, Space Sci. Rev., 199, 5–21, doi:10.1007/s11214-015-347

0164-9.348

Chaston, C. C., J. W. Bonnell, L. M. Peticolas, C. W. Carlson, J. P. McFadden, and R. E. Er-349

gun (2002), Driven Alfven waves and electron acceleration: A FAST case study, Geophys.350

Res. Lett., 29, 1535, doi:10.1029/2001GL013842.351

Chaston, C. C., J. W. Bonnell, C. W. Carlson, J. P. McFadden, R. E. Ergun, and R. J. Strange-352

way (2003), Properties of small-scale Alfvén waves and accelerated electrons from FAST,353

J. Geophys. Res., 108, 8003, doi:10.1029/2002JA009420.354

Chaston, C. C., C. W. Carlson, J. P. McFadden, R. E. Ergun, and R. J. Strangeway (2007),355

How important are dispersive Alfvén waves for auroral particle acceleration?, Geophys.356

Res. Lett., 34, L07101, doi:10.1029/2006GL029144.357

Chaston, C. C., J. R. Johnson, M. Wilber, M. Acuna, M. L. Goldstein, and H. Reme (2009),358

Kinetic Alfvén Wave Turbulence and Transport through a Reconnection Diffusion Region,359

Phys. Rev. Lett., 102(1), 015001, doi:10.1103/PhysRevLett.102.015001.360

Chaston, C. C., J. W. Bonnell, L. Clausen, and V. Angelopoulos (2012), Correction to “En-361

ergy transport by kinetic-scale electromagnetic waves in fast plasma sheet flows”, J. Geo-362

phys. Res., 117, A12205, doi:10.1029/2012JA018476.363

Chaston, C. C., J. W. Bonnell, and C. Salem (2014), Heating of the plasma sheet364

by broadband electromagnetic waves, Geophys. Res. Lett., 41, 8185–8192, doi:365

10.1002/2014GL062116.366

Chen, C. X., and R. A. Wolf (1993), Interpretation of high-speed flows in the plasma sheet,367

J. Geophys. Res., 98, 21, doi:10.1029/93JA02080.368

Dai, L., J. R. Wygant, C. Cattell, J. Dombeck, S. Thaller, C. Mouikis, A. Balogh, and369

H. Rème (2011), Cluster observations of surface waves in the ion jets from magneto-370

tail reconnection, Journal of Geophysical Research (Space Physics), 116, A12227, doi:371

10.1029/2011JA017004.372

Dombeck, J., C. Cattell, J. R. Wygant, A. Keiling, and J. Scudder (2005), Alfvén waves and373

–14–



Confidential manuscript submitted to Geophysical Research Letters

Poynting flux observed simultaneously by Polar and FAST in the plasma sheet boundary374

layer, J. Geophys. Res., 110, A12S90, doi:10.1029/2005JA011269.375

Eastwood, J. P., T. D. Phan, J. F. Drake, M. A. Shay, A. L. Borg, B. Lavraud, and M. G. G. T.376

Taylor (2013), Energy Partition in Magnetic Reconnection in Earth’s Magnetotail, Phys.377

Rev. Lett., 110(22), 225001, doi:10.1103/PhysRevLett.110.225001.378

El-Alaoui, M., R. L. Richard, M. Ashour-Abdalla, M. L. Goldstein, and R. J. Walker379

(2013), Dipolarization and turbulence in the plasma sheet during a substorm: THEMIS380

observations and global MHD simulations, J. Geophys. Res., 118, 7752–7761, doi:381

10.1002/2013JA019322.382

Ergun, R. E., K. A. Goodrich, J. E. Stawarz, L. Andersson, and V. Angelopoulos (2015),383

Large-amplitude electric fields associated with bursty bulk flow braking in the Earth’s384

plasma sheet, J. Geophys. Res., 120, 1832–1844, doi:10.1002/2014JA020165.385

Ergun, R. E., S. Tucker, J. Westfall, K. A. Goodrich, D. M. Malaspina, D. Summers, J. Wal-386

lace, M. Karlsson, J. Mack, N. Brennan, B. Pyke, P. Withnell, R. Torbert, J. Macri, D. Rau,387

I. Dors, J. Needell, P.-A. Lindqvist, G. Olsson, and C. M. Cully (2016), The Axial Double388

Probe and Fields Signal Processing for the MMS Mission, Space Sci. Rev., 199, 167–188,389

doi:10.1007/s11214-014-0115-x.390

Hasegawa, A. (1976), Particle acceleration by MHD surface wave and formation of aurora, J.391

Geophys. Res., 81, 5083–5090, doi:10.1029/JA081i028p05083.392

Keiling, A., J. R. Wygant, C. Cattell, M. Temerin, F. S. Mozer, C. A. Kletzing, J. Scud-393

der, C. T. Russell, W. Lotko, and A. V. Streltsov (2000), Large Alfvén wave power in the394

plasma sheet boundary layer during the expansion phase of substorms, Geophys. Res.395

Lett., 27, 3169–3172, doi:10.1029/2000GL000127.396

Keiling, A., J. R. Wygant, C. Cattell, W. Peria, G. Parks, M. Temerin, F. S. Mozer, C. T. Rus-397

sell, and C. A. Kletzing (2002), Correlation of Alfvén wave Poynting flux in the plasma398

sheet at 4-7 RE with ionospheric electron energy flux, J. Geophys. Res., 107, 1132, doi:399

10.1029/2001JA900140.400

Lindqvist, P.-A., G. Olsson, R. B. Torbert, B. King, M. Granoff, D. Rau, G. Needell,401

S. Turco, I. Dors, P. Beckman, J. Macri, C. Frost, J. Salwen, A. Eriksson, L. Åhlén, Y. V.402

Khotyaintsev, J. Porter, K. Lappalainen, R. E. Ergun, W. Wermeer, and S. Tucker (2016),403

The Spin-Plane Double Probe Electric Field Instrument for MMS, Space Sci. Rev., 199,404

137–165, doi:10.1007/s11214-014-0116-9.405

Lysak, R. L., and W. Lotko (1996), On the kinetic dispersion relation for shear Alfvén waves,406

–15–



Confidential manuscript submitted to Geophysical Research Letters

J. Geophys. Res., 101, 5085–5094, doi:10.1029/95JA03712.407

Mauk, B. H., J. B. Blake, D. N. Baker, J. H. Clemmons, G. D. Reeves, H. E. Spence, S. E.408

Jaskulek, C. E. Schlemm, L. E. Brown, S. A. Cooper, J. V. Craft, J. F. Fennell, R. S.409

Gurnee, C. M. Hammock, J. R. Hayes, P. A. Hill, G. C. Ho, J. C. Hutcheson, A. D.410

Jacques, S. Kerem, D. G. Mitchell, K. S. Nelson, N. P. Paschalidis, E. Rossano, M. R.411

Stokes, and J. H. Westlake (2016), The Energetic Particle Detector (EPD) Investigation412

and the Energetic Ion Spectrometer (EIS) for the Magnetospheric Multiscale (MMS) Mis-413

sion, Space Sci. Rev., 199, 471–514, doi:10.1007/s11214-014-0055-5.414

Paterson, W. R., and L. A. Frank (1994), Survey of plasma parameters in Earth’s dis-415

tant magnetotail with the Geotail spacecraft, Geophys. Res. Lett., 21, 2971–2974, doi:416

10.1029/94GL02105.417

Pollock, C., T. Moore, A. Jacques, J. Burch, U. Gliese, Y. Saito, T. Omoto, L. Avanov,418

A. Barrie, V. Coffey, J. Dorelli, D. Gershman, B. Giles, T. Rosnack, C. Salo, S. Yokota,419

M. Adrian, C. Aoustin, C. Auletti, S. Aung, V. Bigio, N. Cao, M. Chandler, D. Chornay,420

K. Christian, G. Clark, G. Collinson, T. Corris, A. De Los Santos, R. Devlin, T. Diaz,421

T. Dickerson, C. Dickson, A. Diekmann, F. Diggs, C. Duncan, A. Figueroa-Vinas, C. Fir-422

man, M. Freeman, N. Galassi, K. Garcia, G. Goodhart, D. Guererro, J. Hageman, J. Han-423

ley, E. Hemminger, M. Holland, M. Hutchins, T. James, W. Jones, S. Kreisler, J. Kujawski,424

V. Lavu, J. Lobell, E. LeCompte, A. Lukemire, E. MacDonald, A. Mariano, T. Mukai,425

K. Narayanan, Q. Nguyan, M. Onizuka, W. Paterson, S. Persyn, B. Piepgrass, F. Cheney,426

A. Rager, T. Raghuram, A. Ramil, L. Reichenthal, H. Rodriguez, J. Rouzaud, A. Rucker,427

Y. Saito, M. Samara, J.-A. Sauvaud, D. Schuster, M. Shappirio, K. Shelton, D. Sher,428

D. Smith, K. Smith, S. Smith, D. Steinfeld, R. Szymkiewicz, K. Tanimoto, J. Taylor,429

C. Tucker, K. Tull, A. Uhl, J. Vloet, P. Walpole, S. Weidner, D. White, G. Winkert, P.-430

S. Yeh, and M. Zeuch (2016), Fast Plasma Investigation for Magnetospheric Multiscale,431

Space Sci. Rev., 199, 331–406, doi:10.1007/s11214-016-0245-4.432

Pritchett, P. L., F. V. Coroniti, and Y. Nishimura (2014), The kinetic ballooning/interchange433

instability as a source of dipolarization fronts and auroral streamers, J. Geophys. Res., 119,434

4723–4739, doi:10.1002/2014JA019890.435

Robert, P., M. W. Dunlop, A. Roux, and G. Chanteur (1998), Accuracy of Current Density436

Determination, ISSI Scientific Reports Series, 1, 395–418.437

Russell, C. T., B. J. Anderson, W. Baumjohann, K. R. Bromund, D. Dearborn, D. Fischer,438

G. Le, H. K. Leinweber, D. Leneman, W. Magnes, J. D. Means, M. B. Moldwin, R. Naka-439

–16–



Confidential manuscript submitted to Geophysical Research Letters

mura, D. Pierce, F. Plaschke, K. M. Rowe, J. A. Slavin, R. J. Strangeway, R. Torbert,440

C. Hagen, I. Jernej, A. Valavanoglou, and I. Richter (2016), The Magnetospheric Multi-441

scale Magnetometers, Space Sci. Rev., 199, 189–256, doi:10.1007/s11214-014-0057-3.442

Schwartz, S. J. (1998), Shock and Discontinuity Normals, Mach Numbers, and Related Pa-443

rameters, ISSI Scientific Reports Series, 1, 249–270.444

Sergeev, V. A., V. Angelopoulos, and R. Nakamura (2012), Recent advances in understand-445

ing substorm dynamics, Geophys. Res. Lett., 39, L05101, doi:10.1029/2012GL050859.446

Shay, M. A., J. F. Drake, J. P. Eastwood, and T. D. Phan (2011), Super-Alfvénic Propagation447

of Substorm Reconnection Signatures and Poynting Flux, Phys. Rev. Lett., 107(6), 065001,448

doi:10.1103/PhysRevLett.107.065001.449

Shiokawa, K., W. Baumjohann, and G. Haerendel (1997), Braking of high-speed flows in the450

near-Earth tail, Geophys. Res. Lett., 24, 1179–1182, doi:10.1029/97GL01062.451

Shiokawa, K., I. Shinohara, T. Mukai, H. Hayakawa, and C. Z. Cheng (2005), Magnetic452

field fluctuations during substorm-associated dipolarizations in the nightside plasma sheet453

around X = -10 RE , J. Geophys. Res., 110, A05212, doi:10.1029/2004JA010378.454

Stawarz, J. E., R. E. Ergun, and K. A. Goodrich (2015), Generation of high-frequency elec-455

tric field activity by turbulence in the Earth’s magnetotail, J. Geophys. Res., 120, 1845–456

1866, doi:10.1002/2014JA020166.457

Stix, T. H. (1992), Waves in Plasmas, Springer-Verlag, New York.458

Wygant, J. R., A. Keiling, C. A. Cattell, M. Johnson, R. L. Lysak, M. Temerin, F. S.459

Mozer, C. A. Kletzing, J. D. Scudder, W. Peterson, C. T. Russell, G. Parks, M. Brit-460

tnacher, G. Germany, and J. Spann (2000), Polar spacecraft based comparisons of in-461

tense electric fields and Poynting flux near and within the plasma sheet-tail lobe bound-462

ary to UVI images: An energy source for the aurora, J. Geophys. Res., 105, 18, doi:463

10.1029/1999JA900500.464

Wygant, J. R., A. Keiling, C. A. Cattell, R. L. Lysak, M. Temerin, F. S. Mozer, C. A. Kletz-465

ing, J. D. Scudder, V. Streltsov, W. Lotko, and C. T. Russell (2002), Evidence for kinetic466

Alfvén waves and parallel electron energization at 4-6 RE altitudes in the plasma sheet467

boundary layer, J. Geophys. Res., 107, 1201, doi:10.1029/2001JA900113.468

–17–


