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Abstract

In planetary bow shocks, binary particle collisions cannot mediate the conversion of upstream bulk flow energy into downstream

thermal energy, and wave-particle interactions in part assume this role. Understanding the contribution of waves to shock

heating requires knowledge of the modes that propagate in different classes of shocks; we describe the growth patterns of

whistler waves within the Venusian bow shock. Waves with frequencies $f \lesssim 0.1 f {ce}$, where $f {ce}$ is the electron

cyclotron frequency, preferentially grow at local minima in the background magnetic field $|B 0|$. Quasi-parallel propagating

whistlers with frequencies between $0.1 f {ce}$ and $0.3 f {ce}$ are strongest at the downstream ramps of these $|B 0|$ minima.

Immediately downstream of the shock, whistlers with frequencies $f < 0.1 f {ce}$ propagate more than 80$ˆ\circ{}$ oblique

from $\vec{B} 0$ and have elliptically polarized $\vec{B}$ fields. A prediction from kinetic theory of the orientation of these

waves’ $\vec{B}$ ellipses is confirmed to high accuracy.
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Key Points:18

• Whistler wave growth patterns within the Venusian bow shock have some simi-19

larities with those in Earth’s bow shock.20

• Some whistler waves downstream of the Venusian bow shock propagate at angles21

more than 80◦ oblique to the background magnetic field.22

• These waves have elliptical magnetic field polarization that is found to be in strong23

agreement with predictions from kinetic theory.24
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Abstract25

In planetary bow shocks, binary particle collisions cannot mediate the conversion of up-26

stream bulk flow energy into downstream thermal energy, and wave-particle interactions27

in part assume this role. Understanding the contribution of waves to shock heating re-28

quires knowledge of the modes that propagate in different classes of shocks; we describe29

the growth patterns of whistler waves within the Venusian bow shock. Waves with fre-30

quencies f . 0.1fce, where fce is the electron cyclotron frequency, preferentially grow31

at local minima in the background magnetic field |B0|. Quasi-parallel propagating whistlers32

with frequencies between 0.1fce and 0.3fce are strongest at the downstream ramps of these33

|B0| minima. Immediately downstream of the shock, whistlers with frequencies f < 0.1fce34

propagate more than 80◦ oblique from ~B0 and have elliptically polarized ~B fields. A pre-35

diction from kinetic theory of the orientation of these waves’ ~B ellipses is confirmed to36

high accuracy.37

Plain Language Summary38

When particles moving faster than the speed of sound encounter an obstacle, a shock39

wave forms. This happens, for example, when the electrons and protons streaming away40

from the Sun flow into planets. When particles pass through a shock wave, their tem-41

perature increases and their flow speed decreases. This heating and slowing process is42

in part mediated by the interaction between collective particle motions (i.e. waves) and43

individual particles. One type of wave that propagates within and near astrophysical shocks,44

called a whistler wave, consists of electrons revolving in concert with rotating electric45

and magnetic fields. This wave is generated in many of the same locations at Venus’s46

shock as at Earth’s. Also, the wave’s magnetic field rotates in an ellipse instead of a cir-47

cle when the wave’s propagation direction is sufficiently unaligned with the background48

magnetic field.49

1 Introduction50

The first examination of whistler waves at Venus was stimulated by measurements51

from Pioneer Venus of 100 Hz electric field power in the planet’s magnetosheath (Scarf52

et al., 1980). These waves were initially suspected to be whistlers, but a lack of coincid-53

ing magnetic field measurements prevented definitive mode identification, and they have54

also been suspected to be lower hybrid waves (Szegö et al., 1991) and ion-acoustic waves55

(Strangeway & Crawford, 1993).56

Venus Express observed 1 Hz circularly polarized magnetic field fluctuations up-57

stream of the bow shock consistent with Doppler shifted whistlers (Orlowski & Russell,58

1991; Xiao et al., 2020). These waves have many similarities with 1 Hz waves seen in the59

corresponding region at Earth, and are thought to grow at the shock and damp out as60

they propagate upstream.61

We focus on whistler waves in the bow shock and compare our observations with62

those of Pioneer Venus and Venus Express when possible, but primarily use measure-63

ments of Earth’s bow shock to provide context. Whistler waves have been documented64

more extensively at Earth than at Venus (e.g. Olson et al., 1969; Holzer et al., 1972; Ro-65

driguez & Gurnett, 1975), and contemporary observatories at Earth such as the Mag-66

netospheric Multiscale (MMS) mission provide a detailed view of wave-fields and par-67

ticle dynamics (Burch et al., 2016).68

Two bands of whistler waves are found in Earth’s perpendicular bow shock: one69

propagating quasi-parallel to ~B0 with f > 0.1fce and another propagating oblique to70

~B0 with f . 0.1fce (e.g. Y. Zhang et al., 1999; Hull et al., 2012, 2020; Wilson III et71

al., 2014). The low frequency whistlers are sufficiently strong (∆B/|B0| ∼ 0.1− 1) to72
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affect the macroscopic magnetic structure of the shock, and their magnetic field minima73

are correlated with the higher frequency waves (Hull et al., 2012, 2020).74

Simulations show that the large |B| gradients of the f . 0.1fce waves scatter elec-75

trons, thereby trapping them in |B| minima, where they have a perpendicular temper-76

ature anisotropy that may generate the high frequency whistlers (e.g. Oka et al., 2019).77

The high frequency waves, in turn, scatter electrons via cyclotron resonance (e.g. Oka78

et al., 2017).79

Parker Solar Probe’s (PSP’s) measurements in the Venusian shock show a similarly80

structured spectrum of whistler waves, suggesting that the electron acceleration mech-81

anisms operating at Earth may also operate here. Similarities in dynamics at Venus and82

Earth also point to universal processes in magnetized collisionless shocks, insensitive to83

such factors as the solar wind density, the upstream magnetic field strength, or the pres-84

ence of a planetary magnetic field.85

In addition, directly downstream of the shock discontinuity in ~B0, PSP’s observa-86

tions reveal whistlers with f . 0.1fce that propagate ∼ 80◦ oblique to ~B0 with mag-87

netic field ellipticity < 0.6. The orientations of the semimajor and semiminor axes of88

these waves’ ~B fields strongly agree with predictions from kinetic theory (Verkhoglyadova89

et al., 2013; Remya et al., 2016).90

2 Data91

Although it is primarily designed to study the Sun, PSP will also take measure-92

ments in the bow shock, magnetosheath, magnetosphere, and upper ionosphere of Venus93

over seven planned flybys. Each flyby, or Venus Gravity Assist (VGA), transfers some94

of PSP’s orbital energy to the planet, decreasing PSP’s distance to the Sun at perihe-95

lion. We use data from the first VGA, which is illustrated in Figure 1.a.96

The FIELDS instrument on PSP measures the magnetic field from DC to 293 Hz97

using two fluxgate magnetometers and from 10 Hz to 50 kHz using a search-coil mag-98

netometer (Bale et al., 2016). The SCaM data product, which is used for this study, merges99

the measurements from these two instruments to produce time series data that put high100

frequency oscillations into the context of the background field variations (Bowen et al.,101

2020).102

FIELDS measures the electric field in two coordinate directions using four 2 m an-103

tennas. They are arranged into two approximately orthogonal dipoles, each consisting104

of two antennas mounted 3 m from one another. During the time period studied, the Dig-105

ital Fields Board component of FIELDS continuously sampled these dipoles at 293 Hz106

(Malaspina et al., 2016).107

Minimum Variance Analysis (MVA) of the magnetic field is used to determine wave108

propagation angles relative to the background magnetic field ~B0 (Sonnerup & Scheible,109

1998). For an elliptically polarized wave, MVA finds the axis around which ~B is polar-110

ized, thereby determining k̂ with a 180◦ ambiguity. MVA’s results are quoted using the111

symbol θ±~k− ~B0
, which denotes either the angle between ~k and ~B0 or the angle between112

−~k and ~B0 – whichever is smaller.113

The SWEAP instrument suite characterizes the electron and ion populations en-114

countered by PSP (Kasper et al., 2016). A pair of electrostatic analyzers (SPAN-E) mea-115

sure the full 3D electron velocity distribution function; we use SPAN-E’s estimates of116

the electron density and temperature (Whittlesey et al., 2020). We also use measurements117

of the proton density, proton temperature, and bulk plasma velocity from the Faraday118

cup (SPC) component of SWEAP (Case et al., 2020).119
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3 Whistler Wave Activity at the Bow Shock120

Figure 1. Panel (a): the flyby geometry. The solid black line is PSP’s trajectory; it starts at

the bottom left, which is anti-sunward and dawnward of Venus (yellow circle). The trajectory lies

approximately in the ecliptic. A global bow shock model from T. Zhang et al. (2008) is shown

with a dotted line. The bow shock locations from PSP’s flyby are marked by purple dots, which

correspond to the purple hashes above panel (b). We focus on the bow shock crossings labeled 1

and 3, whose shock normal angles and Alfvén Mach numbers are listed at the top of the Figure.

The magnetic field in panel (b) is in VSO coordinates, and the gray shading marks locations of

whistler waves. Panel (c): The power spectral density (PSD) of the magnetic field in dB above a

background averaged over the surrounding three minutes of each spectrum. The black lines mark

0.1fce and 0.3fce; they are Gaussian smoothed with a standard deviation of 1 s in order to avoid

obscuring the spectra. Panel (d): The PSD of the electric field normalized in the same manner as

the ~B PSD. This normalization diminishes continuous electrostatic power in the magnetosheath

that extends from DC to the 150 Hz Nyquist frequency. These broadband emissions and the

more narrowband electromagnetic power in panels (c) and (d) likely both contributed to the 100

Hz electric activity reported in (Scarf et al., 1980). Panel (e): the electron density moment. The

time resolution is about one measurement every 28 seconds; data gaps are present in regions of

high moment uncertainty.

Whistler emissions during PSP’s flyby of Venus began roughly a minute prior to121

the first bow shock crossing, which corresponds to a displacement of 0.24 rv in the anti-122

sunward direction and 0.13 rv in the dawn direction, where rv is the radius of Venus. At123

low frequencies, both ~E and ~B feature erratic fluctuations with spectral peaks near 1 Hz.124

The wave amplitude ∆B is 1-2 nT in a 6 nT background field, and MVA over single wave125
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cycles shows circular polarization of ~B with θ±~k− ~B0
∼ 30◦. 1 Hz whistlers have been126

detected before in the upstream regions of Venus (Orlowski & Russell, 1991; Xiao et al.,127

2020), Mars (Brain et al., 2002), and Earth (e.g. Fairfield, 1974), almost exclusively in128

areas magnetically connected to the shock. We observe them to be strongest directly ad-129

jacent to the shock, which is consistent with prior observations, and suggests that they130

are generated here and damp out as they propagate upstream.131

Figure 1 shows that this upstream region also contains higher frequency whistlers132

(0.1fce < f < 0.3fce), which have amplitudes near 0.15 nT and propagate parallel to133

~B0. Again, similar waves have been previously seen at Earth, both in the free solar wind134

and electron foreshock, and could indicate the presence of an upstream traveling elec-135

tron beam that excites a cyclotron resonance (Olson et al., 1969; Y. Zhang et al., 1998).136

We focus on the upstream-to-downstream bow shock crossings at 08:22:30 and 08:29:00137

(labeled 1 and 3 above Figure 1.b), which occurred 3 - 4 rv anti-sunward of Venus and138

together contain a representative sample of whistler waves. Upstream pointing shock nor-139

mal vectors n̂ were found by applying magnetic field coplanarity (Paschmann & Daly,140

1998). They suggest shock normal angles θn̂− ~B0,up
in the ranges of 20◦−40◦ and 10◦−141

20◦ for the 08:22:30 and 08:29:00 shocks, respectively. In the same order, the Alfvén Mach142

numbers of these shocks are about 6 and 8.143

Figure 2 shows whistler waves at multiple frequencies during the bow shock cross-144

ing at 08:29. The hodograms of the wave in Figure 2, region (a) (hereafter referred to145

as region 2.a) are bandpass filtered between 20 and 40 Hz. The ~B field hodogram is in146

the minimum variance plane, and shows coherent circular polarization. The propagation147

angle relative to the magnetic field θ±~k− ~B0
here is about 24◦.148

The orange ellipse in the ~E hodogram is the projection of a circle around ~B0 into149

the ~E field measurement plane. The size of the circle has been chosen to allow compar-150

ison with the data, and is not otherwise motivated. Although the ~E field is not as co-151

herent as the ~B field, it approximately traces out the orange ellipse over two of the three152

wave cycles plotted, as expected for a quasi-parallel whistler wave.153

Their hodograms are not presented, but the waves around 08:29:05.0 are similar,154

propagating 20◦ from ~B0 at frequencies near 30 Hz. Both of these example waves are155

segments of 0.1fce < f < 0.3fce fluctuation power that grows out of minima in |B0|156

and subsequently decays. The events begin with low frequency waves of the type in re-157

gion 2.b, and higher frequency waves grow as |B0| increases. A similar pattern is seen158

from 08:29:05.5 to 08:29:05.8, although the |B0| trough is substantially shallower here,159

and the subsequent waves (e.g. in region 2.c) decay more quickly.160

Interacting whistler waves at different frequencies have also been observed in Earth’s161

bow shock (Hull et al., 2012, 2020). A band with f ∼ 0.1 − 0.5fce and ∆B/|B0| ∼162

0.01 propagates quasi-parallel to ~B0 and is excited by lower frequency whistlers. The small163

amplitude waves in regions 2.a and 2.c may be representatives of an analogous band at164

Venus. At Earth, the low frequency waves are in the range of the lower hybrid frequency165

(flh) and propagate oblique to ~B0 with ∆B/|B0| ∼ 0.1−1 (Hull et al., 2020). The rel-166

atively large amplitude whistlers in Figure 2 (e.g. in region 2.b, where ∆B/|B0| ∼ 0.06)167

also propagate oblique to ~B0 and have frequencies similar to the mean of value of flh,168

∼5 Hz, in the time span shown.169

The region 2.b hodograms are bandpass filtered between 8 and 12 Hz. In β & 0.1170

conditions, oblique whistler waves should have elliptical polarization of ~B (Verkhoglyadova171

et al., 2013; Remya et al., 2016). In region 2.b, β > 1, so the approximately circular172

polarization here is surprising. Still, it is clear that ~E and ~B are coupled and constitute173

an electromagnetic wave – their cross coherence is approximately 1 in a 4 Hz-wide band174
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Figure 2. Whistler waves at multiple scales within the bow shock. The top panel shows an

overview of the magnetic field magnitude. The vertical dashed black lines mark the time limits of

the next three panels. Panels 2 and 3 show magnetic field in VSO coordinates and electric field in

spacecraft coordinates; both are high-pass filtered above 4 Hz. We plot the potential differences

measured by the antennas instead of the electric field due to lack of knowledge of the effective

antenna lengths during this time. For each of the regions labeled (a), (b), (c), and (d), there are

two hodograms: one of ~B and one of ~E. The ~B field hodogram is in the minimum variance plane.

The ~E field hodogram is in the spacecraft X-Y plane. The orange trace is the projection of a

circle around ~B0 into the ~E field measurement plane. To the right of each ~B hodogram, either R

or L is written, which stand for right- or left-handed rotation of ~B about ~B0. The appearance of

left-handed polarization for the region (b) wave is addressed in Section 4.3.
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centered at 10 Hz. Black dots have been added to their hodograms at three equally spaced175

positions starting at t = 0. The fields both spiral inwards as the wave decays.176

4 f < 0.1fce Whistler Waves Propagating > 80◦ Oblique to ~B0177

Figure 3. Low frequency whistler waves in the magnetic ramp of the 08:22:30 bow shock

crossing. For the quasi-parallel propagating waves in regions (a) and (b), disagreement between

the electric field hodograms and the orange ellipse is unexpected, and may be caused by instru-

mental distortion of the ~E field. The elliptical polarization of ~B seen for the oblique waves in

regions (c) and (d) is expected in warm plasmas. These waves have left-handed polarization

about ~B0 in the spacecraft frame, which is discussed in Section 4.3 and is likely due to Doppler

shifting.
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4.1 Polarization of ~B178

The 08:22:30 bow shock crossing is presented in Figure 3. Downstream of the ~B0179

shock discontinuities, the 08:22:30 and 08:29:00 crossings both feature very oblique waves,180

examples of which are in regions 2.d, 3.c, and 3.d. To isolate these waves from the broad-181

band low frequency spectrum, 2nd order Butterworth filters with 4 Hz-wide passbands182

were applied to the data. The resulting waveforms have elliptically polarized ~B, in agree-183

ment with predictions by Verkhoglyadova et al. (2013) for oblique whistlers in warm plas-184

mas. In cold plasmas, ~B is circularly polarized regardless of the propagation angle θ~k− ~B0
;185

the observed ellipticity is caused by thermal electron motion (Verkhoglyadova et al., 2010).186

We denote the maximum and intermediate variance directions determined by MVA187

as ε̂MVA B,1 and ε̂MVA B,2, respectively. ẑ′ is defined as the direction (either k̂ or -k̂)188

around which ~B rotates in a right-handed sense. Following Verkhoglyadova et al. (2010),189

we also define ŷ as a unit vector in the B̂0 × ẑ′ direction and x̂′ = ŷ × ẑ′.190

As illustrated in Figure 4, ~B’s semimajor axis should lie in the x̂′ direction and its191

semiminor axis should lie in the ŷ direction (Verkhoglyadova et al., 2013; Remya et al.,192

2016). We find in each of the regions 2.d, 3.c, and 3.d, |ε̂MVA B,2 · ŷ| > 0.98, confirm-193

ing theoretical predictions. |ε̂MVA B,1 · x̂′| ∼ 1 naturally follows.194

Figure 4. Polarization of oblique whistler waves. Panel (a) demonstrates that ~B0, the po-

larization axis of ~E (ẑ′′), and the polarization axis of ~B (ẑ′) are co-planar. Here ẑ′ and ẑ′′ are

defined to be the directions around which ~B and ~E rotate in a right-handed sense. Equation 1

provides a relationship between ~B ellipticity, ~E ellipticity, and θ + χ. For the wave illustrated,

this is satisfied by |By/B
′
x| ≈ 1/2.75, |E′′x/Ey| ≈ 4.25, and θ + χ ≈ 85◦. For the direction of ẑ′

shown, the blue and brown shadings in panel (d) mark allowed orientations for ẑ′′ under various

assumptions – the brown sector may not be allowed. See the text for details.

4.2 Polarization of ~E195

Kinetic theory and Maxwell’s equations make predictions for the electric field po-196

larization that we did not observe, most likely due to instrumental effects. For the fol-197

lowing, ẑ′ is again the axis around which ~B rotates in a right-handed sense, and θ is its198

inclination from ~B0. ẑ′′ is the axis around which ~E rotates in a right-handed sense, and199

χ is its inclination from ~B0.200

For plasma with an electron velocity distribution function of the form f(v2⊥, v‖) in201

a uniform background ~B0, ẑ′′ is coplanar with k̂ and B̂0 (Krall & Trivelpiece, 1973; Verkho-202

glyadova et al., 2013). In addition, from Faraday’s law, ~E and ~B must rotate in the same203

sense about k̂, restricting ẑ′′ to lie within 90◦ of ẑ′. To produce whistler mode electron204

dynamics, ~E must also rotate in a right-handed sense about B̂0, likewise restricting ẑ′′205

to lie within 90◦ of B̂0 (Jackson, 1999).206

–8–



manuscript submitted to Geophysical Research Letters

In full, these criteria limit ẑ′′ to a (180◦−θ) span in the B̂0−ẑ′ plane. This win-207

dow is marked by the union of the blue and brown sectors in Figure 4.d. In the cold plasma208

approximation, Verkhoglyadova et al. (2010) show that ẑ′ and ẑ′′ are canted to oppo-209

site directions with respect to ~B0, so both θ and χ as illustrated in Figure 4.a are pos-210

itive, and ẑ′′ is limited to the blue sector in Figure 4.d. For the region 2.d, 3.c, and 3.d211

waves, θ±~k− ~B0
> 80◦ with the restrictions χ > 0◦ and χ + θ < 90◦ leaves a window212

for χ smaller than 10◦.213

Faraday’s law also gives information about the ellipticities of ~E and ~B – in the plane214

perpendicular to k̂, they are equal: |E′x/Ey| = |By/B
′
x| (Bellan, 2013). This provides a215

relationship between ~B ellipticity, ~E ellipticity, and the angle of inclination, θ+χ, be-216

tween the ~E and ~B polarization planes217

E′x
Ey

=
E′′x cos(θ + χ)

Ey
=
By

B′x
(1)

For each position of ẑ′′ in the blue sector in Figure 4.d, Equation 1 was enforced, and218

the resulting ~E ellipse was projected into the antenna measurement plane and compared219

with observations. For the waves in regions 2.d, 3.c, and 3.d, this search was unsuccess-220

ful.221

Allowing for the possibility that the cold plasma stipulation χ > 0◦ does not ex-222

tend to warm plasmas, the same procedure was applied for orientations of ẑ′′ in the brown223

sector in Figure 4.d, but again agreement with the observed ~E field was not found. This224

may point to the need for a low frequency correction to the ∆V measured by the anten-225

nas. This need is evident in the DC electric field measurements, which often diverge from226

−~v × ~B (Mozer et al., 2020; Bowen et al., 2020).227

Regions 3.a and 3.b also indicate that the measured ~E field may be distorted by228

instrumental effects. These ∼16 Hz waves propagate quasi-parallel to ~B0 and appropri-229

ately have circularly polarized ~B. The divergences of the ~E field hodograms from the230

orange ellipses indicate that the measured ~E is not approximately circularly polarized231

around ~B0, which it should be provided that these waves are whistlers.232

4.3 Doppler Shifting and Wave Damping233

The region 2.b, 3.c, and 3.d waves have left-handed polarization about ~B0 in the234

spacecraft frame, so if they are whistlers, a Doppler shift must have inverted their in-235

trinsic right-handed polarization. Alternatively, they could be ion-cyclotron waves (ICW).236

However, Krauss-Varban et al. (1994) show that the magnetic field of an oblique ICW237

is predominantly out of the ~k− ~B0 plane, while for the region 3.c and 3.d waves, it is238

predominantly in this plane. This observed polarization conforms with the whistler branch239

in both the high frequency (Verkhoglyadova et al., 2013; Remya et al., 2016) and low fre-240

quency fast/magnetosonic regimes (Krauss-Varban et al., 1994).241

Provided that the waves are whistlers, their plasma frame frequencies must lie be-242

low the resonance frequency fce cos(θ±~k− ~B0
), which is in the tens of Hz range. The ob-243

served 20 Hz left-handed rotation would then require a Doppler shift ∆f = |k̂·~vplasma|/λ244

in the range of 20–100 Hz. Here ~vplasma is the velocity of the plasma in the spacecraft245

frame, λ is the wavelength, and k̂·~vplasma must be negative to shift from right-handed246

to left-handed polarization. For these waves, |k̂ · ~v| ∼ 200 km/s, giving wavelengths247

λ ∼ 2−10 km. This is similar to the electron inertial length in this region: k⊥c/ωpe ∼248

0.6−3, where k⊥ is the perpendicular wavenumber (2π/λ) sin(θ±~k− ~B0
) and ωpe is the249

electron plasma frequency
√
nee2/(meε0). In this regime, the waves undergo electron250

Landau damping, but at a rate that allows them to persist for several cycles (e.g. Gary251

& Smith, 2009).252
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The polarization of ~B in the region 2.b wave is not unique to whistler waves or ion-253

cyclotron waves, so cannot be used to distinguish between modes. However, a different254

method can be used to rule out the ICW. The wave’s spacecraft frame frequency, fsc =10255

Hz, is much larger than the ion-cyclotron frequency, so if the wave is an ICW, fsc is al-256

most entirely due to Doppler shifting: fsc ≈ k̂ · ~vplasma/λ. This gives a wavelength of257

about 20 km, which is much smaller than the ion inertial length: k⊥c/ωpi ∼ 13. Gary258

and Smith (2009) show that this results in a damping rate that is much faster than the259

wave frequency, preventing propagation.260

5 Conclusions261

Whistlers are a prominent feature of the low frequency dynamics in the Venusian262

bow shock. In the shock transition region, waves with f . 0.1fce preferentially grow263

out of minima in |B0|, and can be oblique (2.b) or parallel-propagating (3.b). Higher fre-264

quency waves with 0.1fce < f < 0.4fce (2.a, 2.c) are strongest in the downstream ramps265

of these |B0| minima.266

Bandpass filtering the erratic electric and magnetic fields downstream of the shock267

discontinuity in ~B0 reveals oblique, elliptically polarized whistlers (2.d, 3.c, 3.d). The268

orientations of the semiminor and semimajor axes of these waves’ ~B field ellipses are found269

to agree with predictions from kinetic theory to high accuracy. This demonstrates that270

thermal electron motion can have a pronounced effect on whistler wave polarization in271

plasmas accessible to spacecraft.272

The same waves may also be present downstream of Earth’s bow shock. Here, MMS273

measures 3D electric and magnetic fields, so the polarization properties of these waves274

could be examined in more detail (Burch et al., 2016). If sufficiently well understood,275

the waves could serve as a window into thermal electron motion in the turbulent plasma276

downstream of magnetized collisionless shocks.277
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