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Abstract. Electrostatic solitary waves (ESWs) are characterized by lo-

calized bipolar electric fields parallel to the magnetic field, and are frequently

observed in space plasmas. In this paper a study of ESWs and field-aligned

electrostatic waves, which do not exhibit localized bipolar fields, near the mag-

netopause is presented using the Cluster spacecraft. The speeds, length scales,

field strengths, and potentials are calculated and compared with the local

plasma conditions. A large range of speeds is observed, suggesting different

generation mechanisms. In contrast, a smaller range of length scales normal-

ized to the Debye length λD is found. For ESWs the average length between

the positive and negative peak fields is 9λD, comparable to the average half

wavelength of electrostatic waves. Statistically, the lengths and speeds of ESWs

and electrostatic waves are shown to be similar. The length scales and po-

tentials of the ESWs are consistent with predictions for stable electron holes.

The maximum ESW potentials are shown to be constrained by the length

scale and the magnetic field strength at the magnetopause and in the mag-

netosheath. The observed waves are consistent with those generated by the

warm bistreaming instability, beam-plasma instability, and electron-ion in-

stabilities, which account for the observed speeds and length scales. The large

range of wave speeds suggests that the waves can couple different electron

populations and electrons with ions, heating the plasma and contributing to

anomalous resistivity.
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1. Introduction

Electrostatic solitary waves (ESWs) are frequently observed in space plasmas. For ex-

ample, ESWs have been reported at Earth’s magnetopause [Cattell et al., 2002; Matsumoto

et al., 2003], magnetotail [Matsumoto et al., 1994; Cattell et al., 2005; Khotyaintsev et al.,

2010b], auroral regions [Ergun et al., 1998a, b; Mozer et al., 2015], magnetosheath [Pick-

ett et al., 2005], near the foreshock [Behlke et al., 2004; Shin et al., 2008], and in the

solar wind [Mangeney et al., 1999; Malaspina et al., 2013]. ESWs are also observed in

laboratory experiments [Fox et al., 2008; Lefebvre et al., 2011]. At the magnetopause and

magnetotail ESWs are often argued to be associated with magnetic reconnection [Lapenta

et al., 2011]. Magnetic reconnection provides the unstable electron distributions and/or

strong currents required to generate ESWs [Drake et al., 2003; Divin et al., 2012].

ESWs are typically characterized by isolated bipolar electric fields, which are aligned

with the background magnetic field B [Matsumoto et al., 1994]. ESWs are consistent with

Berstein-Greene-Kruskal (BGK) modes [Bernstein et al., 1957], where a trapped electron

or ion population supports a local potential maximum or minimum. ESWs have typically

been found to be positive potential structures, i.e., electron holes [Cattell et al., 2002;

Franz et al., 2005], with trapped electrons supporting the potential, although negative

potential ion holes have also been observed, for instance in the auroral regions and near

the foreshock [Dombeck et al., 2001; Behlke et al., 2004]. Simulations show that ESWs

are stable in one dimension [Omura et al., 1994; Mottez et al., 1997], but in two or

three dimensions ESWs require sufficiently large B to remain stable [Miyake et al., 1998;

Muschietti et al., 2000; Singh et al., 2001; Lu et al., 2008]. When B is too weak a self-
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focusing transverse instability develops and the ESWs are quickly dissipated [Muschietti

et al., 2000; Wu et al., 2010]. Similarly, simulations show that large-amplitude ESWs

can decay into other waves, such as ion-acoustic waves, lower-hybrid waves, and whistler

waves [Oppenheim et al., 2001; Berthomier et al., 2002; Dyrud and Oppenheim, 2006].

The mechanisms responsible for the generation of ESWs have been studied extensively

using simulations [Omura et al., 1996]. Instabilities that can lead to the formation of

ESWs include the bump-on-tail instability, beam-plasma instability, electron bistream

instability, Buneman instability, lower-hybrid instability, and the modified two-stream

instability [Buneman, 1959; Omura et al., 1996; Matsukiyo and Scholer , 2006; Che et al.,

2009, 2010]. Recently, Norgren et al. [2015a] showed that dense subthermal electron beams

interacting with the background ions can generate slow ESWs, with speeds comparable

to the ion thermal speed. The ESW speeds have been shown to depend on the instability

generating them. For instance, the Buneman instability is known to produce slow ESWs

[Drake et al., 2003; Goldman et al., 2008; Khotyaintsev et al., 2010b], well below the

electron thermal speed ve, whereas bump-on-tail and lower-hybrid instabilities can produce

fast ESWs, with speeds comparable to or exceeding ve [Omura et al., 1996; Che et al.,

2010]. Therefore, observations of ESW speeds may provide clues to which instabilities are

occurring.

Once ESWs are produced they can interact with background electrons. Fast ESWs

produced by electron beams will tend to thermalize the beam and scatter background

electrons with thermal energies comparable to the beam, effectively coupling different

electron populations. Slow ESWs can couple electrons and ions, contributing to anomalous

resistivity and reducing current densities [Goldman et al., 2008; Fujimoto et al., 2011].
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Both spacecraft observations and simulations show that ESWs with distinct properties

can be observed simultaneously, meaning that particle scattering can occur over a large

range of particle energies [Cattell et al., 2002; Goldman et al., 2008; Che et al., 2010;

Fujimoto, 2014; Graham et al., 2015].

ESWs are frequently observed near Earth’s dayside magnetopause. They have been

observed at the magnetopause boundary [Cattell et al., 2002; Matsumoto et al., 2003],

associated with asymmetric reconnection [Tang et al., 2013; Graham et al., 2015], near the

center of flux ropes [Øieroset et al., 2014], and in the magnetosheath [Pickett et al., 2005].

In the reconnection diffusion region parallel electron heating and bistreaming electrons

are observed, which can generate ESWs via bistreaming instabilities [Pritchett , 2005;

Goldman et al., 2008; Jara-Almonte et al., 2014]. In the separatrices electron beams

develop, leading to the formation of ESWs by beam and/or current-driven instabilities

[Drake et al., 2003; Cattell et al., 2005; Divin et al., 2012; Fujimoto, 2014].

One of the challenges of investigating ESWs is determining their speeds and length

scales. In general, this requires simultaneous spatially separated measurements of the

electric field. The time delay between the field measurements can then be used to estimate

the speeds and length scales. Spatially separated electric fields can be obtained from the

same spacecraft using different probe combinations or different antennas. This method

has been used successfully to calculate speeds of ESWs and ion solitary waves [Franz

et al., 1998; Dombeck et al., 2001; Franz et al., 2005; Khotyaintsev et al., 2010b]. The

main limitation of this method is that fast ESW speeds are difficult to calculate. In rare

cases when two spacecraft are closely separated, the ESW speeds can be calculated from

the time delays between two spacecraft [Pickett et al., 2008; Norgren et al., 2015b]. ESW
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speeds have also been calculated from the relative strengths of the electric and magnetic

field perturbations. The magnetic field perturbations are primarily associated with the

Lorentz field of a moving charge [Ergun et al., 1998a; Andersson et al., 2009; Tao et al.,

2011].

Previous statistical analyses often considered the ESW time scales and amplitudes,

which can be obtained from a single electric field measurement [Pickett et al., 2004, 2005].

Pickett et al. [2004] showed that the ESW field strengths tended to increase as the mag-

netic field increases. The main limitation of these studies is that the ESW speeds, length

scales, and potentials cannot be calculated. A number of surveys have investigated the

lengths, speeds, and potentials of ESWs [Kojima et al., 1999; Cattell et al., 2003; Franz

et al., 2005; Andersson et al., 2009; Tao et al., 2011]. However, the generation mechanisms

remain uncertain. In this paper we investigate the properties of ESWs and field-aligned

electrostatic waves at the dayside magnetopause using the Cluster spacecraft [Escoubet

et al., 2001], and investigate the instabilities responsible for their generation.

The outline of this paper is as follows: In section 2 we state the data used and our

analysis techniques. Section 3 shows an example of ESWs and electrostatic waves observed

on 28 April 2006. In section 4 we present statistical analyses of ESWs and electrostatic

waves at the magnetopause and in the magnetosheath. In section 5 we investigate the

instabilities responsible for the observed ESWs and electrostatic waves. Section 6 is the

discussion and section 7 is the conclusion.

2. Data and Analysis methods

2.1. Instruments and Data Selection
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In this paper we use data from the Cluster spacecraft: magnetic field B data from

Fluxgate Magnetometer (FGM) [Balogh et al., 2001], electron data from Plasma Electron

and Current Experiment (PEACE) [Johnstone et al., 1997], ion data from Cluster Ion

Spectrometry (CIS) [Reme et al., 1997], and electric field E data from Electric Field and

Wave experiment (EFW) [Gustafsson et al., 1997; Khotyaintsev et al., 2010a].

In general, the ESW time scales near the magnetopause are too small to be resolved

from standard burst mode data (∼ 450 samples/s on EFW), so we only investigate waves

recorded during the internal burst mode intervals. During EFW’s internal burst mode the

probe voltages in the spacecraft spin plane are recorded at either 9000 or 4500 samples/s

over a 10 second period. For the 4500 samples/s mode the magnetic field fluctuations

are sampled by the search coil at the same frequency. The opposing probe potentials are

measured simultaneously by the analog-to-digital converters, so there are no time delays

between these probes. We search for ESWs and field-aligned electrostatic waves between

2002 and 2010 at times when Cluster cross the magnetopause from January to May.

Furthermore, to reliably estimate the phase speeds and length scales of the waves one

of the probe pairs must be closely aligned with B at the time of the wave observations.

Therefore, we only analyze waves when the following conditions are satisfied: (1) The

angle between one probe pair and the projection of B onto the spin plane is less than

25◦ and (2) the out-of-plane |B| is less than the in-plane |B|, i.e., Bz <
√
B2

x +B2
y in

spacecraft (ISR2) coordinates. For the spacecraft spin period (∼ 4 s), one probe pair can

satisfy these conditions for . 0.5 s. In the following sections we consider a wave event to

be the time interval over which the probe alignment satisfies the above conditions and

ESWs or electrostatic waves are observed. Therefore, a single internal burst mode interval
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can have multiple wave events as different probe combinations become aligned with B.

On the magnetospheric side of the magnetopause near the subsolar point Bz is typically

the largest component of B, so wave observations are likely under represented here.

To reliably estimate the speeds and length scales we only use data when all 4 probes

are operational, which means most of the waves we investigate are obtained from Cluster

2 and Cluster 4 (C2 and C4, respectively). We use data from Cluster 3 in 2002 and no

data from Cluster 1 are used.

2.2. Wave analyses

To estimate the speeds and length scales of the ESWs and electrostatic waves we calcu-

late the frequency-wave number power spectrum for each wave event. The method we use

to calculate the power spectrum follows closely the method in Dudok de Wit et al. [1995].

We then fit the linear dispersion relation ω = vk to the spectrum over the frequency

range where the power is most intense. The spectrum can be calculated when spatially

separated measurements of E are available simultaneously. Here, we use the different

probe combinations to obtain two spatially separated measurements of E. On Cluster the

probes are numbered p1–p4, with orthogonal fields computed from p1 and p2, and p3 and

p4. When two probes are closely aligned with B we compute the fields from the potential

difference between these two probes and the spacecraft potential VSC, where VSC is the

average potential of the two remaining probes. This provides two measurements of the

parallel electric field E‖ separated by approximately 44 m along B [Khotyaintsev et al.,

2010b]. The procedure we use is summarized as follows:

(1) We perform the wavelet transforms W1 and W2 of the two fields E1 and E2, re-

spectively, calculated from the two probes aligned with B and VSC. We use the standard
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Morlet wavelet function as the “mother” wavelet, to provide a good compromise between

frequency and time resolution.

(2) We calculate the phase difference ∆ψ between the signals using the cross-spectrum

between the fields:

C(t, f) = 〈W1(f, t)W
∗
2 (f, t)〉, (1)

where the angled brackets correspond to time averaging. The phase difference ∆ψ is then

determined by the argument of C(f, t), given by

∆ψ = atan2 (Im[C(f, t)],Re[C(f, t)]) . (2)

The parallel wave number is k‖ = ∆ψ/(d cos θ), where θ is the angle between the probes

and B, and d = 44 m is the separation between the E1 and E2 measurements. We

typically average over 128 points in time for each frequency, to reliably estimate ∆ψ.

This is typically much smaller than the total time interval of E1 and E2, so changes in the

angle between the probes and B are taken into account when calculating v. Moreover,

changes in the wave speed with time are resolved.

(3) We calculate the average power of E1 and E2

P (f, t) = 〈W1W
∗
1 +W2W

∗
2 〉/2. (3)

We then bin P (f, t) for each time interval according to f and k‖ to obtain the frequency-

wave number power spectrum P (f, k).

(4) To calculate the speed of the waves we fit the linear dispersion relation

f =
vk‖
2π

, (4)

to the power spectrum over the frequency range where the observed powers are maximal.

In general, the power spectra we obtain are approximately linear, so equation (4) provides
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a good model to the data. Note that v in equation (4) is both the phase speed and group

speed of the wave. The length scales can then be calculated from v and observed time

scales.

For stable ESWs propagating across the spacecraft a linear dispersion relation given

by equation (4) is expected. This can be understood as follows: ESWs are localized

structures, which are stable over the time taken to cross the spacecraft [Pickett et al.,

2008; Norgren et al., 2015b]. Therefore, the two electric fields constructed from the probe

potentials should be approximately the same, except for a time delay ∆t related to the

ESW speed by v = d cos θ/∆t. When an ESW is studied in frequency space, using

either Fourier or wavelet methods, the ESW is composed of a range of frequencies. For

each frequency the time delay ∆t between the fields is the same so the corresponding

phase difference at a specific frequency f is given by ∆ψ = 2πf∆t. It follows that

k‖ = 2πf∆t/(d cos θ) = 2πf/v from the above equations, from which we obtain equation

(4). Therefore, for solitary structures we expect f to increase linearly with k‖. Moreover,

this method is equivalent to calculating v from the delays in the time series, but has

the advantage of eliminating DC offsets and enables fast ESW speeds to be estimated.

We tested this method using model data of a single ESW and background noise using

the same cadence as EFW’s internal burst mode. We are able to resolve ESW speeds

up to ∼ 10000 km s−1 when the ESW amplitude is well above the noise level. As the

amplitude of ESWs decreases compared with the background noise, the speed becomes

more uncertain. Therefore, the above method is best suited to larger amplitude ESWs.

As an example we apply the above method to an isolated ESW observed by C2 on 3

March 2004. Figure 1a shows the electric fields ESC−p3 and Ep4−SC obtained from the
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potential differences between probes 3 and 4 and the spacecraft potential. At this time

the angle between B and probes 3 and 4 is 19◦ and B is directed from p3 to p4. Figure 1a

shows that the ESW’s electric field is observed by p4 before p3, meaning that the ESW

propagates antiparallel to B, and the field diverges. Figure 1b shows ESC−p3, and Ep4−SC

time shifted by 0.34 ms so the fields overlap. Based on this time delay we calculate the

ESW speed to be v = d cos θ/∆t = −122 km s−1, where ∆t is the time shift between

the fields. The minus sign indicates propagation antiparallel to B. Figure 1c shows the

frequency-wave number power spectrum P (f, k)/Pmax normalized to the maximum power

for the ESW obtained from ESC−p3 and Ep4−SC, using the above method. The frequencies

of peak power increase approximately linearly with k‖. The fit of equation (4) to the

data, shown in Figure 1c, is v = −126 km s−1. Therefore, the speed estimates from the

time difference between fields and the dispersion relation are in excellent agreement, as

expected from the above discussion. When multiple ESWs are observed the resulting

power spectrum shows a single dispersion relation for ESWs with comparable speeds, but

distinct dispersion relations are observed when the ESWs have distinct speeds [Graham

et al., 2015]. Here and in the following sections we use an automated fitting routine to

calculate v. We find the least-squares fit to the points with P (f, k) > 0.1Pmax. The

weightings used for each (f, k) point are 1 + log10(P (f, k)/Pmax). The accuracy of the fits

are confirmed by visual inspection and where possible by estimating v from the observed

time delays.

3. Example: Magnetopause crossing on 28 April 2006

As an example, we investigate in detail ESWs and electrostatic waves observed by C4

on 28 April 2006 after a crossing of Earth’s magnetopause. Figures 2a–2d present an
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overview of the magnetopause crossing, showing B, the bulk ion velocity V (obtained

from the ion moments), the electron number density ne, and the electron differential

energy flux. C4 crossed the magnetopause from the magnetosphere into a plasma domi-

nated by magnetosheath electrons at 03:22:00 UT, as indicated by the change in direction

of B, increase in ne, and decrease in the electron temperature Te. C4 was located at

(6.1,−4.7, 3.7)RE in Geocentric Solar Magnetospheric (GSM) coordinates at the time of

the magnetopause crossing. Throughout most of the interval after the magnetopause

crossing magnetospheric electrons remain, indicating mixing of magnetospheric and mag-

netosheath electrons. Only after 03:45:00 UT are there time intervals with negligible

high-energy electrons, corresponding to the unperturbed magnetosheath, where no mag-

netospheric electrons are observed. Figure 2b shows that the ion speed V reaches a

maximum of ∼ 200 km s−1 northward, close to the magnetopause boundary. In the un-

perturbed magnetosheath, outside the region where magnetic reconnection is occurring

and no magnetospheric electrons are observed, V ∼ 80 km s−1. Throughout this time

interval the solar wind Bz is southward, consistent with magnetic reconnection occurring

at the dayside magnetopause, with C4 encountering the northward outflow. This explains

the observed mixing of magnetospheric and magnetosheath electrons.

The blue shaded interval in Figures 2a–2c shows the time when EFW was operating in

internal burst mode. Just before this there is an increase in electron flux at magnetospheric

energies. The internal burst mode was triggered just before a current sheet, where By

reverses direction. During this time we observe both ESWs and field-aligned electrostatic

waves. Figures 2e and 2f show the time series of E‖ and E⊥ and the spectrogram of E‖

when the waves were observed. We define E‖ to be the component of E parallel to the
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projection of B onto the spin plane and E⊥ to be the remaining component of E in the

spin plane, which is perpendicular to E‖ and B. At this time the electron temperature Te

is ≈ 80 eV and the electron number density ne is ≈ 9 cm−3. The time series shows that

the waves are approximately parallel to B; for the high-frequency oscillations E‖ � E⊥,

indicating that the ESWs are oblate (pancake shaped) with minor axis along B. This

is consistent with ESWs in a weakly magnetized plasmsa [Franz et al., 2000]. Figure 2f

shows that two different wave frequencies are observed. Before 03:41:35.5 UT (left side)

the waves have maximum power frequencies at ∼ 1 kHz, above the ion plasma frequency

fpi and below electron cyclotron frequency fce. After 03:41:35.5 UT (right side) the waves

have maximum power at ∼ 500 Hz, just below fpi.

The waves on the left and right side of Figure 2e have different waveforms, as shown in

Figures 2g and 2h. On the left, the waves consist of distinct bipolar fields, as expected

for ESWs. Each ESW has +/− polarity, indicating that they propagate in the same

direction. On the right, the electrostatic waves are much more periodic, although they

differ from sinusoidal waves. Some of the oscillations away from the center of Figure 2h

appear to have fields similar to ESWs, and where the waves are most intense, evidence

for plateaux between the wave periods start to develop. This may correspond to ESWs

beginning to develop for more periodic sinusoidal waves.

At the time these waves are observed probes 3 and 4 are closely aligned with B, so

we can construct the fields Ep3−SC and ESC−p4, which are approximately field aligned,

with B pointing from p4 to p3. Figures 2i and 2j show Ep3−SC and ESC−p4 for the ESWs

and electrostatic waves, respectively. In both cases ESC−p4 is observed before Ep3−SC,

corresponding to wave propagation parallel to B. For the ESWs this means that the
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electric fields are diverging, so the ESWs are positive potential structures, i.e., electron

holes. In Figures 2i and 2j the time domains are equal, so the larger delay between

ESC−p4 and Ep3−SC in Figure 2j means that the electrostatic waves propagate slower than

the ESWs.

For the time series in Figure 2d probes 3 and 4 satisfy the criteria in section 2.1, so

we construct the frequency-wave number spectrum from Ep3−SC and ESC−p4. Figure 3

shows the resulting power spectrum normalized to the maximum power P (f, k)/Pmax,

using the method in section 2.2. We observe two distinct dispersion relations. Both

dispersion relations are approximately linear, and using fits to the data we obtain speeds

of v ≈ 220 km s−1 and v ≈ 680 km s−1. Calculations of the spectrum over shorter times

show that the faster mode is the ESWs and the slower mode is the electrostatic waves,

as expected from the time delays in Figures 2i and 2j. The fact that the ESW power

spectrum is very narrow indicates that all the ESWs have comparable speeds. The range

of parallel wave numbers k‖ where the power is maximal is similar for the ESWs and

electrostatic waves, suggesting they have comparable length scales.

For the ESWs the average peak-to-peak time is τpp = 0.29 ms. Note that the frequencies

associated with the ESWs in Figure 2f is determined by τpp, which are determined by the

ESW length scales and the relative speed of the ESWs to the spacecraft. The average

peak-to-peak length lpp, which is defined as the distance between the positive and negative

peaks of the ESWs, is then lpp = vτpp = 200 m or 9.1λD, where λD = 22 m is the Debye

length. This length scale is comparable to previous ESW observations [Khotyaintsev et al.,

2010b; Graham et al., 2015]. For the electrostatic waves in Figure 2g the average wave

period is T = 2.8 ms, so the corresponding wavelength is λ = 620 m = 28λD. For the
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ESWs lpp corresponds to half a wavelength, so the electrostatic waves have length scales

approximately 1.5 times longer than the ESWs. In the following sections we use this

method to estimate v and lpp of ESWs and electrostatic waves for each wave event. We

note that the calculated v are the wave speeds in the spacecraft frame. At the time the

waves are observed the projection of V along B is ≈ 100 km s−1. So in the ion frame

the ESW and electrostatic wave speeds are ≈ 580 km s−1 and ≈ 120 km s−1, respectively.

Therefore, the ESWs propagate approximately five times faster than the electrostatic

waves.

These observations raise the question of whether the ESWs and electrostatic waves in

Figures 2 and 3 are produced by the same or different instabilities. It is natural to assume

that the ESWs correspond to a late stage of evolution, when isolated bipolar fields have

developed and the spacing between each ESW becomes irregular, whereas the electrostatic

waves correspond to an earlier stage of evolution when ESWs are starting to develop from

more periodic electrostatic waves. This would mean the ESWs and electrostatic waves

develop at slightly different times. Because the waves are observed with distinct speeds

and no evidence of waves with intermediate speeds is observed in Figure 3, the waves are

unlikely to be accelerating or decelerating significantly. This suggests that the waves are

produced by different instabilities [Graham et al., 2015].

We now compare the observed speeds with theoretical predictions. When the waves

are observed we calculate the electron thermal speed to be ve =
√

2qeTe[eV]/me =

5300 km s−1, where qe and me are the electron charge and mass, respectively. The ob-

served wave speeds are well below ve, meaning that thermal or superthermal electron

beams cannot produce the observed waves through Landau resonance. At the time the

D R A F T April 22, 2017, 4:26pm D R A F T



X - 16 GRAHAM ET AL.: ELECTROSTATIC SOLITARY WAVES

waves are observed the ion thermal speed is vi ≈ 300 km s−1. This might indicate that

the ESWs are generated by electron-ion instabilities [Norgren et al., 2015a]. The slower

waves have speeds below vi, so might be generated by the warm-bistream instability, as

discussed in section 5.

4. Statistical Analyses

In this section we investigate the wave properties and compare them with the local

plasma conditions. For each wave event, where the conditions in section 2.1 are satisfied,

we calculate the phase speeds and length scales from the frequency-wave number power

spectra. We divide the waveforms into two groups: ESWs and field-aligned electrostatic

waves. We classify the electric fields as ESWs when isolated bipolar E‖ are observed. We

classify the electric fields as electrostatic waves when the fluctuations are aligned with B,

and isolated bipolar E‖ are not observed. Although E is only measured in two dimensions,

the lack of strong fluctuations in the measured E⊥ direction suggests that the waves are

generally field-aligned. When search coil data are available, no magnetic field fluctuations

are observed at the same frequencies as the ESWs or the electrostatic waves, indicating

that these waves are electrostatic. Therefore, since the waves are electrostatic and E is

expected to be closely aligned with B, we expect the wave vector to be closely aligned with

B. For electrostatic waves, when the waveform is quasiperiodic we calculate λ from the

wave’s speed and period; when the waveform is not quasiperiodic and the period cannot

be obtained we calculate λ = 2π/k‖, where k‖ is the wave number where the power is

maximal.

In Figure 4a we plot the local Te versus ne obtained from the electron moments for

each wave event. Our survey includes regions of predominantly magnetospheric electrons,
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regions of magnetospheric and magnetosheath electron mixing, and regions of magne-

tosheath electrons. The electron temperature tends to decrease as the proportion of mag-

netosheath electrons increases. As a result, Te tends to decrease as ne increases. There

is a much larger proportion of electrostatic waves for low Te and high ne, corresponding

to a plasma dominated by magnetosheath electrons. For ne > 20 cm−3 only electrostatic

waves are observed in our survey and very few electrostatic waves are observed for high

Te and low ne.

4.1. Wave speeds and length scales

In this subsection we investigate the speeds and length scales of ESWs and electrostatic

waves and compare them with the local plasma conditions. In Figure 4b we plot the wave

speed v versus the peak-to-peak length lpp of ESWs and half wavelength λ/2 of electro-

static waves for each wave event. The solid black line corresponds to τpp = 0.11 ms. The

region below the line corresponds to observable ESWs and electrostatic waves. Statisti-

cally, v increases with lpp. In particular, the minimum observed v tends to increase with

lpp and λ/2. One of the main limitations of this survey is the time resolution of EFW’s

internal burst mode, which has a maximum sampling rate of 9000 samples/s when poten-

tials from all four probes are available (most ESWs and electrostatic waves were observed

in this mode). Assuming the minimum τpp observable corresponds to the time between

adjacent field measurements, then τpp = 0.11 ms. Therefore, as lpp increases faster waves

can be resolved, partly explaining the statistical trend. The sampling rate restricts our

observations to waves with v < ve.

Figures 5a–5c show v for ESWs and electrostatic waves versus Te, ne, and λD, respec-

tively, for each wave event. Here v is calculated in the spacecraft frame. The range of v
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spans over two orders of magnitude from ∼ 20km s−1 to ∼ 5000km s−1, larger than the

range of speeds reported by Cattell et al. [2003]. Statistically, the speeds increase with Te

and λD, and decrease as ne increases. The decrease in v as ne increases may be due to

associated statistical decrease in Te (Figure 4a). However, the large range of v for similar

plasma conditions suggests that multiple instabilities are generating the observed waves

[Graham et al., 2015]. Many of the observed waves have speeds comparable to or smaller

than the nominal vi assuming Ti/Te = 5, indicating slow propagation speeds. Overall,

the electrostatic waves tend to have smaller speeds than the ESWs, although there is

significant overlap in the speeds for low Te and high ne.

In Figure 5d we plot lpp for ESWs and λ/2 for electrostatic waves versus λD. Figure

5d shows that lpp and λ/2 increase linearly with λD. As a result, there is no observed

statistical trend in lpp/λD or λ/2λD when plotted versus ne or Te, as seen in Figures 5e

and 5f. This indicates that lpp and λ/2 are primarily determined by the local λD. For the

ESWs we calculate a mean lpp of 8.6 ± 3.8λD (overplotted in Figure 5d). Note that the

mean parallel characteristic length scale is then l‖ = lpp/2 = 4.3λD. For the electrostatic

waves the mean λ/2 is 9.6± 5.5λD. Therefore, both ESWs and electrostatic waves have

on average comparable length scales. We find no correlation between lpp/λD or λ/2λD

with v or v/ve, suggesting that the length scales normalized to λD do not depend on v for

the observed range of phase speeds. The estimated length scales are in good agreement

with previous observations (e.g., Cattell et al. [2003] and Franz et al. [2005]), although

they tend to be smaller than those reported by Andersson et al. [2009] and Tao et al.

[2011] in the magnetotail. The speeds are statistically smaller than those found in Franz

et al. [2005]; however, this may be because we cannot resolve waves with v & ve.
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In Figure 5 many of the ESWs and electrostatic waves have speeds comparable to or

smaller than typical ion flow speeds in the magnetosheath. Therefore, it is necessary to

calculate the wave speeds in the ion frame using v′ = v−V ·B/|B|, where the final term is

the ion flow speed parallel to B. For electron-ion instabilities, for instance, the Buneman

instability, the predicted speeds correspond to those observed in the ion frame, so the

speeds can only be compared with predictions in the ion frame. For C3 and C4 we use the

ion velocity moments from CIS-HIA and CIS-CODIF, respectively. The ion moments are

computed once per spacecraft spin (∼ 4 s), so there is some uncertainly in the flow speed

at the time the waves are observed because of the low sampling rate. This uncertainty

is largest for small v′; for the fast waves this uncertainty is negligible. However, the

variation in ion speeds between adjacent points in the time series is too small to change

the statistical results. Ion data are unavailable on C2, so we use ion data from the closest

spacecraft when the separation is . 200 km and plasma conditions are similar between

the spacecraft. Figure 6 shows the phase speeds v′ in the ion frame. Statistically, the

results are similar to Figures 5a and 5b. For waves with high phase speeds, in particular,

for the low-density high-temperature plasmas, the ion flow is negligible compared with

the wave’s phase speed. Many of the waves have speeds below vi in the ion plasma

frame. Figure 6 also shows ESWs and electrostatic waves with speeds as low as 10 km s−1,

which means that the waves are almost stationary in the ion frame. These waves were

observed for lower Te when the magnetosheath electrons dominate. To our knowledge

this is the first time such slow ESWs and electrostatic waves have been recorded. The

slowest ESWs and electrostatic waves have speeds well below the speeds the typical ion

thermal speed vi ∼ 200 km s−1 in the magnetosheath, suggesting that the speeds are too
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small to be produced by electron-ion streaming instabilities. We propose that these waves

may be generated by the warm bistream instability [Omura et al., 1996; Mottez et al.,

1997], where the counter-propagating electrons have very similar properties. We discuss

the warm bistream instability in detail in section 5.1.

We now investigate how the waves depend on the local magnetic field strength B and

ne. For all the wave events we observe at the magnetopause and in the magnetosheath

the plasma is weakly magnetized, i.e., ωpe/Ωce > 1, where ωpe is the angular electron

plasma frequency and Ωce is the angular electron cyclotron frequency. Figure 7a shows a

scatterplot of B and ne for each wave event. We observe a significantly higher proportion

of ESWs compared with electrostatic waves at lower ne and higher B. Whereas most

electrostatic waves are observed for higher ne and lower B. That is, as the plasma becomes

more weakly magnetized we are less likely to observe ESWs, and more likely to observe

field-aligned electrostatic waves.

In Figure 7b we plot the maximum peak-to-peak electric field strength Epp of ESWs and

electrostatic waves for each wave event versus ωpe/Ωce. Figure 7b shows that for ESWs Epp

tends to decrease as ωpe/Ωce increases, indicating that larger amplitude ESWs are observed

in more strongly magnetized plasmas. Qualitatively, this result is consistent with Pickett

et al. [2004]. No ESWs are observed in our survey for plasmas with ωpi/Ωce > 1, where

ωpi is the angular ion plasma frequency. This suggests that when the plasma is too weakly

magnetized ESWs are no longer stable. For electrostatic waves there does not appear to

be any dependence of Epp on ωpe/Ωce, although most electrostatic waves are found in a

narrow domain. For ωpi/Ωce � 1 very few electrostatic waves are observed. We consider

the stability of ESWs in detail in the following subsection.
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In summary, the phase speeds tend to increase with increasing Te and decreasing ne,

although a range of speeds are observed for a given Te, ne, or λD. This suggests that

multiple instabilities are occurring near the magnetopause. Statistically, lpp and λ/2

increase linearly with λD, meaning lpp/λD and λ/2λD do not appear to depend on the

plasma conditions. The similarity between the properties of the ESWs and electrostatic

waves suggests that the same instabilities may be responsible for both waves. ESWs may

develop from the nonlinear evolution of electrostatic waves as electrons become trapped

in the wave potentials. When the plasma is too weakly magnetized we no longer observe

ESWs in our survey.

4.2. Wave amplitudes and potentials

In this subsection we compare the maximum field strengths and potentials of ESWs

and electrostatic waves with the local plasma conditions. For ESWs we assume that the

potential along B is

φ = φESW exp

(
−x2

2l2‖

)
, (5)

where φESW is the ESW maximum potential and l‖ = lpp/2 is the characteristic length.

The maximum observed potential can be calculated from Epp and lpp, and is given by

φESW =
Epplppe

1/2

4
. (6)

To calculate the observed potential of the electrostatic waves we assume a sinusoidal

wave: E(x, t) = E0 sin (ωt− kx). The maximum potential of the electrostatic waves is

then

φES =
Eppλ

4π
, (7)
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where λ = 2π/k is the wavelength. For each wave event we calculate the potentials using

the largest Epp, corresponding to the largest observed potential.

We plot the maximum Epp versus Te and ne for each wave event in Figures 8a and

8b. We find that the range of Epp is 1 mV m−1 . Epp . 50 mV m−1 for both ESWs and

electrostatic waves. Statistically, there is little difference in Epp for ESWs and electrostatic

waves, although for ESWs there appears to be a slight statistical increase in Epp as Te

increases and ne decreases. Similarly, there is a slight increase in Epp with λD (not shown),

but this trend is small. For electrostatic waves a dependence on Te, ne, or λD is difficult

to determine because electrostatic waves are primarily observed for low Te and high ne.

The maximum observed potentials φESW,ES for ESWs and electrostatic waves are shown

in Figures 8c–8e versus Te, ne, and λD, respectively. Electrostatic waves tend to have

smaller potentials than ESWs, although electrostatic waves are primarily observed for

large ne. Statistically, φESW,ES increases as Te increases and φESW,ES decreases as ne

increases. The increase in the ESW potentials is approximately proportional to λD, as

shown in Figure 8e. This occurs because Epp depends weakly on Te and ne (and hence λD),

and lpp and λ/2 increase proportionally with λD, so φ increases according to equations

(6) and (7).

We normalize the maximum potentials to the background Te, qeφESW,ES/kBTe. Figure

8f shows qeφESW,ES/kBTe versus λD. There is little statistical change in qeφESW,ES/kBTe

with λD. Similarly, qeφESW,ES/kBTe does not change with Te or ne (not shown). In most

cases we find that 10−3 . qeφESW,ES/kBTe . 10−2, meaning individual ESWs interact

weakly with the background electron population. These values of qeφESW,ES/kBTe are in

agreement with the ESWs reported by Cattell et al. [2003] and Franz et al. [2005] in the
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cusp region. In some cases, such as Figure 2, a large number of ESWs are observed over

a very short time interval, meaning an electron can interact with multiple ESWs, thus

making electron scattering and heating significant. The range of electron speeds trapped

in the ESW potentials is ∼ v ± vT , where vT =
√

2qeφESW/me is the electron trapping

speed. Based on Figures 8e and 8f, vT/ve =
√
qeφ/kBTe ∼ 0.1. This indicates that a

small fraction of the total electron population is trapped in the ESW potentials. The

small vT means that when ESW speeds differ significantly the faster ESWs can propagate

through slower ESWs without coalescence because the speeds of trapped electrons do

not overlap [Umeda et al., 2002]. This explains how distinct ESW speeds can occur at

the magnetopause [Cattell et al., 2002; Graham et al., 2015]. In general, the observed

potentials are sufficiently small that they do not interact strongly with ions [Drake et al.,

2003].

We now investigate whether the observed potentials and length scales are consistent with

predictions for stable electron phase-space holes. In Figure 9a we plot qeφESW,ES/kBTe

versus lpp/λD and λ/2λD, for ESWs and electrostatic waves, respectively. Overplotted

is the line corresponding to the maximum allowable qeφ/kBTe for a given lpp/λD using

equation (11) of Chen et al. [2005]. This condition was derived from the time-stationary

Vlasov-Poisson equations, based on the requirement that the ESW potential is supported

by a trapped particle distribution, which cannot take negative values. We assume Te/Ti =

0.5 and the ratio of the perpendicular to parallel length scale lr/l‖ = 4. In most cases the

changes in E⊥ are very small compared with E‖, indicating that lr is significantly larger

than l‖ [Franz et al., 2000]. In general, the typical values of Te/Ti are smaller than 0.5 at

the magnetopause and in the magnetosheath, and lr/l‖ will often be greater than 4 based
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on the typical relative strengths of E‖ and E⊥. Therefore, the chosen values of Te/Ti and

lr/l‖ place the strictest constraints on the region of allowable values of qeφ/kBTe. Figure

9a shows that all observed ESWs and electrostatic waves occupy the region of allowable

ESWs. Moreover, the values qeφESW,ES/kBTe are the maximums for each wave event,

so the individual ESWs with lower amplitudes associated with each wave event will be

further below the threshold condition. Since all the electrostatic waves also occur in the

stable region, they should be able to trap electrons, enabling the formation of ESWs.

Finally, we note that ESW speed can modify the region of stable ESWs. In particular,

as the ESW speed increases the minimum allowed length scale will increase [Chen et al.,

2005]. However, this constraint only becomes significant for v > ve, so for the ESWs we

observe with v < ve, this constraint has negligible effect on the allowed length scales.

The fact that almost all observed qeφESW,ES/kBTe are well below the predicted maxi-

mum value suggests that there are additional constraints on the values of qeφESW,ES/kBTe.

In particular, the ESWs are observed in weakly magnetized plasmas, which means that

the electron motion perpendicular to B could be important. For the ESWs observed at

the magnetopause and in the magnetosheath the electron Larmor radius ρe is typically

larger than the observed lpp and could be comparable to lr. Therefore, the trapped elec-

trons supporting the ESW potentials could escape in the directions perpendicular to B,

decreasing φ and limiting the ESW lifetime. ESWs with larger φ may be more unsta-

ble effectively reducing the maximum observed φ. For example, in the two-dimensional

simulations of Mottez et al. [1997], the large amplitude ESWs that initially develop are

unstable, whereas the lower amplitude ESWs, which develop later, are much more stable.
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We now investigate how the magnitude of B constrains the amplitudes and length scales

of ESWs. Muschietti et al. [2000] showed that for ωb > Ωce ESWs become unstable to

instabilities perpendicular to B, where ωb is the angular bounce frequency. In contrast

for ωb < Ωce ESWs remain relatively stable. Multi-dimensional simulations show that

once this perpendicular instability develops the ESWs are rapidly dissipated [Muschietti

et al., 2000; Umeda et al., 2006; Wu et al., 2010]. Therefore, we propose that ωb < Ωce is

a necessary condition for ESW stability. For small oscillations around the center of the

ESW potential [equation (5)]

ωb ≈

√
4qeφESW

mel2pp
. (8)

The condition ωb < Ωce can then be written is

φESW .
qeB

2l2pp
4me

. (9)

Using equation (6) we can rewrite equation (9) as

Epp .
e1/2qeB

2lpp
me

(10)

to compare directly with observations. Equations (9) and (10) predict that as B decreases

the values of φESW and Epp decrease, and for a fixed B higher φESW and Epp can develop

for larger lpp. Since lpp tends to increase proportionally with λD, higher φESW and Epp

can develop in magnetospheric plasmas, where λD is larger than in the magnetosheath.

In Figure 9b we plot Epp versus lpp and λ/2 for ESWs and electrostatic waves. We

also plot equation (10) for B = 20 nT and 40 nT, which are close to the mimimum and

the mean observed values of B in our survey, respectively. Figure 9b shows that all

ESWs satisfy equation (10) for B = 40 nT, and very few ESWs exceed the threshold for

B = 20 nT. Therefore, the formation of ESWs is consistent with the constraint ωb < Ωce.
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We also find that most ESWs have Epp well below the threshold. So we expect these ESWs

to remain stable over longer time scales. For weakly magnetized plasmas, in particular,

in the magnetosheath, this will restrict the maximum qeφ/kBTe to values well below the

thresholds predicted by Chen et al. [2005]. When the plasma is more strongly magnetized,

i.e., when the plasma is primarily magnetospheric, ωb < Ωce is more easily satisfied and the

maximum qeφ/kBTe should be determined by the predictions of Chen et al. [2005]. The

electrostatic waves are typically observed for smaller λ/2 and B (Figure 7a), corresponding

to magnetosheath plasmas. A large fraction of the electrostatic waves exceed the threshold

for B = 20 nT and a few exceed the threshold for B = 40 nT, meaning stable ESWs are

unlikely to form from these waves, and equations (9) and (10) apply less strictly to the

electrostatic waves. We conclude that at the magnetopause and in the magnetosheath,

equation (9) constrains the maximum potentials, such that qeφ/kBTe � 1.

5. ESW instabilities

In this section we investigate the instabilities responsible for ESW generation by com-

paring the wave properties with predictions from linear theory. We consider the following

instabilites in detail: the warm bistream instability and the beam-plasma instability. All

waves investigated in this paper are consistent with field-aligned electrostatic waves, so we

only investigate instabilities that generate electrostatic waves parallel to B. Instabilities

exciting electrostatic waves at oblique angles to B are unlikely to explain the observed

waves.

Figure 10 shows representative electron distributions associated with the warm bistream

instability, beam-plasma instability, and an electron-ion streaming instability similar

to the Buneman instability. The warm bistream instability consists of two counter-
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propagating electron distributions, with a decrease in phase-space density between the

electron distributions, as shown in Figure 10a. The warm bistream instability is an

electron-electron instability, so it can yield a large range of ESW speeds depending on the

properties of the counter-propagating electron distributions. The beam-plasma instability

(Figure 10b) consists of an electron beam propagating with respect to non-drifting elec-

tron and ion distributions. The electron beam has density and temperature below that

of the non-drifting electrons. The beam-plasma instability will generate fast ESWs. For

the observed ESWs we expect the beam speeds vb to satisfy vb < ve to account for the

observed ESW speeds.

Figure 10c shows an example of the electron distribution we expect to excite the electron-

ion streaming instability similar to the Buneman instability, described by Norgren et al.

[2015a]. The distribution consists of dense subthermal beam and non-drifting electrons.

Here the beam interacts with the ions (rather than the non-drifting electrons) to generate

slower ESWs, with speeds comparable to vi, potentially accounting for some of the ob-

served waves. This instability is investigated in detail by Norgren et al. [2015a], and we

refer to their paper for a discussion of the role of this instability in generating ESWs.

5.1. Warm Bistream Instability

In this subsection we investigate the warm bistream instability as a generation mech-

anism for the observed ESWs, in particular, for the slowest moving ESWs, with speeds

well below those expected for electron-ion or beam instabilities. The warm bistream insta-

bility is generated by counter-propagating thermal electron populations with comparable

densities [Omura et al., 1996; Mottez et al., 1997]. As an example of very slow ESWs we

consider the magnetopause crossing observed by C4 on 22 February 2003. An overview is
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shown in Figure 11a–11d. C4 was located at (7.8, 0.2, 8.4)RE (GSM) when EFW’s inter-

nal burst mode was triggered. The magnetopause crossing occurs at 01:01 UT, indicated

by the loss in magnetospheric electrons and increase in magnetosheath electrons, and the

increased V , corresponding to magnetosheath particles moving around the magnetopause.

There is little evidence of nearby magnetic reconnection: Bz does not reverse direction,

and no evidence of ion outflows is observed.

EFW’s internal burst mode was triggered where magnetosheath electrons dominate.

Figures 11e and 11f show the time series and spectrogram of E‖ over a short time interval.

ESWs are observed with +/− polarity, and have similar τpp. Figure 11h shows the as-

sociated frequency-wave number power spectrum, from which we calculate v ≈ 93 km s−1

(in the spacecraft frame) and lpp ≈ 6.1λD. The maximum potential is φ ≈ 0.14 V, so

individual ESWs do not strongly interact with electrons or ions. When the ESWs are

observed we calculate V · B/|B| ∼ 60 km s−1, so the ESW phase speed in the ion frame

is v′ ∼ 30 km s−1, well below the speeds expected for electron-ion or beam instabilities.

Figure 11g shows the electron phase-space density fe(E) versus electron energy E at pitch

angles θ = 0◦, 90◦, and 180◦ averaged over the internal burst mode interval. The distri-

bution has a flat-top shape at low E and for E & 100 eV, fe(E) is largest for θ = 0◦

and 180◦. This is consistent with saturation of the warm bistream instability after the

ESWs form. When the ESWs were observed the ion thermal speed is vi ≈ 300 km s−1,

much faster than the ESW speeds in the ion frame. Since the ESWs have very small

potentials and vi is large, ions can transit the ESW without being reflected by the ESW

potential. This should enable the ESWs to remain stable. In contrast, low speed ESWs

with very large potentials would tend to reflect ions, making the ESWs unstable [Omura
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et al., 1994; Drake et al., 2003], or accelerating them out of the ion frame [Eliasson and

Shukla, 2004]. We conclude that these ESWs are stable because the potentials are too

small to significantly scatter or reflect ions.

We investigate the warm bistream instability numerically for conditions when magne-

tosheath electrons dominate by solving the dispersion equation. For a Maxwellian plasma

with two electron components and one ion component, the one-dimensional electrostatic

dispersion equation is

1 +
2ω2

pi

k2v2i
[1 + ξiZ(ξi)] +

2ω2
pe1

k2v2e1
[1 + ξe1Z(ξe1)] +

2ω2
pe2

k2v2e2
[1 + ξe2Z(ξe2)] = 0, (11)

where ξe1,2 = (ω − kvd1,2)/kve1,2, ξi = ω/kvi, Z is the plasma dispersion function, ve1,2

and vi are the electron and ion thermal speeds, ωpe1,2 and ωpi are the electron and ion

angular plasma frequencies for each particle distribution, and vd1,2 are the drift speeds of

the electron distributions. For the electrons we use ne1,2 = 5 cm−3 and Te1,2 = 30 eV. For

the ions we use ni = 10 cm−3 and Ti = 200 eV. We allow the relative drift vd = vd2 − vd1

between the electron distributions to vary, but keep vc = (vd1 + vd2)/2 = 32.5 km s−1

constant in all cases. Figure 12 presents the results of our analyses using equation (11).

We first consider two cases with vd = 1.9ve1,2 and 3.0ve1,2. The electron distributions for

the two cases are shown in Figure 12a. The peaks in fe(E) at θ = 0◦ and 180◦ correspond to

vd1 and vd2, respectively, and as vd increases the valley between the distributions deepens.

Because vc is very small compared with ve, fe(E) at θ = 0◦ and 180◦ are almost identical.

Such distributions are similar to observed magnetosheath distributions, which are often

characterized by flat-top distributions and parallel to perpendicular temperature ratio

T‖/T⊥ > 1, as observed in Figure 11g. Electron distributions averaged over EFW’s
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internal burst mode interval (not shown) often have T‖/T⊥ > 1 and flat-top distributions

at low energies, suggestive of a saturated warm bistream instability distribution.

The dispersion relations and growth rates of the unstable modes associated with the

two electron distributions are shown in Figure 12b. For vd = 1.9ve1,2 the distribution is

unstable to an ion-modified bistream instability. For vd = 3.0ve1,2 the dispersion relation

approximately satisfies ω = vck for small k. At higher k the dispersion relation is modified

and depends on the ion distribution properties. However, the growth rate is maximal for

the linear part of the dispersion relation, and the growth rate is small where the dispersion

relation changes at larger k, so the electron-electron instability dominates.

We now allow vd to vary for constant vc. In Figure 12c we plot the wave number kmax

where the growth rate γ is maximal versus vd. For the parameters chosen vd & 1.8ve1,2 is

required for a positive growth rate. At vd = 2.02ve1,2 there is a discontinuity in kmax as

the instability changes from the ion-modified bistream instability to the electron-electron

warm bistream instability.

Figure 12d shows the frequency ωmax and growth rate γmax at kmax, where γ is maximal.

At low vd, when the ion-modified bistream mode dominates, ωmax is comparable to ωpi.

When the warm bistream mode dominates ωmax ∼ 0.1ωpi. As vd increases γmax increases

but begins to level off at larger vd. The growth rate of the ion-modified bistream instability

is significantly smaller than for the bistream instability. The phase speed vph = kmax/ωmax

is shown in Figure 12e. The ion-modified bistream mode has vph comparable to the ion-

acoustic speed. As vd increases and the warm bistream instability dominates vph decreases

and approaches vc, as expected.
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In Figure 12f we can estimate lpp/λD for ESWs excited by the instability by assuming

the ESW length scale corresponds to the wave number kmax, where growth is maximal.

To calculate λD, we use v2e = |vd/2|2 + v2e1,2, which applies for electron beams of equal

densities, to calculate the thermal speed of the total electron distribution. The Debye

length is then λD = ve/ωpe

√
2. When the ion-modified bistream instability dominates

we estimate lpp/λD & 13. Based on the results in Figures 5e and 5f, this instability

can only account for a small fraction of the observed lpp/λD. When the warm bistream

instability dominates we predict 6 . lpp/λD . 18, with lpp/λD decreasing as vd increases.

These length scales are consistent with those found for ESWs in simulations of the warm

bistream instability [Goldman et al., 1999]. This range of lpp/λD overlaps with most of

the observed lpp/λD in Figures 5e and 5f, and the statistical average lpp = 8.6λD. The

ESWs in Figure 11 are marginally consistent with Figure 12f, but because the speeds

are well below those expected for electron-ion and beam instabilities, we conclude that

they could be generated by the warm bistream instability. More generally, for counter-

streaming electron distributions vc can potentially have a large range of values, and could

potentially account for ESWs observed over a range of speeds. Indeed, small changes in

the counter-streaming electron distributions can lead to large changes in vph, so very slow

ESWs in the ion frame may be rare. We also note that background density fluctuations

can modify ESW speeds [Mandrake et al., 2000; Briand et al., 2008], possibly decelerating

them. Therefore, the large number of slow ESWs and electrostatic waves in Figures 5 and

6 requires further investigation.

We also model the effect of magnetospheric electrons on the warm bistream instability by

including a low-density high-temperature electron distribution in the dispersion equation.
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Overall, the changes in the mode properties are negligible. However, the presence of

electrons with magnetospheric energies will tend to increase the total electron thermal

speed. This will tend to increase λD and hence decrease lpp/λD. Therefore, it is possible

to observe ESWs with smaller lpp/λD than calculated in Figure 12f, when magnetospheric

electrons are also present. This may account for some of the ESWs with lpp . 6λD in

Figure 5.

The magnitude of vc determines the total current density J . For the model considered

above J = qene1,2(vd1 + vd2) = 2qene1,2vc. As vc and J increase sufficiently current-driven

instabilities, such as the Buneman instability, will likely develop. Our interpretation is

that the counter-streaming electron populations could have similar properties and small

vc to ensure the current remains small, except where strong currents are expected, for

example, at current sheets. The pitch-angle distributions observed with ESWs likely

correspond to marginal stability, so it is difficult to reliably predict ESW speeds directly

from the observed electron distributions.

In summary, we conclude that the ESWs and electrostatic waves with very small v

may be generated by the warm bistream instability for small J . In this case current

driven instabilities are unlikely to dominate. Because the warm bistream instability is an

electron-electron instability the wave speeds can be large due to non-zero vc and differences

in the counter-streaming electron populations. Therefore, a large range in waves speeds

is possible, and can potentially account for a large fraction of the observed speeds in

Figures 5 and 6. Similarly, the ESW speeds may change after they develop, for instance,

due to fluctuations in the background plasma density. The range of predicted lpp/λD is

consistent with most of the wave observations in Figure 5. These results suggest that the
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warm bistream instability may be responsible for a significant fraction of the observed

waves.

5.2. Beam-Plasma Instability

We consider the electrostatic instabilities driven by an electron beam, namely, the beam-

plasma instability. Beam-plasma instabilities drive electrostatic waves with vph . vb,

where vb is the beam speed. In Figure 5a all wave speeds are below ve, so for the beam-

plasma instability to generate some of the observed ESWs and electrostatic waves vb . ve

is required. At Earth’s magnetopause subthermal electron beams can be produced by

magnetosheath electrons entering the magnetosphere via magnetic reconnection [Graham

et al., 2016].

As an example of ESWs generated by the beam-plasma instability, we present ESW

observations in the magnetosphere by C4 on 28 May 2004, close to magnetopause bound-

ary. An overview is presented in Figure 13. At the time EFW’s internal burst mode was

triggered, C4 was located at (4.1,−11.1, 3.5)RE (GSM). Figures 13a and 13b show that

B and ne change little. However, the electron differential energy flux shifts to lower en-

ergies between 01:29 UT and 01:33 UT, corresponding to Te decreasing. Throughout the

internal burst mode interval we observe ESWs propagating both parallel and antiparallel

to B. Figures 13d and 13e shows a short time series of E‖ and the associated spectrogram.

At this time short time-scale ESWs are observed throughout the time series with +/−

polarity. The spectrogram shows that the ESWs have powers at different frequencies,

corresponding to different τpp.

Throughout the region of decreased Te, evidence for subthermal electron beams is ob-

served, propagating parallel and antiparallel to B. Figure 13f shows fe(E) when the
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parallel propagating ESWs in Figures 13d and 13e are observed. For energies below

∼ 100 eV an enhancement of electrons propagating parallel to B is observed, suggestive

of a thermalized beam. Overplotted is our fit to the data using a sum of bi-Maxwellian

distribution functions. The fitted distribution consists of a beam of subthermal electrons

propagating parallel to B, another electron population drifting antiparallel to B, and a

thermal background of magnetospheric electrons. For the fit we reduce the beam tem-

perature to correspond more closely to a distribution before the instability develops and

the beam is thermalized. The beam density is approximately 12% of the total electron

density, based on the fit to the data.

In Figure 13g we plot the frequency-wave number power spectrum for the ESWs in

Figure 13d. Two ESW populations are observed with v ≈ 3000 km s−1 and 800 km s−1.

At this time V is small compared with the ESW speeds, so Doppler shifts are negligible.

The corresponding lpp of the faster and slower ESWs are 4.9λD and 5.1λD, respectively.

The maximum potentials are φ ≈ 2.8 V and φ ≈ 0.82 V for the faster and slower ESWs,

respectively, corresponding to vT ≈ 1000 km s−1 and vT ≈ 500 km s−1. Therefore, the

ranges of trapped electron speeds (v ± vT ) do not overlap, meaning the faster ESWs can

pass the slower ESWs without coalescence.

The fitted fe(E) in Figure 13f is unstable to the electrostatic beam mode. The dispersion

relation and growth rate of the beam mode is found using WHAMP for the fitted electron

distribution, and are overplotted in Figure 13g. (For higher beam temperatures the beam

mode is stabilized and no positive growth is observed.) For the beam mode we predict

vph ≈ 2800 km s−1, in good agreement with the faster ESWs. Moreover, we predict positive

growth for 0 ≤ k‖ ≤ 3.4× 10−3 m−1, in agreement with the observed range of k‖ with the
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largest power. The growth rate peaks at k‖ = 1.9×10−3 m−1, from which we estimate lpp =

π/k‖ = 8.4λD, comparable to but larger than the observed lpp ≈ 4.9λD. We conclude

that the faster ESWs are consistent with generation by the beam-plasma instability.

The slower ESWs have speeds comparable to the ion thermal speed vi ≈ 500 km s−1

and may correspond to an electron-ion instability. If the beam density is sufficiently

large the electron-ion streaming instability can be excited between the beam electrons

and background ions, which could account for the observed speed of the slower ESWs

[Norgren et al., 2015a].

More generally, we conclude that the faster ESWs observed in Figures 5a and 6a are

consistent with generation by the beam-plasma instability. In Figure 5a the fastest mov-

ing ESWs are typically observed for larger Te, corresponding to a higher proportion of

magnetospheric electrons. Our interpretation is that close to the magnetopause boundary,

magnetosheath electrons entering the magnetosphere form the subthermal beams, which

excite ESWs via the beam-plasma instability [Graham et al., 2016]. Electron beams are

also possible in the magnetosheath and may generate ESWs there as well.

6. Discussion

At the magnetopause the largest amplitude ESWs had Epp ∼ 50 mV m−1 and a max-

imum φ ∼ 100 V. However, in other near-Earth regions, such as the near magnetotail

and auroral zones, ESWs have been observed with Epp of several hundred mV m−1 and φ

exceeding 1 kV, corresponding to maximum qeφ/kBTe ∼ 1 [Ergun et al., 1998b; Andersson

et al., 2009; Tao et al., 2011]. This can be explained by the constraints of equations (9)

and (10), which predict that the maximum Epp and φ are constrained by B and lpp. For

example, in Earth’s near magnetotail B is often comparable to the values of B at the
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magnetopause; however, ne is typically much smaller and Te is larger in the magnetotail.

Assuming lpp/λD does not change significantly for ESWs at the magnetopause and magne-

totail, then based on equation (10), Epp ∝ λD or equivalently Epp ∝
√
Te/ne. This means

that larger values of Epp are allowed in the magnetotail. Based on equation (9), φ ∝ Te/ne,

so larger φ are also allowed. Moreover, qeφ/kBTe ∝ 1/ne, so as the density decreases a

higher proportion of the background electrons can become trapped in ESW potentials for

constant B. In the auroral zone, B is much larger than values at the magnetopause and

magnetotail, such that Ωce � ωpe. In this case φ is not limited by B, but are limited by

the constraints in Chen et al. [2005]. For typical solar wind conditions we would expect

small amplitude ESWs, as was found in Malaspina et al. [2013]. However, some ESW

reported near the bowshock have very large amplitudes [Bale et al., 1998], which seem

to exceed these constraints. We conclude that B and the ESW length scales constrain φ

at the magnetopause to smaller values than can be observed in the near magnetotail and

auroral zones. The smaller values of φ for ESWs at the magnetopause allows ESWs with

distinct speeds to coexist without coalescing.

In this paper we have compared the speeds and length scales of ESWs with predictions

from linear theory, with very good agreement. Statistically, there is little difference in

the typical speeds and length scales (normalized to λD) of ESWs and electrostatic waves,

which suggests the same instabilities may be responsible for both ESWs and field-aligned

electrostatic waves. Similarly, there is little change in the dispersion relation as the

waveforms of electrostatic waves become nonlinear and form ESWs. The frequency-wave

number spectra of both ESWs and electrostatic waves are generally well modeled by the

linear dispersion relation [equation (4)]. However, simulations are required to determine to
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what degree the dispersion relation and mode properties change as they become nonlinear

for typical magnetopause and magnetosheath conditions. For example, the length scales

may increase as ESWs of comparable speeds coalesce [Omura et al., 1994].

For the ranges of Te and ne at the magnetopause and in the magnetosheath, EFW’s

sampling rate is too small to resolve waves with v & ve. Future work is required to

investigate and characterize ESWs and electrostatic waves with speeds near or above

ve. At the magnetopause, bump-on-tail or lower-hybrid instabilities could lead to the

development of fast ESWs [Omura et al., 1996; Che et al., 2010]. Both instabilities are

possible at the magnetopause, especially if magnetic reconnection is occurring. Therefore,

higher time resolution measurements are required to characterize ESWs generated by

these instabilities. Pickett et al. [2005] found ESWs in the magnetosheath with time scales

< 0.1 ms using Cluster’s Wideband Data (WBD) plasma wave receiver, which suggests

that faster ESWs are present, but undetected by EFW’s internal burst mode, in some

cases.

Magnetic reconnection may play an important role in the generation of many of the

observed ESWs and electrostatic waves. Although ESWs and electrostatic waves are also

observed in the unperturbed magnetosheath and at the flanks of the magnetopause, where

reconnection is unlikely. Numerous observations and simulations have shown that ESWs

are generated in the separatrices of magnetic reconnection [Drake et al., 2003; Cattell

et al., 2005; Divin et al., 2012; Li et al., 2014; Fujimoto, 2014; Graham et al., 2015].

Observations and simulations show that ESWs develop near the electron diffusion region

[Goldman et al., 2008; Tang et al., 2013; Jara-Almonte et al., 2014]. In these regions

electron beams, bistreaming electrons, and strong currents are observed potentially lead-
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ing to the excitation of the beam, bistream, and electron-ion instabilities, respectively.

Many of the examples presented in this paper show evidence of magnetic reconnection.

In particular, ion outflows and mixing of magnetospheric and magnetosheath electrons

are observed. Mixing of the two plasmas occurs in the outflow regions of magnetic re-

connection and separatrices. In this paper the wave events associated with reconnection

are primarily observed in the outflow and separatrix regions, similar to Graham et al.

[2015]. Therefore, the waves are observed outside the diffusion region, so they likely do

not influence ongoing reconnection at the magnetopause.

The lack of field measurements along the spin axis means that ESWs and electrostatic

waves at the magnetopause near the subsolar point are under-represented. Near this re-

gion, particularly on the magnetospheric side of the boundary, the component of B along

the spin axis is too large to characterize ESWs and electrostatic waves. This region is

of particular interest to investigate the diffusion region and separatrices of asymmetric

magnetic reconnection. In particular, the observation of both slow and faster, but still

subthermal, ESWs and electrostatic waves means that ESWs can dissipate strong currents

and couple different electron populations. The role of ESWs and electrostatic waves could

be crucial for asymmetric reconnection. With the magnetospheric Multiscale (MMS) mis-

sion we will be able to measure the electric fields in three dimensions, providing much

better coverage of the magnetopause. In particular, ESWs can be observed and character-

ized at the subsolar point, where asymmetric reconnection occurs. Future work is required

to determine the role of ESWs and electrostatic waves in the reconnection diffusion region.

7. Conclusion
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In this paper we have investigated the characteristics of ESWs and field-aligned electro-

static waves near Earth’s magnetopause and in the magnetosheath. Both types of waves

are frequently observed. We have used cross-spectral analyses to determine the speeds,

length scales, and maximum potentials of the waves. The key results are as follows:

(1) The phase speeds of electrostatic solitary waves (ESWs) and electrostatic waves

span approximately two orders of magnitude for similar plasma conditions, ranging from

almost stationary speeds in the ion frame to speeds comparable to, but smaller than, the

electron thermal speed. This suggests that multiple instabilities are responsible for the

observed waves.

(2) The length scales tend to increase linearly with λD. The range of lpp/λD is much

smaller than the range of observed speeds. For ESWs the average peak-to-peak length

is 9λD. Statistically, there is little change between the length scales of ESWs and field-

aligned electrostatic waves, suggesting that the same instabilities may be responsible for

both types of waves and the length scales do not change significantly as linear waves evolve

into the nonlinear ESWs.

(3) ESWs are more probable compared with electrostatic waves for low ωpe/Ωce, i.e.,

when the plasma becomes more strongly magnetized. For less magnetized plasmas elec-

trostatic waves are more probable, and for ωpi & Ωce no ESWs were observed in our

survey. This suggests that when the plasma becomes too weakly magnetized ESWs are

no longer stable. Similarly, ESWs are only observed when ωb < Ωce, consistent with

multi-dimensional simulations, which constrains the maximum allowable field strengths

and potentials.
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(4) The maximum potentials associated with ESWs are typically qeφ/kBTe ∼ 0.01, i.e.,

small compared with the thermal electron energy. The observed values of qeφ/kBTe and

lpp/λD (and λ/2λD for electrostatic waves) are consistent with the requirements for stable

ESWs predicted by Chen et al. [2005]. Large numbers of ESWs and extended electrostatic

waves are often observed, which suggests particle scattering and isotropization by these

waves can be significant, resulting in particle heating and plasma resistivity.

(5) The ESWs and electrostatic waves are consistent with those generated by the beam-

plasma instability, the warm bistream instability, and electron-ion instabilities. These

instabilities account for the range of observed phase speeds, and the typical observed

length scales. The fact that a large range of wave speeds are observed indicates that

particle scattering can occur over a wide range of energies.

(6) Waves with distinct speeds are often observed together or are closely separated

[Graham et al., 2015]. This indicates that the plasma can be unstable to multiple insta-

bilities simultaneously. The ESW potentials are often sufficiently small that the ranges of

trapped electron speeds do not overlap for ESWs with distinct speeds. This means that

ESWs with distinct speeds can pass through each other without coalescence.

The observed ESWs and electrostatic waves can couple different electron populations.

The slower waves can couple electron and ions, which can introduce effective collisions

and resistivety, and dissipate strong currents. Therefore, they could play a significant role

in magnetic reconnection at the magnetopause.
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Figure 1. ESW and the associated frequency-wave number power spectrum. (a) ESC−p3

and Ep4−SC. (b) ESC−p3, and Ep4−SC time shifted by 0.34 ms, corresponding to a speed of

122 km s−1 antiparallel to B. (c) Frequency-wave number power spectrum obtained from

ESC−p3 and Ep4−SC.
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Figure 2. Magnetopause crossing observed by C4 on 28 April 2006. (a) B (GSM), (b)

V (GSM), (c) ne, and (d) electron differential energy flux (the black line is Te). The blue

shading in (a)–(c) is EFW’s internal burst mode interval. (e) E‖ (black) and E⊥ (blue)

and (f) the E‖ spectrogram (the red and white lines are fce and fpi). (g) and (h) E‖ for

ESWs and electrostatic waves, respectively. (i) and (j) Ep3−SC and ESC−p4 for ESWs and

electrostatic waves, respectively.
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Figure 3. Frequency-wave number power spectrum obtained from Ep3−SC and ESC−p4

for the waves in Figure 2e. Overplotted in red are the linear dispersion relation fits to the

data.
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Figure 5. The speeds and length scales of ESWs (black circles) and electrostatic waves

(red crosses) compared with the local plasma conditions. (a) v versus Te (the red line is

ve and the blue line is the nominal vi assuming Ti/Te = 5). (b) v versus ne. (c) v versus

λD. (d) lpp and λ/2 versus λD. The blue line is lpp, λ/2 = 9λD. (e) lpp/λD and λ/2λD

versus Te. (f) lpp/λD and λ/2λD versus ne. The waves in Figures 1, 2, 11, and 13 are

represented by the green, blue, orange, and magenta symbols, respectively.
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Figure 6. The speeds of ESWs (black circles) and electrostatic waves (red crosses)

in the ion frame. (a) v′ versus Te (the red line is ve and the blue line is the nominal

vi assuming Ti/Te = 5). (b) v′ versus ne. The waves in Figures 1, 2, 11, and 13 are

represented by the green, blue, orange, and magenta symbols, respectively.
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Figure 8. The maximum observed peak-to-peak fields Epp and maximum potentials φ of

ESWS (black circles) and electrostatic waves (red crosses) versus Te and ne for each wave

event. (a) and (b) Epp versus Te and ne. (c)–(e) Maximum observed potentials φESW,ES

versus Te, ne, and λD, respectively. (f) Maximum normalized potentials qeφESW,ES/kBTe

versus λD. The waves in Figures 1, 2, 11, and 13 are represented by the green, blue,

orange, and magenta symbols, respectively.
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Figure 9. Maximum normalized potentials qeφ/kBTe and maximum Epp versus length

scales of ESWs and electrostatic waves. (a) qeφ/kBTe versus lpp/λD and λ/2λD for ESWs

(black circles) and electrostatic waves (red crosses), respectively. The dashed line is the

threshold boundary based on equation (11) of Chen et al. [2005] for Te/Ti = 0.5 and

lr/l‖ = 4. The region below the line is consistent with stable electron holes. (b) Epp

versus lpp and λ/2. Overplotted is equation (10) for B = 20 nT (black) and 40 nT (blue).

The waves in Figures 1, 2, 11, and 13 are represented by the green, blue, orange, and

magenta symbols, respectively.
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Figure 10. Examples of electron distributions yielding ESWs. (a) Warm bistream

instability. (b) Beam-plasma instability. (c) Electron-ion streaming instability. Dotted

distributions represent background ions.
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Figure 11. Magnetopause crossing observed by C4 on 22 February 2003. (a) B and

(b) V in GSM coordinates. (c) ne. (d) Electron differential energy flux (the black line is

Te). The blue shading in (a)–(c) is EFW’s internal burst mode interval. (e) E‖ and (f)

E‖ spectrogram (the red and white lines are fce and fpi). (g) fe(E) versus E averaged

over the internal burst mode interval (black, red, and blue curves correspond to θ = 0◦,

90◦, and 180◦, respectively). The dashed line is the instrumental one-count level. (h)

Frequency-wave number power spectrum for the ESWs in panel (e).
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Figure 12. Electron distributions and associated unstable modes for the warm bistream

instability. (a) fe(E) versus E at θ = 0◦, 90◦, and 180◦ for electron distributions with vd =

3.0ve1,2 (solid lines) and 1.9ve1,2 (dashed lines). fe(E) at θ = 0◦ and 180◦ approximately

overlap. (b) Dispersion relations (black) and growth rates (red) for the unstable modes

associated with the two electron distributions. The solid and dashed lines correspond to

the solutions found for the solid and dashed electron distributions in (a). (c) kmax versus

vd, (d) ωmax/ωpi (black) and γmax/ωpi (red) versus vd, (e) vph versus vd (dashed line is vc),

and (f) lpp/λD versus vd.D R A F T April 22, 2017, 4:26pm D R A F T
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Figure 13. ESW observations by C4 on 28 May 2004 near the magnetopause boundary.

(a) B (GSM). (b) ne. (c) Electron differential energy flux (the black line is Te). The blue

shading in (a)–(b) is EFW’s internal burst mode interval. (d) E‖ and (e) E‖ spectrogram

(the red and white lines are fce and fpi). (f) Observed fe(E) versus E (circles) and fit to

the data (solid lines) at the time the ESWs were observed (black, red, and blue curves

correspond to θ = 0◦, 90◦, and 180◦, respectively). The dashed line is the instrumental

one-count level. (g) Frequency-wave number power spectrum for the ESWs in panel (d).

Red lines are fits to the data, and the magenta and blue lines are the predicted dispersion

relation and growth rate for the fitted fe(E).
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