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Background and motivation
• Langmuir (k|| >> k⊥) and/or upper hybrid (k|| << k⊥) waves have 

been reported at Earth’s magnetopause. [e.g., Gurnett et al., 1978; 
Anderson et al., 1982]

Waves at the magnetopause

Plasma 
frequency 
waves



Magnetic reconnection
• Plasma frequency waves 

generated near a 
reconnection electron 
diffusion region.

are observed. This is possibly due to spatial changes in the
beam density, but wave-particle interactions may also
contribute to the evolution of the distribution. One-
dimensional electron distributions from Figs. 3(e)–3(g)
along k̂ and −k̂ are shown in Figs. 3(h)–3(j), respectively.
Just before the large-amplitude waves are observed a clear
electron beam is seen [Fig. 3(h)], indicating an unstable
distribution. This beam is the only apparent energy source
of the UH waves, so we conclude that the waves are
driven by the beam. During the wave observations the

distributions develop a plateau [Figs. 3(i)–3(j)], suggestive
of quasilinear relaxation. From Fig. 3(h) we estimate vb ≈
104 km s−1 and the largest positive gradient in the electron
distribution is at v ≈ 8 × 103 km s−1, which provides a
good indicator of the wave’s phase speed vph.
To investigate the wave properties further we calculate

the properties of the unstable mode predicted by fitting two
bi-Maxwellian distributions to the distribution in Fig. 3(h)
assuming an unmagnetized plasma, and using nb=ne ¼ 0.02
to agreewith observations.At this time thewave amplitude is
relatively small so we solve the linear dispersion equation.
The unstable mode is predicted to be the beam mode
[Figs. 3(k)–3(m)]. We note that for reduced nb=ne a growing
Langmuir-like wave is found. Figure 3(l) shows that the
mode has a maximum growth rate of γ ¼ 6 × 10−2ωpe ∼
4Ωce for f ¼ fpe [Fig. 3(k)]. Therefore, based on the linear
growth rate the time required for the waves to grow to large
amplitudes (of the order of the electron gyroperiod
≈3 × 10−3 s) is well below the observation time of the
agyrotropic electron beams (∼0.3 s on MMS1). The peak γ
occurs at wave number kλD ≈ 0.35, whence we calculate the
wavelength λ ≈ 400 m ≈ 18λD , which is much smaller than
ρe and the electron beam gyroradius ρb ≈ 5 km. We predict
vph ≈ 8 × 103 km s−1 [Fig. 3(m)], consistent with observa-
tions. Using this estimate of vph based on thewaves with low
amplitude and the linear dispersion relation, and Emax from
the observed high-amplitude waves, we estimate the maxi-
mum wave potential to be Φ ≈ 30 V. These waves can trap
electrons with speeds between vT ¼ vph "

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qeΦ=m e

p
≈

½8" 3.2$ × 103 km s−1, which overlaps with most of the
electron beam and part of the core in Fig. 3(h) and
approximately spans the plateau in Figs. 3(i) and 3(j).
Therefore, these waves are sufficiently large to account for
the plateau distributions and can couple the agyrotropic beam
to the core population, thus modifying the observed electron
distributions. These wave-particle interactions may in turn
increase

ffiffiffiffi
Q

p
and Aϕe=2 (both peak when the UH waves are

observed), and hence modify the electron pressure tensor
within the EDR.
Intense UH waves are also observed by MMS2 (Fig. 4),

with peak amplitude Emax ≈ 80 mVm−1. The waveform is
approximately 1D, with propagation direction k̂ ¼ ½−0.22;
0.96;−0.19$ (LMN). Figures 4(b) and 4(c) show two
adjacent electron distributions just before and during the
UH wave observation. The agyrotropic beam is approx-
imately perpendicular to B and closely aligned with k̂.
We estimate nb=ne ≈ 7 × 10−3 and vb ≈ 104 km s−1, com-
parable to the MMS1 vb, but a lower nb. Overall, the
observations confirm the results from MMS1 and suggest
that UH wave generation occurs over volumes comparable
to or larger than the spacecraft separation ð∼15 kmÞ.
This Letter shows the first observational evidence of

electrostatic waves generated by agyrotropic electron
beams produced by an EDR. We identify the largest

FIG. 3. UH waves observed by MMS1. (a) Emax of the UH
waves. (b),(c) Hodograms of Emax versus Eint, and Emax versus
Emin. The red line in (c) is the B direction. (d) Power spectrum of
Emax (the red dashed line is fpe). (e)–(g) Electron distributions in
the v⊥1 − v⊥2 plane at times indicated by the red vertical lines in
panel (a). (h)–(j) 1D electron distributions along k̂ (black) and
−k̂ (red) at times indicated by the red vertical lines in (a). The
green dashed line in (h) is a two-Maxwellian fit to the black curve
and the yellow shading indicates the domain of electron speeds
trapped by the wave potential. (k)–(m) Frequency, γ, and vph of
the unstable mode predicted from the fitted distribution in (h).
The red circles indicate where γ is maximal.
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are observed. This is possibly due to spatial changes in the
beam density, but wave-particle interactions may also
contribute to the evolution of the distribution. One-
dimensional electron distributions from Figs. 3(e)–3(g)
along k̂ and −k̂ are shown in Figs. 3(h)–3(j), respectively.
Just before the large-amplitude waves are observed a clear
electron beam is seen [Fig. 3(h)], indicating an unstable
distribution. This beam is the only apparent energy source
of the UH waves, so we conclude that the waves are
driven by the beam. During the wave observations the

distributions develop a plateau [Figs. 3(i)–3(j)], suggestive
of quasilinear relaxation. From Fig. 3(h) we estimate vb ≈
104 km s−1 and the largest positive gradient in the electron
distribution is at v ≈ 8 × 103 km s−1, which provides a
good indicator of the wave’s phase speed vph.
To investigate the wave properties further we calculate

the properties of the unstable mode predicted by fitting two
bi-Maxwellian distributions to the distribution in Fig. 3(h)
assuming an unmagnetized plasma, and using nb=ne ¼ 0.02
to agreewith observations.At this time thewave amplitude is
relatively small so we solve the linear dispersion equation.
The unstable mode is predicted to be the beam mode
[Figs. 3(k)–3(m)]. We note that for reduced nb=ne a growing
Langmuir-like wave is found. Figure 3(l) shows that the
mode has a maximum growth rate of γ ¼ 6 × 10−2ωpe ∼
4Ωce for f ¼ fpe [Fig. 3(k)]. Therefore, based on the linear
growth rate the time required for the waves to grow to large
amplitudes (of the order of the electron gyroperiod
≈3 × 10−3 s) is well below the observation time of the
agyrotropic electron beams (∼0.3 s on MMS1). The peak γ
occurs at wave number kλD ≈ 0.35, whence we calculate the
wavelength λ ≈ 400 m ≈ 18λD , which is much smaller than
ρe and the electron beam gyroradius ρb ≈ 5 km. We predict
vph ≈ 8 × 103 km s−1 [Fig. 3(m)], consistent with observa-
tions. Using this estimate of vph based on thewaves with low
amplitude and the linear dispersion relation, and Emax from
the observed high-amplitude waves, we estimate the maxi-
mum wave potential to be Φ ≈ 30 V. These waves can trap
electrons with speeds between vT ¼ vph "

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qeΦ=m e

p
≈

½8" 3.2$ × 103 km s−1, which overlaps with most of the
electron beam and part of the core in Fig. 3(h) and
approximately spans the plateau in Figs. 3(i) and 3(j).
Therefore, these waves are sufficiently large to account for
the plateau distributions and can couple the agyrotropic beam
to the core population, thus modifying the observed electron
distributions. These wave-particle interactions may in turn
increase
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and Aϕe=2 (both peak when the UH waves are

observed), and hence modify the electron pressure tensor
within the EDR.
Intense UH waves are also observed by MMS2 (Fig. 4),

with peak amplitude Emax ≈ 80 mVm−1. The waveform is
approximately 1D, with propagation direction k̂ ¼ ½−0.22;
0.96;−0.19$ (LMN). Figures 4(b) and 4(c) show two
adjacent electron distributions just before and during the
UH wave observation. The agyrotropic beam is approx-
imately perpendicular to B and closely aligned with k̂.
We estimate nb=ne ≈ 7 × 10−3 and vb ≈ 104 km s−1, com-
parable to the MMS1 vb, but a lower nb. Overall, the
observations confirm the results from MMS1 and suggest
that UH wave generation occurs over volumes comparable
to or larger than the spacecraft separation ð∼15 kmÞ.
This Letter shows the first observational evidence of

electrostatic waves generated by agyrotropic electron
beams produced by an EDR. We identify the largest

FIG. 3. UH waves observed by MMS1. (a) Emax of the UH
waves. (b),(c) Hodograms of Emax versus Eint, and Emax versus
Emin. The red line in (c) is the B direction. (d) Power spectrum of
Emax (the red dashed line is fpe). (e)–(g) Electron distributions in
the v⊥1 − v⊥2 plane at times indicated by the red vertical lines in
panel (a). (h)–(j) 1D electron distributions along k̂ (black) and
−k̂ (red) at times indicated by the red vertical lines in (a). The
green dashed line in (h) is a two-Maxwellian fit to the black curve
and the yellow shading indicates the domain of electron speeds
trapped by the wave potential. (k)–(m) Frequency, γ, and vph of
the unstable mode predicted from the fitted distribution in (h).
The red circles indicate where γ is maximal.
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• Waves are generated by an 
agyrotropic electron beam.

[Graham et al., 2017]



Radio emission
• Type II and type III radio 

bursts (Wind data).
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and AKR.
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Type III

Type II

• Langmuir and UH waves can 
generate radio waves by 
linear or nonlinear processes.
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Langmuir/UH dispersion surface
• Single electron Maxwellian distribution.
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4.2.3 Electromagnetic properties698

We now investigate the electromagnetic properties of the waves at the magnetopause699

and in the magnetosphere. We find that some of the wave events have B large enough700

above the SCM noise floor to calculate FB . In our dataset approximately 20 % of the wave701

events are observed at frequencies resolvable by SCM ( f pk and f pe below 8 kHz). Of702

these we find that 185 have B su�ciently high above the SCM noise floor to estimate FB703

and c|B|/|E|. All these events are observed on the low-density side of the magnetopause704

or in the magnetosphere. We note that far more noise is found in SCM data on MMS3705

than on the other MMS spacecraft. As a result very few SCM waveforms can be ana-706

lyzed on MMS3, reducing our sample size. We define the fraction of perpendicular to707

total magnetic field energy to be708

FB =

P
B?(t)2

P
B?(t)2 +

P
Bk (t)2 . (2)

For FB the magnetic fields are typically small compared with the noise level so we per-709

form narrow bandpass filtering around the wave frequency and only consider times when710

B is above the signal noise level to compute FB .711

Figure 11a shows the scatterplot of FE versus FB . Most wave events have FE ⇠ 1712

and FB is typically small, with values centered around 0.2. This is consistent with UH713

waves with k? � k k (Figure 1). Thus, these waves cannot be L, R, or O mode waves.714

The waves are also unlikely to be the upper X mode because the electric fields are large715

amplitude and fluctuate significantly in space or time. We note the values of FB can be716

increased somewhat due to the SCM noise floor, thus the actual values of FB could be717

smaller than those found in the data. We find 5 events with FE ⇠ 0 and FB ⇠ 1, consis-718

tent with Langmuir waves with k? ⌧ k k . Therefore, the observed FB are consistent with719

predictions for UH and Langmuir waves.720

Figure 11b shows the scatterplot of c|B|/|E| versus f pk/ fce . The yellow line shows724

the maximum predicted c|B|/|E| for k perpendicular to B0 versus f / fce for compari-725

son. All observed c|B|/|E| are below the maximum predicted c|B|/|E|, suggesting that726

the observed waves have larger k than the left-hand polarized Z mode (Figure 1c). We727

find that c|B|/|E| is typically ⇠ 0.05, which are relatively large values. In some cases728

c|B|/|E| > 0.1, corresponding to a significant electromagnetic component. We do not see729

any clear dependence of c |B|/|E| on f pk/ fce , unlike the predicted maximum of c|B|/|E|730

at low k, which decreases as f / fce increases. For UH waves the values of c|B|/|E| cor-731

–30–
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quired to generate Langmuir or beam-mode waves [Fitzenreiter et al., 1990]. Thus, our562

observations are consistent with previous studies of the electron foreshock [Filbert and563

Kellogg, 1979; Etcheto and Faucheux, 1984]. However, SITL selection biases, which may564

a�ect the relative number of quasi-parallel and quasi-perpendicular shocks, and the typical565

Nyquist frequency of 32 kHz of E likely influence the statistical results.566

We find large-amplitude waves at the magnetopause and in the magnetosphere for all567

orientations of B0 in the solar wind, which could suggest that the instabilities responsible568

for the waves are not strongly influenced by solar wind conditions. We note that twice as569

many wave events are found for Bz < 0 (GSM) in the solar wind compared with Bz > 0570

(GSM) in the solar wind. This is likely the result of the selection biases of the burst mode571

intervals, which favor southward B0 in the magnetosheath, rather than the waves being572

more likely to be observed for solar wind Bz < 0, i.e., when magnetic reconnection is ex-573

pected to occur near the subsolar point. We also find that many of the waves are found on574

closed field lines, but close to the boundary layer. Therefore, we can conclude that day-575

side magnetic reconnection is probably not required for large-amplitude Langmuir and UH576

waves to develop.577

4.2.2 Electric field properties578

We now investigate the properties of the wave electric fields. To investigate the na-579

ture of the waves we define the fraction of energy density in the perpendicular electric580

field to the total electric field energy density [Malaspina et al., 2011; Graham and Cairns,581

2014]:582

FE =

P
E?(t)2

P
E?(t)2 +

P
Ek (t)2 . (1)

To compute FE we high-pass filter the waveform above f pe/1.5 to remove any lower fre-583

quency waves and sum over the entire wave event. This FE can be compared with the584

predictions in Figures 1a–3a. Figure 10a shows the histogram of FE for all wave events585

(black curve). Here, the counts are normalized so the maximum value is 1. We see that586

the wave events either have FE ⇡ 0 or FE ⇡ 1, corresponding to Langmuir and UH waves,587

respectively. There are very few wave events with intermediate values of FE . This means588

that the wave vector k of the waves is either close to parallel or close to perpendicular to589

B0, and rarely oblique. Moreover, many of the intermediate FE events simply result from590

an FE ⇡ 0 wave and an FE ⇡ 1 wave observed in the same wave event at di�erent times591

–25–

Te = 200 eV; ne = 0.5 cm-3; B0 = 50 nT



Langmuir/UH dispersion surface
• Hot and cold electron Maxwellian distributions
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4.2.3 Electromagnetic properties698

We now investigate the electromagnetic properties of the waves at the magnetopause699

and in the magnetosphere. We find that some of the wave events have B large enough700

above the SCM noise floor to calculate FB . In our dataset approximately 20 % of the wave701

events are observed at frequencies resolvable by SCM ( f pk and f pe below 8 kHz). Of702

these we find that 185 have B su�ciently high above the SCM noise floor to estimate FB703

and c|B|/|E|. All these events are observed on the low-density side of the magnetopause704

or in the magnetosphere. We note that far more noise is found in SCM data on MMS3705

than on the other MMS spacecraft. As a result very few SCM waveforms can be ana-706

lyzed on MMS3, reducing our sample size. We define the fraction of perpendicular to707

total magnetic field energy to be708

FB =

P
B?(t)2

P
B?(t)2 +

P
Bk (t)2 . (2)

For FB the magnetic fields are typically small compared with the noise level so we per-709

form narrow bandpass filtering around the wave frequency and only consider times when710

B is above the signal noise level to compute FB .711

Figure 11a shows the scatterplot of FE versus FB . Most wave events have FE ⇠ 1712

and FB is typically small, with values centered around 0.2. This is consistent with UH713

waves with k? � k k (Figure 1). Thus, these waves cannot be L, R, or O mode waves.714

The waves are also unlikely to be the upper X mode because the electric fields are large715

amplitude and fluctuate significantly in space or time. We note the values of FB can be716

increased somewhat due to the SCM noise floor, thus the actual values of FB could be717

smaller than those found in the data. We find 5 events with FE ⇠ 0 and FB ⇠ 1, consis-718

tent with Langmuir waves with k? ⌧ k k . Therefore, the observed FB are consistent with719

predictions for UH and Langmuir waves.720

Figure 11b shows the scatterplot of c|B|/|E| versus f pk/ fce . The yellow line shows724

the maximum predicted c|B|/|E| for k perpendicular to B0 versus f / fce for compari-725

son. All observed c|B|/|E| are below the maximum predicted c|B|/|E|, suggesting that726

the observed waves have larger k than the left-hand polarized Z mode (Figure 1c). We727

find that c|B|/|E| is typically ⇠ 0.05, which are relatively large values. In some cases728

c|B|/|E| > 0.1, corresponding to a significant electromagnetic component. We do not see729

any clear dependence of c |B|/|E| on f pk/ fce , unlike the predicted maximum of c|B|/|E|730

at low k, which decreases as f / fce increases. For UH waves the values of c|B|/|E| cor-731

–30–
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quired to generate Langmuir or beam-mode waves [Fitzenreiter et al., 1990]. Thus, our562

observations are consistent with previous studies of the electron foreshock [Filbert and563

Kellogg, 1979; Etcheto and Faucheux, 1984]. However, SITL selection biases, which may564

a�ect the relative number of quasi-parallel and quasi-perpendicular shocks, and the typical565

Nyquist frequency of 32 kHz of E likely influence the statistical results.566

We find large-amplitude waves at the magnetopause and in the magnetosphere for all567

orientations of B0 in the solar wind, which could suggest that the instabilities responsible568

for the waves are not strongly influenced by solar wind conditions. We note that twice as569

many wave events are found for Bz < 0 (GSM) in the solar wind compared with Bz > 0570

(GSM) in the solar wind. This is likely the result of the selection biases of the burst mode571

intervals, which favor southward B0 in the magnetosheath, rather than the waves being572

more likely to be observed for solar wind Bz < 0, i.e., when magnetic reconnection is ex-573

pected to occur near the subsolar point. We also find that many of the waves are found on574

closed field lines, but close to the boundary layer. Therefore, we can conclude that day-575

side magnetic reconnection is probably not required for large-amplitude Langmuir and UH576

waves to develop.577

4.2.2 Electric field properties578

We now investigate the properties of the wave electric fields. To investigate the na-579

ture of the waves we define the fraction of energy density in the perpendicular electric580

field to the total electric field energy density [Malaspina et al., 2011; Graham and Cairns,581

2014]:582

FE =

P
E?(t)2

P
E?(t)2 +

P
Ek (t)2 . (1)

To compute FE we high-pass filter the waveform above f pe/1.5 to remove any lower fre-583

quency waves and sum over the entire wave event. This FE can be compared with the584

predictions in Figures 1a–3a. Figure 10a shows the histogram of FE for all wave events585

(black curve). Here, the counts are normalized so the maximum value is 1. We see that586

the wave events either have FE ⇡ 0 or FE ⇡ 1, corresponding to Langmuir and UH waves,587

respectively. There are very few wave events with intermediate values of FE . This means588

that the wave vector k of the waves is either close to parallel or close to perpendicular to589

B0, and rarely oblique. Moreover, many of the intermediate FE events simply result from590

an FE ⇡ 0 wave and an FE ⇡ 1 wave observed in the same wave event at di�erent times591

–25–

ne = 0.5 cm-3; nec = 0.95ne; neh = 0.05ne; 
Tec = 100 eV; Teh = 2keV; B0 = 50 nT



L-O surface
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4.2.3 Electromagnetic properties698

We now investigate the electromagnetic properties of the waves at the magnetopause699

and in the magnetosphere. We find that some of the wave events have B large enough700

above the SCM noise floor to calculate FB . In our dataset approximately 20 % of the wave701

events are observed at frequencies resolvable by SCM ( f pk and f pe below 8 kHz). Of702

these we find that 185 have B su�ciently high above the SCM noise floor to estimate FB703

and c|B|/|E|. All these events are observed on the low-density side of the magnetopause704

or in the magnetosphere. We note that far more noise is found in SCM data on MMS3705

than on the other MMS spacecraft. As a result very few SCM waveforms can be ana-706

lyzed on MMS3, reducing our sample size. We define the fraction of perpendicular to707

total magnetic field energy to be708

FB =

P
B?(t)2

P
B?(t)2 +

P
Bk (t)2 . (2)

For FB the magnetic fields are typically small compared with the noise level so we per-709

form narrow bandpass filtering around the wave frequency and only consider times when710

B is above the signal noise level to compute FB .711

Figure 11a shows the scatterplot of FE versus FB . Most wave events have FE ⇠ 1712

and FB is typically small, with values centered around 0.2. This is consistent with UH713

waves with k? � k k (Figure 1). Thus, these waves cannot be L, R, or O mode waves.714

The waves are also unlikely to be the upper X mode because the electric fields are large715

amplitude and fluctuate significantly in space or time. We note the values of FB can be716

increased somewhat due to the SCM noise floor, thus the actual values of FB could be717

smaller than those found in the data. We find 5 events with FE ⇠ 0 and FB ⇠ 1, consis-718

tent with Langmuir waves with k? ⌧ k k . Therefore, the observed FB are consistent with719

predictions for UH and Langmuir waves.720

Figure 11b shows the scatterplot of c|B|/|E| versus f pk/ fce . The yellow line shows724

the maximum predicted c|B|/|E| for k perpendicular to B0 versus f / fce for compari-725

son. All observed c|B|/|E| are below the maximum predicted c|B|/|E|, suggesting that726

the observed waves have larger k than the left-hand polarized Z mode (Figure 1c). We727

find that c|B|/|E| is typically ⇠ 0.05, which are relatively large values. In some cases728

c|B|/|E| > 0.1, corresponding to a significant electromagnetic component. We do not see729

any clear dependence of c |B|/|E| on f pk/ fce , unlike the predicted maximum of c|B|/|E|730

at low k, which decreases as f / fce increases. For UH waves the values of c|B|/|E| cor-731

–30–
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quired to generate Langmuir or beam-mode waves [Fitzenreiter et al., 1990]. Thus, our562

observations are consistent with previous studies of the electron foreshock [Filbert and563

Kellogg, 1979; Etcheto and Faucheux, 1984]. However, SITL selection biases, which may564

a�ect the relative number of quasi-parallel and quasi-perpendicular shocks, and the typical565

Nyquist frequency of 32 kHz of E likely influence the statistical results.566

We find large-amplitude waves at the magnetopause and in the magnetosphere for all567

orientations of B0 in the solar wind, which could suggest that the instabilities responsible568

for the waves are not strongly influenced by solar wind conditions. We note that twice as569

many wave events are found for Bz < 0 (GSM) in the solar wind compared with Bz > 0570

(GSM) in the solar wind. This is likely the result of the selection biases of the burst mode571

intervals, which favor southward B0 in the magnetosheath, rather than the waves being572

more likely to be observed for solar wind Bz < 0, i.e., when magnetic reconnection is ex-573

pected to occur near the subsolar point. We also find that many of the waves are found on574

closed field lines, but close to the boundary layer. Therefore, we can conclude that day-575

side magnetic reconnection is probably not required for large-amplitude Langmuir and UH576

waves to develop.577

4.2.2 Electric field properties578

We now investigate the properties of the wave electric fields. To investigate the na-579

ture of the waves we define the fraction of energy density in the perpendicular electric580

field to the total electric field energy density [Malaspina et al., 2011; Graham and Cairns,581

2014]:582

FE =

P
E?(t)2

P
E?(t)2 +

P
Ek (t)2 . (1)

To compute FE we high-pass filter the waveform above f pe/1.5 to remove any lower fre-583

quency waves and sum over the entire wave event. This FE can be compared with the584

predictions in Figures 1a–3a. Figure 10a shows the histogram of FE for all wave events585

(black curve). Here, the counts are normalized so the maximum value is 1. We see that586

the wave events either have FE ⇡ 0 or FE ⇡ 1, corresponding to Langmuir and UH waves,587

respectively. There are very few wave events with intermediate values of FE . This means588

that the wave vector k of the waves is either close to parallel or close to perpendicular to589

B0, and rarely oblique. Moreover, many of the intermediate FE events simply result from590

an FE ⇡ 0 wave and an FE ⇡ 1 wave observed in the same wave event at di�erent times591

–25–
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4.2.3 Electromagnetic properties698

We now investigate the electromagnetic properties of the waves at the magnetopause699

and in the magnetosphere. We find that some of the wave events have B large enough700

above the SCM noise floor to calculate FB . In our dataset approximately 20 % of the wave701

events are observed at frequencies resolvable by SCM ( f pk and f pe below 8 kHz). Of702

these we find that 185 have B su�ciently high above the SCM noise floor to estimate FB703

and c|B|/|E|. All these events are observed on the low-density side of the magnetopause704

or in the magnetosphere. We note that far more noise is found in SCM data on MMS3705

than on the other MMS spacecraft. As a result very few SCM waveforms can be ana-706

lyzed on MMS3, reducing our sample size. We define the fraction of perpendicular to707

total magnetic field energy to be708

FB =

P
B?(t)2

P
B?(t)2 +

P
Bk (t)2 . (2)

For FB the magnetic fields are typically small compared with the noise level so we per-709

form narrow bandpass filtering around the wave frequency and only consider times when710

B is above the signal noise level to compute FB .711

Figure 11a shows the scatterplot of FE versus FB . Most wave events have FE ⇠ 1712

and FB is typically small, with values centered around 0.2. This is consistent with UH713

waves with k? � k k (Figure 1). Thus, these waves cannot be L, R, or O mode waves.714

The waves are also unlikely to be the upper X mode because the electric fields are large715

amplitude and fluctuate significantly in space or time. We note the values of FB can be716

increased somewhat due to the SCM noise floor, thus the actual values of FB could be717

smaller than those found in the data. We find 5 events with FE ⇠ 0 and FB ⇠ 1, consis-718

tent with Langmuir waves with k? ⌧ k k . Therefore, the observed FB are consistent with719

predictions for UH and Langmuir waves.720

Figure 11b shows the scatterplot of c|B|/|E| versus f pk/ fce . The yellow line shows724

the maximum predicted c|B|/|E| for k perpendicular to B0 versus f / fce for compari-725

son. All observed c|B|/|E| are below the maximum predicted c|B|/|E|, suggesting that726

the observed waves have larger k than the left-hand polarized Z mode (Figure 1c). We727

find that c|B|/|E| is typically ⇠ 0.05, which are relatively large values. In some cases728

c|B|/|E| > 0.1, corresponding to a significant electromagnetic component. We do not see729

any clear dependence of c |B|/|E| on f pk/ fce , unlike the predicted maximum of c|B|/|E|730

at low k, which decreases as f / fce increases. For UH waves the values of c|B|/|E| cor-731
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quired to generate Langmuir or beam-mode waves [Fitzenreiter et al., 1990]. Thus, our562

observations are consistent with previous studies of the electron foreshock [Filbert and563

Kellogg, 1979; Etcheto and Faucheux, 1984]. However, SITL selection biases, which may564

a�ect the relative number of quasi-parallel and quasi-perpendicular shocks, and the typical565

Nyquist frequency of 32 kHz of E likely influence the statistical results.566

We find large-amplitude waves at the magnetopause and in the magnetosphere for all567

orientations of B0 in the solar wind, which could suggest that the instabilities responsible568

for the waves are not strongly influenced by solar wind conditions. We note that twice as569

many wave events are found for Bz < 0 (GSM) in the solar wind compared with Bz > 0570

(GSM) in the solar wind. This is likely the result of the selection biases of the burst mode571

intervals, which favor southward B0 in the magnetosheath, rather than the waves being572

more likely to be observed for solar wind Bz < 0, i.e., when magnetic reconnection is ex-573

pected to occur near the subsolar point. We also find that many of the waves are found on574

closed field lines, but close to the boundary layer. Therefore, we can conclude that day-575

side magnetic reconnection is probably not required for large-amplitude Langmuir and UH576

waves to develop.577

4.2.2 Electric field properties578

We now investigate the properties of the wave electric fields. To investigate the na-579

ture of the waves we define the fraction of energy density in the perpendicular electric580

field to the total electric field energy density [Malaspina et al., 2011; Graham and Cairns,581

2014]:582

FE =

P
E?(t)2

P
E?(t)2 +

P
Ek (t)2 . (1)

To compute FE we high-pass filter the waveform above f pe/1.5 to remove any lower fre-583

quency waves and sum over the entire wave event. This FE can be compared with the584

predictions in Figures 1a–3a. Figure 10a shows the histogram of FE for all wave events585

(black curve). Here, the counts are normalized so the maximum value is 1. We see that586

the wave events either have FE ⇡ 0 or FE ⇡ 1, corresponding to Langmuir and UH waves,587

respectively. There are very few wave events with intermediate values of FE . This means588

that the wave vector k of the waves is either close to parallel or close to perpendicular to589

B0, and rarely oblique. Moreover, many of the intermediate FE events simply result from590

an FE ⇡ 0 wave and an FE ⇡ 1 wave observed in the same wave event at di�erent times591
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Electron Bernstein waves
• In addition to the three 

dispersion surfaces near 
fpe, electron Bernstein 
waves can develop 
between fce harmonics.  

fuh 



MMS data
• We search through high-resolution electric field data for large-

amplitude waves near fpe (Emax > 20 mV m-1).

• From MMS magnetopause phases we find 8837 wave events 

(most near the MP, some near the foreshock).

Example wave 
event near the 
magnetopause



Langmuir waves (1)

• Langmuir 
waves are 
driven by the 
bump-on-tail 
instability.

• E|| >> E⊥



Langmuir waves (2)
• Three examples of 

Langmuir waves

Very narrow spectral peak 
and Bernstein waves.

Broader spectral peak 
Langmuir waves.

Broad spectral peak Langmuir 
waves and whistler waves.

[cf., Reinleitner et al.1982]



UH waves (1)

• E|| << E⊥.

• UH waves are can be simultaneously 

observed with Bernstein waves and whistlers.



UH waves (2)

• E|| << E⊥.

• UH waves are can be simultaneously 

observed with Bernstein waves and whistlers.



Electromagnetic properties



Wave locations

• Average occurrence rate for 
> 20 mV/m waves is 2.3 %.

MP waves

Foreshock waves



Wave properties (1)
UH wavesLangmuir 

waves
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quired to generate Langmuir or beam-mode waves [Fitzenreiter et al., 1990]. Thus, our562

observations are consistent with previous studies of the electron foreshock [Filbert and563

Kellogg, 1979; Etcheto and Faucheux, 1984]. However, SITL selection biases, which may564

a�ect the relative number of quasi-parallel and quasi-perpendicular shocks, and the typical565

Nyquist frequency of 32 kHz of E likely influence the statistical results.566

We find large-amplitude waves at the magnetopause and in the magnetosphere for all567

orientations of B0 in the solar wind, which could suggest that the instabilities responsible568

for the waves are not strongly influenced by solar wind conditions. We note that twice as569

many wave events are found for Bz < 0 (GSM) in the solar wind compared with Bz > 0570

(GSM) in the solar wind. This is likely the result of the selection biases of the burst mode571

intervals, which favor southward B0 in the magnetosheath, rather than the waves being572

more likely to be observed for solar wind Bz < 0, i.e., when magnetic reconnection is ex-573

pected to occur near the subsolar point. We also find that many of the waves are found on574

closed field lines, but close to the boundary layer. Therefore, we can conclude that day-575

side magnetic reconnection is probably not required for large-amplitude Langmuir and UH576

waves to develop.577

4.2.2 Electric field properties578

We now investigate the properties of the wave electric fields. To investigate the na-579

ture of the waves we define the fraction of energy density in the perpendicular electric580

field to the total electric field energy density [Malaspina et al., 2011; Graham and Cairns,581

2014]:582

FE =

P
E?(t)2

P
E?(t)2 +

P
Ek (t)2 . (1)

To compute FE we high-pass filter the waveform above f pe/1.5 to remove any lower fre-583

quency waves and sum over the entire wave event. This FE can be compared with the584

predictions in Figures 1a–3a. Figure 10a shows the histogram of FE for all wave events585

(black curve). Here, the counts are normalized so the maximum value is 1. We see that586

the wave events either have FE ⇡ 0 or FE ⇡ 1, corresponding to Langmuir and UH waves,587

respectively. There are very few wave events with intermediate values of FE . This means588

that the wave vector k of the waves is either close to parallel or close to perpendicular to589

B0, and rarely oblique. Moreover, many of the intermediate FE events simply result from590

an FE ⇡ 0 wave and an FE ⇡ 1 wave observed in the same wave event at di�erent times591
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FE histogram changes 
depending on region.
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Figure 1. Langmuir/Z-mode and upper hybrid dispersion surface. (a) FE . (b) FB . (c) c|B|/|E|. (d) Sk/S.

(e) Ellipticity of E. (f) Ellipticity of B. The dispersion surface is computed from a single electron Maxwellian

distribution for parameters ne = 0.5 cm�3, Te = 200 eV, and B0 = 50 nT. The wave numbers k are normalized

to the Debye length �D .

117

118

119

120

The Langmuir/Z-mode and UH dispersion surface consists of the generalized Langmuir/Z-121

mode wave for k closely aligned with B0. For large wave numbers k, the wave is ap-122

proximately electrostatic, while at low k the wave is electromagnetic and left-hand cir-123

cularly polarized. The mode switches from Langmuir-like to Z-mode-like at wave number124

k⇤�D = ve/(c
p

2)(1 + f pe/ fce )�1/2, which also corresponds to the window where mode125

conversion between the Langmuir/Z-mode and O mode occurs [Ellis, 1956; Yoon et al.,126

1998]. Here, ve =
p

2kBTe/me is the electron thermal speed. The cuto� of the Z-mode127

occurs at frequency f = (
q

f 2
ce + 4 f 2

pe � fce )/2 as k ! 0. For k approximately per-128

pendicular to B0 the dispersion relation is the generalized UH wave. At low k the wave129

is the left-hand polarized Z-mode (sometimes called the slow extraordinary mode). For130

moderate values of k the mode follows the UH dispersion relation and crosses the UH res-131

onance frequency fuh =
q

f 2
pe + f 2

ce for finite Te due to thermal e�ects. For large k the132

frequency f peaks and as k is increased f decreases to the nearest harmonic of fce . Here133

the mode is Bernstein-like, and only develops in kinetic plasma theory. In this paper we134

will investigate large-amplitude non-thermal waves near f pe , so the observed waveforms135

will likely lie on this dispersion surface.136
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fpk - frequency 
of peak power. 

Magnetopause and 
magnetosphere

Foreshock

• UH waves are more likely to 
be found than Langmuir 
waves at the magnetopause.



Comparison with kinetic theory

• Case 1: Single Maxwellian - using measured parameters

• Case 2: Hot and Cold Maxwellians - measured B and n.
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Figure 1. Langmuir/Z-mode and upper hybrid dispersion surface. (a) FE . (b) FB . (c) c|B|/|E|. (d) Sk/S.

(e) Ellipticity of E. (f) Ellipticity of B. The dispersion surface is computed from a single electron Maxwellian

distribution for parameters ne = 0.5 cm�3, Te = 200 eV, and B0 = 50 nT. The wave numbers k are normalized

to the Debye length �D .
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the mode is Bernstein-like, and only develops in kinetic plasma theory. In this paper we134
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will likely lie on this dispersion surface.136
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fpk - frequency of 
peak power. 

• Case 1 waves do not agree well 
with observations. 


• Case 2 agrees well with 
observations.

We assume fpk occurs where vg = 0. 



• Peak frequencies of UH waves 
tend to avoid nfce and (n+1/2)fce.

Wave properties (3)
Histogram of peak frequency fpk/fce for UH waves

This behavior can explain some 
of the spread in (fpk - fuh)/fuh. 

fpk - frequency of 
peak power. 



• Case 2 
provides better 
agreement with 
observations.

Comparison with kinetic theory
• Case 1: Single Maxwellian

• Case 2: Hot and Cold Maxwellians



Example 1



Example 2



Electromagnetic properties

Langmuir 
UH



Comparison with kinetic theory

One component

Two components

• EM properties are 
consistent with UH 
waves rather than 
Bernstein waves.

• Case 1: Single Maxwellian

• Case 2: Hot and Cold Maxwellians



Conclusions

• Large-amplitude Langmuir and UH waves are 
frequently observed at Earth’s magnetopause.


• The electrostatic and electromagnetic 
properties of the waves are consistent with 
kinetic theory.


