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Background and motivation
•

Langmuir (k|| >> k⊥) and/or upper hybrid (k|| << k⊥) waves have
[e.g., Gurnett et al., 1978;
been reported at Earth’s magnetopause.
Anderson et al., 1982]
Waves at the magnetopause

Plasma
frequency
waves

Magnetic reconnection
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•

•

Waves are generated by an
agyrotropic electron beam.
[Graham et al., 2017]

week ending
14 JULY 2017

distributions develop a plateau [Figs. 3(i)–3(j)], suggestive
Plasma frequency waves
of quasilinear relaxation. From Fig. 3(h) we estimate vb ≈
generated
near
agradient in the electron
104 km
s−1 and the largest
positive
distribution is at v ≈ 8 × 103 km s−1 , which provides a
reconnection electron
good indicator of the wave’s phase speed vph .
To diﬀusion
investigate the wave
properties further we calculate
region.
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 agree with observations. At this time the wave 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 × 10−2 ωpe ∼
4Ωce for f ¼ f pe [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 observaFIG. tions.
3. UH
waves
observed
MMS1. (a) Emax with
of the
Using
this estimate
of vby
lowUH
ph based on the waves
waves.
(b),(c) Hodograms
Emax versus
Eint , and
andEEmax
versus
maxfrom
amplitude
and the linearofdispersion
relation,
E . The red line in (c) is the B direction. (d) Power spectrum of

Radio emission
•
Type II

Type II and type III radio
bursts (Wind data).
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•

Langmuir and UH waves can
generate radio waves by
linear or nonlinear processes.

[Kurth et al., 1981]
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(2)

Electron Bernstein waves
•

fuh

In addition to the three
dispersion surfaces near
fpe, electron Bernstein
waves can develop
between fce harmonics.

•
•

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

E|| >> E⊥

•

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

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

the waves we define the fraction of energy density in the perpendicular electric

Wave properties (1)

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

Langmuir
waves

P

E? (t) 2
FE = P
.
P
E? (t) 2 + E k (t) 2

UH waves

(1)

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

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

tions in Figures 1a–3a. Figure 10a shows the histogram of FE for all wave events
curve). Here, the counts are normalized so the maximum value is 1. We see that

ve events either have FE ⇡ 0 or FE ⇡ 1, corresponding to Langmuir and UH waves,

tively. There are very few wave events with intermediate values of FE . This means

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

d rarely oblique. Moreover, many of the intermediate FE events simply result from
⇡ 0 wave and an FE ⇡ 1 wave observed in the same wave event at different times
–25–

FE histogram changes
depending on region.

th D .

Wave properties (2)

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

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

ctrostatic, while at low k the wave is electromagnetic and left-hand cir-

d. The mode switches from Langmuir-like to Z-mode-like at wave number
p
2)(1 + f pe / f ce ) 1/2 , which also corresponds to the window where mode

ween the Langmuir/Z-mode and O mode occurs [Ellis, 1956; Yoon et al.,
p
= 2k B Te /me is the electron thermal speed. The cutoff of the Z-mode
q
2 +4f2
ency f = ( f ce
f ce )/2 as k ! 0. For k approximately perpe

0

the dispersion relation is the generalized UH wave. At low k the wave

polarized Z-mode (sometimes called the slow extraordinary mode). For

s of k the mode follows the UH dispersion relation and crosses the UH res-Magnetopause and
q
2 + f 2 for finite T due to thermal effects. For large k the magnetosphere
cy f uh = f pe
e
ce

Foreshock

aksfpk
and
as k is increased f decreases to the nearest harmonic of f ce . Here
- frequency

•

of peak power.

rnstein-like, and only develops in kinetic plasma theory. In this paper we

large-amplitude non-thermal waves near f pe , so the observed waveforms

n this dispersion surface.
–5–

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

ce

pe

129

pendicular to B0 the dispersion relation is t

130

is the left-hand polarized Z-mode (sometim

Comparison with kinetic theory

moderate values of k the mode follows the
q
fpk - frequency of
2 + f 2 for fin
132
onance frequency f uh = f pe
ce
peak
power.
131

•
•

Case 1: Single Maxwellian - using measured parameters
Case 2: Hot and Cold Maxwellians - measured B and n.

We assume fpk occurs where vg = 0.

•
•

Case 1 waves do not agree well
with observations.
Case 2 agrees well with
observations.

133

frequency f peaks and as k is increased f

134

the mode is Bernstein-like, and only develo

135

will investigate large-amplitude non-therma

136

will likely lie on this dispersion surface.

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

•

Peak frequencies of UH waves
tend to avoid nfce and (n+1/2)fce.
This behavior can explain some
of the spread in (fpk - fuh)/fuh.

fpk - frequency of
peak power.

•
•

Comparison with kinetic theory
Case 1: Single Maxwellian
Case 2: Hot and Cold Maxwellians

•

Case 2
provides better
agreement with
observations.

Example 1

Example 2

Electromagnetic properties
Langmuir
UH

Comparison with kinetic theory
•
•

Case 1: Single Maxwellian
Case 2: Hot and Cold Maxwellians

•

EM properties are
consistent with UH
waves rather than
Bernstein waves.
One component

Two components

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.

