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Abstract. The High-Bandwidth Auroral Rocket (HIBAR)
was launched from Poker Flat, Alaska, on 28 January 2003
at 07:50 UT towards an apogee of 382km in the nightside
aurora. The flight was unique in having three high-frequency
(HF) receivers using multiple antennas parallel and perpen-
dicular to the ambient magnetic field, as well as very low-
frequency (VLF) receivers using antennas perpendicular to
the magnetic field. These receivers observed five short-lived
Langmuir wave bursts lasting from 0.1-0.2 s, consisting of
a thin plasma line with frequencies in the range of 2470-
2610kHz that had an associated diffuse feature occurring
5-10kHz above the plasma line. Both of these waves oc-
curred slightly above the local plasma frequency with am-
plitudes between 1-100uVm~'. The ratio of the parallel
to perpendicular components of the plasma line and dif-
fuse feature were used to determine the angle of propaga-
tion of these waves with respect to the background mag-
netic field. These angles were found to be comparable to
the theoretical Z-infinity angle that these waves would res-
onate at. The VLF receiver detected auroral hiss throughout
the flight at 5-10kHz, a frequency matching the difference
between the plasma line and the diffuse feature. A disper-
sion solver, partially informed with measured electron distri-
butions, and associated frequency- and wavevector-matching
conditions were employed to determine if the diffuse fea-
tures could be generated by a nonlinear wave—wave interac-
tion of the plasma line with the lower-frequency auroral hiss
waves/lower-hybrid waves. The results show that this inter-
pretation is plausible.

1 Introduction

Plasma waves generated at or near the local plasma fre-
quency have been observed in the auroral ionosphere by
satellites and rockets ever since there have been instruments
capable of measuring them (review by Akbari et al., 2021).
These wave amplitudes can range from a few millivolts per
meter (mVm~—') (McFadden et al., 1986) to greater than
1 Vm~! (Kintner et al., 1995) and have been observed in
both under- (fpe < fce) and over-dense (fpe > fce) plasmas,
where fpe is the electron plasma frequency and fee is the
electron cyclotron frequency (Beghin et al., 1989; McAdams
et al., 1999). Simultaneous observations of electron distribu-
tion functions and plasma waves have been reported by Mc-
Fadden et al. (1986), Ergun et al. (1991), and Beghin et al.
(1989). Langmuir waves can be generated by both electrons
accelerated by parallel electric fields in the auroral acceler-
ation region and scattered into a broad downgoing beam or
by concentrated parallel electron beams caused by Alfvénic
acceleration. Beghin et al. (1989) also showed that frequency
structures within the waves occur often in the auroral iono-
sphere, with an 80 % occurrence rate on the dayside and
60 % on the nightside. More recent observations of Langmuir
waves by the TRICE-1 (Twin Rockets to Investigate Cusp
Electrodynamics) sounding rocket were reported by LaBelle
et al. (2010), with modulations as low as 1 kHz and up to tens
of kilohertz (kHz) in an under-dense plasma.

McAdams and LaBelle (1999) and Samara and LaBelle
(2006) observed structured spectral peaks above the plasma
frequency in high-frequency (HF) spectrograms. The for-
mer dubbed these bursts “chirps”, with amplitudes up to
1 mVm~! relatively close to fpe, and with similar amplitude
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diffuse waves occurring above the chirp signal. The latter
reported several similar observations made by the SIERRA
(Sounding of the Ion Energization Region: Resolving Am-
biguities), PHAZE II (Physics of Auroral Zone Electrons),
and RACE (Rocket Auroral Correlator Experiment) sound-
ing rockets, all of which were in an over-dense plasma. These
were investigated theoretically by McAdams et al. (2000),
who interpreted them as linear eigenmodes in preexisting
density structures. Similar Langmuir eigenmodes have sub-
sequently been observed in the solar wind (Malaspina et al.,
2008; Ergun et al., 2008).

Evidence for nonlinear processes has been reported, as
recently reviewed by Akbari et al. (2021). In addition to
these various weak turbulence phenomena discussed above,
there is evidence for strong turbulence phenomena in au-
rora, such as Langmuir cavitons (Akbari et al., 2013), as
well as for electron and ion phase space holes (Ergun et al.,
1998; Schamel et al., 2020; review by Akbari et al., 2021).
Stasiewicz et al. (1996), using Freja satellite data, observed
evidence of both parametric decay of a Langmuir wave into
a lower- hybrid (LH) wave and an oblique wave (L’), via the
process L — L’+LH, and scattering off an existing LH wave
(e.g., L+LH — L), confirmed by Lizunov et al. (2001)
and Khotyaintsev et al. (2001). A model based on scatter-
ing of the plasma wave with an electrostatic whistler/lower-
hybrid wave is put forth as a plausible explanation for the
modulations observed by Freja and SCIFER (Sounding of
the Cusp Ion Fountain Energization Region) (Bonnell et al.,
1997). Cairns and Layden (2018) reviewed the decay process
of generalized Langmuir waves into backscattered Langmuir
waves and either ion acoustic waves or ion cyclotron waves
and showed, in a strongly magnetized plasma (fpe < fce), the
backscattered Langmuir wavenumber is greater than the ini-
tial Langmuir wavenumber, k7 > k. Other nonlinear pro-
cesses have been observed and studied in the auroral iono-
sphere involving Langmuir waves and whistler-mode waves.
Bohm et al. (1990) presented observation from two sounding
rockets of intense Langmuir and whistler waves and showed
they were associated with Alfvén waves. This process was
shown to be theoretically feasible through the parametric de-
cay of Langmuir waves into whistler (W) and Alfvén elec-
tromagnetic ion-cyclotron (EMIC) waves (A), (L — W+ A)
(Chian et al., 1994; Lopes and Chian, 1996). This theory
could also be relevant to the observations of EMIC waves
by the Auroral Turbulence sounding rocket reported by Lund
and LaBelle (1997), who reviewed Langmuir turbulence in
the auroral ionosphere induced by electron beams instabili-
ties and ion density irregularities that result in the parametric
decay of Langmuir waves into secondary Langmuir waves
and ion acoustic waves, k; — ky/ + k.

McFadden et al. (1986) measured both parallel and per-
pendicular components of the electric field, observing Lang-
muir waves with larger parallel components such that k| >
k), that were coincident with unstable parallel electron dis-
tributions. Colpitts and LaBelle (2008) performed a Monte
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Carlo simulation of the Langmuir and Z-mode waves and
showed their electric fields are preferentially parallel, becom-
ing more perpendicular as the frequencies increased towards
the upper-hybrid (UH) frequency as expected. Dombrowski
et al. (2012) used the unique 3-D data set from TRICE-1
to determine the intensity of the electric field for Langmuir
waves and showed their parallel components are more than 2
times larger than their perpendicular components.

The High-Bandwidth Auroral Rocket (HIBAR) was one
in a series of sounding rockets equipped with the teleme-
try capable of measuring high-frequency waves in detail.
Uniquely, it achieved these measurements in both the parallel
and perpendicular direction with respect to the background
magnetic field, which allows for the identity of the wave
mode (e.g., parallel propagating Langmuir wave or perpen-
dicularly propagating upper-hybrid mode) and the direction
of propagation of the different waves to be determined and
compared with theory. Its goal was to measure waves gen-
erated by intense beams of electron precipitating down the
magnetic field at high latitudes in the F region of the iono-
sphere, where fpe < fce. Previously, Samara et al. (2004) an-
alyzed UH waves from HIBAR at the condition fyg = 2 fce,
where fuy is the upper-hybrid (UH) frequency, the source
of auroral roar emissions seen at ground level (review by
LaBelle and Treumann, 2002). This report presents obser-
vations by the HIBAR mission of Langmuir wave bursts
near fpe, with a region of diffuse waves occurring at a fre-
quencies 5-15kHz above the plasma bursts, as well as low-
frequency whistler-mode hiss occurring between 5—15 kHz.
The wave events are observed in the over-dense regime. Us-
ing a wave dispersion solver to determine the normal modes
of the waves and the growth rates for the normal modes,
we will show these waves could plausibly be generated by
a wave—wave interaction of the Langmuir wave with low-
frequency waves in the lower-hybrid mode.

2 Data presentation

HIBAR was launched from Poker Flat, Alaska, on 28 January
2003, at 07:50 UT into active pre-midnight aurora, reaching
an apogee of 382km. The geomagnetic field was strongly
perturbed, exhibiting a sequence of 50—100 nT magnetic bays
in the north—south component, the first of which coincided
with the rocket launch, indicating that an expansion phase
or pseudo breakup was in progress. Its payload included a
Langmuir probe, particle detectors, and DC (direct current),
very low-frequency (VLF), and HF electric field receivers.
HIBAR was one in a series of rockets with a high telemetry
rate to measure waves with frequencies up to 5 MHz, allow-
ing for observations of detailed structure of high-frequency
waves in the lower ionosphere, such as Langmuir and upper-
hybrid (UH) waves. The rocket’s spin axis was aligned to
within 5° of the background magnetic field, with a spin rate
of 0.95 Hz. For wave measurements, the rocket included two
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Figure 1. Diagram of the HIBAR rocket showing approximate an-
tenna orientations with respect to the background magnetic field
(note that the labeling of the probes has no connection to Cartesian
coordinates).

radial booms oriented perpendicular to one another and three
axial booms, one along the axis of the rocket protruding from
the front deck and two mounted on the ends of the radial
booms (see Fig. 1).

The unique feature of HIBAR was the large number of HF
telemetry links. Among these, two were dedicated to mea-
surements of components of HF wave electric fields up to
5MHz: the perpendicular electric field used probes x; and
X3, located 2.5 m apart oriented perpendicular to the rocket
axis, and the parallel electric field used probes x; and X3, lo-
cated 0.28 m apart and oriented along the rocket axis. Voltage
differences between these probe pairs, amplified and filtered,
modulated dedicated transmissions from rocket to ground
station. An automatic gain control (AGC) was used to op-
timize dynamic range. The AGC level was transmitted as a
separate pulse code modulation (PCM) link and combined
with the HF signal post analysis. Four electrostatic analyzers
(ESAs) measured ion and electron energies from 70eV to
19keV at eight pitch angles from 0-180°, sweeping through
the energy steps every 45 ms.

Figure 2a and b show HF spectrograms from both
perpendicular and parallel antennas covering 07:54:13—
07:54:33 UT (253-273s) flight time and the altitude range
to ~364-374km, one of the intervals when Langmuir
waves were observed. Figure 2c and d show data for a
slightly later interval, 07:55:49-07:56:09 UT (349-369s),
corresponding to 377-370 km altitude, which also contains
Langmuir waves. As usual, plasma noise is enhanced in the
band between fp. and fyn, so that the local plasma fre-
quency can be seen as lower cutoffs in both the spectro-
grams between 2400 and 2700 kHz and the upper-hybrid fre-
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quency can be seen as an upper cutoff in the perpendicular
spectrograms between 2800 and 3000 kHz. During these two
time intervals, HIBAR encountered seven short-lived wave
bursts near fp. that last from ~ 0.1-0.2s, five of which had
a diffuse band occurring 5-10kHz above a narrow plasma
wave line (see Fig. 4) and well below the upper-hybrid band
above 2800kHz. These five events are labeled in Fig. 2 by
their respective times (in seconds after launch), occurring
at 07:54:20, 07:54:22, and 07:54:32 in Fig. 2a and b and
07:55:51 and 07:55:59 UT in Fig. 2c¢ and d. For the entirety
of both intervals in Fig. 2, HIBAR is in over-dense plasma
(fy pe =~ See)

Figure 3 shows the very low-frequency (VLF) data in a
frequency-time spectrogram for the interval when the Lang-
muir wave bursts are seen, between 07:54:10-07:56:10 UT
(250-3705s) and ~ 360-380km. There is a broadband en-
hancement of the whistler-mode waves between 4-15kHz,
with a small band of slightly more enhanced waves at ap-
proximately 5 kHz, believed to be near the LH frequency be-
cause it acts as a cutoff to the whistler mode. These waves
were measured with a separate perpendicular antenna, ori-
ented 90° to the antennas used to measured the HF waves,
using probes z5 and z6 in Fig. 1.

Figure 4 shows enhanced spectrograms of five selected
Langmuir wave events observed by both the parallel and per-
pendicular HF antenna, labeled 260s, 262s, 271s, 351s, and
359s in Fig. 2. These events include a thin, intense plasma
line just above the plasma frequency cutoff and a less in-
tense band of waves above the plasma line, referred to as the
diffuse feature. Other plasma line events occurred during HI-
BAR; however, these did not include the diffuse waves and
therefore were not considered in this study. Obtaining abso-
lute units for the electric fields of these features requires the
AGC voltage data to be combined with the raw HF wave-
form data. These values were then divided by the length of
the respective booms to obtain electric fields in volts per me-
ter (V m_l), under the assumption, discussed below, that the
wavelength is longer than the probe separation.

Black boxes in each spectrogram in Fig. 4 outline time and
frequency intervals used to calculated average intensities of
the plasma line and diffuse features of each event. Figure 5
shows details of this calculation for a selected event, shown
in Fig. 4a as occurring at 259.9-260.0 s. Separately for both
the parallel and perpendicular spectra, the background power
spectral density level was determined for each event by com-
puting the average spectral density over a slightly higher-
frequency range, as indicated by the upper black box span-
ning 2640-2660kHz in Fig. 5a and b. The background in-
terval was selected separately and was slightly different for
each of the other four events shown in Fig. 4. For each event,
a spectrum was produced by subtracting this average back-
ground power spectral density from each spectrum. Figure 5c¢
shows example spectra after this subtraction, for both per-
pendicular (blue trace) and parallel (red trace) waves for the
time indicated by a vertical red line in Fig. 5a and b. This
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Figure 2. The 2000-3200 kHz spectrograms of perpendicular (upper panels a and ¢) and parallel (lower panels b and d) HF electric fields for
two time intervals during the HIBAR rocket flight, 07:54:18-07:54:33 UT and 07:55:49-07:36:04 UT, showing the plasma frequency cutoff
as a lower bound in the perpendicular and parallel spectrograms and the upper-hybrid frequency cutoff as an upper bound in the perpendicular
spectrograms. Red circles indicate five Langmuir wave bursts used for detailed study.

was done because the background noise, either from the in-
strument or from the environment, was significantly different
between the two antennas and would have affected the ratio
of the electric fields. It was removed for a more accurate es-
timate of the ratio of the parallel to perpendicular electric
fields.

The average intensity of each feature for each antenna
is determined by integrating the appropriate spectrum over
the frequency range of the feature, bounded by the ver-
tical dashed line in Fig. Sc, corresponding to the black
boxes in Figs. 4 and 5a and b. In the case of the selected
event shown in Fig. 5, the intensity is 7.8 x 1072 VZm—2
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(4.6 x 1071°V2m=2) for the plasma line with the paral-
lel (perpendicular) antenna and 3.3 x 1071°vZm=2 (5.2 x
10~ V2 m~2) for the diffuse feature with the parallel (per-
pendicular) antenna. These numbers combine to imply that
E) /E1 is 2.3%1.2 for the plasma wave and 2.0 £0.4 for the
diffuse wave when averaged over the whole interval of the
event shown in Fig. 5, with the standard deviation specified.

Bottom panels of each section of Fig. 4 display E||/E | ra-
tios for both the plasma line (red points) and diffuse feature
(blue points) as a function of time through the five selected
events. For the plasma line, the variation in this ratio is note-
worthy: it seems to toggle between a fairly high ratio, around
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Figure 3. Frequency—power spectrogram of the HIBAR VLF wave data from 0-20 kHz and 07:54:10-07:56:10 UT (250-370s), showing the
broadband diffuse whistler-mode waves and a slightly enhanced power band at ~ 5 kHz corresponding to probable LH waves.

5, and a low ratio near unity. There is no obvious feature in
the spectrograms mirroring these changes in the polarization
state, leading us to investigate the theoretical or instrumental
reason for this unexpected result (discussed below). Because
of this nonstationarity of the polarization, E| /E | ratios av-
eraged over the entire event may be misleading. Table 1 sum-
marizes the polarization measurements of each event shown
in Fig. 3. The table has seven rows because two of the events,
at 351 and 359 s, have been split into two events, as indicated
by the black boxes in Fig. 4d and e, because they each have a
gap in the plasma line, suggesting they may be two events in
close proximity. Table 1 tabulates the average E||/E | ratio,
which may be misleading as discussed above, the maximum
E) /E ratio, defined as the average of the highest three mea-
sured ratios, and the minimum E)|/E ratio, defined as the
average of the lowest three measured ratios for consistency.
Uncertainty estimations are based on standard deviations as-
sociated with the averages taken in obtaining each E|/E
value.

3 Discussion

We now use the ratios of E)| to E | to determine the wave
modes and directions of propagation of the waves, by com-
paring the observations with theory. In order to determine
what type of waves are being observed, whether they are
quasi-parallel Langmuir waves or if they are oblique Z-mode
waves, the ratios of the parallel to perpendicular electric field
are used to determine the angle of wave propagation and
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compared to plasma theory. The mean E}/E ratios in Ta-
ble 1 for the plasma line range from 1.8 to 5.4 and average
2.9, in approximate agreement with previous measurements
which had generally lower time resolution. For example, Mc-
Fadden et al. (1986) reported ratios ranging from 3-10. As
noted by McFadden et al. (1986), wavelength as well as po-
larization can affect the measured ratio E}|/E . In the case
of HIBAR, electrons measured with the ESA had relatively
high energy, in the range 10-20keV. For a plasma frequency
of ~2600kHz, this implies Langmuir waves with parallel
wavelengths of ~ 23-32 m would resonate with the electron
distribution measured by HIBAR. Assuming that the stan-
dard electron beam Langmuir wave instability for electrons
with these energies gives rise to the plasma line implies that
the wavelength should exceed the probe separations, which
were of order 0.3 m for the parallel measurement. The per-
pendicular measurement used longer boom separation, 3.0 m,
but the measured £/ E | ratio suggests that measurement is
also in the long-wavelength regime. This means that the wave
polarization should be the dominant effect determining the
measured E| /E | ratio for the plasma line.

McFadden et al. (1986) also point out that the perpendic-
ular component of the wave may be underestimated in the
measurement by a factor cos ¢, where ¢ is the angle between
the perpendicular electric field boom and the instantaneous
perpendicular wavevector, assuming that the wave has a dis-
tinct perpendicular wavevector rather than being distributed
over a range of wavevectors during the time of measurement.
In the latter case, the perpendicular electric field will be un-
derestimated by a smaller factor. These considerations raise

Ann. Geophys., 40, 231-245, 2022
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Figure 4. Enhanced plots of the five Langmuir bursts indicated in Fig. 2, presented in time order, each comprised of a narrow band plasma
line and a broadband diffuse feature with ~ 5-15 kHz higher frequency. The top panels in each plot are from the perpendicular antenna, the
middle panels are from the parallel antenna, and the bottom panels are the parallel to perpendicular ratios of the amplitudes of the plasma

peaks (red) and the diffuse feature (blue).

the question of whether the observed bimodal distributions
of E||/E 1, seemingly toggling between high values > 5 and
low values near unity, result from variations in the angle be-
tween the perpendicular boom and the wave vector projected
into the plane perpendicular to B, rather than variations in
the fundamental polarization of the waves. In principle, it is
impossible to distinguish these two possibilities since both
types of time variation of the wave vector could produce the

Ann. Geophys., 40, 231-245, 2022

observed E||/E | ratios equally well. It is possible to infer,
however, that if the angle between the perpendicular boom
and the wave vector projected on the plane perpendicular to
B is stationary, the mere rotation of the booms cannot ex-
plain the observed variations in E|/E | (since the observed
variations do not appear to repeat at the spin period).

An attempt to determine the angle of the perpendicular
wavevector to the antennas’ orientation results in poor fits
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Table 1. Mean ratios of E||/E |, maximum E)|/E defined as the mean of the three largest ratios for each event, and minimum E||/E
defined as the mean of the three smallest ratios for each event with their standard deviations for both the plasma line (fp) and the diffuse
feature ( fgifr), for Langmuir bursts defined in Figs. 2—4. Events 351 and 359 were split into two separate events because of the gap in the

plasma line in the middle of the event interval.

Event time E|/E;L  Mean ratio E|/EL Max ratio E|/EL Min ratio
(s) o Saite o Saite o Saie
260 225+1.23 197+044 5.01+040 2.84+037 0.86+0.19 1.35+0.05
262 2.15+1.39 1.83+043 449+190 2.63+0.19 1.01+£0.13 1.36=+0.16
271 397+2.17 246+0.39 7.384+0.20 3.01+0.24 1.63+0.37 1.92+0.15
351-1 245+1.65 1.84+0.40 5.71+1.10 2.50+0.25 0.95+0.12 1.32+0.07
351-2 1.84+£196 1.714+£038 6.38+£2.26 2354+0.14 0.41£0.09 1.07+0.07
359-1 541+£191 2.784+0.38 7.734+0.38 3.284+0.21 2.50+0.84 2.23+0.17
3592 2.02+0.84 238+0.65 3.50+0.34 3.324+033 1.22+0.21 1.51+0.18

to the observed time series of E)/E 1 (not shown), as the ob-
served data have zero correlation or, in some cases, the exact
opposite correlation, to the expected trend based on the fit
equations. The time variations in the measured E||/E | sug-
gest that either some aspect of the polarization, the E|/E
ratio itself, or the angle of the £, vector changes on sub-
second timescales, giving rise to variations in the observed
value of E|/E, or the waves are distributed over some
peculiar range of angles such that the rocket spin produces
this effect through variation of the angle between the boom
and the projection of the electric field vector into the plane
perpendicular to B. Either way, one may safely infer that
k)| exceeds k| for these waves, as expected for Langmuir

https://doi.org/10.5194/angeo-40-231-2022

waves close to the plasma frequency or sufficiently oblique
Z-mode waves (also known as the generalized Langmuir
wave (Willes and Cairns, 2000), which is the Langmuir wave
and upper-hybrid wave in the limits of parallel and perpen-
dicular propagation, respectively, and the oblique Z modes in
between).

It is worth noting, however, that Langmuir waves driven
in the relatively unmagnetized solar wind by electron beams
with energies of order 100 keV and above can naturally have
E)/E1 <1 (Graham and Cairns, 2013; Malaspina and Er-
gun, 2008). Because there are some observations where the
perpendicular component is larger than the parallel compo-
nent, it is worth determining the theoretical energies these

Ann. Geophys., 40, 231-245, 2022
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observations would require and comparing them to the mea-
sured energies of the particles at the time of the events. The-
oretically, this situation involves wave growth driven by the
electron beam on or at least near the Z-mode portion of the
generalized Langmuir mode, corresponding to frequencies
very near and below fp,e (Willes and Cairns, 2000). The rele-
vant condition on the wavenumbers is

v 12
kidp = ?e|:cos29+%i| or ¢))
ce
12
ks = 20| cos2 4 2P° : , 2
c Wee

where k* is the wavenumber, wpe is the electron plasma fre-
quency, c is the speed of light, 6 is the angle of the wavevec-
tor with respect to the background magnetic field, and wce
is the electron cyclotron frequency. In the HIBAR situation,
where wpe/wee ~ 2, this requires wavenumbers on the order
of 0.1 m~'. Ignoring semi-relativistic and magnetization ef-
fects, the corresponding speeds are v = wpe/k* ~ 0.5c. The
corresponding energies are ~ 70keV, between the energies
of ~10-100keV considered standard for the auroral iono-
sphere but beyond the energy range that the electrostatic an-
alyzer could measure. Accordingly at this time, we seek an
explanation in terms of slower electron beams.

3.1 Electric field component ratios

Theory also suggests that as waves increase in frequency
away from the local plasma frequency, they should become
more perpendicular, decreasing the ratio of parallel to per-
pendicular electric field (see Fig. 6). This prediction is con-
firmed in this study (see Tables 1 and 2), where the ratios
E| /E of the plasma lines exceed those of the diffuse fea-
ture that occurs at higher frequencies. This is true for the to-
tal average over each event interval (E) ~ (2 to 5)E for the
plasma line and E|| ~ 2E for the diffuse feature) and for the
average max ratio between the two waves (£ ~ (4 to 8)E |
for the plasma line and E|| ~ 3E for the diffuse feature). In
the extreme case, waves near fyy reported by Samara et al.
(2004) have very small E||/E | ratios with an average of 0.05
(see Fig. 2 of Samara et al., 2004).

From the ratios in Table 1 the angle of wave propaga-
tion can be calculated using simple geometry by assum-
ing the electric field amplitude ratio is proportional to the
wavenumber ratio (E|/E =k /kL1), as expected for elec-
trostatic waves, where the angle with respect to the magnetic
field, 6, is given by

6 = 90° — tan" (?) 3)

L

Table 2 shows calculations of these angles for both the to-
tal average ratio and the max average ratio and for both the
plasma line and the diffuse feature.
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Table 2. The resulting angles 6 from Eq. (3) for the mean and max-
imum ratios defined in Table 1 for both the plasma line (6p) and
diffuse feature (Ogiff).

Eventtime E)/E; Meanratio E)/E; Maxratio
(s) p Odif O Ouifr
260 24° 27° 11° 19°
262 25° 28° 13° 21°
271 14° 22° 8° 18°
351-1 22° 29° 10° 22°
3512 28° 30° 9° 23°
359-1 10° 20° 7° 17°
359-2 26° 20° 16° 17°

The unique capability of the HIBAR mission to measure
both the parallel and perpendicular components of the elec-
tric field means the propagation angles of waves with respect
the background magnetic field can be compared to the ex-
pected values from plasma theory. Because these waves oc-
cur slightly above the plasma frequency cutoff in the over-
dense plasma (fpe > fce), they fall into the Z-mode region
(see Fig. 6 adapted from Benson et al., 2006). In this region,
for waves with phase velocities less than c (speed of light),
the waves can experience resonance referred to as the upper
oblique resonance given by Benson et al. (2006):

1

1 172
fa= 7 [féﬂ +(fu— 4fczef§e00829)2} : @
The frequency that waves can resonate in this region, Z in-
finity fz1, depends on the local electron plasma frequency
fpe» the electron cyclotron frequency fce &~ 1350kHz, and
the angle that the wave propagates at with respect to the back-
ground magnetic field, 6. In the limit 6 — /2, fz1 = fun,
and in the limit  — 0, fz1 = max[ fpe, fcel. Table 3 lists the
frequencies for the plasma cutoff ( fpe), the plasma line (f},
assumed to be fz1), and the range of the diffuse feature ( fyisr)
for each wave burst, labeled by when they occurred in sec-
onds post launch, along with the calculated oblique angle of
the Z-infinity resonance. The angles calculated from Eq. (4)
agree fairly well with the angles determined from the elec-
tric field ratios in Eq. (3). These angles agree better with the
angles calculated from the average of the max power ratios
than the average over all power ratios for each event for both
the plasma line and diffuse feature, consistent with the non-
stationary aspect of these waves. This suggests these waves
are resonating at the Z-infinity resonance angle.

3.2 Nonlinear three-wave interaction

The plasma lines and corresponding diffuse features last for
identical time intervals. This raises the possibility that the
diffuse features are generated by wave—wave interactions of
the plasma lines with lower-frequency waves. HIBAR was
equipped with a very low-frequency (VLF) receiver that
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Figure 6. Dispersion relations for the different wave modes for an over-dense (fpe > fce) and under-dense (fpe < fce) plasma, adapted from
Benson et al. (2006). The Z-mode cutoff above the plasma frequency for an over-dense plasma increases from O to 7 /2.

Table 3. Plasma frequency cutoff ( fpe), plasma line frequency (fp), diffuse feature frequency range ( fyifr), and resonant Z-mode oblique
angles, 6p and Og;r, calculated from Eq. (4), for Langmuir bursts labeled in Figs. 2-4.

Event time  Plasma cutoff fpe o faite Op Odife
(s) (kHz)  (kHz) (kHz) () )
260 2586 2607 2615-2625 12 14-17
262 2525 2540 2545-2556 10 12-15
271 2460 2471 2475-2488 4  7-11
351 2575 2580  2586-2600 8 11-15
359 2600 2606 2611-2623 9 11-14

measured waves from 0-20 kHz, which showed a consistent
whistler-mode hiss for the times when the HF waves are ob-
served (e.g., Fig. 3). The whistler hiss ranges from 5-15 kHz
and has wave electric fields on the order of tens of millivolts
per meter (mV m™"). The broad range of whistler waves sur-
rounding the rocket could interact with the plasma line to
generate the broad range that the diffuse wave exhibits.

To test the plausibility of the wave—wave interaction
hypothesis, a dispersion solver, Wave in Homogeneous
Anisotropic Multicomponent Plasma (WHAMP; Ronnmark,
1982), was employed to calculate surfaces corresponding
to the normal modes in the plasma that might participate
in the wave—wave interaction: the Langmuir—upper-hybrid
(UH) and the whistler—lower-hybrid (LH) surfaces. WHAMP
requires user-defined input parameters for the plasma envi-
ronment, including the magnetic field strength, number of
particle species, and their respective densities and tempera-
tures. Table 4 lists the parameter values used for modeling

https://doi.org/10.5194/angeo-40-231-2022

each HIBAR event. The two species used were electrons and
oxygen ions, which are the dominant ions at low altitudes,
and each were represented by a basic Maxwellian distribu-
tion. The densities were determined from the plasma fre-
quency cutoff and the magnetic field from the magnetometer
on board the rocket. Temperatures were taken to be 0.2eV,
typical of the auroral F region and assumed to be isotropic.
Figure 7 shows the WHAMP surfaces for each of the
five events, where the x and y axes are the perpendicular
and parallel wavenumbers normalized to the electron gyro-
radius, and the z axis is the wave frequency normalized to
the electron gyrofrequency. For the Langmuir—UH surface,
in the parallel wavenumber limit, the frequency equals the
electron plasma frequency, and in the perpendicular limit,
the frequency equals the upper-hybrid frequency. For small
wavenumbers (o) k| < 1072), this surface corresponds to the
Z mode (cf. Willes and Cairns, 2000). On the whistler-LH
surface, in the large parallel wavenumber limit (kj; > k)
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240

Table 4. Parameters used for computing dispersion surfaces in
WHAMP associated with Langmuir bursts labeled in Figs. 2—4.

Event time B n TH
(s) mT) (em™3) (V)
260 48 402 82953 0.2
262 48 345 79337 0.2
271 48202 75128 0.2
351 48 074 81294 0.2
359 48 380 83854 0.2

the frequencies approach the electron cyclotron frequency.
The LH surface is found at near-perpendicular propagation
(k1 > kj). At oblique angles near parallel to B (k)| > k1),
the surface corresponds to the whistler mode.

For each Langmuir—UH surface in Fig. 7, the black (white)
line represents the values of k|| /k  inferred from the aver-
age of the maximum E||/E | ratios listed in Table 1 for the
plasma lines (diffuse features). The widths of these lines are
determined by the standard deviations of the ratio. The cor-
responding plasma line and diffuse feature frequencies are
plotted as patches of yellow and pink, respectively. For each
plasma line and diffuse feature, where the line for &) /k in-
tersects the patch for the observed wave frequency is the lo-
cus of allowed frequencies and wavevectors on the normal-
mode surface. The red line represents where p k| corre-
sponds to 20keV, the maximum electron energy observed
by the electrostatic analyzer during the time of the events,
via the relationship k = w+/m./2E. If the plasma lines were
generated by parallel Landau resonance with these high-
energy electrons, then where the black plasma line ratio and
yellow frequency patch intersect should be close to the con-
dition represented by the red line. This occurs for events la-
beled 260s, 271s, 351s-1, 351s-2, and 359s-1.

To generate the highlighted surface sections in Fig. 7, these
waves are assumed to be electrostatic; that is, the ratio of
the parallel to perpendicular components of the wavevector
is assumed to be equal to the ratio corresponding to electric
field components. The theoretical ratios of the electric field
computed by the WHAMP dispersion code for the points on
the Langmuir—UH surface highlighted in Fig. 7 match the
observed values (Table 1), within 10 %-25 %. This suggests
that although the waves are not purely electrostatic, the val-
ues are close enough to the measured values that the assump-
tion that k| /k| = E)|/E is reasonable.

Assuming a nonlinear three-wave interaction is responsi-
ble for the generation of the diffuse feature, the possible third
wave should be connected through the wavevector-matching
condition, k3 = kgiff — kp, which results from momentum
conservation in the interaction (e.g., Tsytovich, 1970; Mel-
rose, 1980; Cairns, 1987, 1988; Cairns and Layden, 2018;
Moser et al., 2021). The wavenumbers k, and kg;fr are deter-
mined by the two intersections of wavenumber ratio (black
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and white) and frequency matching (pink and yellow) on the
Langmuir—UH surface. The dark blue patch on the whistler—
LH surface in each panel of Fig. 7 represents the range
of k vectors on the whistler—LH surface that satisfies this
condition. The three modes must also obey the frequency-
matching condition, w3 = wgiff —wp. Light blue points within
the region of possible k vectors for the third wave repre-
sent modes that also satisfy the frequency-matching condi-
tion. All events have a possible third wave that could interact
with the plasma line to generate the diffuse feature. In each
case, Fig. 7 suggests the third wave is well-described as a
whistler/LH wave.

These waves were produced by some form of energy ex-
change of particles with the plasma environment, and the
electron and ion data were examined to determine the source
of these waves. Similar to the analysis of growth rates in
Moser et al. (2021), the electron and ion distribution func-
tions are needed to determine growth rates on the two disper-
sion surfaces produced by WHAMP. The measured electron
distribution for the time 07:54:19.907 UT is shown in Fig. 8a,
for the event labeled 260s, with a model of the high-energy
electron distribution in Fig. 8b produced by the WHAMP pa-
rameters: temperature, density, magnetic field strength, drift
velocity, and anisotropy. The x axis represents the parallel
velocity, where the positive axis is along the background
magnetic field and the negative axis is anti-parallel to the
magnetic field. The y axis represents the velocity perpen-
dicular to the background magnetic field. The high-energy
electrons, while not the most prominent feature in the elec-
tron distribution, were used to model the distribution because
Eq. (2) suggests these waves are produced by particles with
higher energies. It should be noted that the electron ESA
could only measure electrons with energies below 20keV,
which limits the range of electron energies that can be mod-
eled.

Figure 8c shows the whistler—LH-mode surface produced
in WHAMP with growth rates from the model distribution
in Fig. 8b for the event labeled 260s. The model distribution
has a parallel temperature 7}, = 50¢V, a density n = 1 cm ™3,
a magnetic field B =48402.0nT, a drift velocity vp = Sy |,
and an anisotropy ratio of 7}, /T = 5. There are two areas of
growth that are of interest, at low k) and high &k , where the
frequency- and wavenumber-matching conditions are met.
At low k| the growth rate is ~ 10~8 Hz, smaller than the
growth rates at higher k; of ~ 107®Hz, but both are too
low to likely produce these waves. However, the true unsta-
ble distributions may not be captured with the particle in-
struments, even with proper energy range and resolution, be-
cause unstable distributions rapidly stabilize. So while the
growth rates with the observed distribution are low, they
show that growth should occur and could increase to nonlin-
ear levels with a more suitable electron distribution. The ar-
eas of larger growth at higher frequencies near k1 o) = 1072
on the whistler-mode surface are potentially generating the
whistler-mode waves observed in the HF spectra at frequen-
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Figure 7. WHAMP dispersion surfaces for Langmuir bursts labeled in Figs. 2—4, with k| /k | ratios inferred from the maximum E}|/E in
Table 1 plotted as black for the plasma line and white for the diffuse feature. The yellow and pink areas indicate where the surface matches
the frequency of the plasma line and diffuse feature, respectively. Where these intersect defines the range of possible k vectors for each wave.
Assuming wave—wave interaction, kinematic equations imply a range of k vectors for the possible third wave plotted in dark blue on the
whistler-LH surface and the matching frequency of the third wave plotted in light blue.
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Figure 8. Measured electron distribution function from HIBAR’s electron ESA data at 07:54:19.907 (a) and model of the high-energy beam
seen in the measured distribution using a drifting Maxwellian (b). Panel (c) shows the growth rates on the whistler/LH-mode surface produced
by the model WHAMP distribution, along with the frequency- and wavenumber-matching conditions for the event labeled 260s in pink. The
Langmuir/Z-mode surface showed no growth on the surface from this distribution.

cies between about 50 and 350 kHz. The model electron dis-
tribution in Fig. 8 was also used to generate the Langmuir—Z-
mode surface (not shown) and found to produce no instabil-
ities at frequencies and wavenumbers that correspond to the
modes in Fig. 7.

Other possible sources of free energy are electrons above
20 and below 60 eV as well as the ions. Because the high- and
low-energy electrons were not measured, they could not be
modeled with WHAMP to find unstable features. As stated
above, the instability that would be the source of the observed
Langmuir waves may result from higher-energy electrons
than those that were measured. The ions were measured from
80eV to 20keV with a time resolution of 45 ms. In a simi-
lar analysis to that described above, the observed ion ring-
like distribution at 09:54:19.920 UT was modeled using the
WHAMP parameters, and growth rates on the whistler/LH
modes were analyzed. The resulting model produced low
growth rates on the surface (< 10~/ Hz) but at wavevectors
and frequencies that do not match those seen in Fig. 7. There-
fore, the ions are unlikely to be the source of these waves.
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Another test of plausibility for a wave—wave interaction is
to compare the electric energy density of the different waves
to the thermal plasma energy density. The electric energy
density, (1/2)egE2, for the plasma line is ~ 1072! Jm~3 and
for the diffuse band is ~ 10723 J m~3, 100 times smaller than
that of the plasma line. The whistler/LH-mode waves (likely
dominated by whistler-mode hiss) has an electric energy
density of approximately 107'®Jm=3. In comparison the
plasma’s thermal energy density is nkgT ~3 x 107° Jm~3,
where n ~ 8 x 10*cm™3 is the plasma number density and
kpT = 0.2¢eV is the typical auroral F-region temperature as-
sumed for all events. The ratio of the electric to the thermal
energy densities is ~ 107!2 for the plasma line, 10™'# for
the diffuse band, and 10~ for the whistler/LH-mode hiss.
Because the diffuse feature is much weaker than the plasma
line and the whistler/LH-mode hiss, it suggests that the dif-
fuse feature is a product of a wave—wave coalescence process
(W + L — L’) between the two others, the plasma line (L)
and whistler/LH-mode hiss (W). The whistler/LH-mode en-
ergy density being much larger than the other two suggests
that this is the primary driving wave, and the plasma line
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Langmuir waves are secondary, with the diffuse band being
a product wave.

Incidentally, Akbari et al. (2013) observed double-peaked
plasma lines in incoherent scatter radar data associated with
strongly turbulent Langmuir cavitons. Although there is a su-
perficial resemblance to the double-peaked plasma frequency
spectra reported here, the extremely low ratio of electric to
thermal energies in this case preclude an association with
cavitons.

A more quantitative analysis is to examine the ratio of
wave occupation numbers for these waves. The electric en-
ergy density is related to the plasmon occupation number
through

SeoE” = / / Z”kédk;dk” ho R ONK), (5
kmm

where R;(K) is the ratio of the electric to total energy, N; (k)
is the occupation number, and the volume integral is over
the relevant region of wavevector space for a participating
set of waves (e.g for the plasma line). The ratios R;(k), as
determined by WHAMP, are approximately 1/2 for both the
plasma line and diffuse feature and 1/50 for the whistler-
mode hiss. For the plasma line, combining this value of R; (k)
with the observed electric energy density leads to a total en-
ergy density of approximately 2 x 1072! Jm=3. The same
procedure leads to total energy densities of 2 x 1072* and
5x 10713 Im=3 for the diffuse waves and the VLF whistlers,
respectively.

Assuming the occupation numbers are the same for each
wave mode, Eq. (5) can be rearranged and the ratios of occu-
pation numbers determined to be

Np _ deoEjowRw[ [ kidkidk],
Nw %GOE%V“’LRL[fka_ko_dkH]L

LS ko dkidky ]y,
[Jf kidkidky],

The difficulty with solving this equation is determining the
range of wavevectors that the modes occupy. To get a rough
estimate of the ranges, the WHAMP surfaces are examined to
determine possible ranges of wavenumbers for the observed
waves and get an idea for the ratio of the occupation num-
bers. For the plasma line and diffuse feature, the broad range
of wavevectors is p| k|| = 1073-1072 and ppkL=2x 1074-
2 x 1073, For the whistler/LH mode, the wavevector range
otk =1074-1072 and pjjk. =2 x 1075-1 x 107%, where
p) =0.03m. This covers the square patch of the surface
where the different wave modes occur that match the con-
ditions in Fig. 7. Choosing these ranges in the wavevector
integrals in Eq. (7) leads approximately to

~8x 10710 (6)

2x1
&@8)(10_ Oi
N =

» 1 ~2x 1071, (7
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Following a similar derivation for the time rate of change
of the occupation numbers as in Moser et al. (2021), Cairns
(1988), and Melrose (1980), among others, we can show that
at saturation (when the rates of change of Ny and Ny are
zero, ignoring linear growth and damping) the relationship
of the whistler/LH-mode occupation number to the Langmuir
wave occupation numbers for the coalescence process is

Nw(Np —Np)—NLNp ~0 (3)
N Nw

Ny >~ ———. 9

YT NL+ Ny ©

For each plasmon lost from the whistler/LH mode and the
plasma line as the coalescence L + W — L’ proceeds, the
diffuse mode gains one plasmon. From Eq. (9) the process
saturates when

Npy ~min(Nwy, NL). (10)

This leads to a very small ratio of the Langmuir-mode occu-
pation numbers to the whistler/LH mode, with N;» &~ Ny, &
N when N; < Ny, which we have shown is the case from
Eq. (7) for the observations.

Based on the foregoing observations and theoretical anal-
yses it appears plausible that the diffuse band is formed by
the nonlinear coalescence L+ W — L’ of whistler/LH-mode
waves W near the LH frequency with Langmuir waves L.
The presumption is that the L and W waves are produced by
distinct linear instabilities, most likely driven by an electron
beam and/or by temperature anisotropies.

4 Conclusions

The HIBAR rocket was launched into active pre-midnight
aurora and observed seven short duration bursts of Lang-
muir waves above the local plasma frequency at altitudes
from 364-377 km. Of these seven events, five consisted of a
plasma line at frequencies ranging from 2470-2610 kHz with
an associated diffuse feature occurring 5—15 kHz above this
line. Independent measurements of both the parallel and per-
pendicular components of the electric field showed that the
plasma lines typically have E|| ~ (2 to 5) £, and the diffuse
features have E) ~ 2E . These results are consistent with
previous measurements of Langmuir wave components and
are in line with theory, where waves in an over-dense plasma
above the plasma frequency experience Z-infinity resonance
at angles with respect to the background magnetic field de-
fined by Eq. (4). Using this equation with the plasma line and
diffuse band frequencies shows that these waves would prop-
agate at angles between 5-20°, which are comparable with
the propagation angles produced by the E) /E | ratio values
using Eq. (3).

WHAMP was used to identify the Langmuir-Z and
whistler—LH surfaces where the plasma line and diffuse fea-
ture’s wave modes would occur. The E)/E; values are
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also consistent with the Langmuir—Z surface at moderately
oblique angles. Wavevector and frequency conservation for
a three-wave process involving the plasma line and diffuse
band regions of the dispersion surface is consistent with the
third wave being on the whistler/LH surface close to per-
pendicular propagation and with frequencies close to the
LH frequency. The electron and ion data were used to de-
termine instabilities on the LH surface and determined that
the high-energy electrons are the more likely source of these
waves. The observed electric field energy densities of the
whistler/LH waves are large enough, in comparison to the
thermal energy density, for a nonlinear process to be viable.
The wave energy densities decrease from the whistler/LH
waves to the plasma line Langmuir waves to the diffuse band.
Comparison of the different wave-mode occupation numbers
suggests the most plausible explanation is the coalescence
of whistler/LH waves W with Langmuir waves L from the
plasma line to produce the diffuse band of Langmuir waves
L’ via the process W +L — L’. Both the W and L waves are
believed to be produced by distinct linear instabilities.

This is similar to the process in Staciewicz et al. (1996),
where observation of modulated Langmuir waves suggested
these waves were produced through either parametric decay
of the primary Langmuir wave into a LH wave and secondary
Langmuir waves via the process L — L'+ W or through the
scattering of Langmuir waves off preexisting LH waves via
the process L + W — L/, itself obviously a coalescence pro-
cess. Bonnell at al. (1997) also presented a similar study of
modulated Langmuir waves thought to be produced scatter-
ing off electrostatic whistler/LH waves and showed this was
the more likely process than the decay process in their sit-
uation. The observations presented here seem to be a sim-
ilar process to these two studies, of a Langmuir/Z-mode
wave coalescing with or scattering off of the whistler/LH but
here with the Langmuir/Z-mode waves having significantly
weaker amplitudes.
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