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High-Frequency Electrostatic Waves Near Earth’s Bow Shock

T. G. Onsacer,!: 2 R, H. HoLzworTtH,! H. C. Koons.? O. H. BAUER#
D. A. GurnETT,® R. R. ANDERSONS H. LiHR6 AND C. W. CARLSON’

» Electrostatic wave measurements from the Active Magnetospheric Particle Tracer Explorer Ion Release
Module have been used to investigate the wave modes and their possible generation mechanisms in the Earth’s
bow shock and magnetosheath. It is demonstrated that electrostatic waves are present in the bow shock and
magnetosheath with frequencies above the maximum frequency for Doppler-shifted ion acoustic waves, yet
below the plasma frequency. Waves in this frequency range are tentatively identified as electron beam mode
waves. Data from 45 bow shock crossings are then used to investigate possible correlations between the elec-
trostatic wave properties and the near-shock plasma parameters. The most significant relationships found are
anticorrelations with Alfven Mach number and electron beta. Mechanisms which might produce electron beams
in the shock and magnetosheath are discussed in terms of the correlation study results. These mechanisms
include acceleration by the cross-shock electric field and by lower hybrid frequency waves. A magnetosheath
"time of flight" mechanism, in analogy to the electron foreshock region, is introduced as another possible beam

generation mechanism.

1. INTRODUCTION

High-frequency electrostatic wave turbulence is a common
feature of the Earth’s bow shock. Since its discovery [Fredricks
et al., 1968] a major goal of collisionless shock research has
been to understand the origin of the wave turbulence and its
effect on the plasma. A recent study by Scudder et al. [1986]
indicates that the primary modifications to the electron distribu-
tion function through the shock are produced by the DC mag-
netic and electric forces, rather than by the electrostatic waves.
These forces drive the plasma to a state unstable to the growth
of electrostatic waves which further modify the distribution
function in a secondary yet measurable way. The electrostatic
waves therefore give information regarding both the forces in the
shock which drive the plasma to its unstable state and the result-
ing wave-induced dissipation.

A number of studies have been done regarding the electros-
tatic wave turbulence in the bow shock and magnetosheath. The
first detailed study of the electric field spectra at the Earth’s bow
shock was reported by Fredricks et al. [1970] using OGO 5
data. From the wave spectra, it was suggested that the ion acous-
tic or Buneman mode was the observed wave mode. In an early
study by Rodriguez and Gurnett [1975] using IMP 8 data it was
determined that the electric field turbulence in the shock above
200 Hz was almost entirely electrostatic and polarized preferen-
tially parallel to the static magnetic field direction. Spectra with
similar shape but lower intensities were seen throughout the
magnetosheath.
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In a subsequent study, Rodriguez and Gurnett [1976] investi-
gated possible correlations between the root-mean-square (rms)
field strengths of the bow shock turbulence and solar wind
parameters. Electric field strengths integrated from 20 Hz to
200 Hz and from 200 Hz to 4 kHz were used in the correlation
study. One result pertaining to the electrostatic wave component
(200 Hz to 4 kHz) was that the integrated rms electric field
strength had a positive correlation (r = 0.6) with the electron to
proton temperature ratio. This correlation is consistent with the
electrostatic turbulence being ion acoustic waves, generated by
an electron-proton streaming instability.

A statistical study of electrostatic turbulence in the magne-
tosheath was conducted by Rodriguez [1979]. Long-time-
averaged spectra (5.46 min) were found to be combinations of
three characteristic spectra: a high-frequency component
(f=30kHz) that peaked near the plasma frequency
(fpe = 30 — 60 kHz), a low-frequency component that peaked
below the ion plasma frequency, and an intermediate component
(foi £f < fpe). The low-frequency component was seen to resem-
ble the shock spectra studied by Rodriguez and Gurnert [1975].
The high- and intermediate-frequency components were unlike
spectra typically seen in the shock, but did resemble the elec-
trostatic wave spectra seen in the foreshock region. These elec-
trostatic waves were detected throughout the magnetosheath,
well downstream from the main shock ramp free energy sources.

Rodriguez [1979] suggested that the similarities between the
intermediate-frequency component and the upstream plasma
waves may be an indication that a similar mechanism, i.e.,
beam-plasma interactions, may be generating these waves. The
electric field polarization for all three components was parallel to
the static magnetic field direction. It was concluded that elec-
tron plasma oscillations and ion acoustic waves were probably
the wave modes found in the magnetosheath.

The discovery of electron beams parallel to the magnetic field
at the Earth’s bow shock [Feldman et al., 1982, 1983], along
with the prior observations that bow shock electrostatic waves
are polarized predominantly parallel to the magnetic field, has
motivated investigations of the electron beam instability. Thom-
sen et al. [1983] used model beam and background distribution
functions based on the particle measurements to study the possi-
ble instabilities in the shock. Two electrostatic instabilities
driven by parallel electron beams were identified: the ion acous-
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Fig. 1. Five-minute electric field spectrogram during a transition from solar wind to magnetosheath on November 14, 1984. The
frequency scales are linear: 275 Hz to 2.5 kHz (lower panel), 0.9-9.9 kHz (middle panel), and 9.0-99. kHz (upper panel). Upstream
(before 0406:20 UT), Langmuir oscillations are detected near approximately 36 kHz. Downstream from the shock (after 0406:30
UT), broadband bursty waves are detected up to approximately 10 kHz. Langmuir waves are detected near approximately 78 kHz.

tic and electron acoustic instabilities. These wave modes were
found to be unstable up to about 3 kHz. The wave observations
during the time periods considered showed that the most intense
electrostatic waves had frequencies at and below about 3 kHz;
however, waves were detected up to 31 kHz.

Studies of electrostatic instabilities in the presence of an elec-
tron beam have shown that the beam mode waves can have fre-
quencies from near the ion plasma frequency to above the elec-
tron plasma frequency [Marsh, 1985; Gary, 1985). This mode
has maximum growth at phase velocities slightly below the
beam velocity, and at high phase velocities it merges with the
Langmuir mode.

In this study we present high frequency resolution electric
field data from the Earth’s bow shock and magnetosheath.
These data were obtained from the stepped frequency receivers
(SFRs) on board the Active Magnetospheric Particle Tracer
Explorer (AMPTE) Ion Release Module (IRM) [Hdusler et al.,
1985]). Consistent with prior research, the shock and magne-
tosheath electrostatic waves are seen to be very broadband, and
the wave polarization is predominately parallel to the back-
ground magnetic field. We show that there is often a wide range
of excited frequencies above the maximum Doppler-shifted ion
acoustic frequency yet below the plasma frequency. Waves in

this frequency range cannot be accounted for by either the ion
acoustic or the Langmuir mode.

From the observed frequency spectra and wave polarization
(parallel to the background magnetic field) we tentatively iden-
tify these high-frequency waves as the electron beam mode. The
presence of waves at these frequencies is a possible indication
that electron beams are present, even though the beams may not
be seen in the particle measurements. This point is discussed
further in the following sections. Since the electron beam mode
can range from near the ion plasma frequency to above the elec-
tron plasma frequency, it is possible that much of the lower-
frequency waves in the allowed range for Doppler-shifted ion
acoustic waves are also the electron beam mode.

The results of a correlation study between the high-frequency
electrostatic waves and various upstream solar wind and down-
stream magnetosheath parameters are then presented. The
strongest relationships found are anticorrelations between the
electrostatic wave properties and Alfven Mach number (M,) and
electron beta (B,). The parameters M, and B, are very well
correlated in the solar wind; therefore any correlation with M,
should also hold with B,. It is shown that at the lower-B,
(Be < 1) or lower-M, (M, < 6) shocks, electrostatic waves are
present between the maximum frequency for Doppler-shifted ion
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Fig. 2. Five-minute electric field spectrogram during a transition from solar wind to magnetosheath on December 27, 1984. The
format is the same as in Figure 1. Upstream (before 1304:05 UT), Langmuir oscillations and oscillations at twice the plasma fre-
quency are detected at approximately 24 kHz and 45-48 kHz. Downstream from the shock (after 1304:10 UT), broadband bursty
waves are detected up to between approximately 40 kHz and 80 kHz.

acoustic waves and the plasma frequency with amplitudes as
much as an order of magnitude or more above the instrument
threshold. At the highest-8, and highest-M, shocks, electrostatic
waves in this frequency range typically have very low ampli-
tudes or are not detected at all. The results of this study are
then discussed in terms of the possible wave generation mechan-
isms and the implications regarding the processes occurring at
the shock. Three beam generation mechanisms are discussed:
acceleration by the cross-shock electric field, acceleration by
lower hybrid frequency waves, and a magnetosheath "time of
flight" mechanism.

2. SURVEY OF WAVES OBSERVED
AT THE EARTH’S BOW SHOCK

In this section electric field measurements from the Earth’s bow
shock and magnetosheath are presented. The observed wave fre-
quencies are compared with the plasma normal mode frequencies
obtained from the measured parameters. It is demonstrated that
electrostatic waves are present at frequencies above the maximum
frequency for Doppler-shifted ion acoustic waves yet below the
plasma frequency. Whereas previous researchers have identified
the bow shock and magnetosheath electrostatic waves as either
ion acoustic or Langmuir waves [Rodriguez and Gurnett, 1975,

1976; Gallagher, 1985], the analysis presented here shows that
these wave modes alone cannot account for the entire measured
spectra. From the measured wave spectra and polarization, the
electrostatic waves with frequencies above the maximum fre-
quency for Doppler-shifted ion acoustic waves and below the
plasma frequency are tentatively identified as electron beam mode
waves.

The center frequencies of the three SFRs range from 275 Hz to
99 kHz. The low-frequency SFR measures the frequency range
of 275 Hz to 2525 Hz in 32 evenly spaced frequency steps every
2 s. The medium- and high-frequency SFRs measure the fre-
quency ranges 0.9 kHz to 9.9 kHz and 9.0 kHz to 99 kHz, with
each SFR sampling 32 evenly spaced frequency steps each
second. The channel bandwidths for the low-, medium-, and
high-frequency instruments are 100 Hz, 300 Hz, and 3 kHz,
respectively. The electric field antenna is a single dipole, 47 m
tip to tip. This instrument has been described by Hdusler et al.
[1985]. The vector magnetic field is obtained from three orthogo-
nal flux gate sensors [Liihr et al., 1985]. Moments of the electron
and ion distribution functions are obtained from the three-
dimensional plasma instrument [Paschmann et al., 1985].

Five-minute electric field spectrograms from two bow shock
crossings are shown in Figures 1 and 2. These spectrograms show
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the full 1-s resolution of the two higher-frequency SFRs and the
full 2-s resolution of the lower-frequency SFR. Both are high
Alfven Mach number, quasi-perpendicular shocks. The
November 14, 1984, shock (Figure 1) had M, = 15, 65, = 79°,
where 0p, is the angle between the average upstream magnetic
field and a model shock normal [Fairfield, 1971], and upstream
B. = 3.4. The December 27, 1984, shock (Figure 2) had M, =7,
05, = 86°, and upstream f, = 0.7.

A list of approximate plasma parameters on November 14,
1984, and December 27, 1984, is given in Table 1. These param-
eters varied considerably, particularly in the downstream region
through the shock overshoot-undershoot, and are listed here only
to give an indication of the approximate average values. The
electron_density obtained from the plasma instrument moment
calculation may be below the true value because of electrons with
energies below the minimum analyzer energy (15 eV). The
upstream density is therefore obtained from the plasma frequency
measured by the SFRs. The downstream density is obtained from
the downstream plasma frequency whenever possible. However,
when Langmuir waves are not clearly discernible, the downstream
density is determined from the plasma instrument density with a
correction based on the upstream plasma instrument density and
the upstream plasma frequency, assuming that the ratio of down-
stream to upstream densities as measured by the plasma instru-
ment is approximately correct.

Upstream from the November 14, 1984, shock crossing (Figure
1) Langmuir waves were detected in the solar wind (before
0406:20 UT) at approximately 39 kHz. At the shock (approxi-
mately 0406:25 UT) electric field excitations are seen throughout
the entire range of the receivers (275 Hz to 99 kHz). Downstream
from the shock (after 0406:30 UT) the broadband excitations are
seen to be highly variable and mostly below about 10 kHz with
peak amplitudes near about 1 to 3 kHz. Waves are seen at
approximately 78 kHz which are interpreted to be Langmuir oscil-
lations. The constant signal in the 72-kHz channel is due to satel-
lite subsystem interference.

The shock crossing on December 27, 1984 (Figure 2), shows a
similar wave signature; however, downstream from the shock,
electric field excitations were detected at much higher frequencies
than in the previous example. Upstream from the shock (before
1304:05 UT) Langmuir waves and emissions at twice the plasma
frequency were detected at approximately 24 kHz and 45-48 kHz.
At the shock (approximately 1304:05 UT), as in the previous
example, excitations were detected throughout the range of the
receivers. Downstream from the shock, waves are seen up to

TABLE 1. Approximate Upstream and Downstream Parameters

Nov. 14 Dec. 27
Upstream density 19 cm™ 7 cm™?
Downstream density 75 cm™ 25 cm™
Upstream electron temperature 16 eV 23 eV
Downstream electron temperature 32eV 75 eV
Upstream magnetic field 6 nT 10 nT
Downstream magnetic field 20 nT 38 nT
Upstream flow velocity 440 km/s 560 km/s
Downstream flow velocity 270 km/s 330 km/s
Alfven Mach number 14 7
Downstream Debye length 5m 14 m
Maximum Doppler shift 9 kHz 4 kHz
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Fig. 3. One-minute averaged electric spectral density downstream from
the two shock crossings shown in Figures | and 2: November 14, 1984,
0407-0408 (dashed curve) and December 27, 1984, 1306-1307 UT (solid
curve). Indicated are approximate plasma frequencies and maximum
Doppler-shifted ion acoustic frequencies. The lower line indicates the
minimum detectable signal by the three SFRs.

between about 40 kHz and 80 kHz. The downstream Langmuir
waves are not always detectable in the wave data; however, based
on the density measurements the plasma frequency varied
between about 40 kHz and 55 kHz.

One-minute averages of the spectral density downstream from
these two shock crossings are shown in Figure 3. The dashed
curve is for November 14 0407-0408 UT, and the solid curve is
for December 27 1306-1307 UT. The approximate plasma fre-
quencies, f,., and the maximum frequencies for Doppler-shifted
ion acoustic waves, fj4, are indicated with the dashed and solid
vertical lines above and below the curves, where these lines refer
to the dashed and solid curves, respectively.

The Doppler shift formula,

K -V
2r

Jop = Jrest + ey

gives the frequency in the spacecraft frame, f;,, in terms of the
plasma rest frame frequency f,.,, the wave number Kk, and the
velocity of the magnetosheath plasma v,,. The maximum fre-
quency for Doppler-shifted ion acoustic waves is estimated from
the maximum rest frame frequency, which is the ion plasma fre-
quency f,, and the maximum Doppler shift. The maximum
Doppler shift is estimated by assuming the maximum wave
number to be kp, the Debye wave number, and the wave vector
direction to be along the magnetosheath plasma flow direction,
K || V. The estimated maximum ion acoustic wave frequency in
the spacecraft frame is then

vamx
2r

fuu=foi + 2
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The Doppler shift would in most cases be much less than the esti-
mate given here because the magnetic field is rarely aligned with
the plasma flow. Nevertheless, this more conservative estimate
has been used to account for the presence of waves propagating
obliquely to the magnetic field, possibly along the flow direction.
Although ion acoustic waves have been detected with wave vec-
tors oblique to the magnetic field [Gallagher, 1985], on the aver-
age the largest amplitudes have been found to occur with the
wave vectors aligned along the magnetic field [Rodriguez, 1979].

The electrostatic wave intensity downstream from the
November 14 shock (dashed curve) had a broad peak at about 2
kHz and then decreased with increasing frequency. The upper
cutoff frequency was very close to the maximum frequency for
Doppler-shifted ion acoustic waves. The electrostatic wave spec-
trum obtained downstream from the December 27 (solid curve)
shock crossing indicates that waves were present with spectral
densities more than an order of magnitude above the instrument
noise level in the frequency range above the maximum ion acous-
tic frequency (fia=5kHz) and below the plasma frequency
(fpe =45kHz).

Figures 1 through 3 illustrate typical electric field spectra meas-
ured by the AMPTE IRM stepped frequency receivers. Although
the downstream wave spectra can at times appear to be ion acous-
tic waves which were Doppler-shifted by the plasma flow (as in
Figure 1 and the dashed curve of Figure 3), there are many times
when the waves are detected at frequencies much higher than the
maximum frequency for Doppler-shifted ion acoustic waves (as in
Figure 2 and the solid curve of Figure 3).

The electric field polarization for the high-frequency electro-
static waves (f>9kHz) detected downstream from the bow
shock on December 27 is shown in Figure 4. The polarization
was determined from 3 min of data, 1306-1309 UT. The electric
field amplitude was obtained once every second for each of the
individual frequency channels. The spin period of the spacecraft
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Fig. 4. Electric field polarization axis (upper panel) and eigenvalue ratio
(lower panel) as functions of frequency (9.0 to 99 kHz) determined from 3
min of data on December 27, 1984, 1306-1309 UT. The polarization axis
is with respect to the Earth-Sun line. The direction of the projection of the
magnetic field on the antenna spin plane is indicated. The eigenvalue ratio
gives an indication of the degree of polarization, with a ratio of 1 indicat-
ing an isotropic distribution of electric field amplitudes as the spacecraft
rotates.
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was approximately 4.4 s. A technique similar to that used by
Rodriguez [1979] has been used to determine the polarization of
the wave electric fields. By taking the data to be points in a polar
coordinate system with radial distance from the origin
corresponding to electric field amplitude and angle corresponding
to the antenna direction at the time of the measurement (relative
to a fixed reference frame), the polarization axis for the distribu-
tion of electric field amplitudes can be calculated. The polariza-
tion axis is the line in the antenna spin plane obtained by a least
squares fit constrained to pass through the origin. Its uncertainty
is estimated from the average distance of the measurements from
the least squares fit and the sensitivity of the fit to changes in the
measurements.

The polarization axis, the axis aligned along the dominant elec-
tric field direction, is shown as a function of frequency over 9 to
99 kHz in the upper panel of Figure 4. The direction of the mag-
netic field projected onto the antenna spin plane is also indicated.
The eigenvalues associated with the polarization axis and the axis
perpendicular to it are also obtained. The ratio of the eigenvalues
gives an indication of the degree of polarization. An isotropic
distribution would have a ratio of 1. The ratio of the eigenvalues
is shown in the lower panel of Figure 4. The electric field is seen
to be polarized predominantly parallel to the magnetic field
throughout a wide range of frequencies up to about 50 kHz. The
eigenvalue ratio approaches unity at the higher frequencies, indi-
cating isotropic electric field amplitudes. For a more complete
description of the polarization studies conducted in the course of
this research, see Onsager [1988].

3. CORRELATIONS WITH NEAR-SHOCK PARAMETERS

As seen in section 2, the wave spectra at and downstream from
the Earth’s bow shock can vary considerably from shock to
shock. The goal of this section is to identify correlations between
the electrostatic wave spectra and the upstream or downstream
plasma parameters. This can then provide information regarding
the processes occurring at and downstream from the shock which
may drive the plasma to its unstable state.

This study used 45 bow shock crossings from 1984 and 1985,
all with the spacecraft near the ecliptic plane (IAl < 12°, where A is
the spacecraft latitude with respect to the ecliptic plane) and
longitude ranging from 70° to —100° (GSE). The location of the
shock crossings and a model bow shock [Fairfield, 1971] are
shown in Figure 5. All of the shocks have a high Alfven Mach
number (M, >3), and approximately 25% are quasi-parallel
(Bpn < 45°).

In order to make a quantitative comparison of the electric field
spectra at different shock crossings, three characteristics of the
spectra have been used. These are (1) frax/fpe, the approximate
upper cutoff frequency of the broadband spectra normalized to the
local electron plasma frequency; (2) €5s-y/n.T,, the integrated
electric field energy density in the frequency range 15-27 kHz
normalized to the electron thermal energy density; and (3)
€02-4/n.T,, the integrated electric field energy density in the range
275 Hz to 4 kHz normalized to the electron thermal energy den-
sity.

The frequency fi.x is chosen to be the frequency at which the
spectral density drops below 107'° V> m™2 Hz™". This value is used
because it is well above the instrument noise level yet near the
intensities of the highest frequencies in the broadband spectra.
The value of f. relative to the maximum frequency for
Doppler-shifted ion acoustic waves and the plasma frequency
gives an indication of the presence of electrostatic waves which
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are neither ion acoustic nor Langmuir waves. It should be noted
that an upper cutoff frequency near the plasma frequency is not
simply an indication that Langmuir waves are present. All shock
crossings showing upper cutoff frequencies near or above the
plasma frequency have been checked to be certain that the wave
spectra are in fact broadband, extending well below the plasma
frequency as well.

The 15- to 27-kHz range was chosen because for nearly all the
shocks used in this study, the maximum frequency for Doppler-
shifted ion acoustic waves was below this range, and the plasma
frequency was above this range. It is therefore presumed that
electrostatic waves in this frequency range are neither ion acoustic
nor Langmuir waves. The 275-Hz to 4-kHz range was chosen to
study the waves which are believed to be ion acoustic and to com-
pare them with the results of Rodriguez and Gurnett [1976].

The plasma parameters used in this study are M,, the Alfven
Mach number in the spacecraft frame; M,,, the Alfven Mach
number in the normal incidence frame; PB,,=8nn,T,,/B3, the
upstream electron beta, and B,., the downstream electron beta,
where 1 and 2 refer to upstream and downstream, respectively;
0z, the angle between the upstream magnetic field and the shock
normal with the approximate shock normal determined from a
model bow shock; 0,,, the angle between the upstream solar wind
flow velocity and the shock normal; 2tA /L, 27 times the down-
stream electron Debye length normalized to the effective antenna
length where Ap = (47tn,€%T,)"? and L, = 24m; (Tp—T},)/ T, the
electron temperature change across the shock normalized to the
downstream electron temperature; T,./T5,, the downstream elec-
tron to proton temperature ratio; and vy,, the solar wind bulk flow
speed. The plasma instrument on board the AMPTE IRM was not
able to determine the proton temperature in the solar wind.
Therefore, it has not been possible to determine the upstream
sound speed or the fast magnetosonic Mach number.

The maximum, minimum, and average values for the plasma
parameters from the 45 shock crossings are shown in Table 2.
The values used in this correlation study are average values
obtained by eye from 1-min intervals upstream and downstream
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Fig. 5. The locations of the bow shock crossings used in the correlation
study. These locations are the projections of the spacecraft positions onto
the ecliptic plane. The solid line is the model shock determined by
Fairfield [1971].
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TABLE 2. Data Set Plasma Parameters

Minimum Maximum Average

M, 32 30.3 11.0
My, 3.1 26.3 9.9
Bre 0.29 16.8 3.0
B2 0.18 8.3 1.8
0z, 14° 86° 56°
0,, 140° 176° 160°
2mAp/L, 0.35 39 14
(T2=T1 )Ty, 0.25 0.80 0.55
T5/T, 0.09 0.37 0.21
Vg (km/s ) 340 675 467

which approximate the conditions for the shock encounter. In all
cases it has been attempted to use time periods which are as close
to the shock as possible yet far enough upstream and downstream
that the plasma and field values are relatively steady. Because of
periods when the proton instrument was not operating and times
when the SFRs were in an operating mode such that the 2.5- to
4-kHz range was not measured, some of the correlation
coefficients have been obtained from fewer than 45 data values.
In these cases, the number of values used in the linear fit are indi-
cated.

For each of the three electrostatic wave spectral characteristics
and the plasma parameters, the correlation coefficient for the best
fit straight line is obtained. The equations for the three electro-
static wave parameters are fiu/fpe = mx +b, 10go(€92 - o/12,T2,)
=mx+b, and log,o(€;s_27/n3T5,) =mx+b. These equations
were used only to give an indication of any existing statistical
relationship between the wave and plasma parameters, not
because of any expected theoretical relationship.

The correlation coefficients for the linear fits are given in Table
3. The correlation coefficients which would be obtained with 1%
probability from random data are 0.38 for a sample of 45 values,
0.44 for 33 values, 0.50 for 25 values, and 0.61 for 16 values
[Bendat and Piersol, 1986]. Correlation coefficients greater than
these values would be obtained with less than 1% probability
from random data and are therefore considered statistically
significant.

The three wave parameters are seen to be best correlated with
My, My, B, and B,,. The correlation coefficients are negative,
indicating that the highest-frequency electrostatic waves (near and
above the plasma frequency) are present at and downstream from
low-M, and low-B, shocks, and they are not present at high-M,
and high-B, shocks. The ratio Jmax/fpe is also well correlated with
log10(8|5_27/n2eT28) (r =+40.93, not shown in the table). This
correlation is expected, since the averaged wave spectra typically
have increasing spectral density with decreasing frequency.
Therefore as f.« increases, the wave amplitude at any fixed fre-
quency near and below fy,, typically increases. The ratio fx/fpe
is not as well correlated with log,o(€02 _ 4/n2.T2.) (r = +0.47).

The correlation coefficients obtained from the energy density
from 275 Hz to 4 kHz are very similar to those obtained from
Smaxlfpe and €5.57/n.T,. No apparent correlation is seen with
T5,/T2p, contrary to what might be expected based on the rela-
tively good correlation (r = 0.6) found by Rodriguez and Gurnett
[1976] and the general belief that waves in this frequency range
are ion acoustic.
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TABLE 3. Correlation Coefficients

2mhp Ty —Typ)

M, My, Bie Bae 0z, 0, L, —E—TZ_E—_ TZJTZP Vsw

Falfye —0.629 0667 -050 060 -0.11 +0.16° +025  -0.11  —-0.22¢ +0.40°
€15-

log, o n'ST”) —063* 0677 056 067 -0.04 +0.19% +033 014  -029° +0.45
24 2¢

loglo(%;:—i) 065" -068" -0.69° —0.73° +0.09° +0.01® +0.49° -0.05° -0.25° +0.47
24 2e

2 The number of data points is 33.
b The number of data points is 16.
¢ The number of data points is 25.

Two differences between this study and that of Rodriguez and
Gurnett [1976] are that we have used downstream values for
T,/T,, while they used upstream values, and we have used elec-
trostatic wave values just downstream from the main shock ramp,
while they used the peak values in the shock ramp. The ion
acoustic waves in their study may have been driven by the cross-
field current in the shock ramp. However, since ion acoustic
waves are expected to damp very rapidly in the magnetosheath
plasma, because T, is typically of the order of T, the ion acoustic
waves in this study are likely to have been driven by a different
process.

Plots of the electrostatic wave properties versus M, and [, are
shown in Figures 6 and 7. The quasi-perpendicular shocks are
indicated with circles, and the quasi-parallel shocks are indicated
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Fig. 6. Electrostatic wave upper cutoff frequency normalized to the elec-
tron plasma frequency (top panel) and integrated electric field energy den-
sity from 15 to 27 kHz (middle panel) and from 0.2 to 4 kHz (lower panel)
normalized to the local electron thermal energy density versus Alfven
Mach number. Quasi-perpendicular shocks are indicated with circles, and
quasi-parallel shocks are indicated with plus signs.

with plus signs. The errors bars represent the approximate varia-
tions in these values during the 1-min intervals used. Electro-
static waves tend to be present at the highest frequencies and with
the highest amplitudes at the low-M, and low-B, shocks while
waves are not present at the highest frequencies and have the
lowest amplitudes at all frequencies at the high-M, and high-B,
shocks.

To remove the strong influence of the few very high-M, and
high-B, shocks on the correlation coefficients, we have done a
similar linear fit using only the shocks with M, < 15 and B, < 4.
The results using this reduced data set are shown in Table 4. The
correlation coefficients for f../f,e and €;5_o; are similar to those
using the entire data set, while the correlation coefficients for
€924 are significantly reduced. The high-frequency electrostatic
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TABLE 4. Reduced Data Set Correlation Coefficients

My<15 My,<15 Bi.<4 Bpo<4
Faxlfre -0.75¢ -0.78" -0.63¢ -0.69¢
108,6(€15 - 27/12T2) ~0.73¢ -0.75% -0.63¢ ~0.69¢
log0(€022 ~ /M7 2¢) +0.14¢ -0.22f -0.18# -0.38"

2 The number of data points is 27.
b The aumber of data points is 29.
¢ The number of data points is 37.
4 The number of data points is 41.
¢ The number of data points is 12.
/The number of data points is 14.
8 The number of data points is 20.
% The number of data points is 22.

wave amplitudes and upper cutoff frequencies appear correlated
with M, and (3, over the full range of values for these parameters.
The good correlation found between the low-frequency wave
intensities and M, and B, appears to be due to the few shocks with
very high M, and B, for which the wave intensities are low at all
frequencies.

4. ANALYSIS OF THE ELECTRON BEAM MODE

In this section the electron beam mode is studied to investigate
the possibility that the waves between the maximum frequency
for Doppler-shifted ion acoustic waves and Langmuir waves
could be driven by electron beams. The dependence of f,,,, on the
plasma parameters is also investigated. Solutions of the one-
dimensional linear Vlasov equation for a homogeneous plasma
consisting of Maxwellian background electrons and ions and a
Maxwellian electron beam are presented. The following analysis
shows that the electron beam instability can result in broadband
growth. We derive for a simple case an expression for f,., the
upper cutoff frequency for the growing broadband waves, as a
function of the beam and background parameters.

The parameters used here to study the electron beam instability,
although similar to parameters which have been reported, are not
intended to represent a fit to a measured distribution function.
The main point is to demonstrate that this mode of the dispersion
relation can be unstable over a wide range of frequencies, particu-
larly those frequencies inaccessible by the ion acoustic and Lang-
muir modes, and to note how the instability varies with the beam
and background parameters.

As pointed out by Rodriguez [1979], the wave spectra in the
magnetosheath are similar to those seen upstream in the
foreshock. The foreshock electrostatic waves are thought to be
generated by parallel electron beams [Etcheto and Faucheux,
1984; Lacombe et al., 1985; Fuselier et al., 1985]. As is typically
the case downstream from the main shock ramp as well as down-
stream from the electron foreshock boundary, the electrostatic
waves are present over a broad frequency range, from below the
ion plasma frequency to above the electron plasma frequency, in
regions where unstable features of the electron distribution func-
tion are often not detected.

Therefore, as is thought to be the case in the electron
foreshock, the electrostatic waves at and downstream from the
main shock ramp could result from low-density, cold features on
the electron distribution function which are present over time
scales that are long compared to the growth periods of the waves
(107 s) yet short compared to the time required to obtain a meas-
urement of the distribution function (about 5s). Rather than
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attempt to model the electron distribution function, some general
parameter dependencies of the electron beam instability will be
presented and compared with the measured wave spectra.

The background electron and ion distribution functions are
given by

N

2
_ 2 \-172
f;’,e = (27tV1i,re) v €Xp [_ 2V12,‘_1e (3)
and the beam electrons by
] =) |
fr= Qmvi)exp [— ~5v—’2:’)—— )

where v, = (To/my)'"? are the species thermal velocities, with Ty
in energy units, and v, is the beam drift velocity. For these parti-
cle distributions the dielectric function can be written

2

ek )—1+—kiW( )+—k§W( -)+-kiW(z) (5)
, @) = k2 Ze kz Z; k2 b,

where kg = (4mnee’/Ty)"* is the Debye wave number for each
species, ® = +i®; is the complex frequency, z;, = W/kv e,
2 = (w—kvp)/kvy, and W(zy) is the plasma dispersion function
[Ichimaru, 1973]. The dispersion relation is given by £(k, ®) = 0.

To illustrate the range of unstable wave frequencies due to the
electron beam instability, a simple case is considered. For the
analysis of the higher-frequency electrostatic waves (0, = ®,.),
the ion contribution to the dispersion relation can be neglected,
giving

5

0—1+EW( )+
= Z, k2

W(z, 6
2 (z5) (6)
To simplify further the dispersion relation, #2=4#} will be
assumed. This assumption is satisfied when

=== )

and would be valid, for example, in the case of a cold, tenuous
beam. The dispersion relation then becomes

K = —k[W(E )+ W(z,)] ®

The upper cutoff frequency for the broadband growing waves
can be determined by finding the real frequency for which the
imaginary frequency passes through zero. The dependence of the
upper cutoff frequency on the various plasma parameters can be
determined by solving the dispersion relation at the point where
®;=0. When o, =0, the plasma dispersion function has the fol-
lowing properties [/chimaru, 1973]:

ReW(z) = ReW(-z) €]

ImW(z) = -ImW(-=2) (10)

The solution to the imaginary part of the dispersion relation is
z, = —z,. The real part of the dispersion relation then becomes

k= =2k2W(z,) (11)
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Using the relation z, = w/kv,, this can be expressed in terms of
frequency:

00k, = -222W(z,) (12)
The real frequency takes on its maximum value of g /0,. = 1.8
at z, = 2.76. With the solution z, = —z, this expression can be

written in terms of v,/v,, the ratio of beam velocity to background
electron thermal velocity,

O/ Ope = =2yl Vi) [ 1HTHT) 1™

W) [1H(TYT) ") (13)
The upper cutoff frequency as a function of v/v, for
T,/T, = nyn,=0.1 is shown in Figure 8. For low beam velocities,
the upper cutoff frequency is seen to increase with increasing
beam velocity. At the higher beam velocities the upper cutoff fre-
quency decreases, approaching the plasma frequency as the beam
mode merges with the Langmuir mode. Also shown in Figure 8
are curves for different temperature ratios with ny/n, =0.1. For
T, /T, not equal to my/n,, (13) is no longer valid, and the full
dispersion relation must be solved. However, the dispersion rela-
tion is still greatly simplified by the assumption that w; =0. As
the beam to background temperature ratio decreases, the instabil-
ity becomes active at lower beam velocities. Curves similar to
those in Figure 8 are shown in Figure 9, for different values of
ny/n, with T/T,=0.1. As ny/n, increases, the instability becomes
active at lower beam velocities.

The results shown here demonstrate the dependence of the elec-
tron beam mode upper cutoff frequency on the beam and back-
ground plasma parameters. These results are similar to those
demonstrated by Thomsen et al. [1983], in which the electron
acoustic mode growth rate was shown to increase with increasing
beam velocity and density and with decreasing beam temperature.
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Fig. 8. Maximum unstable frequency (normalized to the electron plasma
frequency) as a function of beam velocity (normalized to the background
electron thermal velocity) for a density ratio of 0.1 and four temperature
ratios. For a given temperature ratio, the maximum frequency increases
rapidly at lower beam velocities. As the beam temperature is decreased,
instability occurs at lower beam velocities.
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Fig. 9. Maximum unstable frequency (normalized to the electron plasma
frequency) as a function of beam velocity (normalized to the background
electron thermal velocity) for a temperature ratio of 0.1 and four density
ratios. For a given density ratio, the maximum frequency increases rapidly
at lower beam velocities. As the beam density is increased, instability
occurs at lower beam velocities.

In the simple case investigated, the electron beam mode is seen
to have the following properties:

1. The unstable waves can be very broadband, ranging from
low frequencies to above the electron plasma frequency.

2. For low beam velocities (v, < 3v,.), the upper cutoff fre-
quency of the broadband growth increases with increasing beam
velocity, increasing beam density, or decreasing beam tempera-
ture.

Therefore when the electron beam instability is operating, it is
reasonable to expect broadband waves polarized along the beam
direction (the magnetic field direction), with an upper cutoff fre-
quency which varies with the beam parameters. Figures 8 and 9
indicate that the electron beam mode waves may be unstable in
the frequency range inaccessible to the ion acoustic and Langmuir
modes and that variations in the beam and background plasma
parameters could account for the large variations in the wave
spectra at the different shock crossings.

5. SUMMARY OF OBSERVATIONS

The Earth’s bow shock and magnetosheath are typically
characterized by high-amplitude broadband electrostatic waves.
The excellent frequency resolution of the stepped frequency
receivers on board the AMPTE IRM has allowed for an investiga-
tion of the high-frequency waves in greater detail than has previ-
ously been possible. The wave spectra presented here show some
features which support previous research, as well as others which
have not previously been reported.

Similar to prior results [Rodriguez and Gurnett, 1975, 1976;
Rodriguez, 1979], the electrostatic waves at and downstream from
the shock are shown to be broadband, impulsive in time, and
polarized predominantly parallel to the background magnetic
field. The waves are detected at frequencies as low as 275 Hz
(the minimum SFR frequency) up to above the plasma frequency
(fpe =40 - 60kHz). We have concentrated primarily on the
higher-frequency waves (f> 9kHz) and on the variations in
wave intensities seen at different shock crossings.
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The first point we have made is that the maximum frequency
for Doppler-shifted ion acoustic waves and the plasma frequency
are usually well separated. For example, on December 27, 1984
(see Figures 2 and 3), fis = f,; + kpvi; = 5 kHz and f,, =45 kHz.
The AMPTE IRM SFRs have a total of 27 channels between
these frequencies. The electric field fluctuations in this frequency
range, which is inaccessible to either the ion acoustic or Langmuir
modes, are clearly resolved. The electrostatic wave measure-
ments presented here demonstrate that the ion acoustic and Lang-
muir modes alone cannot account for the entire measured spectra.
The wave polarization in the frequency range inaccessible to the
ion acoustic and Langmuir modes is predominantly parallel to the
magnetic field.

In a plasma with the plasma frequency much greater than the
electfon cyclotron frequency (typically f,. = 50 f..) there are only
two known electrostatic wave modes with frequencies ranging
from far below the plasma frequency up to and above it. These
are the Bernstein mode or electron cyclotron harmonics and the
electron beam mode. The Bernstein mode is known to propagate
predominantly perpendicular to the magnetic field [Krall and
Trivelpiece, 1986], which is inconsistent with the present observa-
tions. The electron beam mode is polarized in the direction of the
beam, which would typically be along the magnetic field. There-
fore, from the observed frequency range and polarization it is
concluded that the most likely wave mode present at and down-
stream from the shock in the frequency range inaccessible to the
ion acoustic and Langmuir modes is the electron beam mode.

In the absence of an electron beam, electric field fluctuations in
this inaccessible frequency range would be heavily damped [cf.
Marsch, 1985]. Since the waves are seen to persist far down-
stream from the shock, (Figure 2; see also Rodriguez, [1979]), the
convection of shock-generated waves in a stable magnetosheath
plasma is not a likely explanation. Our interpretation would
imply then that the presence of electrostatic waves at these fre-
quencies indicates the presence of local unstable features in the
electron distribution function, or beams.

A correlation study has also been presented, investigating the
processes which could give rise to electron beams. The strongest
relationship found between the electrostatic wave properties and
plasma parameters was with M, and B,. The correlations were
negative, reflecting the decrease in wave amplitudes and upper
cutoff frequencies with increasing M, and B,. No significant rela-
tionship was seen between the wave properties and 8z, T2./T>,
}\'D7 evm (T2e_Tle)/ T2e’ Or V. ,

In the following section the correlation study results are dis-
cussed in terms of various mechanisms which may produce elec-
tron beams at and downstream from the shock. Two previously
proposed shock acceleration mechanisms are discussed: the
cross-shock electric field and lower hybrid frequency waves, as
well as a new mechanism in analogy to the foreshock time of
flight mechanism [Filbert and Kellogg, 1979]. The proposed
magnetosheath time of flight mechanism may account for the gen-
eration of electrostatic waves far downstream from the shock,
even in the absence of beams being produced at the shock.

6. DISCUSSION OF POSSIBLE BEAM
GENERATION MECHANISMS

Electron beams have been measured near the main shock ramp
where the electrostatic wave amplitudes are usually highest [Feld-
man, 1985; Scudder et al., 1986]. However, measurements
downstream from the shock typically give no indication of
unstable particle distributions [Feldman, 1985]. Thomsen et al.
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[1985] reported one case where parallel cuts of two-dimensional
electron distribution functions showed downstream directed
beams in the shock ramp and shock-directed beams just down-
stream from the shock. Feldman [1985] suggested that the
shock-directed beams could be electrons accelerated into the mag-
netosheath at the other intersection of the magnetic field line with
the curved shock.

One mechanism which has been proposed to explain the
observed beams is the acceleration of electrons by the cross-shock
electric field [Feldman, 1985]. Electrons in the upstream region
flowing along the magnetic field toward the shock would be
accelerated into the downstream region. These electrons could
then appear as a beam to the hotter downstream plasma.

If the relevant acceleration mechanism were the cross-shock
electric field, the observed correlations may be an indication that
the cross-shock electric field in the de Hoffman-Teller frame
decreases with increasing M, or B,. A similar effect has been
seen in the normal incidence frame with computer simulations
[Leroy et al., 1982]. The normal incidence frame cross-shock
potential normalized to the incident flow energy has been shown
to decrease with increasing Alfven Mach number above M, = 6.
This is believed to result from the increased effect of the reflected
ions on the incoming solar wind flow at the higher Mach
numbers.

One problem with this interpretation is the lack of correlation
between the high-frequency electrostatic waves and the normal-
ized electron temperature jump across the shock. The ratio of the
electron temperature change across the shock to the downstream
electron temperature, (T5,~T.)/T5., is proportional the ratio of the
electron energy gain in crossing the shock to the downstream par-
ticle energy. For a quasi-perpendicular shock in which the elec-
tron motion is adiabatic, the electron energy gain in crossing the
shock is approximately given by the cross-shock potential energy
jump in the de Hoffman-Teller frame [de Hoffman and Teller,
1950; Goodrich and Scudder, 1984]:

[ed"T]} = —Yﬁ—mﬁ (14)

where y is the ratio of specific heats and []} signifies the
difference between the downstream and upstream values. As the
upstream parallel electrons cross the shock, they will be
accelerated into the downstream region and may appear as a beam
with velocity v,, given approximately by

1
—_— mev% =

) (15)

P

As shown in section 4, an important parameter for the electron
beam instability is the ratio of the beam velocity to background
thermal velocity. Therefore if the observed electrostatic waves
are generated by electrons accelerated along the magnetic field by
the cross-shock electric field, we might expect to see a positive
correlation with (T,.~T,,)/T>.. The observed correlations, how-
ever, are low and negative. Acceleration of electrons by the
cross-shock electric field may still be an important mechanism for
the observed electrostatic wave generation; however, the direct
association between the magnitude of the cross-shock potential
and the high-frequency electrostatic waves is not apparent.

It has also been shown that waves in the lower hybrid fre-
quency range generated by the modified two-stream instability
may create electron beams [Tanaka and Papadopoulos, 1983].
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This mechanism was discussed by LaBelle et al. [1987] as a pos-
sible explanation for the broadband spikelike electrostatic waves
seen near flux transfer events. These waves are very similar to
those seen in the magnetosheath and bow shock. As pointed out
by these authors, the beams would not be detectable by the
plasma instrument because their time scale would be very short,
similar to that of the waves, which is much shorter than the reso-
lution of the plasma instrument.

If the electron beams were generated by lower hybrid fre-
quency waves, the observed correlation could be an indication
that this mechanism becomes ineffective at the higher-M, or
higher-, shocks. There is both experimental [Mellott and Green-
stadt, 1988] and theoretical [Winske, 1985; Gary et al., 1987] evi-
dence that the lower hybrid frequency waves have lower ampli-
tudes at the high-B, shocks. Mellott and Greenstadt [1988] inves-
tigated the correlations between upstream solar wind parameters
and lower hybrid frequency waves in the shock foot and ramp.
The best correlations found between the wave electric field ampli-
tudes in the ramp and the plasma parameters were with normal
solar wind flow velocity (r = +0.81) and electron beta (r = -0.62).
The theoretical analyses indicate that the linear growth rates for
the lower hybrid like waves decrease with increasing B, [Winske,
1985; Gary et al., 1987} and increase with increasing velocity
between the solar wind and the reflected ions [Gary et al., 1987].
Our study indicates a positive although low correlation with solar
wind velocity.

Another possibility is that the unstable distributions result from
a time of flight mechanism similar to those in the Earth’s
foreshock [Filbert and Kellogg, 1979]. Since the shock may not
be spatially or temporally uniform, it is likely that the shock sur-
face has discontinuities in the plasma parameters. Spatial discon-
tinuities in the shock could correspond to spatial discontinuities in
the distribution of electrons being accelerated downstream. These
spatial boundaries could then give rise to downstream particle dis-
tributions similar to those seen in the foreshock. These discon-
tinuities could result through either the dynamics of the shock
itself or from magnetic field and plasma discontinuities continu-
ally impinging on the shock from the incoming solar wind.

Locations in the magnetosheath which are magnetically con-
nected to the upstream edge of shock regions with higher down-
stream directed electron fluxes would be analogous to the
upstream boundary of the foreshock. Downstream from these
locations the competition between the electrons’ steaming veloci-
ties along the magnetic field and the convection velocity of the
magnetic field could result in particle distributions that are
unstable to electrostatic wave growth. Rather than one upstream
boundary as at the foreshock, there could be many analogous
boundaries downstream. The location of these boundaries could
change very rapidly in time, resulting in very short time scale
bursts of electrostatic waves, as is observed.

This mechanism would not require shock acceleration to
directly produce beams. Stable suprathermal tails at the shock
could result in beams farther downstream through the time of
flight mechanism, provided boundaries were present separating
regions with differing electron fluxes at the higher energies. A
more detailed description of this mechanism will be the subject of
a forthcoming publication.

In conclusion, the frequency range and polarization of the elec-
trostatic waves presented in this paper are consistent with the
interpretation that electron beam mode waves are present at and
downstream from the Earth’s bow shock. Linear Vlasov theory
shows that the electron beam mode may be unstable in the
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observed frequency ranges and that variations in the beam param-
eters can account for the large variations seen in the wave spectra
at different shock crossings. A correlation study using 45 shock
crossings indicates that the electrostatic wave upper cutoff fre-
quencies and amplitudes are anticorrelated with M, and B,. Vari-
ous possible beam generation mechanisms have been discussed in
terms of the correlation study results.

More work needs to be done before a conclusive identification
of the electrostatic wave modes and generation mechanisms at
and downstream from the shock can be made. In particular,
detailed comparisons of the electrostatic wave spectra and particle
distributions at and downstream from the shock are essential in
determining if the electrostatic waves are in fact generated by
electron beams. Once the wave modes are identified, the effects
of the waves on the plasma can be evaluated, and the issues of
beam persistence far downstream from the shock can be
addressed. Although the role of electrostatic waves in the plasma
heating at shocks has recently been called into question [Scudder
et al., 1986; Mellott, 1986], the wave spectra do vary consider-
ably at collisionless shocks and therefore present valuable clues
toward understanding the large- and small-scale processes occur-
ring in the collisionless plasma.
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