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Abstract. We present plasma wave measure-
ments from the Voyager 2 crossing of Neptune's
bow shock and compare them with measurements from
the bow shocks of Earth, Jupiter, Saturn and Ura-
nus. The wave amplitudes above 0.01f,, when nor-
malized to the solar wind ion thermal energy den-
sity at each planet, are significantly higher at
the outer planets than at Earth. Despite the
differences in amplitude the shock spectra of all
the planets can be fitted to curves of similar
form in this frequency range. The total normal-
ized electric field energy densities exhibit an
exponential dependence on ion thermal Mach num-
ber. Magnetosheath wave energies are comparable
at all of the planets when normalized to the
downstream plasma pressure.

Introduction

Since the discovery of electrostatic waves
in the Earth’s bow shock by investigators on
0GO-V (Fredricks et al., 1968), the generation
of plasma waves in shocks and their role in mi-
crophysical shock processes have been the subject
of much research and debate. Planetary bow
shocks encountered by the Voyager spacecraft have
provided examples of extremely strong shocks in
solar wind parameter regimes rarely found at
1 AU. By comparing quantitatively the plasma
wave spectra from representative crossings of the
bow shocks at Earth, Jupiter, Saturn, Uranus and
Neptune, we will show that in properly normalized
units the wave amplitudes of electrostatic waves
at the outer planets can be several orders of
magnitude higher than at Earth, and thus are more
likely to be significant participants in the
shock processes than their terrestrial equiva-
lents.

In the next section we discuss the Voyager bow
shock data from the encounter with Neptune, and
in the following section we compare wave ampli-
tudes and spectral shapes from each of the pla-
nets. In the last two sections we analyze magne-
tosheath emissions and summarize our results.

Neptune Bow Shock Data
Figure 1 presents the data from the plasma
wave detector (PWS) for the inbound bow shock

crossing made during the Voyager 2 encounter
with Neptune on August 24, 1982. Contained in
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the figure are electric field amplitudes in the
bottom eight frequency channels of the 16-channel
wave analyzer. Each spectrum requires 4 seconds
to complete, and, although interference from
spacecraft systems has been removed as thorough-
ly as possible, relatively large electric field
levels are still evident in the 178- and 311-Hz
channels, which are interpretted as residual in-
terference from the spacecraft.

The leading edge of the shock foot is first
detected at 1434 with the appearance of broadband
emissions below f, (600 Hz for the measured up-
stream density of 0.0045 em-3); 48-s average mag-
netometer (MAG) measurements indicate that the
ramp is crossed beginning at 1438. The duration
of the shock foot crossing at Neptune is signifi-
cantly shorter than the foot transit time for the
Voyager 2 inbound shock crossing at Uranus (ap-
proximately 15-min.), which suggests that this
shock was moving rapidly towards the spacecraft.
Gosling and Thomsen (1985) derived an expression
for computing the shock velocity using the time
taken to cross the shock foot and assuming that
the ion beam that defines the shock foot is gen-
erated by specular reflection. For the upstream
magnetic field strength of 0.12 nT (Ness et al.,
1989), the solar wind speed of 403 km/s (Belcher
et al., 1989), and assuming a nearly perpendicu-
lar shock, we obtain a shock speed of 132 km/s,
so that the solar wind speed in the shock frame
is 535 km/s.

In the average MAG data the shock ramp extends
from 1438 to 1442 although higher resolution
plasma and magnetic field measurements will prob-
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Fig. 1. PWS channel analyzer data for the
Voyager 2 inbound crossing of Neptune's bow
shock. 1Indicated on the plot are the location
of the shock foot and ramp based on 48-s average
MAG data.
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ably contract this time span. The entire foot
and ramp region is filled with broadband emis-
sions extending up to the plasma frequency. Be-
yond this region the wave levels decline rapidly,
and, except for some isolated but prominent emis-
sions in the overshoot at 1444 and 1447, down-
stream is essentially quiet. The apparent ab-
sence of magnetosheath emissions is characteris-
tic of the shocks at the outer planets and quite
unlike the terrestrial magnetosheath, which is u-
sually filled with broadband electrostatic waves.

Comparison of Shock Spectra

In order to make comparisons between the bow
shocks observed at the Earth and outer planets,
we have chosen previously studied inbound bow
shock crossings from each planet. The terrestri-
al bow shock is the ISEE-1, November 7, 1977
crossing (Scudder et al., 1986), the Jovian bow
shock is the Voyager 1, March 1, 1979 crossing
(Moses et al., 1985), the Saturnian bow shock is
the Voyager 1, November 11, 1980 crossing (Moses
et al., 1988) and the Uranian bow shock is the
Voyager 2, January 24, 1986 crossing (Bagenal et
al., 1987). All of these shocks are supercriti-
cal, quasiperpendicular events and exhibit the
shock foot and overshoot associated with ion re-
flection. Table 1 provides upstream parameters
that will be used in our analysis. Ion parame-
ters have been chosen, since the Voyager plasma
science experiment (PLS) is unable to measure
electrons in the solar wind upstream of shocks at
Uranus and Neptune due to their low energy flux.
In any case, solar wind T, and T; usually differ
by significantly less than an order of magnitude.
Solar wind speeds have been augmented with esti-
mations of the shock speed for each planet except
Uranus, where the shock speed was determined to
be negligible.

Table 1. Upstream Plasma Parameters

Comparison of Bow Shocks

COMPARISON OF SHOCK SPECTRA

Parameter Earth Jupiter Saturn Uranus Neptune
ngy (cm3) 9.87 0.44  0.11  0.05 0.0045
T3 (1000 K) 69 7.9 15 49 6.3
Bgy (nT) 5.49 0.8 0.4 0.19 0.12
Vgy (km/s) 292% 610% 617+ 430 535%

*Indicates that Vg, has been augmented by an
estimation of the shock speed.

In the top panel of Figure 2 we present the
plasma wave spectrum for each of these shocks
for frequencies up to the solar wind f,. The
spectrum is an average over the strongest signals
(corresponding roughly to the shock foot, ramp
and overshoot regions). The vertical axis plots
spectral density (V2/m?-Hz) versus frequency with
circles representing Earth, triangles represen-
ting Jupiter, diamonds representing Saturn, in-
verted triangles representing Uranus and squares
representing Neptune. Each shock exhibits a
broad peak, more nearly a plateau for the terres-
trial example, that falls off sharply at high
frequency. The peak frequency diminishes with
radial distance and decreasing solar wind densi-
ty, which is consistent with the high frequency
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Fig. 2. Comparison of shock spectra for

Earth (circle), Jupiter (triangle), Saturn (dia-
mond), Uranus (inverted triangle) and Neptune
(square). The top panel shows the spectral den-
sity as a function of frequency for frequencies
below the solar wind plasma frequency. In the
bottom panel the spectral densities are converted
to wave energy densities and normalized to the
solar wind ion thermal energy density. The fre-
quencies are normalized to the solar wind plasma
frequency.

waves being primarily electrostatic and scaling
in frequency as fp. The wave amplitudes generally
diminish with increasing radial distance from the
sun; however, the wave amplitudes at Uranus are
the smallest, and Moses et al. (1989) has sug-
gested that this due to unusual solar wind condi-
tions, Tg < Ty, which renders it difficult for
electrostatic waves to grow.

We improve this comparison in the bottom panel
by normalizing wave frequencies to the solar wind
f, and wave energy densities/frequency to the so-
lar wind ion thermal energy density. For frequen-
cies above 0.01 f; the normalized amplitudes of
the outer planet bow shocks are much stronger
relative to the Earth. Since waves in this fre-
quency range must certainly resonate with elec-
trons, electrostatic wave-particle interactions
at the outer planets may be significantly more
effective in producing shock dissipation than
their analogs at Earth.

Despite the differences in normalized wave
amplitudes, all of the shocks exhibit a similar
high frequency falloff. We have examined the
shape of the spectra by fitting the falloff to
curves of the form:
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s = Soexp{ -[(£ - £o)/£11% }

So and f, are the spectral density and fre-
quency for the peak in the spectrum, and linear
regression is used to determine fy (which scales
the bandwidth of the peak) and a (which deter-
mines the rate of falloff). Table 2 gives the
values of f, and f] (normalized to f;) and a
used. Earth required special treatment, since
the spectrum appears more as a plateau than a
peak. At the outer planets fo/fp ranges between
0.03 and 0.09, which is slightly above the proton
plasma frequency of 0.023 f,. Only two frequency
channels at Earth fall into this range, 1 kHz and
1.78 kHz, and the fit was performed assuming f, =
1 kHz. The correlation coefficient from each re-
gression was > 0.99. One finds that the curve
parameters for each spectrum are very similar,
which makes it likely that the physics determin-
ing the shape of the shock spectrum at high fre-
quencies is analogous throughout the heliosphere.

Table 2. Comparison of Curve Fitting Results

Parameter Earth Jupiter Saturn Uranus Neptune

fo/fp 0.0353 0.0298 0.0597 0.0886 0.0295
f1/%p 0.0059 0.027 0.021 0.086 0.076
a 0.738 0.736 0.682 0.795 0.955

We compare the total normalized wave energy
densities above 0.01 fP by multiplying the peak
normalized spectral densities by fj. In Figure 3
we plot this quantity as a function of Vgy/aj,
where aj is the ion thermal speed. These points
can be fitted with an exponential curve of the
form exp[«Vgy/aj], where « is determined to be
0.15. This result was unexpected, but suggests a
general scaling law for plasma wave amplitudes in
shocks. The interpretation of this apparent
scaling probably involves a detailed analysis of
wave convective growth and saturation, and will
be pursued in future work.
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density as a function of ion thermal Mach number.
The peak normalized energy density was obtained
by multiplying the peak normalized spectral den-
sity by the computed bandwidth of the high fre-
quency falloff. The points are fitted to an ex-
ponential curve.

Comparison of Bow Shocks

Comparison of Magneotsheath Spectra

Outer planet shocks exhibit an apparent ab-
sence of magnetosheath emissions (Scarf et al.,
1979). In the top panel of Figure 4 we present
spectra immediately downstream of the shock over-
shoot. The wave spectral densities at Earth can
be as much as five orders of magnitude greater
than those observed at the outer planets. Most
of the outer planet spectra are very near the
background level of the Voyager instrument, par-
ticularly at high frequencies (the threshold lev-
el of the PWS is indicated by a dashed line).
Only the Uranian bow shock exhibits significant
emissions in this region, and this shock was unu-
sual for the long duration and ragged appearance
of the shock crossing in the plasma wave data
(Moses et al., 1989).

The Rankine-Hugoniot relations indicate that
in a strong shock the downstream plasma pressure
is proportional to 0.5nmisz2, and in heliospher-
ic shocks the main contribution to the downstream
pressure is the ion thermal energy demsity. The
spectral densities are normalized to O.Snmisz2
in the bottom panel. The frequencies have also
been normalized to the downstream f,. Upon nor-
malization the wave levels at the outer planets
now become more nearly comparable to the terres-
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Fig. 4. Comparison of downstream spectra.
One-minute average downstream spectra are shown.
In the top panel spectral densities are plotted
against frequency. A dashed line indicates the
Voyager PWS threshold. 1In the bottom panel the
spectral densities are normalized to upstream
ram pressure, which is proportional to the down-
stream plasma pressure in strong shocks, and the
frequencies are normalized to the downstream
plasma frequency.
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trial magnetosheath below approximately 0.03fp,
and at these frequencies the outer planets no
longer form a discreet subset of spectra. At
higher frequencies the outer planets have much
higher wave levels, but at these frequencies the
outer planet wave levels are indistinguishable
from the background noise in the detector and may
not represent the true magnetosheath amplitudes.
If, as Figure 4 suggests, the strength of the
magnetosheath waves may not be greatly different
at each of the planets when normalized to the
downstream plasma pressure, then the downstream
state of the plasma is essentially the same for
all of the planets, and we need not attempt to
create theories that differentiate between the
shocks at Earth and the outer planets.

Summary

By comparing the shock and magnetosheath
spectra of bow shocks at Earth, Jupiter, Saturn,
Uranus and Neptune we have been able to draw the
following conclusions.

1. While the spectral densities of plasma
waves tend to decrease with radial distance from
the sun, when normalized to upstream nTj the wave
levels at the outer planets are significantly
higher above 0.01f,.

2. The high frequency falloff of the plasma
wave spectra of all of the planets have similar
shapes. This suggests that the physical process-
es governing the spectral shape are the same for
shocks throughout the heliosphere.

3. The total normalized wave energy density
for high frequency waves increases exponentially
with increasing Vgy/aj.

4, The wave amplitudes in the magnetosheaths
of the outer planets do not differ significantly
from the amplitudes at Earth when normalized to
the downstream plasma pressure below 0.03 fp.
This suggests that the apparent absence of down-
stream waves at the outer planets is more a func-
tion of the instrument sensitivity than differen-
ces in the wave generation physics.
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