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This chapter describes the Voyager 2 plasma observations near Neptune. We describe
features in the order they were observed by Voyager. The bow shock was nearly
perpendicular at the time of the encounter, with a Mach number of 4.5 and an outward
velocity of about 15 km s™!. Voyager.2 entered the magnetosphere of Neptune through
the cusp region; the magnetopause crossing is a rotational discontinuity, indicating that
adynamic mantle region is formed. The magnetospheric plasma is created from neutral
atoms which escape from Triton’s atmosphere and are ionized in the magnetosphere.
Both protons and heavy ions, probably nitrogen, are detected. The plasma density is
very low; the peak density of 2 cm™2 occurs near closest approach to Neptune. The
plasma temperature increases nearly adiabatically as the planet is approached. Both
the density and temperature profiles are consistent with inward motion of plasma from
a Triton source. Losses of both plasma and energy occur near Neptune; these may
be due to precipitation, charge exchange, and/or ring absorption. Estimates of neutral
escape from Triton combined with the plasma observations imply neutral densities
of the order of 100 cm™. In the outbound magnetosheath Voyager made the first
detection of the penetration of the plasma mantle into the magnetosheath of a planet.
Mantle plasma extends through a substantial portion of the magnetosheath at high
latitudes. As at all the other magnetized planets, upstream waves are detected in the
solar wind when the spacecraft is magnetically connected to the bow shock.

L. INTRODUCTION

The encounter of Voyager 2 with the giant planet Neptune in August of 1989
concluded the initial reconnaissance of the solar system’s giant planets. The
brief flyby of Neptune produced observations of the sixth planet in the solar
system with an intrinsic magnetic field and the fourth giant planet magneto-
sphere. Like its relative Uranus, Neptune possesses a highly tilted magnetic
dipole moment. Neptune’s dipole axis is oriented 47° from its rotational axis
(Connerney et al. 1991); the corresponding angle for Uranus is 58.6° (Ness
et al. 1991). Neptune has a relatively “normal” inclination of its spin axis to
the plane of its orbit, 29°, as compared with 98° for Uranus (Allen 1973), so
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Neptune’s magnetosphere is a unique case and of great value for comparative
magnetosphere studies. Neptune’s magnetosphere contains an internal source
of heavy-ion plasma, its moon Triton, which possesses both an atmosphere
and a surprisingly substantial jonosphere (Tyler et al. 1989). Although Triton
is located about 14 Ry from Neptune (1 Ry=24,765 km), matter originating
at Triton is observed in the inner magnetosphere. As with every planet so far
encountered, Neptune’s magnetosphere occupies a unique niche with respect
to plasma sources and transport.

We begin with an explanation of some of the more salient ideas of mag-
netospheric plasma physics used in this review and discuss some of the ex-
pectations for Neptune. Next, we give an overview of the encounter data
and observational results and discuss the implications for magnetospheric
physics at Neptune. In turn, properties of the inbound bow shock, magne-
tosheath/cusp, magnetosphere, and downstream waves are considered. We
end with a comparison of Neptune’s magnetosphere with those of the other
giant planets in the solar system. Results presented here are primarily based
upon observations made by the Plasma Science Experiment (PLS) on Voy-
ager 2, an electrostatic instrument which measures electrons and positive ions
in the nominal energy-per-charge range of 10 V to 5950 V (Bridge et al. 1977).

A. Magnetospheric Plasma Physics: A Brief Tutorial

This section reviews some of the basic tenets of magnetospheric physics for
the reader not familiar with this field. It is intended to provide a brief glossary
of terms and concepts used later in the chapter.

Ions and electrons gyrate around magnetic field lines and also move along
field lines. The frequency of these gyrations is called the cyclotron frequency
and the radius of the gyrations is called the gyroradius. The speed of these ran-
dom motions, called the thermal speed, defines a plasma temperature through
the relation k7; = %m,-wl? where & is Boltzmann’s constant, i identifies the
particle species, and w is the thermal speed. Rigorously, this identification
applies if the particle speeds are distributed with a Maxwellian (Gaussian)
distribution. In the collisionless plasmas found in the solar wind and magne-
tospheres, non-Maxwellian distributions often occur. One method of charac-
terizing these distributions is to use a set of several Maxwellian distributions
with different temperatures such that the sum of these thermal distributions
approximates the true distribution function of the plasma. Plasma can have
different distributions of speeds perpendicular and parallel to the magnetic
field direction. If these distributions are the same, then the plasma distribu-
tion function is said to be isotropic (in velocity space). If the distributions are
different but Maxwellian, then one speaks of a bi-Maxwellian, or anisotropic,
distribution with parallel and perpendicular thermal speeds wy and w; and
corresponding temperatures 7} and 7} .

The guiding center approximation (see, e.g., Northrup 1963) allows us
to ignore the gyromotion (except for determining the plasma temperature)
and look only at the average location (gyrocenter) of the plasma particles to

determine the plasma motion. It is the average motion of the gyrocenter that
defines the plasma bulk, or convective, velocity.

Another assumption used is the “frozen-in condition” (see, e. g.,Sec. 13.5
of Rossi and Olbert 1970). This states that the plasma and magnetic field
move together (a consequence of Faraday’s law when applied to typical mag-
netospheric plasma conditions) and is valid throughout the Neptune region
except, perhaps, at the bow shock. One consequence of this condition is that
the plasma tends to rotate with the planet, because the planetary magnetic ficld
threads the Neptunian ionosphere (a good conductor) which, in turn, rotates
with the planet. Thus the plasma velocity will vary as the distance from the
spin axis, as plasma throughout the magnetosphere must completely circle the
planet every Neptunian day. Plasma whose angular velocity matches that of
the planet is said to be corotating and the velocity this corresponds to is the
corotation velocity.

Because plasma remains on the same magnetic field line, the magnetic
field orders much of the plasma data. The L shell parameter is used to define
the location of a magnetic field line, where each field line is labeled with an
L shell value which is the radial distance in planetary radii where the magnetic
field line crosses the magnetic equator (see, e.g., chapter 6 of Rossi and Olbert
1970). Lack of azimuthal symmetry in the global magnetic field introduces
subtleties in the definition of L which are not important for this review (Schulz
and Lanzerotti 1974).

The concepts of supersonic and subsonic plasma flow are of particular
importance for understanding the plasma results from Neptune. Plasma is
said to be supersonic if the motion of the guiding centers, or the bulk motion,
is larger than the thermal speed, or gyromotion. If the plasma is supersonic,
it can be observed only by the plasma detectors which are pointed into the
plasma flow. This is the case in the solar wind. If the plasma is subsonic then
the gyromotion of the particles is faster than the bulk motion of the plasma
and particles can enter a detector for all orientations of the instrument. A
distinction which is usually made only through the context of the discussion
is whether the plasma is supersonic (subsonic) in the nonrotating frame of
Neptune or the rest frame of Voyager. The detectability of the plasma is, of
course, tied to the plasma parameters as seen in the spacecraft rest frame.

An ion can be added to the magnetosphere either directly, via escape of
the ion from a moon’s or planet’s ionosphere or by direct injection from the
solar wind, or indirectly via the injection of neutrals into the magnetosphere
(from the planet’s or satellite’s atmospheres) which are then ionized. Neutrals
can be ionized via collisions with electrons, solar ultraviolet photons, or other
ions. Ions added directly to the magnetosphere (via escape from a planet’s or
satellite’s jonosphere, for example) keep their original temperatures. Charged
particles created from neutrals are quickly accelerated from their original
velocity (the Keplerian velocity if they are orbiting the planet) to the corotation
velocity. As a consequence of this acceleration these ions gain an initial
thermal speed equal to the difference between their initial velocity and the



corotation velocity.

Plasma moves through a planetary magnetosphere by the processes of
diffusion and/or convection. Diffusion results from random motions of mag-
netic flux tubes. Convection can be thought of as an organized motion of
magnetic flux tubes, generally inward in some portions of the magnetosphere
with compensating outward flow elsewhere. The magnetic field strength in
a dipole varies as the distance from the planet cubed. Thus flux tubes which
move inward are compressed; those which move outward expand. The vol-
ume of a flux tube varies as L*. Because the plasma is frozen to the field,
the density of the plasma increases as the flux tube contracts with an L~*
dependence. The plasma is heated as it is compressed; the temperature of
isotropic plasma varies as L~/3, This energization process is called adiabatic
heating.

B. Pre-Encounter Expectations

With Jupiter, Saturn, and Uranus as a base to draw upon, many predictions
were made which applied theories of planetary magnetospheres to the as yet
unknown magnetosphere of Neptune (Dessler 1987). Given the experience
of the Voyager encounter with Uranus in January of 1986, several early pub-
lished speculations concerned the remote detection of Neptune’s magnetic
field via the detection of radio emissions. Both Desch (1988) and Million and
Goertz (1988) used the “radiometric Bode’s law” and guesses as to Neptune’s
magnetic moment (~0.5 to 1.0 G at the equatorial “surface”) to predict that
the total radiated radio power would be ~1.6 x 107 W and that remote de-
tection of these radio emissions would occur 45 to 90 days prior to closest
approach to the planet [29,240 km from the center of Neptune at 0356 UTC,
25 August 1989, equivalently, at 0356 on Day of Year 237 (Stone and Miner
1989)]. Based upon the excess radio emission observed from Neptune at
20 cm, de Pater and Goertz (1989; also Romani et al. 1989) derived a surface
equatorial field strength of at least 1 G, assuming the radio excess was due to
the synchrotron emission by electrons in a Neptunian radiation belt (this as-
sumption turned out to be false). Unlike Uranus, Neptune showed no evidence
of ultraviolet emission which could be associated with auroral activity. Using
IUE (the International Ultraviolet Explorer experiment), Clarke (1988) found
no evidence of H Lyman-a emission down to a 1o limit of 180 Rayleighs
(some implications of this were discussed by McConnell et al. [1989] prior
to the encounter). Although this non-observation could not rule out an active
magnetosphere per se, it did rule out processes similar to those associated
with the electroglow and/or aurorae observed at Uranus (see, e.g., Yelle et al.
1987). This low intensity was confirmed by Voyager observations (Broadfoot
et al. 1989).

The lack of ultraviolet and radio observations led Dessler and Sandel
(1989) to speculate that the magnetosphere of Neptune could be quiet if the
mass loading by internal plasma sources were <1 kg s™!. They noted that
Neptune’s internal heat source combined with the scalings noted above should

lead to a large dipole moment of at least 1 G R}, that was spin-aligned with
little offset.

Radio emissions from Neptune were finally identified eight days be-
fore closest approach in data from the planetary radio astronomy experiment
(Warwick et al. 1989; Stone and Miner 1989). A re-examination of the data
revealed that radio bursts were present beginning 30 days prior to closest
approach. This was the first indication that Neptune had a well-developed
magnetosphere.

Science sequencing for the Neptune encounter was based on the assump-
tion that a spin-aligned dipole magnetic field was the most likely configuration.
This magnetic orientation implied that the spacecraft could pass through the
Neptunian auroral zone near closest approach. Scaling arguments (Cheng
1989) suggested that auroral electrons with energies of tens of keV could
be streaming from the magnetosphere into the ionosphere. Based on these
expectations the spacecraft was rolled to enable the PLS experiment to detect
precipitating plasma (plasma moving downward along the magnetic field)
near closest approach; the trade off was a possible loss of information about
cold, corotating plasma in this region.

The study of Triton was one of the primary encounter goals; one reason
was its possible role as a source of magnetospheric plasma. Groundbased
observations detected methane (Cruikshank and Silvaggio 1979) and nitrogen
(Cruikshank et al. 1984) on Triton. Delitsky et al. (1989) modeled the escape,
ionization, and loss of nitrogen and methane from Triton and predicted the
formation of a torus of mainly H* and N* with a density of 1 to 8 cm™3. These
predictions, although larger than the observed densities, provided a good basis
for understanding the plasma observations obtained during the encounter.

C. Instrument Description and Analysis Methods

Some knowledge of the characteristics of the PLS instrument is necessary
in order to understand the results and limitations of the plasma data; a full
description of the instrument is given by Bridge et al. (1977). The instrument
consists of four modulated-grid Faraday cups which measure current as a
function of energy/charge. Three of these cups (A, B, and C) form three faces
of a tetrahedron, each facing 20° from an axis which points toward Earth.
The D cup looks at right angles to this axis and was oriented at the encounter
to look approximately into the direction of corotation inbound and outbound
from Neptune and upwards (away from Neptune) near closest approach. The
instrument covers the energy-per-charge range of 10 to 5950 V. A sample
spectrum from Neptune’s magnetosphere is shown in Fig. 1. It was obtained
with the D cup at about 10 Ry from Neptune and shows the current detected
as a function of energy-per-charge. Although the instrument cannot directly
determine the ion mass, this spectrum shows how, in practice, ion species
can be identified. If all ion species move with the same bulk velocity (as
expected from the “frozen-in” law) the energy of each ion is proportional to
its mass. The PLS instrument measures energy-per-charge, so the peaks of the



measured currents of ions with different masses are separated by the ratio of
their mass/charge. Assuming the plasma in Fig. 1 is corotating, the energies
of the peaks correspond to ions with mass/charge ratios of approximately 1
and 14. As Triton is thought to be a major source of H and N, these current
peaks are presumed to be H* and N* (although other ions with similar mass,
e.g, C* or OF, are possible). The width of the ion peaks is proportional
to the ion temperature, so that if the plasma is hot the ion peaks merge and
determining the composition is much more problematic. This is the situation
near closest approach to Neptune, as will be discussed in Sec. IV.A.
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Figure 1. An L mode spectrum from the first plasma sheet crossing taken at 0018 UT
on 25 August. Measured ion current from the D sensor is plotted versus energy.
The curves show the best fit to the data obtained assuming two ion species, HT and

N*, which have convected isotropic Maxwellian velocity distributions and corotate
with the planet.

The ions are measured using two modes, the low energy/charge resolu-
tion L mode (AV/V~:29%) and the high energy/charge resolution M mode
(AV/V=~3.6%). In each mode, ion spectra are obtained simultaneously in
each of the four cups. A set of high-resolution M mode spectra is obtained
once every 12 min and 25 sets of low-resolution L mode spectra are obtained
during each 12 min period. Twelve sets of the L mode spectra (denoted .-
short) are obtained using a short integration time (0.21 s per channel) and 13
sets (denoted L-long) are obtained with a longer integration time (0.93 s per
channel). This scheme is the same as that used during the Voyager 2 encounter

with Uranus [see, e.g., Table 1 of Sittler et al. (1987)] and was selected to
increase the dynamic range of the instrument for observation of an unknown
plasma environment.

The goal of the data analysis is to determine the bulk plasma properties,
i.e., the demsity, velocity and temperature of each plasma component. This can
be accomplished in two ways. The first is to take the moments of the distribu-
tion function; the second 1s to fit the observed profile with a model distribution
(Vasyliunas 1971). The parameters shown in this chapter are derived using
the second method under the assumption that the plasma distribution is well
represented by a summation of convected isotropic Maxwellians. A nonlinear
least squares fitting routine is used to find the plasma density, temperature, and
velocity which, when combined with the instrument response, best fit the data.
The data quality limits the accuracy to which these values can be determined.
Signal must be observed in at least three cups for the full velocity vector to
be determined. This is the case in the solar wind and magnetosheath. In the
magnetosphere, data quality allows us to determine the azimuthal component
of velocity only outside L=7; inside this we cannot determine the velocity
and so assume that the velocity equals the rigid corotation speed in order to
analyze the data. A sample fit is superimposed on the data in Fig. 1 and shows
good agreement between the simulated and observed currents.

Electrons are only measured in the D cup; because the electron thermal
speed is much greater than the bulk velocity of the plasma, the look direction
of the cup does not affect the measurements as long as the distribution function
is isotropic. Two energy scan modes, the low energy E1 mode (10-140 eV)
and the high energy £2 mode (140-5950 eV), are employed. Both energy
modes consist of 16 contiguous energy channels which are used to obtain
differential distributions of the electron flux into the D cup. The sampling
time for each channel is 0.21 s for the short integration (£1 short and E2 short)
modes and 0.93 s for the long integration (E£1 long and E2 long) modes.
We will present only results from the long-integration-time modes. The
effective time resolution is 96 s, but this time resolution is further affected
by interference associated with spacecraft operation, which renders about
one sixth of the electron spectra unusable. Thus the actual time resolution
of the electron data we obtain is about 2 min. The electron density and
temperature are determined by fitting isotropic Maxwellian distributions to
the data. One to three Maxwellians are used, as needed, to characterize the
electron population in each spectrum. A sample electron spectrum from the
magnetosphere at 0659 UT on day 237 is shown in Fig. 2, along with the curve
showing the Maxwellian distributions which best fit this data. In this case
three Maxwellians are required to provide a full description of the measured
electron distribution function.

II. OVERVIEW OF THE ENCOUNTER

Plates 6 and 7 show spectrograms of the ion and electron currents obtained
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Figure 2. An example of an electron spectrum in the magnetosphere and the the best
fit to this data. Three Maxwellian distributions were required to fit the currents in
this spectrum; they are shown by the solid curves. The x’s show the summed current
from the fit.

during the encounter with Neptune. Each of the four panels shows time
increasing across the panel to the right and energy increasing upwards, with
the intensity of the current at each location in energy-time space indicated by
the color, as described by the color bar. As a rough approximation, the height
of the plasma signal in energy is proportional to the plasma velocity, the width
of the signal is proportional to the temperature, and the intensity of the current
is proportional to the density. The panels, from top to bottom, show the
high-energy (140-2480 eV) electrons (£2 -mode), low-energy (10-140 eV)
electrons (£'1 mode), ions in the side-looking detector (D cup, L mode, 10~
1850 V), and ions in one of the earthward looking detectors (C cup, L mode,
10-1850 eV). The higher energies are not shown because the true signals have
a low amplitude and are typically contaminated by noise. Both electron and
ion spectra are from the long integration modes. In Plate 6 each time step
(1 pixel wide in the original computer-generated image) shows the average of
4 spectra; in Plate 7, in which the scale is compressed, each time step shows
the average of 12 spectra. The apparent signal in the highest few channels
of the C cup is usually noise. The intense fluxes of ~850 ¢V ions in the
C cup before the inbound bow shock at 1438 UT (coordinated universal time
at Voyager) on day 236 and after the outbound bow shock at 2036 on day 238

—

are the solar wind protons. Inbound, the solar wind velocity is relatively
constant; outbound, the velocity is more variable. Across the bow shock the
solar wind plasma changes from a supersonic stream covering only a few
energy channels to a hot population visible in the spectrogram as a very broad
distribution in energy in the C cup. This hot region after the bow shock
crossing is called the magnetosheath. The electrons, which are too cold to
be detected in the solar wind, appear in the low-energy electron spectra after
Voyager enters the magnetosheath.

At the other planets encountered by Voyager the transit through the mag-
netosheath ended abruptly when the magnetopause was crossed. This transi-
tion was marked by a dropout in the plasma fluxes. At Neptune, however, the
density and temperature of both ions and electrons began a gradunal decrease
at 1800 UT on day 236 of 1989, with a complete dropout of the plasma signal
not occurring until 1920 UT. This signature, combined with the knowledge
that Voyager passed through this region when the magnetic pole of Neptune
was pointed towards the Sun, indicates that Voyager encountered the cusp
(Belcher et al. 1989; Ness et al. 1989; Szabo et al. 1991). The cusp is the
region of open magnetic field lines associated with the magnetic pole and is
described further in Sec. I11.C.

Inside the magnetosphere proper, ion and electron fluxes were below the
instrument threshold from the magnetopause to 2200 UT on day 236 (15Ry
from the planet inbound). Starting at this time, the PLS experiment detected
first energetic electrons, then lower-energy electrons, and finally ions (Belcher
et al. 1989; Richardson et al. 1991). The largest ion fluxes in this region
appear in the D cup, which pointed into the corotation direction. Electrons
with energies above 40 eV disappear just before 0030 UT on day 237 (10Ry);
lower-energy electrons remain until 0200 UT (5 Ry), and ions until 0300 UT
(3Rn). After closest approach, hot ions and electrons reappear simultaneously
at 0412 UT on day 237. Fifteen minutes later all but the lowest-energy ions
disappear. Two ion components and electrons are again detected at 0435 UT;
they are hot, but less so than earlier. The ions cool as the spacecraft moves
outward; the abrupt increase in ion flux at 0550 UT (5.5 Ry) in the D cup is
an artifact caused by a roll of the spacecraft which oriented the D cup so that
it looked into the corotating flow (Richardson and McNutt 1990). Electron
fluxes become more intense near 0730 UT (10Ry). Mirroring the inbound
sequence, first the ion flux, then the low-energy electron flux, and finally
the high-energy electron flux decrease to below the instrument threshold.
No signature associated with the closest approach to Neptune’s large moon
Triton at 0910 UT on day 237 was detected in the PLS data. A feature in the
electron data is centered at 2100 UT on day 237. This enhancement of 10 to
20 eV electrons may be a crossing of the plasma mantle; it is observed one
planetary rotation before the first mantle encounter reported by Zhang et al.
(1990). (The plasma mantle, which will be discussed in detail in Sec. V, is
a high-latitude region between the magnetosheath and magnetosphere which
has a mixture of the characteristics of each region.) At 0800 UT on day 238,



Voyager cros§ed the magnetopause into the downstream magnetosheath. The
plasma here is sxllpersonic, although hotter than in the solar wind. After the
bow shock crossing at 2036 UT the spacecraft is in the solar wind. Several

more possible bow shock crossings occurred through 0900 UT
(Belcher et al. 1989). g on day 240
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Figure 3. Quantitative overview of the encounter showi i i
ing the total ion density and
the proton temperature. The dashed and dotted lines indicate the bow shocky(BS)
and magnetopause (MP) positions, respectively.

‘ Figure 3 provides a more quantitative overview of the plasma data, show-
ing the plasma density and proton temperature throughout the encouriter pe-
rlod'.. The dashed and dotted lines indicate bow shock and magnetopause
p_osmons, respectively, as determined by Belcher et al. (1989). The densi-
t1.es shown are the total ion density, if available, and the total electron den-
sity otherwise. In the magnetosphere the spectra were individually fit with
Maxwellians. Inside 140 Ry outbound, the M mode fluxes were too low to

calculate plasma parameters, so we show values derived from L mode spectra.
Because even L mode fluxes are very low in this region, it was necessary to
average 12 minutes of data (13 spectra) to improve the signal to noise ratio
sufficiently to analyze these spectra. Comparison of L and M mode parame-
ters when both are available shows good agreement, indicating that the lower
energy resolution of the L mode does not diminish the accuracy of the results.

The measured densities and temperatures span several orders of magni-
tude. The densities vary from 1073 cm™ in the solar wind to a2 maximum of
2 cm™? in the magnetosphere. At the inbound shock the density increases by a
factor of 4 (this is typical for a high Mach number shock). Outbound, the den-
sity change across the shock is insignificant compared to the density variations
in the magnetosheath and solar wind. Inbound, the H* temperature increases
from 0.5 eV in the solar wind to a few hundred eV in the magnetosheath and
cusp. Outbound, temperatures are near 5 ¢V in the magnetosheath and then
decrease to 0.8 eV in the solar wind. The bow shock is not clearly defined in
the downstream region; the increase in temperature between 175 and 184 Ry
probably corresponds to another entry into the magnetosheath (Belcher et al.
1989; Ness et al. 1989).

III. DAYSIDE INTERACTION OF THE MAGNETOSPHERE
WITH THE SOLAR WIND

A. The Inbound Bow Shock

Voyager 2 approached Neptune close to the planet-Sun line and crossed the
planetary bow shock on 24 August 1989 at 1438 UT when it was 34.8 Ry
from Neptune (Belcher et al. 1989). The bow shock occurs where the solar
wind flow is first affected by the planetary magnetosphere; at the shock the
plasma slows down and is heated as the plasma flow changes from supersonic
to subsonic. This transition enables the plasma to change direction and flow*
around the magnetosphere.

The upstream conditions of the solar wind were steady for a number
of hours before the bow shock crossing (V=420 km s~!, n20.005 cm 3,
T,~0.5 eV where V is the solar wind speed, » the number density of protons
and T, the proton temperature). The interplanetary magnetic field was also
stable during this period, with a magnitude of 0.14 nT pointed approximately
perpendicular to the planet-Sun line in the solar equatorial plane.

The electron temperature is not known because electrons are too cold to
be observed in the solar wind this far from the Sun. (the energy of the bulk
of the electrons is well below the 10 eV threshold of the PLS instrument).
Using observations made closer to the Sun, Sittler and Scudder (1980) derive
an empirical polytrope law (an equation relating the density and temperature)
based on electron parameters obtained between 0.45 and 4.76 AU. For the solar
wind density observed upstream of the Neptunian bow shock, this polytrope
law predicts a thermal electron temperature of 2.1 eV. This value for the
electron temperature gives upstream values for 8, the ratio of plasma thermal



energy (nkT) to magnetic energy (B%/87), of 0.19 for electrons, 0.04 for
protons, and 0.23 for the plasma as a whole.,

Table I shows the values of plasma parameters in the upstream and
downstream regions, plus various Mach numbers and scale lengths discussed
later.

Figure 4 shows profiles of the magnetic field magnitude, the plasma flow
velocity, the ion and electron densities, and the ion and electron temperatures
measured through the shock. One standard deviation error bars are shown in
the magnetosheath (after 1438 UT on day 236); elsewhere errors are smaller
than the plot symbols. The location of the shock is quite apparent from
the plot. The nonlinear least squares solution of the “Rankine-Hugoniot
Problem,” derived by Vinas and Scudder (1986) and improved by Szabo
(1994), is used to determine the geometrical properties of the shock (i.e., the
direction of the shock normal, the angle between the shock normal and the
local interplanetary magnetic field direction, and the bulk speed of the shock),
the conservation constants, and the self-consistent asymptotic magnetofluid
variables. The advantage of this technique is that it establishes the uniqueness
of the solution. The improved fitting technique incorporates the normal
momentum flux and energy flux conservation equations; therefore it is possible
to fit the total plasma temperature as well as the other plasma and magnetic
field parameters. The best fit solution gives a shock normal direction of
(R =-0.999+0.001, T = —0.001£0.009, N = 0.0304-0.014) in a Neptune-

centered, non-inertial, heliographic system (Szabo and Lepping 1994). The

RTN system is defined such that the R axis points radially outward along

the Sun-Neptune line, the T axis lies in the solar equatorial plane pointing in

the direction of Neptune’s motion, and the N axis completes a right-handed

system, pointing northward. Thus the shock normal

points almost directly
along the Sun-planet line. The an

gle between the interplanetary magnetic field
and the shock normal is 58.2°4+2.3°, so this is a quasi-perpendicular shock.

The bulk speed of the shock along the shock normal is 15£12.0 km s-!
outwards (towards the Sun). The best fits for the asymptotic magnetofluid
variables are shown by solid lines in Fig. 4; the dotted lines represent 1o
standard deviations. The agreement between the fit results and the measured
values is very good (note that only the first hour of data in the magnetosheath is
used for the fits), demonstrating that the MHD Rankine-Hugoniot description
of a quasi-perpendicular shock is an excellent approximation of Neptune’s
bow shock upstream of the planet.
The Szabo nonlinear least Squares technique cannot determine the indi-
vidual proton and electron temperatures, only the total plasma temperature
(showed by solid lines on Fig. 4). The values of the total plasma temperature
obtained with the model compare well with the measured value of 2.6 eV
upstream (if the electron temperature is estimated as described above) and
235.7 eV downstream.

Once the bulk speed of the shock and the avera,

ge values of the mag-
netofiuid variables are known,

the various Mach numbers associated with the

TABLEI
Observed Plasma Parameters Across the Neptunian Bow Shock

Down
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value. The details of this oscillation are hard to characterize, but the wave-
length of the first oscillation appears to be around 22,9004:3300 km, about
one upstream ion gyroradius r;i and 3 times the downstream value of 7’ i

consistent with results at Uranus and at Earth (Bagenal et al 1987; Scudderget
al. 1986a).

B. The Inbound Magnetosheath

After the solar wind plasma is heated and slowed to subsonic speeds by the
bow shock, it traverses the turbulent regions of the magnetosheath as it fows
around the magnetopause. The plasma and magnetic field are still those of the
solar wind, but their nature is significantly altered by their passage through the
shock. The plasma parameters in the inbound magnetosheath derived from the
Voyager observations are summarized in Fig. 5. We expect that, to first order,
the flow around Neptune’s magnetosphere should be well described by the
gasdynamic convected magnetic field approximation to the magnetohydrody-
namic model for supersonic solar wind flow past a planetary magnetosphere.
The gasdynamic model has been very successful at modeling magnetosheath
plasma at other planets both with and without magnetospheres (Spreiter et al.
1966; Spreiter and Stahara 1985; Slavin et al. 1985; Russell 1985; Stahara
et al. 1989). Computational techniques developed for use at Earth (Spreiter
and Stahara 1980q, b; Stahara et al. 1980) are used by Stahara to provide the
solution for the detailed flow and magnetic field properties throughout the
Neptunian magnetosheath (Richardson et al. 1994). The model values along
the spacecraft trajectory are shown by the solid lines in Fig. 5. The inputs
provided to the model are the measured Mach number (listed in Table D,
the magnetopause location, and a value of 2 for ¥, the ratio of the specific
heats. The model was configured to calculate magnetosheath parameters for
a magnetopause which is axisymmetric about a line which is parallel to the
incident, aberrated (corrected for the orbital motion of Neptune) solar wind
direction and which passes through the center of Neptune. The location of
the magnetopause is taken from the Voyager measurements. The gasdynamic
model slightly overestimates the width of the inbound magnetosheath; this
could be corrected for by allowing values of y slightly below 2 (but still larger
than 5/3), consistent with findings at other planets (Slavin et al. 1983) and
with the results of the Szabo MHD bow shock fitting technique which gives
¥=1.9 upstream from the shock (Szabo and Lepping 1995), or by allowing a
nonaxisymmetric magnetopause shape, as is observed in the case of Jupiter
and Saturn (Stahara et al. 1989). However, the plasma bulk velocity, density
and magnetic field components are modeled quite well to first order. The
model overestimates the plasma temperatures, a problem also encountered in
the case of the other gas giants and which appears to be a limitation of the
gas-dynamic model. Differences between the model and the actual measure-
ments near the inbound bow shock are due to the microstructure of the shock
described in the previous section. Close to the inbound magnetopause, the
deviations from the model predictions and the unexpected systematic cooling

of the plasma temperature throughout the_ n?agnetosheath may be };cxplamfi
by a slow mode expansion fan charactepstlf: of open ma'gne.tosp etl:s. A
slow mode expansion fan is a region which is expa.ndmg in size at the hs oth
mode speed. In this case the inside of the fan is aregion wher? me_lgn;tosl ea "
and magnetospheric plasma mix. The size of this region, which is t‘ ehp asn;
mantle, increases from a point in the subsolar region to. a layer W}"IIC nearly
fills the magnetotail far downstream of the Planet.) This observation 1st ‘cm;i
sistent with the identification of the Neptunian magnetqpause asa r02ta ion
or rotational-like discontinuity (Szabo et al. 1991; Lepping et al. 1992).

C. The Inbound Magnetopause and Cusp
The strongly tilted and offset magnetic dipf)le of Neptune, as repm“ted l:y
Ness et al. (1989), creates the unique situation of a subsolar magnetltc iilml?
region which recurs once per Neptunian day (16.11 hr). The fortux;la ee "
ing of the Voyager 2 encounter with the boundary of the magnetosp ter f,this
magnetopause, offers the opportunity to stud.y the plasma env1ronment00 s
region. A rapid 45° rotation of the magnetic ﬁe.ld marks the magnet pause
location at 1800 UT of day 236. The estimated Fhlckness of the magnetop °
is 5100 km (2 proton gyroradii), consistent with the average magge"[gpaus °
thickness of the five other magnetized planets. The total magneto_ ui) 1pres
sure is in balance across the magnetopause; an observed moderate mtl) 1 al fhnce
in the normal momentum flux can be accounted for l?y a reasonable er(;
mal anisotropy change across the boundary. Ma.gnetlc field vanaqceaa;r; !
MHD discontinuity studies reveal that the Neptunian magnetopaus.e is 1o
tational or rotational-like discontinuity (Szabo et al. 1991; Leppﬁn'g te thf;
1992) which allows some plasma to flow from the m_agnetos}.leath m;) he
magnetosphere, forming the dynamic mantle laye_r. This la}'/er is charac enof
tic of open magnetospheres and has been extensively studied in t et casgere
Earth’s cusp (Paschmann et al. 1976; Siscoe 1988). The open magn:-i olsp here
model hypothesis is further supported by a fiecrease in the prot;)lg zn : ecindi-
densities prior to the magnetopause crossing (see Fig. 5), w 1cThm ylasma
cate that magnetosheath plasma leaks into the magqetosphere, belp me
densities continue to decrease through the cusp region and dropd e ov&; e
instrument threshold shortly after the crossing of the inner ‘t?oun ar;z1 o e
cusp at 1930 UT. The magnetic field magmtu.de. concurrently increased, ;:1 !
acteristic of a slow mode expansion fan, until it .reached tl3e magnetosp fﬁc
dipole values. The temperature of the protons increased in the cusp, w Tlh e
the anti-sunward component of the plasma bulk flow dropped. to .zer06. S Re
estimated width of the cusp based on the geometry of the crossing is 26.5 Ry
(Lepping et al. 1992).
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Figure 5. Voyager 2 measurements of the
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plasma bulk velocity, electron and ion

num!)ef densities, and temperatures in the Neptunian magnetosheath and cusp. The
predictions of gas-dynamic theory are shown with solid lines.

IV. THE MAGNETOSPHERE: DATA

A. PLS Data From The Magnetosphere

Although plasma parameters in general are best organized by the magnetic
field L shell, the values of L depend on the magnetic field model. Therefore,
magnetospheric parameters are first presented as plots versus radial distance
from Neptune.

1. Data Analysis. The ion spectra outside, 6 Ry often contain two distinct
current peaks (as in Fig. 1). We assume that the ion species are H" and N* and
that the ion distribution functions are convected isotropic Maxwellians; this
allows us to determine the densities and temperatures of each species and the
azimuthal velocity of the plasma as a whole. Insufficient information is avail-
able to determine the nonazimuthal velocity components or the anisotropies
of the ion distribution functions. The electron parameters are found by fitting
the electron spectra with a cold Maxwellian component plus one or two hot
Maxwellian components.

A serious difficulty that affects both the ion and electron analysis is
that the spacecraft has a negative potential which is on the order of 10 V.
This potential depresses the thermal electron current entering the instrument,
causing the density of these electrons to be underestimated, and accelerates
ions into the detector, causing the ion velocity to be overestimated. This
effect is not taken into account in the calculation of the ion parameters which
follow but is discussed in more detail in Sec. IV.A.4. The eléctron densities

shown are compensated for charging through use of the requirement of charge
neutrality to determine the total electron density (total electron density equals
the total ion density).

2. Magnetospheric Plasma Parameters. Figure 6 shows the HT, N,
and electron densities with lo error bars [estimated from the variance in
the fits (see Bevington 1969)] plotted versus radial distance from Neptune.
Figure 7 shows the temperatures of these three components of the plasma.
Negative values of R indicate Voyager was approaching Neptune and positive
values that Voyager was moving away from Neptune. The dotted lines show
crossings of the magnetic equator as determined by the magnetometer (MAG)
experiment.

Inbound, proton fluxes are first detected at 12.5 Ry. The density increases
to a maximum of 0.1 cm™? at 9Ry, and then decreases slowly inward until
the flux level falls below the detection level of the PLS instrument at 2.5 Ry.
Ton fluxes are below the PLS threshold between 4.2 and 5.4 Ry. Outbound,
the density increases rapidly from 0.01 cm~3 near closest approach to almost
0.4 cm™3 in a narrow peak at 0420 UT, just prior to the crossing of the magnetic
equator. After this peak, the density falls by a factor of 20 to 0.03 cm™? at
2Ry, increases to 0.2 cm™3 at 3Ry, then decreases to 0.04 cm™3 at 6 Ry
where there is a sharp rise to 0.15 cm™. After this the densities gradually
decrease until the ion flux falls below the instrument threshold at 11.3 Ry.

The N7 density profile is qualitatively very similar to the H* profile,
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Figure 7. The temperatures of H*, N+, and electrons in the magnetosphere as a
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The open circles in the middle panel of Fig. 6 show the densities of the
hot component if these ions were hot protons; error bars are omitted to avoid
cluttering the plot. Although, as discussed below, we believe these ions are
N+, the spectra are so hot that other species, including H*, cannot be ruled
out and give equally good fits to the data. The H* densities would be, on
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average, a factor of +/14 below the N+ densities. The maximum density is
0.27 cm™3, substantially less than the 1.6 cm™3 for N+. The temperature of
the jons would be approximately the same for either H* or N+,

Electrons are first detected in the inner magnetosphere at 14.4 Ry where
their density is 2.5 x 1073 em~3. This is well before the first detection of jons
at 12.3Ry. Starting at 12.2 Ry, the electron Spectra contain a cold component.
As the temperature of this cold component is comparable to the spacecraft
potential, densities derived from these electron spectra are seriously affected
by the spacecraft charge. Thus ion data provide the only reliable density
estimates in this region; the total electron density shown in Fig. 6 is obtained by
summing the ion components when ions are observed; otherwise it is from the
electron measurements but not corrected for the spacecraft potential. Between
12.2 and 9.6 Ry the electron density increases from 0.01 cm=> to 0.1 cm 3
and the electron temperature decreases from 25 eV t0 7 eV. At 9.2 Ry the cold
electron component disappears, and only a minor hot electron component is
present in the spectra. The electron density derived from the fits has a clear
discontinuity at this point, but the ion density does not show any change. The
likely explanation is that the thermal electrons cool below the instrument’s
energy threshold. For electrons with a density of 1072 cm™3 this implies
the temperature was less than 3 eV, The total electron temperature shown
in Fig. 7 is an upper limit obtained by setting the temperature of the cold
component to 3 eV and computing the weighted average of these electrons
and the hot electrons. The density of cold electrons is the total electron
density (derived from the ion density) minus the hot electron density. Inside
3.9Ry, the electron measurements show only background noise until closest
approach. Even though ions are observed near 3.1 Rn, the electron spectra in
this region cannot be analyzed and the electron temperature is unknown.

The plasma detected by the PLS instrument at 1.8 Ry, near the magnetic
equator crossing, is hot and relatively dense. The maximum electron density
and temperature are 2 cm™> and 90 eV, respectively. This is followed by a
low plasma density region starting at 0427 UT of day 237 (which may be due
to ring absorption, see below) where the electron spectra cannot be analyzed.
The electrons become cold again at 0435 UT. The electron parameters through
the rest of the outbound trajectory are similar to those observed inbound at
the same radial distance.

The-proton temperature profile is roughly symmetric inbound and out-
bound. Inbound, the temperature decreases inward from 15 eV at 12.5Ry to
5 eV at 7Ry and then increases to 50 eV near closest approach. Qutbound,
the density decreases from a maximum of 50 eV near closest approach to a
minimum of 5 eV at 8 Ry, and then increases to justover 10eVat 11 Ry. The
N temperature increases as Voyager approaches Neptune, then decreases as
Voyager moves away from the planet. The thermal speeds of N* and H* are
comparable, with the proton thermal speeds slightly larger (Richardson and
McNutt 1990). Because N+ has a larger mass, the N+ temperatures are much
higher than those of H*, 100 eV outside 5 Ry and 700 eV near Nenmire
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Figure 8. The percentage of ions which are N+ as a function of radial distance from
Neptune.
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using one or two hot Maxwellian distributions to fit the nonthermal portion of
the data, then taking a weighted average of the temperatures. For most of this
time period 7} is 100 to 200 eV. Although small in density, the hot electrons
are important contributors to the ionization of neutral atoms in Triton’s torus
as the jonization rates of hydrogen and nitrogen peak for electron temperatures
near 7, =300 eV.

4. Spacecraft Charging. We mentioned previously that the spacecraft
had a small negative charge in the magnetosphere. This causes the total
density obtained from fits to the electron spectra to be less than the ion
density. The condition of charge neutrality is used to determine the spacecraft
potential when a value of the cold electron density (which is less than the
actual value because of the potential) can be determined from the spectra. To
first approximation, the spacecraft potential ($sc) is (Zhang et al. 1991)

kT, c
%=—ﬂ” ] 1)
e n, —ny

where k is Boltzmann'’s constant, e is the unit electric charge, T, is the cold
electron temperature, r.. is the cold electron density from spectral fits assuming
®sc = 0, n, is the total electron density which is set equal to the ion density,
and ny, is the hot electron density. Ion and electron measurements are not
taken simultaneously. The jon data is linearly interpolated to obtain the total
plasma density at the times when the electron measurements were taken. The
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Figure 10. The temperature of the cold electron component (T.), the temperature
of hot electrons Tj,, and the ratio of hot electron density to total electron density
ny/n.. The data points labeled “hidden” are the upper limit for the cold electron
temperature when the electron fluxes are below the instrument threshold.

hot electron density n, is taken directly from the fits to the electron spectra as
it is not affected by a small spacecraft charge.

Figure 11 shows the results of the calculation of the spacecraft poten-
tial ®gc. Also shown are 1o error bars resulting from uncertainties in the
ion densities, cold electron densities, and cold electron temperatures. As
expected, the spacecraft potential is generally small in magnitude, less than
20 V negative.
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Figure 11. The inferred electric potential of Voyager 2 with respect to the ambient
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the potentials and 1o error bars derived from a comparison of ion and electron data
and stars show the potentials derived using only ion M mode data.

The spacecraft potential can be determined independently using only the
ion measurements. Figure 9 shows that ions generally appear to be super-
corotational in the regions near the magnetic equator crossings at 0022 UT
and 0755 UT on day 237. But the plasma beta value is small in Neptune’s
magnetosphere (Krimigis et al. 1989,1990), the corotation speed dominates
the convection speed at Neptune (Selesnick 1990), and the effect of adding
plasma would be to slow, not increase, the rotation rate: thus super-corotation
of the plasma is not expected. The most plausible explanation of the apparent
super-corotation is that the spacecraft had a negative charge, which accelerated
positive ions into the PLS detector. The spacecraft potential would account
for the difference between the energy of the ions observed by the detector and
the corotational energy. The potential derived in this manner using the high-
resolution M mode spectra are shown by stars in Fig. 11. Given the expected
uncertainties, the spacecraft potentials determined independently via these
two methods agree quite well, particularly in the outbound time period.

5. Plasma Distribution. Figure 12 shows the Voyager 2 trajectory in
L shell versus time using the ISE1 model (Connerney et al. 1991). This
figure also shows the radial distance and longitude; the brief intervals where
L is less than R result from the higher-order moments of the field and can be
thought of as due to the offset of the magnetic field from the center of N eptune,
The large divergence of L from R in Fig. 12 indicates that plotting plasma

parameters versus L will give a different result from plotting versus radial
distance, particularly near closest approach inbound, where the spacecraft is
at high magnetic latitudes.
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Figure 12. The spacecraft trajectory in L shell (solid line), radial distance (dashed
line), and longitude (dotted line) plotted versus time.

This trajectory provides the opportunity to compare densities and tem-
peratures at different latitudes and longitudes on the same L shell. Figures 13
and 14 show the H' and N densities and temperatures plotted versus L shell
using different symbols to indicate sweeps of the same L shells. Although
the scatter is large, the densities in the region between L=8 and L=11 are
comparable for all three passes through this region, except for the decrease in
density inbound between L=8 and L=8.7. The N* density decreases with in-
creasing L throughout this region, while the H' profile exhibits local maxima
at L~1.5, L=~3, and L=8 (inbound data) or L=9 (outbound data).

Plotting versus L shell also organizes the ion temperatures well. The
H' temperatures are approximately the same during each crossing of these
L shells, with the exception of the region just outside L=8 and at the high-
latitude points between L=10 and L=12. A minimum in the H" temperature
occurs at about L=8.5. The N* temperatures are also well organized by this
scheme except, as with the H*, in the region just outside L~8. The N*
temperature decreases with increasing L throughout the magnetosphere.

The similar densities observed in all three regions indicate that the plasma
is roughly isotropic over the longitude range sampled. If the plasma were
anisotropic with T, >T, the magnetic mirror force would act to confine the
plasma to the equator and the density would decrease with latitude. We note
that the range of longitude covered by this conclusion is small (<120°), so that
predicted longitudinal asymmetries (Broadfoot et al. 1989; Hill and Dessler

1990; Richardson et al. 1990) cannot be ruled out. In fact, the discrepancy



shock can be calculated. Upstream from the shock, the magnetosonic Mach
number has a minimum value of 8.95, so the Neptunian bow shock can be
characterized as a high Mach number, low to medium B, quasi-perpendicular
shock. Other Mach numbers, both upstream and downstreamn of the shock,
are tabulated in Table 1.
In the MHD description above, we assumed that changes in plasma pa-
rameters across the shock are discontinuous. This is a crude approximation
which breaks down when the small scale structure of the shock is investi-
gated. The microstructure of bow shocks observed by the ISEE spacecraft
has been studied in great detail at Earth and is consistent with current theories
(Tsurutani and Stone 1985; Scudder et al. 1986a, b, c). The time resolution of
the magnetic field measurements is much higher than that of the plasma mea-
surements; therefore, scale sizes of the various microstructures are identified
with greater accuracy from the magnetic field data. The magnetic field begins
to increase at 1426 UT, approximately 10 min before the sharp transition (the
ramp) at 1436 UT. This slow increase is called the foot of the shock. Because
the spacecraft moves at 16.2 km s~! along the shock normal and the shock
moves toward the spacecraft at 15+12 km s~1, the size of the foot should be
18,500+£5400 km. The upstream foot of a perpendicular shock is attributed to
the presence of ions which are reflected at the shock (Paschmann et al. 1982).
One would expect the width of the foot to be a fraction of the effective ion
gyroradius (a gyroradius is the radius of the trajectory a particle follows as it
moves around a magnetic field line), r;,- = U/, which is 31,4004-4000 km
for the ions observed by PLS (see Table D. Here U is the relative speed be-
tween the solar wind and the bow shock along the shock normal and 2, is the
ion cyclotron frequency. For a perpendicular shock, Schwartz et al. (1983)
derive a foot width of 0.7 rél-. This gives a foot width of 22,000+£2800 km at
Neptune, within 1o standard deviation of the measured value.

Past the foot, the magnetic field increases rapidly to a maximum value
Binax of 0.802£0.05 nT, then oscillates about the average downstream value of
By 2 0.5440.05 nT. This gives a value for the overshoot O = (Bmax—By)/ By
of 0.48+0.07. This value of the overshoot is close to those of similar Mach
number, low B, perpendicular and quasi-perpendicular shocks observed at
Venus, Earth and Jupiter (Bagenal et al. 1987) and is in good agreement with
the theoretical model predictions of Leroy (1983) for low 8 perpendicular
shocks. The duration of the ramp was about 5 min, corresponding to a
distance of 870042200 km. Theoretical studies suggest that the ramp should
have a width equal to the ion inertial skin depth ¢/wp; (Schwartz 1985),
where c is the speed of light and wp; is the proton plasma frequency. (The
plasma frequency is the natural frequency at which the plasma oscillates and
is proportional to the plasma density.) The width of the ramp at Neptune
appears to be on the order of 2 ion inertial skin depths (see Table I), much
thicker than the 0.2¢/ewy; ramp width observed at Uranus (Bagenal et al. 1987).

The magnetic field magnitude dropped to much lower values after the
overshoot and started a damped oscillation about the average downstream
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between the inbound and outbound passes near L=8 may be due to either
longitudinal asymmetry or plasma anisotropy; limited data coverage prevents
us from drawing definitive conclusions. For most of the flyby pass, the
temperatures are roughly consistent with the assumption that the plasma is
isothermal along the magnetic field lines. This isothermal structure implies

thermal isotropy of the local plasma distribution functions.

B. Conserved Magnetospheric Parameters

1. Flux Shell Content. When magnetic flux tubes move radially,
moves with them. During these motions the quantity N 12
where N is the flux tube content, defined as the number of particles in a flux
shell of unit width. Because NL? is conserved by diffusive and convective
transport, locations of maxima and minima in NL? indicate the locations of
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force, where p is the distance from the planetary spin axis,  is the rotation
rate of the plasma, and m; and n; are the mass and number density of each
species i. This force pushes the plasma outward along field lines and thus
toward the centrifugal equator. The next term is the gravitational force, where
G is the gravitational constant and My the mass of Neptune. This term is
only important close to the planet, as it is small compared to the centrifugal
term outside synchronous orbit (Rgync is 3.372 Ry using a rotation period of
16.11 hours [Warwick et al. 1989] and GMy = 6.835 km® s72 [Tyler et al.
1989]). The last term is the force exerted by the ambipolar electric potential
(®) set up by the interaction of plasma components of different masses m; and
charges Z;q. Each ion and electron component requires an equation of the
form of Eq. (2). The resulting set of equations is closed using the condition
of charge neutrality, i.e., >iZin; =0.

In the Io torus (Bagenal and Sullivan 1981) and in Saturn’s magnetosphere
(Richardson and Sittler 1990), Eq. (2) has been solved assuming a dipole field
geometry. The magnetic field at Neptune has large nondipolar components
which contribute significantly to the magnetic field in much of the region
sampled by Voyager. Therefore, to calculate NL2 we integrate numerically
along the magnetic field lines as described by the I8E1 magnetic field model
of Connemney et al. (1991). We assume the plasma distribution functions
are isotropic, i.e., that Py=P, so that the pressure gradient term in Eq. (2)
vanishes; as we discuss later this is probably not true close to Neptune, but the
effect on the results should be minor. We use a constant electron temperature
of 10 eV in these calculations; the results are not sensitive to this parameter. In
regions where data must be extrapolated to the equator from a high magnetic
latitude the possibility exists that a particle population confined to equatorial
regions could be missed. We consider this unlikely, as no signature of such a
population was observed at any of the three crossings of the magnetic equator.
Figure 15 shows profiles of NL? for H*, N*, and their total (which by
assumption equals the electron N L? profile) as a function of L shell. Values
for NL? are shown only at locations where both H* and N+ densities and
temperatures could be derived. The NL? profile for H* has a broad peak
between L8 and L210. The N* and total ion profiles increase with L to the
end of the data at L=13. The average value of NL? is § x 10*' for H* and
3 x 10* for N* in this region. Inside L=7, NL? decreases rapidly for both
ion species until just after closest approach, where the profiles of both species
have a narrow peak. This increase near the minimum L shell (L,;,=1.49 at
0417 UT on day 237) could be an artifact due to uncertainties in the magnetic
field configuration or could indicate a plasma source close to the planet, or

both. It corresponds to the narrow region of hot plasma near the crossing
of the magnetic equator at 1.63 Ry (from 0406 to 0425 UT). Except for this
increase, both the N* and H* profiles suggest that the plasma source is outside
L=7. The H* source appears to be largest between L=8 and L=10, although

it may extend over a large range of L shells. Similar reasoning implies the
Nt conree ic at ar hevnnd the and af fha availalie deen 7T . 195 . 1 .
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of the H* peak close to magnetic equator crossings (L=10.2 inbound ?nd
L=11.3 outbound) at first glance suggests that this peak could be a latitudinal
effect. However, the higher-energy ions measured by the low-energy charged
particle experiment also have a phase space density peak in this region ((.Ihen-g
et al. 1991), which, combined with theoretical reasons to expect a Peak in this
region (see below), lead us to believe this is probably not a latitudinal effect.

The inbound and outbound values of NL? are nearly equal where they
overlap between L=8 and L=10.5. These data were acquired between latitudes
of 0° to 70° inbound and 0° to 19° outbound and longitudes of 354° to 77°
inbound and 320° to 353° outbound. This similarity of the inbound and
outbound N L? values is consistent with the assumption of isotropy.

2. Energy Invariant. Compression and expansion of the magnetic flux
tubes due to radial motions result in adiabatic heating and cooling of the
plasma. The quantity A=K V*/? is conserved by this process, whefe K is tl?e
average energy of the plasma and V is the flux tube volume per unit ma;inetlc
flux (Selesnick and McNutt 1987). Figure 16 shows the quantity A for H* and
N*. The value for H* decreases inward to L=8, remains constant between
L=4 and L=8, and again decreases rapidly inside L=4. For N*, ) ha}s a
large scatter, especially at large L, but is essentially constant from L=13 into
L=3, inside which the value decreases. For each ion species, the inbound and
outbound values of A are approximately equal. . .

The implications which we draw from the plot of the energy mvzfna.nt are
similar to those from the NL? plot. The decrease in A inside L=4 indicates
that both H* and N* have energy sinks in this region. The constant value
of A for N* from L=13 in to L=4 indicates no N* energy sources or sinks
are present in this region, consistent with a source outside L=13 as sugges?ed
by the NL? plot. The decrease in A for HF from L=13 to L=8 is suggest‘lve
of an extended H source throughout this region; as the energy of a new ion
roughly equals the corotation energy which is proportional to L2, an increase
of A with L might be expected in this situation. .

3. Implications for Ion Composition. We return briefly to the question
of composition in the inner magnetosphere, where the spectra could' be fit as;
suming the hot ion was either H* or N*. Assuming the ion was N+. gives NL
and A profiles in the inner magnetosphere which appear to be continuations of
those in the outer magnetosphere and are similar to those for the thermal H*
component. The values of density and temperature are consistent with those
expected if the NT in the outer magnetosphere is transported inward., If thf!se
ions are H*, another source of hot H* is required near L=5; we can think
of no source mechanism which would create large amounts of hot H* at this
distance. Protons created this close to Neptune have a pickup energy of a few
eV or less; large-scale energization would have to occur to bring them up to
the observed energies. Thus, this circumstantial evidence strongly argues that
the hot ions in the inner magnetosphere are N* from Triton.
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Figure 15. Profiles of the total flux shell content, N L?, for H*, N*, and electrons

C. Did Voyager 2 Enter Neptune’s Tonosphere?

Voyager 2 approached Neptune more closely than any planet since it left
Earth twelve years before. The inference of large plasma densities near
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Figure 16. The energy invariant, A, as a function of L for H* and N*. This quantity
would be a constant if transport were adiabatic.

closest approach from plasma wave and ionospheric measurements raises
the question of whether Voyager entered Neptune’s ionosphere, and, if so,
was this plasma detectable by the PLS experiment. Gurnett et al. (1990)
report the apparent observation of whistler waves between 0405:35 UT and
0425:30 UT on day 237 as Voyager moved from 1.30 Ry to 1.99 Ry from the
planet. Whistlers are plasma waves which, at least at Earth, are generated
by lightning in the atmosphere and move along magnetic field lines through
the magnetosphere. The whistlers observed at Neptune exhibit unusually
large dispersions (the wave frequencies observed decrease slowly with time);
large dispersions are caused by waves moving large distances through regions
of high plasma density. The region in which these whistlers are observed
includes the period 0417 to 0424 UT in which relatively large plasma fluxes
were observed. The maximum density observed with the PLS experiment
of 2 em™? is in this region. Gurnett et al. (1990) note that the observation
of whistlers is in direct conflict with the PLS plasma densities, which yield



electron plasma frequencies below the whistler frequencies. Even for very
high ionospheric densities, larger than those observed by Tyler et al. (1989) by
afactor of 300, they find that the required path lengths the whistlers must travel
to produce the observed dispersions are very long, approximately 50 planetary
radii. Plasma noise is also detected from 0405 UT to 0425 UT; Gurnett et al.
(1990) argue that this noise is propagating in the whistler mode and thus sets a
lower limit on the electron plasma frequency, and hence the electron density.
From their plate Al, this noise reaches a maximum frequency of ~45 kHz
at 20410 UT and then monotonically decreases to =10 kHz at the end of
this time period. If this noise is interpreted as being at the in situ electron
plasma frequency, lower limits are set for the electron density of 25 cm™> at
0410 UT, decreasing to 1.2 at 0425 UT. Gurnett et al. (1990) also argue that
the observation of electrostatic (n + 1/2) f., waves by Sawyer et al. (1990)
from 0418 UT to 0422 UT suggests ambient electron densities of 500 cm—>
or more if these waves are associated with the upper hybrid resonance. Radio
emissions reported by Kurth et al. (1990) suggest a density of at least 39 cm™?
at 0350 UT, a time at which no signature is observed in the PLS data (see
Plate 6).

1. An Ionospheric Model. We expect the ionospheric density profile at
closest approach to be similar to that probed by the radio science investigation
(Tyler et al. 1989). Suppose that the ionosphere is isothermal and define the
parameter A by
M NMp 1

kT r ®)

where T is the temperature of the ionospheric plasma, m,, is the proton mass
(H* is assumed to be the dominant ion), r is the distance from the center of
Neptune, and the other symbols have their usual meanings. Then it can be
shown that the ionospheric density n(A[r]) varies as (see, e.g., Chamberlain
1963)

A

n(A) =~ noe)‘_AO 4

where the subscript O refers to a reference level and Ag = roH !, where Hpis
the (isothermal) scale height at the reference level. From Tyler et al. (1989)
we take no = 1000 cm™3, Hy = 1800 km, ro = 1.068 Ry [these numbers are
based upon (i) the definition that 1 Ry=24, 765 km, (ii) the reference being
2000 km above the 1 bar level, and (iii) the 1 bar level taken as 24,450 km
from Neptune’s center at ~60° latitude, from Fig. 3 of Lindal et al. (1990)].
On the basis of Eq. (4), the ionospheric density would be 245 cm™2 at closest
approach and vary from 73 cm~ down to 1.1 cm™> during the period from
0405 UT to 0425 UT.

At this time the PLS instrument was oriented to observe precipitating
particles, not corotating flow; despite this, we attempt to place limits on the
maximum cold plasma density which could have been encountered locally
during the whistler observations. The period from 0406 UT to 0425 UT is
actually marked by fairly large PLS signals from the hot plasma encountered

near the crossing of the magnetic equator which can “mask” signals from a
colder plasma. For ionospheric plasma temperatures of 2 eV (proton thermal
speeds of 20 km cm~3), ionospheric (proton) densities of less than 720 cm™
(0410 UT) down to 240 cm™2 (0425 UT) cannot be excluded by PLS data.
However, the limiting density is a very rapidly varying function of the assumed
temperature; at 0425 UT a proton temperature of 1.3 eV would allow a local
proton density of 40, 000 cm™3 to be hidden from the PLS instrument. The
answer to the question asked at the beginning of the section is that PLS did
not detect ionospheric plasma, but neither can it place stringent upper limits
on the amount of cold plasma in the region near closest approach. The limits
for the plasma density set by PLS are consistent with models of whistler ray
paths through the magnetosphere (Menietti et al. 1991). Whether Voyager 2
directly entered the ionosphere and the nature of the various wave emissions
detected just after closest approach remain unsolved questions.

V. THE OUTBOUND MAGNETOSHEATH AND PLASMA MANTLE

Voyager crossed the magnetopause outbound from Neptune at 0819 UT on
day 238, exiting the magnetotail and entering the magnetosheath. Figure 17
shows the three components of velocity, the density, and the temperature
in the magnetosheath using the RTN coordinate system described earlier
(Sec. IH.A). Figure 18 shows the magnetic field components in the same
coordinate system. The smooth curves superimposed on these data are the
predicted variations in these quantities based on the magnetohydrodynamic
mode] of Spreiter and Stahara (Richardson et al. 1994), This model is the most
sophisticated available for simulating magnetosheath flow and has a record
of success in simulating flow at other planets. The solar wind conditions just
after the bow shock crossing outbound and a value for y, the ratio of the
specific heats, of 2 were used in this model to produce the curves shown in
Figs. 17 and 18. The model matches the general sense of the plasma data well.
Differences between the measured and the model values indicate departures
either from the assumed solar wind parameters or from the assumptions of the
gas-dynamic model.

Zhang et al. (1990) show that features in the magnetosheath data centered
at 1700 UT on day 238 and 1000 UT in day 239 may be indicative of Voyager
entering the plasma mantle. The plasma mantle is a region where the magnetic
field is aligned with the field in the adjacent magnetotail, but which contains
plasma from the magnetosheath. In this region magnetosheath plasma ex-
pands directly into the magnetosphere along open magnetic field lines and
thereby determines important aspects of the magnetosphere’s interaction with
the solar wind (see, e.g., Coroniti and Kennel 1979; Siscoe and Sanchez 1987,
and references therein). This region can be viewed as an expansion fan, be-
ginning as a point in the front of the magnetosphere and expanding into the
magnetotail and magnetosheath at the slow mode speed as it is convected
anti-sunward. Thus the mantle region increases in size downstream from a
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planet; at Earth the plasma mantle fills a substantial fraction of the magnetotail
at 80 Earth radii downstream (see, e.g., Hardy et al. 1975). Because the lead-
ing edge of the plasma mantle, which is a rotational discontinuity where the
magnetic field direction changes from that determined by the draping of the
interplanetary magnetic field (IMF) around the magnetosphere to that aligned
with the magnetotail, propagates into the magnetosheath at an appreciable
fraction of the Alfvén speed (the Alfvén speed is the speed at which magnetic
waves propagate, va=B//4mp where p is the mass density), the plasma
mantle also expands into the magnetosheath. Before the Neptune encounter
no observational evidence for this effect had been reported. Indeed, very
few aspects of the plasma mantle or of the adjacent magnetosheath have been
observationally studied, simply because their remote high-magnetic-latitude
location has been beyond the reach of most spacecraft.

The magnetic field in the southern lobe of Neptune’s magnetotail points
toward the Sun, hence a ficld aligned with the magnetotail corresponds to
zero Br and a negative By in Fig. 18, whereas a draped, predominantly



eastward IMF produces a large positive Br and small or negligible Bg. Aside
from brief excursions, there are two intervals of large negative Bg and near-
zero Br; one centered near day 238.7 and one centered near day 239.4, one
planetary rotation later. In both these intervals the velocity and density are
reduced below the expected (model) values, a signature of the plasma mantle
(Rosenbauer et al. 1975). The variations of the plasma and field parameters
(except for the temperature) are thus consistent with the assumption that
Voyager encountered the plasma mantle region during these two intervals. The
temperature increases during the first putative mantle crossing and decreases
during the other. Theory predicts a decrease in the temperature as the mantle
plasma expands into the magnetosheath; however, all the near-Earth mantle
entries shown by Rosenbauer et al. (1975) exhibit an increase in temperature at
the crossing into the mantle from the magnetosheath. A better understanding
of the nature of the mantle boundary is needed to properly account for the
temperature signature. During the rest of the traversal, by contrast, the large
positive Br and small or near-zero B are consistent with the values expected
from the draping of an eastward IMF, the velocity and thermal speed agree
with their model values throughout and the density agrees with its model value
throughout except near the end of the traversal. At this point the density and
Br undergo correlated quasi-periodic variations on a scale of a few hours for
which we have no explanation at present (we note, however, that the ratio Br/n
remains nearly constant and equal to its model value during these variations,
whereas during the assumed encounters with the plasma mantle the ratio is
considerably higher than its model value, as expected).

We conclude that periodic encounters with the plasma mantle are the
most likely explanation of the velocity, density, and temperature decreases
and associated magnetic field changes observed during the Voyager outbound
traversal of the magnetosheath at Neptune. This hypothesis implies that
the plasma mantle extends considerably into the magnetosheath; the second
encounter with the plasma mantle occurred when Voyager was 2/3 of the
distance from the magnetopause to the bow shock. The second encounter
is shorter than the first, consistent with this interpretation, but is farther out
than predicted based on expansion of the mantle at the local Alfvén speed.
However, the cusp at Neptune, from which the mantle emanates, lies in the
sub-Alfvénic region of the magnetosheath. This may account for the mantle’s
large flare. (The attachment of the mantle to the cusp has yet to be worked
out for Earth.)

VI. WAVES IN THE SOLAR WIND

Plasma waves in the solar wind that are associated with planetary bow shocks
are a common phenomenon in the solar system. These waves are usually
referred to as upstream waves, because they are generated in the regions up-
stream of the bow shock. They are often associated with energetic particles,
which are either produced by acceleration processes at the bow shock or escape

from the the magnetosphere (Scarf et al. 1970). Low-frequency electromag-
netic waves with frequencies well below the proton cyclotron frequency are
excited by upstream ions streaming along magnetic field lines through the
solar wind plasma (Fairfield 1969; Bamnes 1970; Gary et al. 1981). Upstream
waves have been observed at Mercury by Fairfield and Behannon (1976); like-
wise at Venus by Hoppe and Russell (1981), Jupiter by Smith et al. (1976),
Saturn (Behannon et al. 1985), Uranus (Russell et al. 1990; Zhang et al. 1991),
and now Neptune (Zhang et al. 1991).

The last outbound bow shock crossing detected by the Voyager 2 space-
craft at Neptune was at 0900 UT on August 28, 1989 (Belcher et al. 1989;
Ness et al. 1989). In the five days following this crossing, the interplane-
tary magnetic field (IMF) was only once oriented so that the spacecraft was
magnetically connected to the bow shock. During this period, the spacecraft
detected large-amplitude waves in the solar wind propagating away from the
bow shock; these waves are almost certainly associated with Neptune. Fig-
ure 19 covers the 42-hr time period after the last bow shock crossing and
provides an overview of the plasma and magnetic field data in the solar wind
in this interval. The top two panels in Fig. 19 display the radial component of
the solar wind velocity (Vr) and the radial component of the magnetic field
(Br). The upper two panels have 48 s resolution, the lower two show hourly
averages of the magnetic field direction. The period where waves are observed
is set off by the vertical bars. These waves are Alfvénic waves propagating
at 22140 ° to the ambient magnetic field and away from the bow shock. They
have frequencies below the proton cyclotron frequency f;,, which is about
10~3 Hz during the periods waves are observed. As at the other planets, these
downstream waves are thought to be generated in the upstream region, where
energetic protons created near the nose of the bow shock excite waves as they
stream along solar wind magnetic field lines.

VII. THE MAGNETOSPHERE: INTERPRETATIONS AND MODELS

Returning to the magnetosphere proper, we note that although the plasma data
suggests the locations of plasma sources and sinks, determining the magnitude
of the source and the transport rate requires additional information. Models
pertaining to the plasma source and transport mechanisms are summarized
below.

A. Plasma Sources

Triton is probably the main source of plasma for Neptune’s magnetosphere.
Triton is the coldest object ever visited by a spacecraft, with an estimated
daytime surface temperature of 38 K (Conrath et al. 1989) and an upper at-
mospheric temperature of 95 K (Broadfoot et al. 1989). Nonetheless, the
Voyager 2 flyby of the Neptune system revealed a substantial ionosphere,
with a classic Chapman profile and a density 10 times as large as the iono-
spheric density detected on Neptune itself (Tyler et al. 1989). Both ingress



500 T

450 LI ] TTT 1 TTTTT | T I!- R | 1) Y | I IEREER J T
350

E |
aool:n|||‘=||[||:|'.]r||1|11-||||-|||L|J-| NENEE

.1.§n—[[|"['|'|I|!ll[ili|I||]|-|||[||;|l|![|| TTTTT
o .05

:

J|||||:|I|Jl|
360 TT[TTITTITTTT
270

< 180

B

l|||||

!|:TIIII'|rI||[-|‘|||‘T|I’III-I

T o—

0 |'il"-Ill‘lll||]III|‘-L|'|'|Il'll.'||l|'|[Jl!I|

90 l

|F‘|||[1|IIII1[‘.II|||

1 l Ll 1 | 111 1 [ 1
0 1 | 1 | ] ]
Lid b vb pd pbyygd

Aug. 28 Aug. 29 Aug. 30

Figure 19. Overview of the solar wind plasma and magnetic field data outbound from
Neptune. The direction of the magnetic field is represented by the north-south angle
& and east-west angle A. The bold line shows the region where the spacecraft may
be connected to the bow shock by the magnetic field.

and egress peaks detected by the Voyager radio science experiment occurred
near 350 km, with peak densities of 2.3 x 10* cm™3 and 4.6 x 10* cm=3,
re§pectively. Although the dominant ion was originally suggested to be Nt
with a topside plasma temperature of 80°+16 K (Tyler et al. 1989), more
detailed considerations have shown that N* or C* should be the dominant
ion (Ip 1990; Yung and Lyons 1990; Lyons et al. 1992; Majeed et al. 1990;
Summers and Strobel 1991).

Yung and Lyons (1990) find that dissociative recombination produces
exothermic nitrogen atoms and N* with a total escape flux ~8 x 102 s—1.
A recent revision of their model suggests that C* may be the dominant ion
(Lyons et al. 1992); this is close enough in mass to N* that the PLS instrument
could not tell them apart. Summers and Strobel (1991) find that more than
95% of the particles escaping Triton are neutral, with H escape determined by
methane photolysis rates and N escape controlled by the energy deposition rate
due to precipitating magnetospheric electrons. Their preferred escape rates are
7 x 10% 57! and 3.4 x 10%5 s~! for H and N, respectively. Strobel (personal
communication) states that only the tail of the N distribution in Triton’s

atmosphere has enough energy to escape, so escaping N forms a neutral cloud
tightly constrained to Triton’s orbit. The H escapes with velocities of several
km s~! and thus can form an extended cloud. A recent model of this H cloud
indicates that collisions between the neutral H atoms in the cloud may cause
the cloud to extend throughout Neptune’s magnetosphere (Decker and Cheng
1994). This model has not yet been used to determine the morphology of the
N cloud.

The other possibly important plasma source is Neptune itself. We dis-
cussed earlier the possibility that large densities of cold plasma could reach
the innermost magnetosphere from the ionosphere. Richardson et al. (1990)
suggest that a neutral cloud of H from Neptune’s atmosphere may be a sink
for hot ions and energy and a source of cold ions via charge exchange. The
charge exchange process involves an ion colliding with a neutral and gaining
an electron from it. The initial ion is now a neutral atom and, as its velocity
is usually greater than the escape speed, it leaves the Neptune system. The
original neutral is accelerated to the corotation velocity when it is ionized and
it gains an initial perpendicular temperature roughly equal to the corotation
energy (actually, E ,-=%m i(ve—vn)?, where vy is the speed of the neutral when
it was ionized). In the outer magnetosphere this has the effect of changing
the temperature of the plasma while leaving the density the same. Near the
planet, however, the corotation energy falls below the instrument’s energy
threshold of 10 eV, so the old ion is replaced by an undetectable ion, giving
the signature of a plasma sink. The efficiency of this loss depends on the
neutral density, the charge exchange cross section, and the plasma transport
speed (because more plasma would be lost if it were moving slowly). In light
of the recent work of Decker and Cheng (1994) showing that neutral H from
Triton can populate the entire magnetosphere, a Neptune source of neutrals
may not be required to explain the data.

B. Plasma Transport

The removal of plasma may take place via an organized convection system, by
diffusion, or by in situ plasma losses such as charge exchange or recombina-
tion. Reaction rates are too small in the outer magnetosphere for in situ losses
to be effective, so transport is an important loss mechanism. The transport
rate must be fast enough to remove plasma at the same rate it is added to the
magnetosphere to maintain a steady state. Because at least 10 to 20% of the
neutrals escaping from Triton are ionized in the magnetosphere (Decker and
Cheng 1994), the plasma source is at least 0.1 to 0.2 times the neutral source.
A rough estimate of the transport time 7 is given by N;/S;, where §; is the
ion source; for a source of of 102 ions per second (15% of the H source)
77 =4 x 10* s, or about 13 hr, at Triton.

1. Convection Models. Two convection systems have appeared in the
literature which may provide such rapid transport. Hill and Dessler (1990)
suggest that longitudinally asymmetric mass loading, with peaks at the lon-
gitudes where Triton’s orbit intersects the plasma equator (170° and 350°),



drives a four cell convection system with outward transport sectors centered
on the longitudes of peak mass loading and inward transport elsewhere. The
mass-loading is asymmetric because the plasma density decreases outward
and the tilt of Neptune’s magnetic dipole and Triton’s orbit inclination com-
bine to cause the L shell of Triton’s orbit (and thus of the orbit of the neutral
torus) to vary with longitude from 14.3 to over 50. The ionization rate of the
neutrals peaks where the plasma density is highest, at longitudes 170° and
350° where Triton is at its minimum L shell. The Hill and Dessler (1990)
model calls for the more heavily loaded flux tubes at those longitudes to move
outwards due to the centrifugal force, with compensating inward motion at
other longitudes

Selesnick (1990) suggests that the tilt of the dipole allows a solar wind
driven convection system to operate by modulating the convection electric
field on the time scale of the planetary rotation. The flow of the solar wind
past the magnetosphere produces a convective electric field, E = —v x B,
across the tail of the magnetosphere. This electric field causes plasma to move
sunward. At planets with a rotational axis perpendicular to the solar wind flow
and a small dipole tilt, the motion of plasma due to the electric field averages to
zero, as inward plasma motion on the night side is matched by outward motion
on the day side. Neptune, however, presents a different face to the solar wind
every half rotation, going from a pole-on to Earth-like configuration. The
coupling efficiency between the solar wind and the magnetosphere (which
determines the magnitude of the convection electric field) varies with the
angle between the dipole axis and the solar wind. Neptune’s rotation therefore
causes a sinusoidal variation of the convection electric field which drives the
system like a forced harmonic oscillator, moving plasma outwards between
longitudes 170° and 350° and inwards in the opposite hemisphere.

The data appear qualitatively inconsistent with either mechanism, but
neither can be definitively ruled out because of low plasma fluxes in the vicin-
ity of Triton’s minimum L shell. As noted above, the Hill and Dessler model
predicts maximum outflow at 170° and 350° longitude; both the inbound
and outbound plasma sheet crossings occurred at about 350° longitude; the
N L? profiles in each case indicated transport was inward. However, Hill and
Dessler (1990) note that ring-current shielding may limit their convection Sys-
tem to the region outside Triton’s orbital distance where the PLS data provide
no constraints.

The Selesnick model predicts outflow between, rather than at, longitudes
170° and 350°. Voyager is in this longitude sector from L2210 inbound to
closest approach. In this region the N L? profiles indicate that transport is
inward. Here the caveat is that Fig. 15, which shows N L? as a function of L,
was constructed assuming azimuthal symmetry while the model of Selesnick
(1990) has an inherent longitudinal asymmetry. In addition, the model effects
are presumably most apparent near the plasma source, i.e., Triton’s orbit.
Thus, neither of these mechanisms fits the observations inside L==13 Ry, but
neither can be ruled out in the Triton region. In either case, the convection
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speed is slow compared to the corotation speed and is too small to be directly
determined from the PLS measurements.

2. Diffusion. The other form of transport occurring in planetary magne-
tospheres is diffusion. Diffusion of plasma results from stochastic changes in
the magnetic or electric field on a time scale less than the time required for
the plasma to move around the planet (i.e., the third adiabatic invariant is vi-
olated [see Schulz and Lanzerotti 1974]). The driving mechanism for plasma
diffusion in Saturn’s magnetosphere and for energetic particles at Uranus is
probably atmospheric winds. Neutral winds which occur at ionospheric alti-
tudes couple more efficiently to ions than electrons, producing electric fields
in this region. Because magnetic field lines are equipotentials, these elec-
tric fields are transmitted to the magnetosphere. As the atmospheric winds
change, so do the electric fields, causing stochastic changes in the particle
trajectories and net radial motion of the plasma. This transport process results
in motion away from the source region at all longitudes, consistent with the
available data, but would require a diffusion rate much larger than that ob-
served at other planets. For atmospheric-wind-driven diffusion, the diffusion
coefficient D;; = DyL3, where Dy is a constant (Brice and McDonough
1972; Coroniti 1974), Because tT%DZ,{, for 7 = 4 x 10*s at L=10 we find
Dy = 2.5 x 1078 R% s~!. This is six times the rate at Jupiter and ten times the
fastest estimate at Saturn. Thus the main conclusion is that plasma transport
is very rapid, with plasma removal times of a day or less near L=10, but the
mechanism is not yet determined.

C. Plasma Sinks

1. Charge Exchange. The NL? and X plots (Figs. 16 and 17, respectively)
both indicate that losses occur inside L=4. Three possible loss mechanisms
are charge exchange, precipitation of ions into Neptune’s atmosphere, and
ring absorption. The charge exchange process is also a plasma source and is
described above in the source section. For charge exchange to operate, a cloud
of neutrals must be present; near the planet this could be due to an extended
planetary atmosphere (Richardson et al. 1991) or neutrals from Triton that
have been scattered via collision to orbits near to Neptune (Decker and Cheng
1994).

2. Precipitation Losses. Plasma cannot easily cross a magnetic field line
but can move easily along the magnetic field. If plasma particles encounter
the atmosphere, they will be lost through collision. This loss process creates
a region of phase space parallel to the magnetic field, called the loss cone,
which is devoid of ions due to atmospheric losses. The size of this loss cone
increases near the planet due to the geometry of the magnetic field lines,
so the percentage of the plasma which enters the atmosphere increases near
Neptune. If plasma diffuses into the loss cone (because of wave-particle
scattering, for example) the entire plasma population can be reduced in this
manner. Figure 20 shows the size of the loss cone at the spacecraft position.
Near closest approach it is as large as 40°, so a substantial portion of an
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Figure 20. The loss cone angle (LC) at the spacecraft calculated assuming loss occurs
at 1 Ry and using the I8E1 magnetic field model. Also shown is the distance of the
spacecraft from Neptune, R, in Neptunian radii.

isotropic distribution would be lost.

The spectra in this region strongly suggest that precipitation losses are
occurring. Near 0430 UT on day 237 the spacecraft and magnetic field
orientations are such that the three sunward-looking cups (4, B, and C)
view the plasma distribution perpendicular to the magnetic field and the
fourth detector (D) looks approximately along the magnetic field direction.
Figure 21 shows the ion currents measured in the C and D cups and the
electron currents, plus information on ring locations and L shells which are
described below. After 0415 UT the current observed in the C cup is larger
than that observed in the D cup. As the electron and C cup fluxes are the same
in this region, the cause must be a depletion of current in the D cup. This
difference is nearly a factor of 10 at 0422 UT, then decreases to less than a
factor of 2 by 0500 UT. Richardson et al. (1991) fit a set of spectra at 0420 UT;
they show that an isotropic simulation gives too much current in the D cup;
much better fits to the data are obtained using an anisotropy (A = T, /T; — 1)
of 11 for H* and 3 for N+,

The cause of this apparent anisotropy is probably not a bi-Maxwellian
distribution function but a loss cone distribution with a large cone angle. The
angle between the magnetic field and the D cup look direction at 0420 UT is
about the same as the loss cone angle (20°), so the flux observed in the D cup
should be strongly affected by loss cone effects in this region. As the field
direction changes further along the spacecraft trajectory so that the D cup
is at a larger angle to the magnetic field, the difference between the fluxes
observed in the C and D cups decreases.

The evidence that precipitation losses occur is compelling, given that
the loss cone is empty. The total amount of plasma lost via this mechanism
depends on the rate of pitch angle diffusion, i.e., how fast the loss cone is
refilled. The maximum loss rate is called the strong diffusion limit, defined
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Figure 21. The PLS electron and ion currents for the time period from 237/0400
UT to 237/0500 UT. The two smooth curves show the radial distance of the ring
plane intersection point of the magnetic field lines that pass through the spacecraft,
using two different magnetic field models. The three horizontal lines represent the
positions of Neptune's three major rings. The depletion of the currents at about 0430
UT corresponds to crossing of the inner (broad) ring, as indicated by the shaded
region.

as having the loss cone refilled by pitch angle diffusion of the plasma as
rapidly as it is emptied. Figure 21, which shows that ion flux parallel to the
magnetic field is much smaller than that perpendicular to it, indicates that
the loss rate is substantially below the strong diffusion limit. Various wave
modes observed by the plasma wave (PWS) experiment on Voyager may be
associated with precipitation and/or adiabatic inward diffusion of plasma from
Triton (Barbosa et al. 1990). A fully consistent picture of what is happening
in this region requires a synthesis of these diverse data sets.

3. Ring Absorption. During Voyager’s flyby of Neptune, 6 small satellites
and a ring system were discovered within 6 Ry of Neptune (Smith et al. 1989).
The spacecraft went very close to Neptune; closest approach was only 0.2 Ry
from the cloud tops. This deep penetration into the Neptunian system enabled
PLS to detect a possible ring absorption feature in the plasma data.

Ring absorption and satellite sweeping signatures in charged particle data
were reported during many previous planetary encounters (see, €.g., Van Allen
et al. 1980; Simpson et al. 1980; Van Allen 1983; Krimigis and Armstrong



1982), but most of these signatures were observed in the high-energy particles.
The absorption of low energy charged particles by satellites is very difficult
to detect because the total absorption cross section of the satellites is much
smaller than that of the rings and because the satellite absorption occurs over
a very small range of L shells. Ring absorption of low-energy particles is
easier to observe because the loss region covers a larger area. For the low-
energy particles considered here, these signatures are observed only when
the spacecraft and the ring are on the same magnetic field line. The detailed
behavior of ring absorption depends upon the properties of the particles or
dust that constitute the ring.

Again we refer to Fig. 21, which shows electron and ion currents measured
by the PLS experiment during the hour after closest approach. The solid line
is the electron current in the D cup, the dotted line is the ion current in
the D cup, and the dashed line is the ion current in the C cup. The two
smooth curves are the radial distance (R,,) of the ring plane intersection point
of the magnetic field line that passes through the spacecraft. Two different
magnetic field models, the OTD model and the I8E1 field model, are used in
the calculations. Although these magnetic field models are not reliable inside
4Ry, they agree with each other quite well, implying that the calculation of
R, is ot sensitive to the field model chosen. If the distance R, is equal to the
radius of a ring, the spacecraft is magnetically connected with that ring. The
three horizontal lines indicate the locations of Neptune’s three rings. A sheet
of ring material (see Fig. 17 by Smith et al. 1989) extends from radius 1.65 Ry
to 2.38 Ry, as indicated by the shaded area. In this region, fluxes detected
by the PLS instrument are lower than in the surrounding regions. Because
this feature is correlated with the location of the broad ring, we attribute this
decrease to ring absorption. The ring 1989N1R does not produce such a
feature, perhaps because it is so narrow.

Mauk et al. (1990) report that a feature in the low-energy charged particle
(LECP) data at 0419 UT of day 237 is due to ring absorption, but this feature
occurs 8 min. earlier than the decrease in the PLS data. This difference is
not understood. The cosmic ray subsystem (CRS) data show a flux decrease
between 0428 UT and 0442 UT (Stone et al. 1989), which is at roughly the
same time as the decrease in the plasma fluxes. This decrease in the CRS
fluxes is interpreted as an absorption signature of a combination of small
satellites and rings (see also Selesnick 1992).

If the depletion in the fluxes near 0430 UT is due to ring absorption, we
can estimate limits for the plasma transport time. The time scale for radial
transport must be comparable to that for ring absorption in order for this
feature to exist. We assume that the radii of ring particles are much smaller
than the gyroradius of charged particles (=1 m). Then the time scale for ring
absorption t, is (Zhang et al. 1991)

Tp COS ¥
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where tp is the bounce time, £ is the optical depth, oy is the average particle
pitch angle, and x is the angle between the magnetic field lines and the normal
to the ring plane. The bounce time tp is estimated to be 10? s for protons
with kinetic energies on the order of 100 eV. The optical depth & is 10~*
(Smith et al. 1989). The quantity cosy/tanay is of the order 107! if the proton
anisotropy A=11 as determined above. Therefore, the ring absorption time t,
is about 10° s. Thus 10° s is the lower limit for the radial diffusion time. To
estimate an upper limit, we note that hot plasma was observed inside the ring
system in the PLS data (see Plate 6 and Figs. 6 and 7). Plasma of planetary
origin would be cold (the ionospheric temperature is about 950 K (Tyler et al.
1989), so this plasma probably comes from outside of the ring. One possible
mechanism for transport across the ring is for low-energy particles to diffuse
in at longitudes where the ring is at high magnetic latitudes and spans a large
range of L shells. At these longitudes only those ions and electrons with
small pitch angles collide with the ring matter. The condition for mechanism
to be viable is that the time scale for the gradient drift be longer than the
radial diffusion time, an ordering that is generally the case for low-energy
plasma. (Tons and electrons drift around the planet in longitude due to the
radial gradient and curvature of the magnetic field. The direction of the
drift depends on the sign of the charge and the speed on the particle energy.)
For 1-keV particles (the temperature of the N* ions near closest approach
[Richardson et al. 1991]), the drift time tpp at L=2is 5 x 107 s. Thus the
radial diffusion time for low-energy plasma at the location of the ring should
satisfy 10° s<t;=Dj} <107 s. Using the Dy value of 2.5 x 1077 R% s~! we
found previously, we can evaluate D, ;, finding that D = 2 x 107 SR% 5!
at L=2. Then the diffusion time is 5x 10° s, which is consistent with the above
condition.

The absorption feature also allows us to calculate the diffusion coefficient
quantitatively. The equation that governs the variation of the plasma density
n in the absorption region is (Falthammar 1968)
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Using dimensional analysis, we estimate the absorption width A L from Eq. (6)

and find that AL=y/7, DoL’. Taking AL=0.3 and L=2 from Fig. 21, we find
that Dy = 1.1 x 1077 s~!. This is within a factor of 4 of the previous result.
4. Magnetospheric Scenarios and Models. One scenario in the literature
hypothesizes alarge neutral cloud of H extending from 8 Ry out past Triton and
a much narrower neutral cloud confined near Triton’s orbit (Richardson et al.
1991; Zhang et al. 1991). This scenario is consistent with atmospheric models
which predict that H escapes Triton’s atmosphere with speeds of several
km s~ allowing it to spread further than N, which barely has enough energy to
escape from Triton (D. F. Strobel, personal communication). The source of H*
would occur from L=8 outward and the source of N* would be near Triton for




N*. One problem with this scenario is that all the neutrals produced by Triton
would be ionized in the magnetosphere. Because ionization rates are low, an
ion source of 10% s~! requires neutral densities of 300 to 600 cm—3. Neutral H
densities this large should have been detected by the UVS experiment (Cheng
1990) but have not been reported.

A possible solution to the large neutral density problem is provided by
Decker and Cheng (1994) who use a Monte Carlo technique to follow neutral
H which escapes from Triton. They find that the H density peak is about
60 cm~3 and is located at Triton. The ion source is only 15% of the neutral
source; the remaining neutrals are ionized in the solar wind or are lost via
collision with Neptune. This model assumes a total H source rate of 1025 s~!;
a larger rate, such as the 7 x 10% s~! calculated by Summers and Strobel
(1991), would give larger densities. Models of the magnetosphere are used
to test hypotheses concerning the physical processes and rates which occur
in the magnetosphere. The purpose of this section is to present some of the
methods used to model the magnetosphere of Neptune and show some simple
results (see Richardson 1994). Many aspects of Neptune’s magnetospheric
plasma are not yet understood and are the focus of active research.

The chemistry and transport of plasma are combined in this section to
produce a quantitative model of the magnetosphere which can provide a rough
idea of the transport rates, plasma source, and neutral densities implied by
the observations. The basic equations are those governing the transport of
particles and energy,
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where Dy is the diffusion coefficient and § and R are the source and loss rates,
respectively. The diffusion coefficient is usually expressed in the form D ; =
Do L™ where Dy and m are constants. On the basis of empirical results from the
other giant planets (Goertz and Thomsen 1979; Hood 1983,1985,19894, b),
we take m=3, which is the value expected for atmospherically driven diffusion
(Brice and McDonough 1972; Coroniti 1974) and which we invoked earlier in
the discussion of plasma transport. The energy diffusion equation is derived
as in Richardson and Siscoe (1983), but differs from their result because the
plasma is assumed to be spread uniformly along magnetic field lines rather
than confined to the equator by the centrifugal force.

The plasma source is ionization of neutrals which escape from Triton. We
use as input the profile of neutral H density given by Decker and Cheng (1994);
in the absence of a better model, we set the N density equal to the H density.
Tonization of neutrals via collisions with electrons and solar ultraviolet photons
adds both an ion and energy to the magnetosphere. Ionization rates for these
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processes are taken from Zhang et al. (1991). For the Decker and Cheng
neutral profile this gives an ion source of about 4 x 10% s~!.

When neutrals are ionized by charge exchange, the net plasma density
remains the same but the plasma energy changes as the original ion is replaced
with an ion at the local rotational energy. If different species are interacting,
the charge exchange process can also change the plasma composition. Plasma
losses include charge exchange, precipitation into the atmosphere, and losses
at the boundaries which occur when ions reach either Neptune’s atmosphere
or the magnetopause, where the flux tube content is set equal to zero. Precipi-
tation losses are simulated by setting the loss rate to an empirically determined
fraction of the strong diffusion loss rate. Additional energy gain or loss oc-
curs via coulomb collisions, which cause energy to move from hotter to cooler
species (Spitzer 1962).

Initially we varied the diffusion coefficient Dy only; the temperatures
given by the model were too high and the decrease in N L? observed inside
L=4 was not reproduced. Two more parameters were varied to bring the
model results more in line with observations. We added losses at 1/3 the
strong diffusion rate and reduced the rotation speed to 1/2 the corotation
speed outside L=13. Figure 22 shows the results of the calculation using the
above parameters. The four panels show the N L? profile for H* and N+,
the temperature profiles for H* and N, and the model results. A plasma
transport rate of Do = 1078 LR s~ is required to fit the data. This gives
reasonable agreement with the NL? profiles outside L=5. A precipitation
loss time which is 1/3 the strong diffusion limit gives a rough approximation
of the N L? decrease inside L=5. If precipitation at this rate is the operative
loss mechanism a method of scattering these ions must be identified. Another
possible way to create the decrease in N 1.2 is, if the neutral density increases
near Neptune, to have charge exchange remove a large fraction of the hot,
inward diffusing plasma and replace it with plasma at the local rotational
energy. Because this energy, especially for HT, is well below the instrument
threshold of 10 eV, this new plasma would not be observed and would mimic
a plasma loss in the observations. A drawback of this mechanism is that a
larger difference between the H* and Nt N L? profiles might be expected;
because the rotation energy of N* is 14 times that of H*, the H* would be
lost from the instrumental energy range before the N+, producing a difference
in the profiles.

The increase in Ht temperature outside L=8 could not be reproduced
by the model used here. Suggestions that this could result from local mass-
loading in this region, so that the energy increase is due to the increase in the
corotation energy with L shell (Richardson et al. 1991; Zhang et al. 1991),
have proven wrong. A transport rate small enough for charge exchange
to provide the observed temperature increase gives too large a total plasma
density. This increase in H* temperature is not yet understood.

Without assuming a deviation from corotation in the outer magnetosphere,
the ion temperatures derived from the Decker and Cheng (1994) source are
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such as the magnetopause distance, but for all the outer planets dramatic
changes in the plasma character occur between 4 and 6 planetary radii, so use
of this scaling seemed appropriate.
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Figure 23. A comparison of plasma number densities at the four outer planets as a
function of L shell.

Figure 23 shows the total plasma number density at the four outer planets.
Jupiter’s magnetosphere contains the highest plasma densities, followed by
those of Saturn, Uranus, and then Neptune, although outside L=7 Neptune’s
magnetospheric densities are larger than those at Uranus. As discussed earlier,
a more appropriate quantity to compare is the plasma flux tube content, N L?,
which is shown in Fig. 24. The basic ordering remains the same, but we can
now compare the plasma sources. Jupiter’s magnetospheric plasma is clearly
dominated by a single moon, lo, located at L=5.9 corresponding to the peak in
NL?. Neptune’s magnetospheric plasma is also dominated by a single moon,
Triton. The N L? profile at Saturn is relatively flat; the source of plasma in the
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Figure 24. A comparison of flux tube content, N2, at the four outer planets as a
function of L shell (Voyager 1 at Jupiter, Voyager 2 at Uranus and Neptune, and a
combined Voyager 1 and 2 data set at Saturn).

region considered is a large neutral cloud formed from the small icy moons
and rings surrounding this planet. The large moon Titan seems to have little
effect on the inner magnetosphere of Saturn. Uranus has five very dark moons
which apparently inject little plasma into the magnetosphere; no evidence of
heavy ions was observed by either the PLS or LECP instruments. The dark
surfaces may be indicative of a tar-like surface from which sputtering is
difficult. Neptune has several similar small moons, with Proteus large enough
to rate consideration as a possible plasma source. These dark moons are as
ineffective at populating Neptune’s magnetosphere as they are at populating
Uranus’.

The plasma energies of the heavy ions at Jupiter, Saturn, and Neptune
are shown in Fig. 25. Uranus is not included because no heavy ions were
detected. The plasma energies are normalized in energy by dividing the ion
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Figure 25. A comparison of plasma energies at the four outer planets as a function (_)f
L shell. To compensate for the different planetary rotation rates, we plot the ratio
of the heavy ion thermal speed to the corotation speed, which we call y.

thermal speed by the corotation speed; we call this quantity y. Thus values
of one indicate plasma at its creation energy, values above this indicate the
plasma has been heated and values below indicate the plasma has been cooled.
The ordering of the planets is reversed in this scheme from that in Fig. 24.
The peak at Jupiter is again at Io, but even here radiational cooling is strong
enough to reduce y to less than 1. The value of ¥ decreases both inside and
outside Io, probably due to radiational cooling inside and adiabatic expansion
outside. The profile of y near Saturn is relatively flat from L=4 out to L=11 at
a value near 1, indicating plasma throughout this region is picked up locally.
Outside L=11 the plasma cools, probably adiabatically. The Neptune profile
is near one between L=8 and L=10 and increases inside this. This seems to
indicate a plasma source in this region and adiabatic heating inside L=8 as
plasma is transported inwards.

What general conclusions can we draw about magnetospheric character-
istics from these results? With respect to the magnetospheric plasma, the first
important characteristic is the importance of the satellite surfaces in deter-
mining whether satellites are plasma sources. At each planet with an active
moon and, thus, a constantly recoated surface, that moon provides most of
the magnetospheric plasma (lo, Triton). At Saturn, the relatively clean ice
surfaces of the inner moons provide the magnetospheric plasma. The only
substantial moon/rings which are not major plasma sources are those with
very dark surfaces at Uranus and Neptune. The second characteristic is the
location of the source. Transport rates are proportional to L to the third or
fourth power. Thus for the same source rate, plasma created closer to a planet
will build up a larger plasma density. Finally, the magnetic field orientation
and strength are important for determining plasma properties. The larger the
magnetic field, the bigger the region which is shielded from external effects
and the larger the stable inner region where plasma densities can build up.
The combination of a spin axis tilted away from the ecliptic and a dipole axis
at a large angle from the spin axis allows externally driven (i.e., by the solar
wind) convection systems to operate throughout the magnetosphere and limit
plasma densities. Such solar wind driven convection may limit the plasma
densities at both Uranus and Neptune, whereas internal characteristics limit
the plasma density at Jupiter and Saturn.

The Plasma Science experiment on Voyager 2 continues to gather data
on the solar wind in the far heliosphere. As with the other fields and particles
experiments on Voyager, this investigation has not ended with the magne-
tosphere of Neptune. Voyager 1 and 2 and Pioneer 10 and 11 continue to
operate and send back data from the interplanetary medium. Barring unex-
pected failures, the Voyagers are expected to operate until at least the year
2015 (Stone and Miner 1991) in their search for the termination of the solar
wind, the modulation boundary of galactic cosmic rays, and the beginnings
of interstellar space.
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RADIO EMISSIONS FROM NEPTUNE
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The 1989 Voyager 2 rapid flyby demonstrated that Neptune is a weak source of nonther-
mal radio emissions, counting no less than five distinct components. These include one
of the most impulsive narrowbanded emissions (“bursty” component) ever detected
from a radio planet and a slowly varying (“smooth”) component with very intricate
polarization features, which constitute Neptune’s main auroral emissions. Their anal-
ysis and interpretation allowed to derive an accurate estimate of Neptune’s rotation
period (16h 06m 30s+24s). The ubiquitous nonthermal “continuum” radiation, which
has now been observed at all outer planetary magnetospheres, is thoroughly discussed.
We review the physical properties of all these emissions, including their propagation
mode, source location and beaming pattern, and discuss their generation mechanisms
in the context of comparative radio planetology. In particular, the striking similarities
existing between nearly all their radio components make Neptune and Uranus appear
as “radio twins.” Constraints on the plasma content in Neptune’s auroral regions are
drawn from the characteristics of the bursts and their interpretation. Finally, we discuss
a possible lightning activity in Neptune’s atmosphere and estimate an upper limit for
the intensity of the associated radio emissions.

I. INTRODUCTION

A. Discovery of Neptunian Radio Emissions

The first recognition of radio activity from Neptune occurred at 0610 SCET
(spacecraft event time) on 17 August 1989 or DOY (day of year) 229 1989,
about 8 days prior to closest approach (CA) (Warwick et al. 1989). The ob-
servations consisted of a cluster of narrowbanded, short duration bursts that
extended from 635 to 865 kHz. Figure 1 is a radio spectrogram showing this
discovery episode. Note that the individual events are “spiky” in appearance.
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Plates 6 and 7. Color spectrograms showing an overview of the Neptune encounter from the PLS perspective. From top to bottom are the
high-energy electrons (140-2480 eV), low-energy electrons (10-140 eV), ions in the sunward-looking C cup (101850 &V), and ions
in the azimuthally looking D cup (10-1850 V). The energy scales are approximately logarithmic. The highest-energy channels are
contaminated by noise and are not shown. See the Chapter by Richardson et al.
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