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Abstract. Low frequency plasma waves and turbulence have been ob-
served during the flybys at comets p/Grigg-Skjellerup, p/Giacobini-Zinner,
and p/Halley. A review is given on the excitation mechanisms of these
waves, their spatial and temporal evolution as well as the task they fulfill
in a comet-solar wind interaction region. A comparative analysis of wave
forms and frequencies, polarization state and wave energy transport indi-
cates that current linear instability analyses of pickup ions of cometary
origin can explain many properties of the observed waves. Details of the
excitation processes depend on solar wind conditions and the cometary ac-
tivity, which also determines the scale length of the interaction region. This
scale length is very different at the three comets analysed and is thought
to be responsible for the different wave forms observed, that is it deter-
mines the nonlinear evolutionary state of the excited waves. Details of this
evolution await further theoretical studies.
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3.1 Comet-solar wind interaction

Space plasma physics is often said to provide for a unique plasma physics
laboratory situation as e.g. spatial scales achievable in space can be difficult
to be realized in a laboratory situation. However, despite this advantage
the analysis of space plasma physics processes is usually hampered by the
scientists’ inability to gain control over the parameters of the system they
are studying. In a laboratory experiment these parameters are fully under
control and experiments are repeatable. Thus, a complete analysis of a
physical process is possible and suitable theoretical models can be devel-
oped. To achieve a similar level of scientific maturity, space plasma physics
has at least two ways out of this principal dilemma. First, observations
under comparable conditions can be analysed. Secondly, natural, but un-
controlled variations of the system’ parameters are used to study parameter
dependencies of the processes under discussion. Analyses of collisionless
shock waves such as the Earth bow shock are good examples where such
a programme has been realized [e.g. Stone and Tsurutani, 1985]. Another
example is cometary plasma physics. The physical processes in the solar-
wind interaction region strongly depend on the solar wind conditions and
the cometary activity. While the former undergoes strong natural varia-
tions, the latter depends on the comet analysed and its distance to the Sun.
Therefore, studying similar processes at different comets provides one with
large variations in parameter space governing cometary plasma physics.

In the present review we shall compare observations at three different
comets p/Halley, p/Giacobini-Zinner, and p/Grigg-Skjellerup. Special em-
phasise is paid to low-frequency plasma waves observed in the solar wind
comet interaction regions. A comparative study of such waves at the three
comets effectively allows for a variation of parameters controlling their gen-
eration.

Comets have developed their own means of interacting with the solar
wind: pickup ions and mass loading. Incorporation of pickup ions into the
solar wind requires momentum and energy transfer from the latter to the
newborn ions. In high density gas flows such a transfer is accomplished by
particle collisions. In the solar wind plasma, however, the mean free path
length is of the order of 1 AU. Thus other mechanisms are required to effi-
ciently pickup ions. In the past, theoretical work [Wu and Davidson, 1972;
Ip and Axford, 1982; Winske et al., 1985] and space missions to comets
p/Giacobini-Zinner [Tsurutani and Smith, 1986], p/Halley [Yumoto et al.,
1986; Galeev et al., 1986; Johnstone et al., 1987; Glassmeier et al., 1989;
Glassmeier et al., 1993], and p/Grigg-Skjellerup [Neubauer et al., 1993a;
Glassmeier and Neubauer, 1993] have shown that large-amplitude electro-
magnetic wave fields and turbulence generated due to the relative streaming
of newborn ions of cometary origin and solar wind ions lead to diffusion in
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velocity space [Coates et al., 1989, Huddleston and Johnstone, 1992] and
thereby accommodate the required momentum and energy transfer.

Beside these microscopic wave-particle interactions, the activity of the
comet and solar wind conditions determine the overall macroscopic struc-
ture of the interaction region as well as wave properties to be discussed here
[e.g. Neugebauer, 1990; Tsurutani, 1991; Ip and Axford, 1990]. Table 1
provides for an overview of parameter differences encountered at the three
comets. Most important is the comet’s gas production rate, which varies
between 7 x 1027 molecules/s at p/Grigg-Skjellerup and 7 x 102° molecules/s
at p/Halley. The gas production rate also governs the macroscopic scale
of our natural laboratory. Here we use the bow shock distance to the
cometary nucleus as a measure of this scale. Values between 25,000 km
(comet p/Grigg-Skjellerup) and 1,200,000 km (comet p/Halley) are found.
As a scale length for important microscopic processes we take the gyrora-
dius of water group pickup ions, where the solar wind velocity has been
taken as a measure of the ion velocity. Mean magnetic field and solar wind
flow velocity magnitudes are given as well. It should be noted that in all
three cases, the flow direction is predominantly away from the Sun. At
p/Halley and p/Giacobini-Zinner the interplanetary magnetic field varied
strongly during the flybys while at p/Grigg-Skjellerup it was mainly point-
ing in the azimuthal direction, perpendicular to the solar wind flow.

The overall interaction regions at all three comets, represented by their
respective magnetic field magnitude observations, are displayed in Fig. 1.
As the flyby trajectories and velocities are different, the following manipu-
lations have been applied to allow an intercomparison. The flyby velocity
at p/Halley was much larger than at p/Grigg-Skjellerup and p/Giacobini-
Zinner, 68.7 km/s vs. 14.0 and 20.7 ki /s, respectively. This causes a much
higher spatial resolution of plasma properties at the latter two comets.
Thus, the resolution has been adapted to that achievable at p/Halley by
using data appropriately averaged. The s/c trajectories at p/Halley and

Table 1: Comets compared I.

p/Grigg-Skjellerup  p/Giacobini-Zinner p/Halley
Production Rate 7 x 1027 mol/s 2 x 1028 mol/s 7 x 10%° mol/s
Bow Shock Distance 25,000 km 110,000 km 1,200,000 km
Gyroradius HoOF 5,000 km 10,000 km 10,000 km
Solar Wind
Flow Velocity 350 km/s 400 km/s 380 km/s
Interplanetary
Magnetic Field 20 nT 8 nT 8 nT

Alfvén Mach Number 0.2-2.0 46 4-6
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Figure 1: Magnetic field magnitudes as observed during the flybys at comets p/Grigg-
Skjellerup, p/Giacobini-Zinner, and p/Halley. For details see text.

p/Grigg-Skjellerup are very similar in that the s/c passed by the comets
on the nucleus’ dayside, while at p/Giacobini-Zinner, the tail has been tra-
versed. We are of course not able to acount for this difference which needs
to be remembered when comparing the profiles. However, at p/Halley the
s/c is going from the afternoon side towards early morning and at p/Grigg-
Skjellerup in the reversed way. We thus inverted the time axis in case
of p/Grigg-Skjellerup. Finally, the different macroscopic scales have been
accounted for by choosing appropriate time windows data for which we
enforce a coincidence of the bow shock regions.

Inspection of Fig. 1 allows one to conclude that the macroscopic features
of the interaction regions are very similar. Especially, the similarities be-
tween p/Halley and p/Grigg-Skjellerup are striking. In front of the inbound
bow shock (that is on the afternoon leg), the magnetic field magnitude is
slowly increasing due to increasing mass loading [e.g. Neubauer, 1991] with
a major increase occurring at the bow shock itself. In the cometary mag-
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netosheath, the magnetic field magnitude decreases again with another rise
occurring close to the pile-up boundary. The outbound profile, that is the
early morning profile, is different in that the magnetosheath decrease of the
field magnitude is not as pronounced as on the afternoon side. Also, a long
steady ramp of magnitude variations is detectable. These phenomenological
similarities at both comets guarantee that we are operating in a compara-
ble cometary environment. However, details will differ very much reflecting
the differences in system parameters as given in Table 1. In the following
we shall aim at completing this table with additional comparisons given
for important wave characteristics such as wave forms and power spectra,
polarization, wave energy flow, and sources.

3.2 Wave forms and power spectra

From a space plasma physics point of view the detection of large-
amplitude low-frequency waves as shown in Fig. 2 are one of the most
exciting results of the different comet flybys [Tsurutani and Smith, 1986;
Galeev, 1986; Yumoto et al., 1986; Glassmeier et al., 1989; Glassmeier and
Neubauer, 1993]. The observed waves are truly nonlinear with e.g. mag-
netic field magnitude and directional variations of up to the order of the
ambient solar wind magnetic field. The waves appear on different spatial or
temporal scales as, for example, exhibited by observations from the Giotto
flyby at comet p/Halley. The observations in Fig. 2 already demonstrate
that wave power is decreasing with decreasing scale length. This indication
of a fractal structure is more clearly demonstrated in a power spectrum of
the magnetic field fluctuations (Fig. 3). The example shown indicates a
much higher level of perturbations close to the comet, that is upstream of
the cometary bow shock at a distance of 1.7 x 10 km as compared to the
almost always present intrinsic solar wind fluctuations.

The two spectra do not only differ in their power levels, but even more
in a clear power spectral peak detected in the up-stream region at a fre-
quency of about 7 mHz, a frequency very close to the local water group ion
cyclotron-frequency. Towards higher frequencies the power spectral density
falls off according to a power law P(f) o f~¢ with a = 2.0. This power
law feature reflects the already mentioned apparent fractal nature of the
observed fluctuations. As power laws, P(k) « k=% with the wave num-
ber k, are a unique property of hydrodynamic and magnetohydrodynamic
turbulence [e.g. Matthaeus and Goldstein, 1982] the frequency in the s/c
frame of reference has been transformed into wave numbers (see Fig. 3) by
applying Taylor’s theorem [Taylor, 1937]. Application of this theorem is
possible as the wave phase velocities involved can be approximated by the
Alfvén velocity, va = 50 km/s, which is small compared to the solar wind
flow velocity, vsy = 400 km/s. The observations may thus be interpreted
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Figure 2: Magnetic field magnitude as observed during the flyby at comet p/Halley
together with sample measurements of the B; component in the upstream and magne-
tosheath region at different temporal and spatial scales.
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Figure 3: Power spectrum of the B; component in a mean-field-aligned coordinate
system, observed at a distance of about 10 million kilometers from the nucleus of comet
p/Halley, that is in the almost uncontaminated solar wind and the upstream region. The
wave numbers have been calculated applying Taylor’s theorem.

as spatial variations convected by the s/c.

As a possible source of free energy for these cometary upstream waves,
pickup ions in the solar wind are regarded as the best candidate. Cometary
neutrals are ionized by solar EUV radiation, for example, and the new-
born ions are subject to the electromagnetic forces of the solar wind. The
resulting ion distributions are initially of a ring-beam type, and the rel-
ative flow between pickup ions and solar wind protons gives rise to long
wavelength, low-frequency electromagnetic ion/ion instabilities [Lee, 1989;
Brinca, 1991; Gary, 1991]. Both, nonresonant as well as resonant inter-
actions are possible, with the latter ones being the more important ones
due to their usually larger wave growth rate. The necessary instability



84 CHAPTER 3. ADVENTURES IN PARAMETER SPACE

condition for the ion cyclotron resonance is
w+ 'Uresk" =nQy

with w the wave frequency, and v,.; the magnetic field-aligned resonant
particle velocity in the plasma frame of reference, kj the wave vector along

B,, the ambient solar wind magnetic field vector, Q; the ion gyrofrequency,
and n = +1 indicating right-hand and left-hand polarized unstable waves,
respectively. A more detailed evaluation of the resonance condition is given
by Thorne and Tsurutani [1987]. As pointed out by Tsurutani and Smith
[1986] the spacecraft and the pickup ions have essentially the same rest
frame, which means that the wave frequency in the spacecraft frame of
reference is approximately given as the local gyrofrequency f; of the pickup
ions.

The spectral peak of the spectrum displayed in Fig. 3 is thus a
strong hint towards resonant ion/ion instabilities causing the observed low-
frequency fluctuations. The small discrepancy between the observed peak
frequency and ion gyrofrequency can be accounted for by considering in
more detail the wave-particle interactions involved. Reference is made to
work by Lee [1989] and Glassmeier and Neubauer [1993], where this fre-
quency shift is examined further.

The above outlined scenario for cometary wave excitation sets the stage
for further interpretation of observed wave properties as well as posing
new problems whose answers also require a comparative study of cometary
plasma waves. The waves generated at the ion gyrofrequency (in the space-
craft frame) act as a pump wave in the solar wind plasma. The further
evolution of this pump wave determines the overall spectrum. Its power
law character is indicative of a turbulent cascade with wave energy trans-
fered from large spatial scales towards smaller ones. Obvious questions
are: What is driving this cascade? Are wave-wave interactions the dom-
inant process? Are nonlinear wave-particle interaction more important?
What influence does dispersion have on wave evolution? Are waves gener-
ated in the inertial range of the spectrum, too? How is the wave energy
dissipated? Are spectral properties different at the different comets studied
hitherto?

To start with the last question Fig. 4 displays sample spectra of the
transverse component of magnetic field fluctuations observed at comets
p/Grigg-Skjellerup, p/Giacobini-Zinner, and p/Halley. Magnetic field ob-
servations at the respective comets have been transformed into a mean-
magnetic-field-aligned coordinate system, with the mean magnetic field
resulting from an averaging procedure over the analysis interval. Power
spectra of both transverse components have been averaged and are given
in Fig. 4. All three spectra exhibit a clear spectral peak at about the water
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Figure 4: Power spectra of transverse magnetic field fluctuations in upstream regions
of the solar wind interaction regions at p/Grigg-Skjellerup, p/Giacobini-Zinner, and
p/Halley.
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Figure 5a: Magnetic field observations in the upstream region proper at p/Grigg-
Skjellerup. Field values are given in nanotesla.

group ion gyrofrequency. At p/Grigg-Skjellerup this peak power is seen
at a higher frequency as the ambient magnetic field magnitude is more
than twice as large as at the other comets. At p/Giacobini-Zinner and at
p/Halley the spectral density levels off much as expected for a turbulent cas-
cade. Spectral indices are 1.9 and 2.1, respectively. At p/Grigg-Skjellerup
the spectrum can only be described by a power law at frequencies larger
then about 50 mHz. At lower frequencies the pump wave dominates the
spectrum.

A closer inspection of the wave forms provides for a clue to these dif-
ferent spectral behaviours. Figures 5a— display magnetic field observa-
tions characterizing those seen at the three different comets. The co-
ordinate system used is that of a comet-centered solar ecliptic system,
where the x axis points toward the Sun along the Sun-comet line, the y
axis is antiparallel to the direction of planetary orbital motion, and the
z axis completes the right-hand system. At p/Grigg-Skjellerup (Fig. 5a)
almost coherent large-amplitude anharmonic oscillations of predominantly
the magnetic field direction are seen [Neubauer et al., 1993a; Neubauer



