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The spacecraft missions to Comets 21P/Giacobini-Zinner and 1P/Halley in the mid-1980s
revolutionized our knowledge of comets and their interaction with the solar wind. Besides the
large-scale plasma structures, the spacecraft in situ measurements produced many exciting and
surprising results about the ion distribution and magnetic field configuration in the inner regions
of cometary comae. These earlier scientific explorations laid the foundation for the Deep Space 1
mission to Comet 19P/Borrelly and groundbased observations of recent bright comets such as
Comets 1996 B2 (Hyakutake) and 1995 O1 (Hale-Bopp). In this chapter, we review the mor-
phological structures of cometary ion tails, analytical and numerical simulations of comet-solar
wind interactions, plasma boundaries and the ionospheric contact surface identified by spacecraft
measurements, and plasma instabilities and waves.

1. INTRODUCTION

Since the first in situ measurements of the solar wind in-
teraction and plasma environment of Comet 21P/Giacobini-
Zinner by NASA’s International Cometary Explorer (ICE)
spacecraft in 1985, comets have been recognized as a per-
fect laboratory to study plasma physics from microscopic to
macroscopic scales. The subsequent encounters with Comet
1P/Halley by a flotilla of space probes in 1986 added a tre-
mendous amount of information about the plasma structures
and processes involved in the production and transport of
cometary ions. Data analyses and theoretical models of
these in situ observations enriched our understanding of
natural plasma physics (as opposed to laboratory plasma
physics, such as thermal fusion control) to an unprecedented
level. This point may be appreciated by noting the dramatic
surge in recent years of the number of publications in space
physics dealing with cometary plasmas. Despite these recent
advances, we must not forget the major contributions made
to modern plasma physics by several key figures about a
half century ago. In a historical context, the study of the
comet-solar wind interaction began with Ludwig Biermann’s
(Fig. 1) statistical study of the pointing direction of com-
etary ion tails (Biermann, 1951). From the determination of
an average aberration angle of about 3°, Biermann made the
famous deduction that a solar corpuscular radiation (i.e., a
continuous flux of charged particles) must exist in the inter-
planetary space in order to sweep away the cometary ions.
The radial velocity of these solar charged particles, namely,
the solar wind, was derived to be on the order of a few hun-
dred km s–1. However, an impossibly large electron num-
ber density of the solar corona would have to be invoked,
if the momentum transfer is to be facilitated by collisional
Coulomb interaction between the solar corpuscular radia-
tion and the cometary ions alone. To overcome this major
discrepancy, Hannes Alfvén (Fig. 2) suggested the ingenious

hypothesis that the interplanetary space is actually infiltrated
with a magnetic field of solar origin (Alfvén, 1957). When
a comet moves through the interplanetary medium, its iono-
sphere will sweep up the interplanetary magnetic field lines
in the manner illustrated in Fig. 3. With the draping of the
interplanetary magnetic field (IMF) into a magnetic tail, the
cometary ions will be channelled along the radial direction,
hence facilitating efficient momentum transfer between the
solar wind plasma and the cometary ions.

Thus, well before the space age, which dawned at the
launch of the Sputnik satellite in 1958, the study of comet-
ary ion tails already told us about the existence of the solar
wind as a continuous stream of charged particles and the
omnipresence of magnetic fields in interplanetary space. As
described later, modern observations of ion tails have con-
tinued to reveal important things about the three-dimen-
sional structures of the solar wind and the heliosphere, which
are not easily accessible to space probes.

Fig. 1. Photo of Ludwig Biermann (with glasses) and Reimer
Lüst. Courtesy of P. Biermann.
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The organization of this chapter is as follows. The global
morphology of cometary ion tails, which is the most con-
spicuous manifestation of cometary plasma from ground-
based observations, is described in section 2. This is fol-
lowed in section 3 by a summary of the analytical models
and numerical simulations of large-scale solar wind inter-
actions with comets. Related physical processes, such as
photoionization, electron impact ionization, and charge ex-
change effects, are also described. In that section, the new
results of strong X-ray emission in cometary comae will be
highlighted (see also Lisse et al., 2004). In the second half
of this chapter, we focus on the knowledge gained from
spacecraft observations. In section 4, we describe the ma-
jor findings of cometary plasma structures by the various
space probes to 21P/Giacobini-Zinner (ICE), 1P/Halley

Fig. 2. Hannes Alfvén (right) and Asoka Mendis discussing
comet-solar wind interactions at the University of California at
San Diego, ca. 1970. Courtesy of A. Mendis.

Fig. 3. Alfvén’s magnetic field draping model, describing dif-
ferent stages of the formation of the ion tail.

(Susei, Vega 1 and 2, and Giotto), 26P/Grigg-Skjellerup
(Giotto), and, most recently, 19P/Borrelly (Deep Space 1).
Last but not least, we survey the different kinds of plasma
waves and plasma instabilities generated in the comet-so-
lar wind interaction process in section 5.

We note that there are already a number of reviews de-
voted to the subject of cometary plasmas, e.g., Huebner
(1990) and Johnstone (1991). In addition, the two volumes
entitled Comets in the Post-Halley Era (Newburn et al.,
1991), have a large number of review chapters on cometary
plasmas. Cravens and Gombosi (2003) provide a contem-
porary review of the subject. Materials covered in these
works are used extensively here.

2. MORPHOLOGICAL STRUCTURES

2.1. Composition/Spectra

Bright comets usually display strong ion emission in the
anti-Sun direction, which is dominated by CO+ in the 3800–
4800-Å region and H2O+ in the 5600–7000-Å region (see
comprehensive review by Wyckoff, 1982). The CO+ emission
has also been observed in Comets Morehouse (1908 R1) and
Humason (1961 R1) at large distances from the Sun (Lüst,
1962; Wurm, 1968). The H2O+ ion itself was first identified
much later in C/Kohoutek (1973 E1) (Wehinger et al., 1974).
An example of a recent cometary spectral image is shown in
Fig. 4.

The optical emissions from neutral gas molecules (e.g.,
CN and C2) are nearly symmetrical about the comet’s nu-
cleus, while the spatial distribution of the ions (e.g., CO+

and CO2
+) are elongated in the antisolar direction. The ion

tail structure becomes more and more diffuse at larger and
larger distances from the nucleus until its presence cannot
be traced by optical emission. In one case, namely that of
the great comet of 1843 (C/1843 D1), the ion tail was traced
to a distance of 2 AU (Ip and Axford, 1982). This record has
recently been broken by magnetometer observations on the
Ulysses spacecraft, which found that the ion tail of Comet
Hyakutake (C/1996 B2) extended to a radial distance of
more than 3.8 AU (5.5 × 108 km) from the comet center and
the corresponding ion tail diameter is as large as 7 × 106 km
(Jones et al., 2000).

2.2. Envelope and Ion-Ray Folding

Owing to the weak emissions from the cometary neutrals
and dust, the plasma structures traced by the CO+ ions in
the comae and ion tails of C/Morehouse (1908 R1) and C/
Humason (1961 R1) could be easily identified. It was found
that ion structures in the form of “receding envelopes” could
be followed after their formation to a projected distance of
1–1.5 × 105 km on the sunward side of the optical center
(Lüst, 1962; Wurm, 1968). Upon reaching a distance of about
5 × 104 km, the ion envelopes intermix with the general
background and become indistinguishable in the photo-
graphic plates. A modern view of this intriguing phenom-
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enon is illustrated in Fig. 5, in which a system of plasma
envelopes in CO+ emission in the coma of C/Hale-Bopp is
clearly shown. The elongation of the end points of the enve-
lopes probably leads to the formation of symmetric pairs
of narrow ion rays folding toward the central axis. A good
example showing the ion ray system in the plasma tail of
C/Kobayashi-Berger-Milon (1975 N1) can be found in
Fig. 6. In other cases, the ion tails were comprised of a
bundle of narrow ion rays, suggesting that the main ion tails

are formed by the continuous inflow of new plasma in time
sequence.

The exact cause of the ion-ray formation is still a matter
of debate. In fact, whether projection effect might play a
role is still to be clarified (Jockers, 1991). That is, if the ion
structures in cometary plasma tails are organized by the
direction and configuration of the interplanetary magnetic
field, it is to be expected that different morphologies might
result, depending on whether the line-of-sight is nearly
perpendicular to the IMF direction, or instead is parallel to
it. This point also brings us back to the original idea pro-
posed by Ness and Donn (1966), in which the ion rays are
plasma sheets sandwiched between two regions of oppo-
site magnetic polarities. According to this view, the ion rays
would therefore most likely form when a comet crosses a
sector boundary of the IMF [see Niedner and Brandt (1978)
and discussion below]. A number of numerical simulations
have been performed to investigate whether a 90° or 180°
turn of IMF could result in dense plasma structures (Schmidt
and Wegmann, 1982; Schmidt-Voigt, 1989). The advantage
of a 90° turn in IMF is that such events are far more fre-
quent than the sector crossing, which requires a 180° turn.

An alternative explanation, somewhat different from the
traditional magnetohydrodynamical (MHD) view, is that the
ion rays are of thermodynamical origin intrinsic to the com-
etary ionospheres. The main idea is that the ion content in
the cometary ionospheres, and hence the ion tails, is par-
tially controlled by the solar wind electron heat flux. Note

Fig. 4. The top panel is an optical spectrum of Comet 153P/Ikeya-Zhang centered on the nucleus. The bright horizontal streak is the
cometary continuum. The more diffuse emissions are from neutral and ionized gas molecules in the coma. The bottom panel was
taken during the same observations, but the spectrograph slit was offset tailward from the nucleus. The ionic emissions become stron-
ger relative to the neutral emissions in the tailward spectrum. The stronger neutral and ionic emissions in the spectra are labeled. The
feature labeled “N2

+” is almost certainly terrestrial airglow, rather than cometary emission. Data courtesy of A. Cochran.

Fig. 5. The system of receding envelopes in CO+ emission ob-
served in the coma of Comet Hale-Bopp (C/1995 O1). Courtesy of
S. Larson.



608 Comets II

that the original models of Ness and Donn (1966), and the
subsequent extensions by later authors (see Schmidt and
Wegmann, 1982), invoke the time variation of the orienta-
tion of IMF as the source mechanism. In other words, the
formation of the tail rays would necessarily be initiated at the
outer coma where the IMF irregularities are being mapped
onto the cometary ionosphere. Yet another possibility is that
the ion rays are of internal origin. That is, the generation of
the ion rays is controlled by the time variations of the ion
production rate of the inner coma. The production of com-
etary ions and the subsequent channeling of the cometary
ions into the ion tail are determined by a balance between
photoionization and electron dissociative recombination
loss. As discussed in Cravens and Korosmezey (1986) and
Ip (1994), the electron temperature profile along a magnetic
flux tube threading through the inner coma is related to the

electron heat flux (Fe) in the solar wind. From model cal-
culations it can be shown that a change in the solar wind
electron heat flux could lead to the expansion or contrac-
tion of the photochemical equilibrium region of the comet-
ary ionosphere of low electron temperature (Te ~ 300 K) by
a factor of 3 or more in size. Figure 7 shows that, if the
thermal condition of the draped magnetic flux tube is such
that the inner coma of cold electron temperature has a large
size, many of the cometary ions would be lost to electron
dissociative recombination without being injected into the
ion tail. On the other hand, if the inner coma is filled with
warm electrons with Te ~ 2 × 104 K, the majority of the
cometary ions would be flushed into the tailward side.

From solar wind measurements (Feldman et al., 1975), it
is known that the electron heat flux has an average value of
about 10–3 ergs cm–2 s–1 in the slow solar wind and an aver-
age value of 10–2 ergs cm–2 s–1 in the high-speed wind. Also,
Fe could vary by 30% from minute to minute. This makes
the solar wind variability a possible production mechanism
for the ion rays and emphasizes that the transition region
between the cold inner ionosphere and the warm outer iono-
sphere might actually become a key source region. We will
return to this issue in section 4 when discussing the iono-
spheric pileup region.

Fig. 6. The time sequence of the pairs of symmetric narrow ion
rays folding on to the central axis of Comet Kobayashi-Berger-
Milon (C/1975 N1). Time tags from left to right: 03:37, 05:06,
and 06:12. Images taken at the Joint Observatory for Cometary
Research. Courtesy of K. Jockers.

Fig. 7. A schematic view of the formation of cometary ion rays
by means of modulation of the size of the ionospheric photochemi-
cal regime with electron temperature Te > 300 K.  (a) The radius
of the electron temperature transition region re is greater than the
apex ro of the magnetic flux tube; (b) re < ro, and the magnetic
flux tube is filled with outflowing ionospheric plasma leading to
the formation of narrow ion rays. From Ip (1994).
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2.3. Ion Tail Disturbances and Disconnection Events

While Alfvén’s magnetic field line draping model has
formed the basis of our understanding of cometary ion tail
dynamics, its physical ingredients have also been applied
to the interpretation of the occurrence of fine plasma struc-
tures such as ion rays (cf. Schmidt and Wegmann, 1982),
as well as some large-scale disturbances (Wegmann, 1995,
2002). The most dramatic change to cometary ion tail
morphology must belong to the so-called ion tail disconnec-
tion events (DEs). As shown in Fig. 8, a large ion cloud is
observed to detach itself from the comet head and move
gradually away. In some other cases, the whole ion tail could
be cut away from the comet head. How does this happen?

Niedner and Brandt (1978) were the first to provide a
physical model for such DEs. The basic idea is that when
a cometary ionosphere encounters a sector boundary of the
IMF, where two regions of opposite magnetic field polari-
ties are separated by a thin layer of the heliospheric current
sheet (HCS), reconnection of the opposite-pointing mag-
netic field lines might take place on the front side facing
the Sun (Fig. 9a). As a consequence, symmetrical pairs of

plasma clouds would be peeled off from the coma, leading
to the formation of folding ion rays.

Fig. 8. An ion tail disconnection event (DE) observed in Comet Hale-Bopp (C/1995 O1) on March 25, 1996. Images taken at the
National Astronomical Observatory by H. Fukushima and D. Kinoshita. From Kinoshita et al. (1996).

Fig. 9. The Neidner-Brandt model of (a) reconnection on the
frontside cometary ionosphere as the comet intercepts a reversal of
magnetic field polarity associated with a heliospheric current sheet.
(b) Reconnection on the tailward side, which might also occur.
From Ip (1985).
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Correlations of the DEs with the crossings of comets and
heliocentric current sheets have always been difficult. This
is because, except for the special situation when a space-
craft was in the vicinity of a comet (such as during the space
missions to Comet Halley), large uncertainties exist in the
interplanetary conditions. For this reason, the reconnection
model advocated by Niedner and Brandt (1978) has always
been subjected to spirited debates (Saito et al., 1987; Yi et
al., 1993, 1994; Wegmann, 1995). Brandt et al. (1999) car-
ried out a very detailed study of 19 major DEs of Halley’s
comet in 1985–1996. What is special about this investiga-
tion is that a potential model of the coronal magnetic field
based on photospheric magnetic field observations (see
Hoeksema, 1989) is used to reconstruct the large-scale struc-
ture of the heliospheric current sheet at different positions
of the heliosphere. It is then possible to map the magnetic
field current sheet to different regions of the heliosphere.
These authors reach the statistical conclusion that DEs occur
at IMF sector boundaries (Niedner and Brandt, 1978; Yi et
al., 1994).

We note that Russell et al. (1986) and Ip and Axford
(1990) proposed a variant of this reconnection model by in-
voking a magnetic field merging process — but on the tail-
ward side — triggered by plasma instabilities (see Fig. 9b).
Furthermore, the possibility of triggering an ion cloud dis-
ruption by a sort of flute instability due to the interaction
of the cometary ionosphere with a high-speed solar wind
stream has also been proposed (Ip and Mendis, 1978). Fi-
nally, Wegmann (1995, 2002) shows that a variety of solar
wind variations, including strong interplanetary shocks and
coronal mass ejection events, can produce large density dis-
turbances in the ion tails.

3. THEORETICAL MODELS:
MAGNETOHYDRODYNAMIC AND

KINETIC SIMULATIONS

3.1. Analytical Theory

The expanding atmosphere of a comet is subject to the
ionizing effect of solar radiation

H2O + hν → H2O+ + e (1)

and of the charge transfer process with the solar wind

H2O + H+ → H2O+ + H (2)

H2O + O6+ → H2O+ + O5+ (3)

Recent observations by space X-ray telescopes like ROSAT
and Chandra have revealed vivid images of the latter pro-
cess, beginning first with the serendipitous discovery of
strong X-ray emission in C/Hyakutake (1996 B2) (Lisse et
al., 1996). Subsequently, many more comets were found to
display X-ray emission (Dennerl et al., 1997). The gener-
ally accepted theory is due to Cravens (1997), who pro-

posed that the charge transfer process, as described in equa-
tions (2) and (3), could provide “new” heavy ions in ex-
cited states, and that subsequent radiative transitions to
lower energy states lead to the emission of soft X-ray pho-
tons or extreme ultraviolet photons. The X-ray brightness
distribution can consequently be considered as a map of the
penetration of the solar wind ions into the cometary coma.
The symmetrical pattern of crescent shape with the central
axis pointing along the radial direction is a consequence of
the collisional absorption effect of the solar wind (Fig. 10).
That the X-ray emissivity could vary on short timescales is
also consistent with the time variability of the solar wind
flux (Kharchenko and Dalgarno, 2001). Finally, X-ray
spectroscopic observations of C/1999 S4 (LINEAR) by the
Chandra telescope have shown quite conclusively that the
emission lines at 320, 400, 490, 560, 600, and 670 eV origi-
nated from the electron capture and radiative deexcitation
by the solar wind minor ions C5+, C6+, C7+, N7+, O7+, and
O8+ (Lisse et al., 2001). The reader is referred to Lisse et al.
(2004) and Cravens (2002), and the references therein, for
further detail.

Another important effect of the solar wind charge trans-
fer and charge exchange process has to do with the produc-
tion of new cometary ions such as O+, OH+, and H2O+ up-
stream of the comet. Photoionization could also contribute
significantly to the production of new ions. The addition
of new mass in the solar wind flow is a central issue stud-
ied long before in the pioneering work by Biermann et al.
(1967) and by Wallis (1971), who proposed that the comet
bow shock could be weak with a Mach number of M ~ 2
or even nonexistent. The physical argument was that be-
cause of the solar wind interaction, the upstream solar wind

Fig. 10. An X-ray image of Comet Hyakutake (C/1996 B2)
taken with the ROSAT Wide Field Camera. The length of the im-
age is about 6.5 × 105 km. Courtesy Max-Planck-Institut für Extra-
terrestriche Physik.
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plasma would be heated and slowed down by the continu-
ous mass loading by the cometary ions. The early work on
solar wind-comet interaction therefore focused on the kind
of effect that mass accretion would have on the global flow
dynamics of the cometary plasma. The behavior of the two-
component fluid (solar wind protons and cometary ions of
the water-group molecules, CO, and CO2) along the comet-
Sun axis can be described by the one-dimensional equations
(Wallis and Ong, 1975)

q~
dX

d(ρiνi) ≈ (4)

0
2µ0

B2

dX

d =ρiνi
2 + p⊥ + (5)

[ρiνif(νi,µ)] =
2B

miνi
2

q~
dX

d −µδ (6)

and

4πνnτiX2

Qmiq~ = (7)

Here νi is the mass-loaded solar wind plasma flow speed,
ρi the mass density of the ions of mass mi (the cometary
ions are assumed to co-move with the solar wind plasma
and ρi∞ and νi∞ are values at infinity), p⊥ the thermal pres-
sure perpendicular to the magnetic field B, Q the comet gas
production rate, vn the expansion speed of the neutral coma
gas, τi the ionization timescale, µ the magnetic moment of
the cometary ions at creation, and f(νi, µ) the distribution
function of µ at flow speed νi. It is further assumed that
the magnetic moment is invariant and the magnetic field is
perpendicular to the flow direction. Finally, the strength of
the magnetic field may be estimated by using the relation-
ship between the magnetic field and the flow velocity that
holds for the conserved component of the subsonic flow for
the case of axially symmetric flow along the central axis
(Schmidt and Wegmann, 1982): B2νi/nsw = constant.

In the supersonic flow, the effect of the magnetic field
is small. Hence with B = 0 and γ the ratio of specific heats,
the above equations yield

0
22(γ − 1)

=ρi∞ν3
i∞ρi∞νi∞νi

2 +
γ − 1

γ−ρiνi
γ + 1νi

2 (8)

with solutions

11
γ2ρi∞νi∞

(γ2 − 1)ρiνi−±
ρiνi

ρi∞νi∞

γ + 1
γνi± = νi∞ (9)

where

qdX~ρiνi = ∫ (10)

Thus in the fluid approximation, a shock must form in the
cometary accretion flow before the condition

ρiνi ≥ [γ2/γ2 − 1]ρi∞νi∞ (11)

is met (Biermann et al., 1967; Wallis, 1971). Therefore, the
general consensus in the early analytical investigations
pointed to the formation of a weak shock with a Mach num-
ber (M) ~ 2 (Wallis, 1973; Brosowski and Wegmann, 1972;
Schmidt and Wegmann, 1982). Subsequent studies em-
ploying full magnetohydrodynamic (MHD) computational
techniques have fully verified this basic point (Schmidt and
Wegmann, 1982; Ogino et al., 1988). It is now common
knowledge that the spacecraft observations at 1P/Halley
found very clear signatures for the bow shock formation with
M ~ 2 (Gringauz et al., 1986; Mukai et al., 1986; Johnstone
et al., 1986). The ICE measurements at 21P/Giacobini-Zinner
are not as definite, however (Bame et al., 1986). This might
be a consequence of the finite gyroradius effect of the heavy
cometary ions, as described below.

The analytical solutions for the combined fluid, i.e., solar
wind plasma plus comet ions, with M = 2 and B = 0, are
illustrated in Fig. 11. Several important features can be rec-
ognized: Most notable is the rapid increase of the thermal
pressure, p, at the bow shock; the thermal pressure has in-

Fig. 11. Radial variations of (a) the number density, (b) the axial
flow velocity, and (c) the thermal pressure, from a one-dimensional
analytical model of the cometary mass-loading flow. Values are
scaled to Comets 21P/Giacobini-Zinner and 1P/Halley at a helio-
centric distance of 1 AU.
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creased about 30 times while the flow speed has decreased
by only about 25%. At the bow shock crossing, there is a
further stepwise increase of the thermal pressure and thus,
in the subsonic region, the plasma is essentially incompress-
ible. Also of note is the fact that the flow speed continues to
decrease rapidly up to a point where the plasma flow be-
comes stagnant.

Galeev et al. (1985) discussed how the additional effect
of the magnetic field pressure gradient could accelerate the
mass-loaded solar wind toward the comet center. The above
analytical work suggests that the global comet-solar wind
interaction, as sketched in Fig. 12, can be broadly divided
into two regimes: (1) the strong momentum coupling regime
in the outer coma, where cometary ions are assimilated into
the solar wind flow as a result of pickup and wave-particle
interaction; and (2) the J × B acceleration region, where the
Lorentz force is effective in accelerating cometary plasma
in the antisunward direction until being balanced by the ion-
neutral frictional force.

3.2. Magnetohydrodynamic Simulations

Useful as they are, the analytical treatments have now
been overtaken by numerical calculations, which can deal
with much more complex situations such as three-dimen-
sionality, nonstationary solar wind interaction, and magnetic
field effects. The rapid progress can be seen by comparing
the work by Schmidt et al. (1988), not long after the space-
craft encounters of Comet Halley, and the work by Gombosi
et al. (1997), immediately after the perihelion passage of
C/Hale-Bopp. Some of the most advanced computational
techniques have now been applied to this field, thus per-
mitting the study of the behaviors of cometary plasma flow
at different scale lengths. Let us first examine the global
features by following the numerical results of Wegmann et

Fig. 12. A sketch of the general characteristics of the comet-solar wind interaction. (a) The general plasma environment of a com-
etary coma in which high levels of magnetic field and plasma turbulences are generated by the ionization of the new cometary ions.
(b) The variation of the solar wind velocity as a function of axial distance from the nucleus. (c) A sketch of the gradual increase of the
magnetic field strength and the formation of a magnetic field-free cavity in the inner coma where the magnetic field drops to zero.
From Ip and Axford (1986).

Fig. 13. Numerical simulations of the bow shock structure (the
color contour maps extend to 106 km on each side of the comet nu-
cleus): (a) ion temperature (K); (b) velocity (km s–1) with stream-
lines; (c) magnitude of the magnetic field (nT) with field lines
separated by time intervals of 600 s; (d) electron temperature (K);
(e) electron number density (cm–3); and (f) mean molecular weight of
the ions, including solar wind protons. Courtesy of R. Wegmann.
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al. (1987). In Figs. 13a,b, the color-coded diagrams illus-
trate the sharp transitions in temperature and flow velocity
at an upstream distance of about 4 × 105 km. This indicates
the location of the weak cometary shock. The bow shock
follows a parabolic shape and the solar wind flow moves
in a straight line upstream of the bow shock.

Inside the bow shock, the plasma flow can be seen to
be deflected around the comet. For uinf = 500 km/s, u
reaches below 50 km/s along the central axis on the tailward
side. As will be discussed later, the plasma flow could be-
come stagnant in the inner coma. Figure 13c shows how the
interplanetary magnetic field interacts with the comet. The
field draping effect (Alfvén, 1957) is clearly present. The
folding of the magnetic field in the central region, where
the plasma is densest and the electron and ion temperatures
are coldest, lead to a hair-pin shape of the magnetic field
configuration.

Because of the pileup of the magnetic field, the mag-
netic field pressure will become increasingly important.
Also, because of the directionality of the magnetic field and
the resultant Lorentz force on the plasma, the cometary
plasma flow will deviate strongly from axial symmetry. The
most dramatic effect can be seen in the inner coma region.
Figure 14 depicts a schematic view of how the magnetic
field will be stacked up in front of the contact surface shield-
ing the solar wind plasma inflow from the cometary iono-
spheric outflow. In the plane containing the solar wind flow
(x) and the interplanetary magnetic field (y), the cometary
plasma inflow will converge toward the central region. A
more detailed description is given by Gombosi et al. (1997).
In their model calculations using a self-adapted computa-
tional mesh method, the plasma flow in the XY plane is seen
to merge on the tailward side. On the other hand, the plasma
flow in the XZ plane — perpendicular to the magnetic
field — will simply move around the cometary ionosphere.

3.3. Kinetic Simulations

Within the framework of hydrodynamic approximation,
the dimension of the bow shock is proportional to the com-
etary gas production rate (Q). That is, if the upstream shock
position (rshock) of a comet with Q ~ 6 × 1029 molecules/s
is 8 × 105 km, we have rshock ~ 8 × 105 × (Q/6 × 1029) km
for the same solar wind condition (Fig. 11). Such a linear
approximation has limitations, however. First, the cometary
plasma flow is composed of solar wind protons, solar wind
minor ions, and heavy cometary ions, so it is actually a
multispecies fluid. The new cometary ions, such as H2O+

and O+, have very different velocity distributions from the
solar wind flow (see section 5). The most important effect
for the case in point has to do with the finite gyroradii of
the new cometary ions. For an interplanetary magnetic field
of 5 nT, the O+ ions with a gyrovelocity of 400 km/s will
have a gyroradius of about 1.5 × 104 km. This means that
plasma discontinuities in the cometary flow, such as the
shock transition, should be described in terms of boundary
structures of finite thickness.

To take into account these kinetic effects, Galeev and
Lipatov (1984) were the first to use numerical simulations
capable of treating the motions of individual charged parti-
cles to study the comet-solar wind interaction. They showed
that the cometary shock front thickness has a scale of a few
gyroradii of the heavy cometary ions, rather than the gyro-
radius of a solar wind proton. This is a principal differ-
ence between the cometary bow shock structure and the
bow shock structure of Earth’s magnetosphere, which has a
thickness of less than approximately a few proton gyroradii.

It is important to point out that an interesting conse-
quence of the particle kinetics is to introduce a dependence
of the shock structures on the orientation of the interplan-
etary magnetic field. Omidi and Winske (1987, 1991) pro-
duced simulations of the cometary shock transition for the
cases when the cone angle between the interplanetary mag-
netic field and the solar wind is Q = 90° (for perpendicular
shock) and when Θ = 5° (for parallel shock). As shown in
Fig. 15, the perpendicular shock case is characterized by
very well-defined and well-correlated sharp jumps in mag-
netic field strength and number density — with the shock
thickness ~ proton gyroradius — to be followed by a se-
quence of fluctuations downstream. In contrast, the paral-
lel shock case displays significant variations in magnetic
field and number density ahead of the shock jump of much
broader structure. The large-amplitude plasma fluctuations
downstream of the shock jump are uncorrelated. For an
intermediate theta value (Θ = 55°), the cometary shock
structure displays yet another type of behavior. That is, no
shock jump could be identified in the large amplitude varia-
tions when the thickness is much larger than the typical
gyroradius of solar wind protons.

Clearly, for a comet with the shock position Rshock <
105 km, the shock thickness will be a significant fraction
of the solar wind interaction region — except perhaps for
the special case of Θ ~ 90°. This is the situation for comets
with Q < 1029 molecules/s such as 21P/Giacobini-Zinner

Fig. 14. The flow pattern of ionospheric plasma in the vicinity
of the contact surface separating the solar wind flow from the
cometary plasma flow.
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during the ICE encounter. (We will return to the ICE mea-
surements in the next section.) An important question that
emerges from this consideration is therefore what happens
to the solar wind interaction of weakly outgassing comets

for which shock distances are comparable or smaller than
the gyroradii of the cometary heavy ions? This question is
also of importance for in situ measurements to be carried
out by the Rosetta mission at large solar distances when the
particle kinetic effects are expected to dominate the solar
wind interaction process. A number of numerical simula-
tions have recently been performed to address this issue
(Hopcroft and Chapman, 2001; Lipatov et al., 2002). Fig-
ure 16 shows the two-dimensional cuts of the cometary ion
density distributions for three different gas production rates
from the three-dimensional hybrid simulations of Lipatov
et al. for the case when the interplanetary magnetic field is
parallel to the y direction. For Q = 8.4 × 1026 molecules/s,
the ion density profile in the XZ plane appears to follow
the gyromotion of the individual cometary ions. In other
words, the cometary ion tail may be regarded as a beam of
individual ions. The interplanetary magnetic field is only
slightly modified. For Q > 2.5 × 1027 molecules/s, the asym-
metric structure of the ion tail is still evident, while the
magnetic field disturbance becomes stronger. These authors
point out that for Q = 8.4 × 1026 molecules/s, a symmetric
Mach cone exists in the vicinity of the comet, while a sym-
metric detached bow shock will form for Q > 5 × 1027 mol-
ecules/s.

4. PLASMA BOUNDARIES

4.1. Upstream Region and Shock Crossing

In this section, we describe different regions of cometary
plasma boundary structures as observed by particles-and-
fields instruments onboard spacecraft. As a function of dis-
tance from the nucleus, these structures are divided into
(1) shock, (2) cometosheath, (3) cometopause, (4) ion pileup
region, and (5) magnetic field-free cavity. A summary of
the spacecraft encounter geometries before the most recent
Deep Space 1 mission is given in Fig. 17.

Fig. 15. Plots of the total magnetic field and density as a func-
tion of distance at different cone angles (θ) between the IMF and
the solar wind flow direction: (a) θ = 90°; (b) θ = 5°; and (c) θ =
55°. From Omidi and Winske (1991).

Fig. 16. The distributions of the cometary ions and solar wind
protons for weakly outgassing comets. The gas production rates,
from left to right, are (a) Q = 8.4 × 1026 mol s–1; (b) 2.5 ×
1027 mol s–1; and (c) 5 × 1027 mol s–1. From Lipatov et al. (2002).
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The first test of the theoretical models of comet-solar
wind interaction was provided by the tail-crossing of 21P/
Giacobini-Zinner by the ICE spacecraft in September 1985.
Figure 18 compares the spatial distribution of the plasma
wave activity with that of the energetic ion flux measured
by the plasma instruments onboard the spacecraft (Ipavich
et al., 1986; Scarf et al., 1986). It is noteworthy that a sig-
nificant level of solar wind interaction effects could be
found at distances as far as 1,000,000 km from the comet.
As will be examined in more detail in section 5, such en-
hanced wave activity and energetic ion population are re-
lated to each other as a consequence of the pickup process
of new cometary ions.

In spite of the mass-loading effect and finite gyroradius
effect of the pickup ions, a weak bow shock is nevertheless
expected. The ICE results are, however, somewhat mixed
because different experiments gave different answers. Amid
the large-amplitude upstream waves, the plasma waves and
energetic particle observations (Scarf et al., 1986; Hynds
et al., 1986) indicated the presence of a bow shock struc-
ture. On the other hand, the magnetometer and electron

detectors detected no signature of a sharp jump in plasma
parameters as appropriate for a classical shock formation
(Smith et al., 1986; Bame et al., 1986). For example, the
magnetic field strength shows a very gradual increase em-
bedded with a series of large-amplitude fluctuations at about
09:30–10:00 UT inbound, and a similar pattern but for re-
duced field strength at about 11:50–12:20 UT outbound
(Fig. 19). The solar wind velocity profile, as determined by
the electron detector, does not display clear-cut sharp jumps
in these intervals, which have been called “slow transition
regions” by Bame et al. (1986).

In view of the presence of large-amplitude waves in most
of the solar wind interaction region, Omidi and Winske
(1991) developed the interesting idea that the bow shock
at 21P/Giacobini-Zinner is actually composed of an en-
semble of shocklets instead of one single standing bow
shock. Figure 20 shows a schematic view of such a mul-
tiple-shock model. In this scenario, the solar wind will be
decelerated little by little upon transversing the shocklets.
It is in such a manner that the supersonic solar wind will
gradually reach subsonic speed over a length scale much
larger than a few gyroradii of the heavy cometary ions.

While the bow shock of 21P/Giacobini-Zinner at the time
of the ICE encounter is not well-defined, the situation at
Comet Halley during the encounters of Susei, Vega 1 and 2,
and Giotto is just the opposite. A drop in the solar wind
velocity, plus significant angular deflection, were clearly
observed by the plasma instrument on Susei (Mukai et al.,

Fig. 17. A description of the encounter geometries for the space-
craft measurements at Comets 21P/Giacobini-Zinner and 1P/
Halley. ICE = International Cometary Explorer; V1, V2 = Vega 1
and Vega 2; G = Giotto. The approximate positions of the bow
shock, or bow wave, are also given. From Reme (1991).

Fig. 18. A composite view of the plasma wave turbulence and
the energetic particle flux in the vicinity of Comet 21P/Giacobini-
Zinner as observed by the ICE spacecraft. From Scarf et al. (1986)
and Ipavich et al. (1986).
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1986), providing unequivocal evidence of a cometary bow
shock. Similar behaviors were registered by the experiments
on Vega 1 and 2 and Giotto at the far flanks of the comet
(Gringauz et al., 1986). The locations of these shock cross-
ings, together with the theoretical position of the bow shock
along the comet-Sun axis, define a parabolic shape of the
standing bow shock as shown in Fig.  17.

4.2. Cometosheath

Because of the continuous addition of heavy cometary
ions, the postshock solar wind flow in the extended coma
will slow down further. The first observational indications
of such process can be seen in the time-sequence of energy-
per-charge spectra obtained by the solar direction ion ana-
lyzer onboard the Vega 1 spacecraft (Gringauz et al., 1986).
The JPA plasma instrument on the Giotto probe observed
similar behavior. As shown in Fig. 21, the trace of solar wind
protons denoted by (P) moves to lower-energy bins at closer
and closer distances to the nucleus. At the same time, the
trace of heavy cometary ions on the upper track (because
of higher mass and therefore higher kinetic energy) starts
by following a separate route but later tends to merge with
the protons.

A more recent view of this mass-loading effect in ion
mass spectra is provided by the Deep Space 1 measure-
ments at Comet 19P/Borrelly. In this observation, the space-
craft reached a closest approach distance of 2171 km. The
preliminary report showed that the peak of the solar wind
proton count rates falls from a value near the ambient so-
lar wind speed to just a few tens of kilometers per second
near the closest approach. The flow velocity of cometary
heavy ions follows a similar pattern (Nordholt et al., 2003).

4.3. Cometopause

At cometocentric distances r < 2 × 105 km, the plasma
instruments on Giotto designed to detect medium- and low-
energy ions began to measure heavy cometary ions in in-
creasing fluxes. Figure 22 shows the radial profiles of
several major species of cometary ions obtained by the IMS
experiment (Balsiger et al., 1986). Some of the main fea-
tures may be summarized as follows:  As the Giotto probe
approached the comet nucleus to radial distances r < 2 ×
105 km, the number density of the water-group ions, H2O+,
H3O+, and O+, was seen to increase rapidly, with the H3O+

ions displaying the steepest gradient. The atomic ions, C+

and S+, were observed to be very abundant (Balsiger et al.,
1986; Balsiger, 1990), and their radial gradients appear to
be more gradual than those of the water-group ions.

At a distance of about 105 km, suprathermal cometary
ions created in the solar wind flow at large distances up-
stream begin to disappear and be replaced by cold ions pro-
duced locally. Figure 23 summarizes the behavior of both
the hot and cold ions as detected by the IMS experiment.
There are a number of points of note. First, at the radial
position (sometimes called the cometopause) where the
magnetic field strength jumped by 20 nT (Neubauer et al.,

Fig. 19. A comparison of the variations in the square of the mag-
netic field magnitude and the electron plasma density (rectangu-
lar curve) as observed at Comet 21P/Giacobini-Zinner. For the
interval illustrated, the two parameters are strongly correlated,
indicating that the fluctuations are fast mode MHD waves. From
Tsurutani et al. (1987).

Fig. 20. A schematic view of how the dynamic interaction be-
tween the solar wind and comets can result in the formation of
multiple shocks, which eventually lead to a heated and subsonic
wind. From Omidi and Winske (1991).
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1986), the number density of solar wind protons was ob-
served to drop by a factor of 2 (Balsiger, 1990) and a simi-
lar reduction was detected in the He++ flux (Fuselier et al.,
1988). This feature could be related to a tangential disconti-
nuity or propagating rotational discontinuity in the solar
wind (Neubauer, 1987). On the other hand, the reduction
in the number density of solar wind particles need not be
caused by charge exchange loss (Gringauz et al., 1986;
Gombosi, 1987; Ip, 1989). It should be noted that the solar
wind protons and the hot oxygen ions disappeared com-
pletely at r ~ 6–8 × 104 km, essentially as a result of charge
exchange losses. This effect can be seen clearly by compar-
ing the number density of the cold O+ ions measured by the
high-intensity (HIS) instrument and that of the hot O+ ions
from the high-energy (HER) instrument in Fig. 23.

4.4. Ion Pileup Region

As the Giotto spacecraft moved closer to the nucleus of
Comet Halley, the total ion density was observed to follow
a radial dependence of 1/r. Such spatial variation is basi-
cally the result of production of cometary ions plus the
slowdown of the mass-loaded plasma flow. This trend was
interrupted at r ~ 12,000 km, at which point a sharp drop

Fig. 21. The variations of the ion flow speeds [(P) for solar wind protons and (1) and (2) for heavy cometary ions] in the coma of
Comet 1P/Halley as measured by the JPA instrument onboard the Giotto spacecraft. From Johnstone et al. (1986).

Fig. 22. Ion density profiles for mass/charge 16, 17, 18, 19 amue–1

as a function of distance from the comet nucleus. Data are from
the HIS and HERS sensors of the IMS experiment on Giotto. The
solid lines are theoretical data from the MHD model by Schmidt
et al. (1988). From Altwegg et al. (1993).

Fig. 23. A summary of the number density profiles of several
water-group ions as observed by the two sensors (HIS and HERS)
of the IMS experiment on Giotto. From Ip (1989).
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in ion number density was detected (see Fig. 24). Upon its
initial discovery, this plasma feature was called the “ion
pileup region” (Balsiger et al., 1986). Subsequent consid-
erations pointed to two possible physical mechanisms. The
first one, proposed by Galeev (1987), suggested that the ion
density enhancement was caused by an anomalous ioniza-
tion effect. The other one, which has now been accepted
as the more likely explanation, was due to Ip et al. (1987),
who proposed that such a density jump was produced by a
sudden decrease in electron temperature (from a few 104 K
to a few hundred K) at r < 12,000 km. The main reason is
simply that the rate coefficients of electron dissociative
recombination depend strongly on the electron temperature
(Te). For an electron dependence of Te

–0.5, a change in electron
temperature by a factor of 100 will lead to a corresponding
change in electron and ion number density by a factor of
about 3–10.

A quantitative analysis of this somewhat unexpected
phenomenon is complicated because detailed accounts must
be given to the different ionization effects. This is because
the cometary ion production depends on a number of pro-
cesses, including photoionization, electron impact ionization
by photoelectrons, and solar wind suprathermal electrons;
these estimates necessarily involve model calculations of the
electron energetics, transport process, and thermal conduc-
tion along the magnetic field lines (Gan and Cravens, 1990;
Haider et al., 1993; Ip, 1994; Häberli et al., 1995). Häberli
et al. (1995) used an electron temperature profile, as shown
in Fig. 25, to carry out chemical network calculations and
found that the ion density variations of the water group ions
plus NH4

+ ions could be satisfactorily explained.
Groundbased spectrographic observations of Comet

Halley showed a shell-like structure of the H2O+ ion bright-
ness distribution at the 6198-Å emission line. Ip et al. (1988)
interpreted this feature in terms of the formation of the ion

pileup region. Observations of Comets Hale-Bopp and Hya-
kutake have also shown similar structures (Bouchez et al.,
1999). This means that the ion pileup effect must be a com-
mon property of the comet-solar interaction. The stability
of such plasma structures against changes in solar wind con-
dition (i.e., solar wind pressure or interplanetary magnetic
field orientation) remains unclear, however. This is because
the ion density peak of C/Hale-Bopp was observed to move
from the sunward side to the tailward side at certain time
intervals (see Fig. 26). How did that happen? This also sug-
gests that time-series CCD photometry and/or spectrogra-
phy will be a very powerful tool in deciphering the inner
dynamics of cometary ionospheres and their response to
solar wind conditions.

4.5. Ionosphere

While the bow shock as discussed in section 4.2 may
be considered as the outer boundary delineating the free-
flowing solar wind and the plasma flow significantly mass-
loaded by cometary ions, there exists another important
boundary in the inner coma separating the mass-loaded
solar wind flow from the plasma outflow of purely cometary
origin. To a certain extent, the radial expansion of cometary
ionospheric plasma has some similarities to the interaction
of the solar wind with the interstellar medium in which the
solar wind flow is terminated by the formation of a helio-
pause. In this context, Wallis and Dryer (1976) were the
first to consider a similar structure with the formation of a
contact surface separating the cometary ionospheric flow and
the mass-loaded solar wind plasma. The key is, of course,
that the cometary ions in the inner coma are collisionally
coupled to the supersonic expanding neutral gas. A contact

Fig. 24. Comparison between model calculations and measure-
ments by the Giotto IMS for mass 19. From Häberli et al. (1995).

Fig. 25. Electron temperature profile, as used in the model cal-
culations for the ion pileup region. From Häberli et al. (1995).
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Fig. 26. Models of the radial distribution of H2O+ at Comet Hale-Bopp (C/1995 O1) assuming hemispherical symmetry of the coma.
Best-fit radial density models (thin line) are shown along with the consequent column density distributions (bold line) and the ob-
served column density profiles in March and April 1997 (points). From Bouchez et al. (1999).

Fig. 27. (a) Schematic flow regions and parameters for the solar source in interstellar gas. Regions A, C1, and C2 are subsonic; B
and D are supersonic. The interstellar gas returns to its ambient velocity by passing through a compression fan, which becomes a tail
shock. (b) Schematic flow regions for the comet source in the solar wind. The circular radius ∆ denotes the position where the radially
expanding neutral gas flow becomes collision-free. The shock and slip-plane structure in the wake could be complex because the wake
is supersonic. From Wallis and Dryer (1976).

discontinuity would be necessarily formed between a pair of
shocks (the inner and the outer shock) such that the super-
sonic cometary plasma could be diverted into the lateral
direction near the boundary. Figure 27 compares the theo-
retical models of the termination shock of the heliosphere

and the cometary inner shock. Subsequently, Houpis and
Mendis (1980) proposed an analytical model for a hyper-
sonic ionospheric outflow, and Damas and Mendis (1992)
used an axially symmetric hydrodynamic model to investi-
gate the three-dimensional structure of the inner shock layer.
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Ip and Axford (1982), on the other hand, suggested that the
position of the ionospheric contact surface should be de-
termined by a balance between the frictional gas drag of
the neutral gas on the cometary ions and the J × B Lorentz
force exerted by the draped magnetic field at the nose of
the cometary ionosphere. The implication is that the inner
ionosphere of purely cometary origin should be free of mag-
netic field, while the ionospheric plasma outside of the con-
tact surface should be magnetized. However, Ershkovich and
Mendis (1983) carried out an analysis of the stability of the
interface and found that the ion-neutral force should ren-
der the boundary extremely unstable; they predicted a fully
magnetized ionosphere. The stage was thus set before the
Giotto encounter with Comet Halley, as it would have pene-
trated through the predicted location of the cometary iono-
pause.

What the magnetometer experiment onboard Giotto
found was a total surprise. When the space probe reached
a cometocentric distance of 4700 km, it went through a
sharp layer with a width of only 20 km dividing a diamag-
netic cavity (Neubauer et al., 1986). As shown in Fig. 28,
this structure repeated itself on the outbound passage. To
understand the spatial variation of the magnetic field, we
follow the arguments below. First, as the solar wind slows
down in the cometary coma because of the mass-loading
effect, the magnetic field strength will be amplified accord-
ingly. The upper limit of the magnetic field strength in the
stagnant cold plasma region is estimated by equating the
magnetic pressure to the solar wind ram pressure. That is

2µ0

Bs
2

= nswmswν2
sw (12)

For a solar wind number density of nsw ~ 5 cm–3 and ve-
locity of νsw ~ 400 km/s, we have Bmax ~ 60 nT. At the point
where the magnetic field reaches its maximum, i.e., dB/dr =
0, the force balance depends on the equilibrium between
the curvature force of the draped magnetic field and the
frictional force of the outward expanding neutral gas. For
a radius of curvature (Rs) of the magnetic field in the inner
coma, we have

Bs
2

≈ kinniminnνnµ0Rs

(13)

where kin is the ion-neutral collision rage, nn the neutral
number density, ni the ion number density, and νn the neu-
tral speed. In the case of Comet Halley during the Giotto
encounter, it could be found that rc ~ 2400–7300 km at the
subsolar point depending on the ion number density, ni.
Cravens (1986) and Ip and Axford (1987) give a one-dimen-
sional global treatment of the force balance by taking into
account the magnetic pressure gradient term. The magnetic
field strength in the inner coma is then determined by the
following equation

R

B21

dR

dB
B

1 = kinniminnνnµ0

+
µ0

(14)

which has a simple solution

R/Rmax

[1 + 2 ln(R/Rmax)]1/2
B(R/Rmax) = Bmax (15)

where Rmax is proportional to Q3/4. A good match of the
theoretical profile to the observed magnetic field variation
can be obtained by adjusting the physical parameters. The
general features of the plasma flow and magnetic field
variation along the Sun-comet axis have been depicted in
a numerical calculation by Baumgaertel and Sauer (1987),
in which they compare the effect of artificially changing
the electron dissociative recombination rate on the possible
formation of the ion pileup region. The plasma velocity
variation in Fig. 29 is illuminating in the sense that the
outward expansion with a flow speed ~1 km/s within the
first 5000 km is suddenly switched to a stagnant flow with
small inward speed (~0–0.5 km/s), indicating the location
of the contact surface. It is interesting to note the existence
of a small peak in the ion number density right at this
boundary. This feature is caused by the accumulation of
ions from both sides of the converging flows. At higher
spatial resolution, this density peak should be even sharper
as indicated by a one-dimensional theoretical model of Cra-
vens (1989). Goldstein et al. (1989) examined the fine time
resolution of the ion mass spectrometer measurements at
the crossing of the contact surface and found the signatures
for a recombination layer and a spike of hot ions, which

Fig. 28. Magnetic field measurements made by the magnetom-
eter experiment on Giotto showing the inner pileup region inbound
and outbound and the magnetic cavity region. Curve (1) is ob-
tained by taking into account the magnetic pressure gradient ef-
fect in the force balance; curves (2) and (3) are obtained by
including the curvature force term but with different ion number
density profiles. The observational result obtained by the magne-
tometer experiment on Giotto is denoted by curve (4). The experi-
mental curves are from Neubauer (1986) and the theoretical curves
from Wu (1987).
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could be interpreted as particles accelerated at the contact
surface.

Using an MHD treatment, Schmidt and Wegmann (1991)
produced a three-dimensional picture of the ionospheric
contact surface (Fig. 30). Because of the orientation of the
interplanetary magnetic field, the contact surface bounding
the diamagnetic cavity is highly asymmetric. It may be said
to mimic the shape of a tadpole with a flat tail, which is
basically the neutral sheet separating the two parts of op-
posite magnetic polarities. The only spacecraft that has
passed through a cometary ion tail is ICE. The plasma in-
struments onboard ICE detected the presence of a cold dense
plasma region at the center of the ion tail of 21P/Giacobini-

Zinner, which might be interpreted as the extension of the
tadpole-like ionospheric tail modeled by Schmidt and Weg-
mann (1991).

5. PLASMA INSTABILITIES AND WAVES

5.1. Microinstabilities

In the fluid or magnetohydrodynamic description of the
comet-solar wind interaction, it is common practice to as-
sume that all charged particles, whether they are solar wind
protons, electrons, or cometary ions, are mixed together into
one single fluid flow moving with the same velocity. Also,
it is customary (and necessary) to further assume that the
cometary ions share the same thermal temperature with the
bulk plasma. At the same time, the velocity distribution of
the cometary ions is taken to be isotropic and Maxwellian. As
shown by the spacecraft observations at Comets Giacobini-
Zinner and Halley, this is far from being true. In many cir-
cumstances, the dynamics of the cometary ions are com-
pletely different from that of the solar wind. Particle kinetic
effects turn out to play a dominant role in the whole pro-
cess of comet-solar wind interaction (Fig. 31). Indeed, it is

Fig. 29. Plasma velocity, magnetic field, and plasma density from
a one-dimensional steady-state calculation assuming a constant
electron dissociative recombination coefficient (a) = 3 × 10–13 m3/s
for R < 104 km (solid curves) and (b) = 3 × 10–13 m3/s everywhere
(dashed curves). From Baumgaertel and Sauer (1987).

Fig. 30. The magnetic field free cavity surrounding the cometary
nucleus is defined by a sharp boundary separating the external
region with a magnetic field of several tens of nanoteslas from
the internal region of the zero magnetic field. The surface defined
by B = 3 nT is used as an approximation to such an envelope pro-
jected onto a plane with the look angle tilted by (a) 20° and
(b) 70° from the direction of the IMF. Courtesy of R. Wegmann.
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because of this unique property that the study of cometary
plasma processes has become a very intriguing topic in plas-
ma physics, attracting many of the best minds in this field.
The whole enterprise began with the fundamental paper of
Wu and Davidson (1972), who investigated the plasma ef-
fect of the photoions created in the exosphere of Mercury.
Translated to the context of the comet-solar wind interac-
tion, we could start with the following description.

Suppose a cometary neutral gas atom or molecule is
ionized by solar ultraviolet radiation or charge exchange
with the solar wind protons (see section 3). The particle will
immediately be accelerated by the convective electric field
E = –V × B in the stationary frame. In the above equation,
the initial velocity of the new ion relative to the solar wind
is V = –Vsw + Vc, where Vsw is the solar wind velocity, Vc
is the spacecraft velocity, and B is the interplanetary mag-
netic field. In the following consideration, we have ignored
the coma expansion speed, which is only on the order of
1 km s–1. To simplify the conceptual discussion further, we
could omit Vc since it is on the order of 20–30 km/s. The
motion of the new cometary ion is given by the equation
of motion under the Lorentz force:  du/dt = qE = –qV ×
B. The velocity V can be resolved into two components,
one parallel to B (V|| = V cosϕ) and the other perpendicu-
lar to B (V⊥ = V sinϕ); see Fig. 32. The solution to the equa-
tion of motion in the solar wind frame can then be described
by the superposition of two motions: The first one has to
do with a gyration of the new ion around the magnetic field
with velocity V⊥, and the second one is a steady motion
along the magnetic field with velocity V|| = –Vsw cosϕ. For
Vsw ⊥ B (i.e., ϕ = π/2), the ion trajectory in the solar wind
frame is purely a gyration with V⊥ = Vsw since V|| = 0. In
the observer’s frame, namely the spacecraft frame, the ion
motion will be a combination of the solar wind flow plus

Fig. 31. Phase space-density distributions of cometary hydrogen
ions upstream of the bow shock of Comet 1P/Halley as observed
by the IMS experiment on Giotto, during the time period 0803–
0908 UT, March 13, 1986, when the Giotto spacecraft was at a
distance of about 8 × 106 km from the nucleus. They show the
evolutionary effect of pitch angle scattering from the point of
injection into a partially filled shell. From Neugebauer et al.
(1987).

Fig. 32. The two initial velocity components, V⊥ and V||, of the
new cometary ions. Pitch-angle scattering transfers the ring distri-
bution into a spherical shell.
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the gyration motion. The resultant trajectory is a cycloidal
motion with u = 0 at the cusp and u = 2Vsw at the top. It
can be seen that a charged particle detector onboard a space-
craft would see modulation of the cometary ion flux as a
function of the look angle with respect to the solar wind
direction. That is, the ion flux (and particle energy) should
be at maximum when the detector is looking antiparallel
to the solar wind flow and at minimum when looking in
the opposite direction. This is, in fact, what was observed
(Richardson et al., 1987). The initial motion of the new
cometary ions can be described in terms of a ring distribu-
tion in the velocity phase space.

The other extreme case is for B || Vsw with ϕ = 0. Here,
no gyration will be executed since V⊥ = 0. Instead, the ini-
tial velocity of the new ion will be V|| = –Vsw in the solar
wind frame. As a consequence, the new ions remain mo-
mentarily at rest in the stationary (i.e., the spacecraft) frame,
while forming an ion beam in the solar wind frame.

The value of the ϕ angle varies between 0 and π/2. The
initial velocity distribution of the new cometary ions is thus
often a combination of the ring distribution and the beam
distribution described above. For convenience, it is gener-
ally called the ring-beam distribution. The important thing
is that such initial anisotropic velocity distributions repre-
sent a source of free energy in the plasma flow. The contri-
bution by Wu and Davison (1972) and Wu and Hartle (1974)
(see also Lee and Ip, 1987; Lee, 1989) is to first show that
plasma instabilities could be generated with a rapid growth
of the corresponding ion cyclotron waves serving to isotrop-
ize the pitch angle distribution and hence pick up the new
cometary ions. Under the assumption that the initial distri-
bution function of the new ions can be presented as δ(v||–
v||0) δ(v–v0), the dispersion equation of the plasma waves
has its two most unstable roots at

ϖ ≈ κν||0 – Ω ≈ ±κVA (16)

representing the left- and righthand polarized Alfvén (L and
R) waves for ω << Ωi. The wave growth wave can be derived
as
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In the case of the ring-beam velocity anisotropy, three dif-
ferent low frequency instabilities can be generated, namely
an ion cyclotron instability, a parallel propagating nonoscil-
latory mode, and a fluid mirror instability (Tsurutani, 1991).
The ion cyclotron instability produces resonant lefthand
waves propagating antiparallel to the ions. In the case of
the beam velocity distribution, two types of instabilities can
be generated: a righthand resonant helical beam instabil-
ity and a nonresonant firehose instability. The condition for
the cyclotron resonance is ω = k ⋅ V + nΩi where ω is the
wave frequency, k and V the wave k vector and particle
velocity (k || V), n an integer, and Ωi the ion gyrofrequency.
The firehose instability grows when P|| > P⊥ + B2/4π.

5.2. Source of the Free Energy

Because of the photoionization and charge exchange
ionization of the cometary neutral gas in the large coma
region, new ions are continuously created at distances as
far away as 1,000,000 km from the cometary nucleus (cf.
Fig. 18). The pickup process leads to the generation of a
very significant level of wave activity with δB/B ~ 0.5. The
large-amplitude waves are accompanied by the presence of
an intense flux of energetic heavy ions. Because the parti-
cle energy exceeds the initial pickup energy (~20 keV) of
the water-group ions, a certain kind of particle acceleration
and hence energy transfer from the waves to the energetic
ion population must be taking place in the cometary coma
(Richardson et al., 1986). The central issue in cometary
plasma physics is therefore to understand how the three-
way transfers of free energy can be facilitated. For this, we
need to estimate the energy budget available to drive these
different kinds of plasma effects.

For pedagogical reasons, we will essentially follow the
heuristic approach described in Coates et al. (1990) and
Johnstone et al. (1991). Figure 33 illustrates how the reso-
nant wave particle interaction proceeds. In the solar wind
frame, the parallel propagating Alfvén waves moving up-
stream (k > 0) and moving downstream (k < 0) are related
to the pickup ions gyrating at the ion cyclotron frequency
Ωi by the resonance conditions

ω – kV|| = –Ωi (L mode);
anomalous Doppler /larger pitch angle

and

ω + kV|| = Ωi (R mode);
normal Doppler/smaller pitch angle

The first condition with the negative sign on the lefthand
side is for a righthand polarized wave in which the electric
vector rotates in the direction of the electronic cyclotron
motion. Ions with V|| satisfying the above conditions will
give up energy to the related Alfvén waves. In a resonant
wave-particle interaction we have the following relation
(Kennel and Petschek, 1966)

V⊥
2 + (V|| – Vph)2 = constant

For parallel propagating Alfvén waves, Vph = ±VA. This
means the distribution of the particle velocity in the V||–V⊥
coordinate should follow the segments determined by the
two spheres as defined in Fig. 34. It can be seen that, be-
cause of the interaction with the Alfvén waves with Vph =
±VA, the total velocity [V = (V||

2 + V⊥
2)1/2] is effectively re-

duced (Galeev and Sagdeev, 1988; Coates et al., 1990). This
is also the source of the free energy for wave growth. Note
that the particles could also absorb energy from the waves
by tracing the contour of the maximum radius in different
quadrants of such a bispherical shell structure. In this op-
posite case, we would have particle acceleration by wave
damping (see section 4.6.3).
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In the original ring-beam velocity distribution, the ki-
netic energy from the beam motion and the thermal energy
from the gyromotion are, respectively,

kinetic energy = 1/2ρivs
2 cos2Φ

thermal energy = 1/2ρivs
2 sin2Φ

The immediate result of wave-particle interaction is to iso-
tropize the pitch angle distribution covering the bisphere
by wave scattering. The center of the bisphere will move
with the Alfvén speed; this will also define the kinetic en-
ergy of the whole system. Now, if the waves are dominated
by upstream propagating components at the beginning, the
velocity distribution will be dictated by the spherical shell
projected into the upper part of Fig. 33. For such shell struc-
ture, we have

kinetic energy = 1/2ρivA
2

thermal energy = 1/2ρi[vs
2 sin2Φ + (vs cosΦ – vA)2]

Fig. 33. A summary diagram of resonant wave-particle interactions in the velocity space of the particles in the solar wind moving
frame. The upper part is for waves traveling upstream and the lower part for waves traveling downstream. The unstable regimes are
marked by the gray shading; N is for the normal Doppler resonance, and A is for anomalous Doppler resonance. From Johnstone et
al. (1991).

Fig. 34. Velocity-space representation of the pitch angle scttered
bispherical shell geometry in the solar wind frame, where vinj is
the position of the pickup ion injection into the initial ring distri-
bution. From Huddleston et al. (1992).



Ip: Global Solar Wind Interaction and Ionospheric Dynamics 625

The difference between the ring-beam energy and the shell
energy gives us the free energy available for the generation
of Alfvén waves in the solar wind flow

∆E = Ering – E shell = ρi(vAvs cosΦ – vA
2)

5.3. Plasma Waves and Magnetic Turbulences

Note that in the spacecraft frame with Vsw|| > VA, both
R- and L-mode waves are lefthand polarized since the wave
polarization in this frame is dominated by the Doppler shift.
The propagation direction of these waves should be
sunward along the average, spiral magnetic field direction
as observed in the 100-s waves. For Alfvén waves, ω/k =
VA; the resonant frequency of the waves in the solar wind
frame will therefore be

V||Vph

ΩiVAϖsw = (18)

with Vph = ±VA depending on the direction of the wave
prop-agation. For spacecraft observations, the frequency of
the resonant wave will be Doppler-shifted to be

(V|| − Vph)

(Vsc − Vph)ϖsc = Ωi (19)

where vsc is the spacecraft velocity in the solar wind moving
frame; in the case of the ring distribution or Vsc ≈ Vsw, we
thus have ωsc ≈ Ωi (Tsurutani and Smith, 1986). It is for this
reason that the gyrofrequency of the dominant water-group
ions was discovered to be the “pump” wave with a period
of about 100 s as seen in the power spectra of cometary
plasma turbulence in the coma of Comet Giacobini-Zinner
(see Fig. 35).

In the case of the ICE observations of Comet Giacobini-
Zinner, similar ultra-low-frequency (ULF) fluctuations were
also observed in the solar wind electron number density and
the solar wind flow velocity (Gosling et al., 1986; Tsurutani
et al., 1987). Figure 19 shows the correlation between these
magnetic field variations and the solar wind plasma param-
eters, which suggest that the waves are fast-mode magneto-
sonic waves. Note that the magnitude of the fluctuations
increases as the bow shock was crossed (at about 09:30 UT)
at a radial distance of about 2 × 105 km. Furthermore, at
large distances from the comet, R > 3 × 105 km, the 100-s
waves were lefthand polarized; the polarization then changed
from lefthand elliptical and linear in regions near and inside
the bow shock at R < 2 × 105 km. Superposed on the long-
period linearly polarized waves, lefthand-polarized whistler
waves of shorter periods of 1–3 s were detected. Tsurutani
(1991) developed the theory that the upstream whistler wave
packets could be generated by steepening of the magneto-
sonic waves.

Depending on the solar wind conditions (i.e., the orien-
tation of the interplanetary magnetic field with respect to
the solar wind flow direction) and the production rate of the

cometary ions, different levels and wave types could be gen-
erated. Figure 36 compares the power spectra of the mag-
netic field variations at Comets 26P/Grigg-Skellerup, 21P/
Giacobini-Zinner, and 1P/Halley. There are important simi-
larities. That is, they all show a prominent “pump” wave
feature at the 100-s periodicity and, at higher frequency,
tend to follow a power law P(f) ~ fα with the power index
α ≈ –2. At the same time, we also find important differences
in the wave forms. In fact, each is different from the other.
The case of 26P/Grigg-Skjellerup is characterized by sinu-
soidal, noncompressive lefthand-polarized waves (Mazelle
et al., 1995); the case of 21P/Giacobini-Zinner has phase-
steepened and compressive magnetosonic (RH) waves led
by large amplitude whistler packets; and Comet Halley’s
upstream waves, which are composed of linearly polarized
turbulence, have no obvious structure (Tsurutani et al.,
1995).

6. SUMMARY AND DISCUSSION

The advances made in the study of cometary plasma
physics over the last two decades have been spectacular.
This achievement is, in part, due to the spacecraft missions

Fig. 35. The frequency spectrum of MHD waves as measured
by the ICE spacecraft at Comet 21P/Giacobini-Zinner. A power-
law curve representative of an active solar wind is also shown for
comparison. The wave intensities are well above solar wind fluc-
tuation levels. The waves are considerably more intense than those
at Comet 1P/Halley. From Tsurutani and Smith (1986).
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to Comets 1P/Halley, 21P/Giacobini-Zinner, 26P/Grigg-
Skjellerup, and, most recently, 19P/Borrelly. The in situ
measurements enabled by particles-and-fields instruments
have provided tremendous amounts of new information on
the comet-solar wind interactions and insights into the
plasma physical processes. Progress made in groundbased
astronomical facilities is also crucial to the success of this
field. For example, the observational data on Comet Hale-
Bopp (1995 O1) are still to be digested. It is expected that
coordinated multiwavelength observations (i.e., narrow-
band filter photometry and X-ray imaging observations) will
bring us closer to an understanding of the dynamical effects
and thermodynamical responses to solar wind variabilities.
Last, but not least, sophisticated computational simulations
have burst onto the scene and have staked a claim to be the
centerpiece of planetary and cometary plasma physics. This
new tool is still to be explored fully.

The high drama roaming across the horizon belongs to
the scientific returns to be reaped from the Rosetta mission
to Comet 67P/Churyumov-Gerasimenko. The long-term ob-
servations afforded by the Rosetta Comet Orbiter will revo-
lutionize our knowledge of solar wind interaction with
weakly outgassing comets at different heliocentric distances.
We are totally ignorant of the physical environment of the
coma, which must be filled with charged dust particles,
complex molecules, and all sorts of gas jets. This precious
knowledge will be supplied within a decade by a new gen-
eration of cometary researchers, who must be ready for
exploration. We promise them that this field will be much
more exciting and fruitful than we now know it.
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