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要旨
• 彗星からの中性粒子が電離し、pick upされること
から始まる彗星太陽風相互作用のまとめ

- Ion pickupによって運動量とエネルギーが太陽風か
ら彗星イオンに与えられ、さらにプラズマ波動を
通じてピッチ角、エネルギー散乱するプロセス

- 彗星太陽風相互作用の種々の境界や領域の特徴
• Rosettaミッションへ！
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1. Introduction



彗星と太陽風の相互作用
• 彗星核は「非磁化」「小さい(~1-10 km)」

• 太陽に近づくと凍っていた核の表面温度が
上昇、昇華した中性気体（主に水蒸気）が
核の後方の領域を満たす。

- Gas production rateによって彗星大気(coma)

構造が形成されるかどうかが決まる。

• これらの中性粒子が太陽光または荷電交換
によって電離、太陽風と相互作用

- Mass loadingにより太陽風を減速

- イオンはpick upされ、磁場は大規模にdrape

‣ Plasma tail (ion tail)を形成 ~ 10^6 km
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木星族の彗星
• 軌道の特徴によって分類

- 木星族 : 3 > TJ > 2（木星の影響を受ける軌道）

- ハレー族 :  TJ < 2

• 木星族の彗星は典型的にはproduction rate低め

• これまで探査機のターゲットとなった６つの彗星
(Tempel 1, Borrelly, Giacobini-Zinner, Grigg-Skjellerup, 
Wild 2, Halley)の内、Halley彗星以外の５つは木星族
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a b s t r a c t

As any comet nears the Sun, gas sublimes from the nucleus taking dust with it. Jupiter family comets are
no exception. The neutral gas becomes ionized, and the interaction of a comet with the solar wind starts
with ion pickup. This key process is also important in other solar system contexts wherever neutral
particles become ionized and injected into a flowing plasma such as at Mars, Venus, Io, Titan and
interstellar neutrals in the solar wind. At comets, ion pickup removes momentum and energy from the
solar wind and puts it into cometary particles, which are then thermalised via plasma waves. Here we
review what comets have shown us about how this process operates, and briefly look at how this can be
applied in other contexts. We review the processes of pitch angle and energy scattering of the pickup
ions, and the boundaries and regions in the comet–solar wind interaction. We use in-situ measurements
from the four comets visited to date by spacecraft carrying plasma instrumentation: 21P/Giacobini-
Zinner, 1P/Halley, 26P/Grigg-Skjellerup and 19P/Borrelly, to illustrate the process in action. While, of
these, comet Halley is not a Jupiter class comet, it has told us the most about cometary plasma
environments. The other comets, which are from the Jupiter family, give an interesting comparison as
they have lower gas production rates and less-developed interactions. We examine the prospects for
Rosetta at comet Churyumov-Gerasimenko, another Jupiter family comet where a wide range of gas
production rates will be studied.

& 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The solar wind interaction with a comet is very different from
that of a magnetized planet. Cometary nuclei are unmagnetized
(Neubauer et al., 1986) and small (Keller et al., 1986; Soderblom
et al., 2002) and hence in themselves provide little impediment to
the solar wind flow. However, when comets near the Sun they
warm and volatiles, principally water vapour (Krankowsky et al.,
1986) sublime to fill an extended region around the nucleus.

These neutrals can ionize either in sunlight or by charge
exchange, and immediately interact with the solar wind. Broadly,
this slows the solar wind flow by the addition of mass to it, the
ions are ‘picked up’, and eventually the magnetic field, frozen into
the flow, drapes on a large scale. Eventually this enhancement of
heavy cometary ions organized by the draped magnetic field
forms the plasma tail.

In this paper, we review the detail of how a cometary nucleus a
few km in extent can cause a cometary ion tail some millions of
km, and even up to several AU, long. This ion pickup process is
central to the comet–solar wind interaction, and relevant in many
other contexts both in our own solar system and beyond.

As well as the properties of the solar wind itself, the gas
production rate of a comet is a vital parameter which determines
the size and nature of the comet–solar wind interaction region.
During the approach of a comet towards the Sun, the gas
production rate increases due to the increased surface tempera-
ture and the interaction changes from that of a bare nucleus to the
fully developed coma structure.

Jupiter family members, which number 4330 at the time of
writing (Fernandez, 2008), are defined by their possession of a
Tisserand parameter (Kresák, 1979; Levison, 1996) relative to
Jupiter, 34TJ42. The Tisserand parameter is given by

TJ ¼
aJ

a
þ 2 ð1$ e2Þ

a
aJ

! "1=2

cosðiÞ

where aJ is the semimajor axis of Jupiter’s orbit (assumed
circular); a, e and i are the semimajor axis, eccentricity and
inclination of the small body orbit. Bodies with TJ43 are
effectively decoupled from Jupiter, orbiting either totally inside
or outside Jupiter’s orbit; for example, main belt asteroids, Chiron-
type and Encke-type comets have TJ43. Most comets in have
TJo3; Jupiter family comets have 34TJ42 and Halley type comets
have TJo2.

Such comets typically have low to modest production rates
compared with long-period comets, and, to a lesser extent, to
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本論文で扱う彗星の
production rateと大きさ

• 探査機によって電離環境を調べ
ることができた彗星は４つ
(production rateは探査機接近時)

- Grigg-Skjellerup (~7.5x10^27 /s)

- Giacobini-Zinner (~4x10^28 /s)

- Borrelly (~3.5x10^28 /s)

- Halley (~6.9x10^29 /s)

• 扱う彗星のbow shockの大きさ
は天王星や海王星と同じくらい
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Halley-family comets. A prominent temporary exception to this
was 17P/Holmes, which underwent a dramatic increase in gas
production in late 2007 (IAU Circular 8886). Of the targeted comet
encounters to date, five of the six – 9P/Tempel (also known as
Tempel 1), 19P/Borrelly, 21P/Giacobini-Zinner, 26P/Grigg-Skjeller-
up, and 81P/Wild (also known as Wild 2) – are Jupiter family
members, Comet 1P/Halley, encountered by an armada of craft in
1986, and from which the greatest amount of information to date
on comet–solar wind interaction has been gleaned, naturally
belongs to the Halley family. Serendipitous ion or plasma tail
crossings by spacecraft have also occurred, with C/1996 B2
(Hyakutake) (Jones et al., 2000, Gloeckler et al., 2000), C/1999
T1 (McNaught–Hartley) (Gloeckler et al., 2004), and C/2006 P1
(McNaught) (Neugebauer et al., 2007); all of these are long-period
comets. The observations, together with the ICE observations at
the Jupiter family comet Giacobini-Zinner (GZ), showed different
phases of accommodation of the plasma into the solar wind flow:
input at GZ, full accommodation at Hyakutake, and an inter-
mediate stage at McNaught (Neugebauer et al., 2007).

Of the comets encountered within their comae, only four were
met by spacecraft instrumented to study the ionized cometary
environment. Of these, the production rates of Grigg-Skjellerup,
Giacobini-Zinner/Borrelly and Halley were in a ratio of approxi-
mately 1:4:100 at the times of the encounters; for Halley the rate
was 6.9!1029 molecules s"1 at the time of encounter, (Krankowsky
et al., 1986) corresponding to about 20 tonnes of gaseous material
per second. The Borrelly production rate (#3.5!1028 s"1, Young
et al., 2004 and references therein) was comparable to that
of Giacobini-Zinner (#4!1028 s"1, e.g. Mendis et al., 1986), while
the Grigg-Skjellerup rate was lower at #7.5!1027 s"1 (Johnstone
et al., 1993), all at the time of the encounters. Here, we use the
data obtained from these four comets to provide an overview
of the boundaries, processes, and effects observed at Jupiter
family comets.

In Fig. 1 we compare the sizes of the comet–solar
wind interaction region with the interaction regions of other
solar system bodies. The panels on the left of the dashed line
indicate the magnetospheres of the magnetized planets. Here, a
magnetopause forms, which is the dynamic boundary, punctuated
by reconnection, between the solar wind and planetary plasmas
and magnetic fields. Also shown is the bow shock upstream of the

magnetopause. On the right-hand side, the interactions of
the non-magnetized bodies are illustrated by the bow shock
position. In terms of size, the cometary bow shocks as observed by
spacecraft at the four comets visited so far with plasma
instruments are on the same scale as the Uranus and Neptune
magnetospheres. The tails of the planets and comets (not shown
here) are both long. Recent observations indicate that both
planetary and cometary tails can be several AU long.

At distances greater than approximately 3 AU from the Sun the
surface of a cometary nucleus is cold and no gas emission occurs.
The bare nucleus interacts with the solar wind in the same way as
unmagnetized, inactive asteroids or moons. A wake is formed
behind the nucleus devoid of ions, assuming that the nucleus size
is larger than or comparable to the solar wind ion gyroradius.
The more mobile electrons set up potential structures, which close
the wake and may charge the night side of the nucleus-producing
potentials of volts to kilovolts. The solar wind particles ram
straight into the cometary nucleus, perhaps affecting the surface
layers, while the solar wind magnetic field diffuses rapidly
through the object. On the side of the nucleus facing the Sun,
sputtering processes due to the incoming solar wind ions may
produce neutral particles, which move away from the comet
perhaps to be ionized and picked up by the solar wind.

As the comet approaches the Sun more closely, sublimation
processes begin to produce an outflow of gas. The species driven
away and the rates at which this happens depend critically on the
surface temperature and therefore the position in the orbit.
Typical maximum (perihelion) gas production rates for Jupiter
family comets (including those which have been encountered by
spacecraft so far namely Tempel, Borrelly, Giacobini-Zinner (GZ),
Grigg-Skjellerup (GS), and Wild, and planned for the future i.e.
Churyumov-Gerasimenko) are#1028 molecules s"1, generally low-
er than Halley class comets (#1030 molecules s"1). The composi-
tion of the emitted gas from Jupiter class comets, whose source is
in the scattered disk and formation in the Neptune–Pluto region,
might be expected to be different from Halley class comets whose
source is in the Oort cloud and formation in the Saturn–Uranus
region (Altwegg, 2008). However, it is relatively easy for comets to
change groups dynamically so no systematic trend in composition
has yet been found (Altwegg, 2008). A dense ‘ionosphere’ forms
near to the comet, bounded by a contact surface. New, ‘pickup’

ARTICLE IN PRESS

Fig. 1. Comparison of the sizes of solar wind interaction regions. Left 4 panels show magnetized planets with magnetopause and bow shock positions, right 2 panels show
unmagnetized objects with bow shock positions only. The comets are those visited by plasma-instrumented spacecraft so far: Halley (H), Giacobini-Zinner (GZ), Borrelly (B)
and Grigg-Skjellerup (GS). For Pluto, Charon’s orbit is shown as a circle and positions a and b refer to aphelion and perihelion (Coates, 1999 adapted from Russell).
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3 AUよりも遠方での
彗星太陽風相互作用

• 彗星核は冷たく気体放出なし

• 小惑星や月と同様の太陽風相互作用

• 彗星核のサイズが太陽風イオンの
ジャイロ半径よりも大きければ、後
方にwake形成、電子が夜側に入り込
みポテンシャル構造形成

• 太陽風磁場は核が絶縁体なら即座に
拡散して素通り

• 彗星核表面での太陽風イオンによる
sputtering→中性粒子を放出（電離し
て太陽風にpick upされて流出？）

8

The Rosetta instrumentation will be able to study the onset of
activity and the initial stages of the pickup process during the
early phases of the mission, but the upper energy of the particle
instrumentation will only allow partial coverage of the ring and
shell distributions. However, at the distances where these develop
fully, the orbit of the spacecraft will be close to the comet,
allowing Rosetta to make the first detailed studies of the near-
comet region. Here, acceleration processes are less important, but
the low-energy plasma data will provide the first detailed
exploration of this region.

10. Simulations

A number of different approximations are used to model the
plasma interaction with comets. The main techniques are MHD

and hybrid simulations, while multi-fluid and test particle
approaches have also been used. Here we discuss each briefly.

As in other cases, MHD is suitable for large-scale simulations,
and usually mass loading is simulated by the addition of
additional ‘mean molecular weight’ at the inner boundary.
Chemical models and multiscale simulations have also been
used (Gombosi et al., 1996). Simulations of the flow fields and
plasma density near the bow shock, and the large-scale structure
of the developed comet–solar wind interaction, have been
achieved.

In hybrid simulations, cometary ions are treated as particles,
which interact with the electromagnetic fields. These are useful in
a number of contexts, for example in the developing interaction of
the solar wind as the gas production rate increases as the comet
approaches the Sun (e.g. Motschmann and Kuehrt, 2006), and in
simulations of scattering of cometary ions in pitch angle and in

ARTICLE IN PRESS

Fig. 16. Comparison of the solar wind–comet interaction (a) far from the Sun and (b) at heliocentric distances less than !2 AU (from Coates, 1997).
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2. The cometary plasma 
environment



彗星プラズマ環境の色々
• 彗星核が太陽に近づくと、核表面から昇華して中性気体（主に水）を放出

- 熱速度 ~ 1 km/s > 脱出速度 ~ m/s

• 核のgas production rate Qは太陽からの距離に依存

• 太陽光による光電離または太陽風との荷電交換によって電離

• 気体が球状に広がるとして、電離して中性気体が減少する効果を含めると

• Plasma tailは太陽と逆方向に伸びる。

• CMEなどの太陽風擾乱によりplasma tailも擾乱（disconnection event）

10

ions are produced on a much larger distance scale of !106 km,
forming an enormous region over which the comet–solar wind
interaction occurs. The new ions form an electromagnetically
unstable population in the flowing solar wind. The solar wind is
slowed, forming a bow shock and several other features. The
interaction of a comet with the solar wind at large and small
heliocentric distances is shown in Fig. 16.

2. The cometary plasma environment

The existence of the solar wind was first inferred by Biermann
(1951) from observations of cometary tails. The importance of the
magnetic field in the comet–solar wind interaction, and the
prediction of draped magnetic fields around the nucleus and its
link with ion tail formation, was realized by Alfvén (1957). As a
cometary nucleus approaches the Sun, volatiles from the comet
sublime away into space. The gas flow also pulls dust away from
the nucleus. The neutral gas drifts away from the nucleus at
effectively thermal speeds of !1 km/s, faster than the escape
velocity from the small cometary nucleus (!m/s).

The gas production rate Q (s"1) of the nucleus varies with
distance from the Sun. The rate can be inferred from the observed
magnitude of a comet or by in-situ gas and plasma measurements.
The neutral gas atoms and molecules, mainly consisting of water,
may undergo chemical reactions as they drift away from the
nucleus. They may also ionize by two processes: photoionization
in sunlight, or charge exchange with the solar wind.

The ionization process produces a source term in the
continuity equation of the form

Q ¼
Q0

r2
exp

"r
vet

! "

where ve is the expansion velocity. This equation describes the
spherical expansion of the neutral gas with distance r from the
cometary nucleus, depleted by ionization with a time constant t.

Before the cometary encounters, two plasma boundaries were
predicted in the comet–solar wind interaction. These are the bow
shock and contact surface. The encounters showed that the
interaction was far more complex, with several additional
boundaries, some of which are permanent (present at all comets
with similar gas production rates) and some temporary (see
Coates, 1997 for a review).

The plasma tails of comets generally point away from the Sun,
within an aberration angle given by the vector sum of the comet’s
speed and the solar wind speed. Solar wind disturbances such as
coronal mass ejections produce sometimes major disturbances in
cometary tails (e.g. Kuchar et al., 2008). Disconnection events,
where major portions of the ion or plasma tail are removed, have
been observed for decades, and are largely regarded as being
caused by the crossing by comets of the heliospheric current
sheet, as first suggested by Niedner and Brandt (1978). There is
also strong evidence of such disconnections resulting occasionally
from the passages of interplanetary coronal mass ejections
(ICMEs) past comets, based on data from ground-based observa-
tions (Jones and Brandt, 2004), and by the STEREO spacecraft
(Vourlidas et al., 2007). One of the principal effects of ion pickup
in the cometary coma is mass loading of the flow, slowing the flow
and draping the interplanetary magnetic field. This process has
been observed at all the comets visited so far: Giacobini-Zinner
(e.g. Thomsen et al., 1986), Halley (e.g. Gringauz et al 1986a;
Mukai et al., 1986; Johnstone et al., 1986; Balsiger et al., 1986),
Grigg-Skjellerup (Johnstone et al., 1993; Coates et al., 1993) and
Borrelly (Young et al., 2004). In the case of Giotto at Halley and
Grigg-Skjellerup detailed studies of the mass loading were

performed and used to estimate the gas production rate of the
comets (e.g. Huddleston et al., 1990; Coates et al., 1993).

We can briefly summarize the solar wind–comet interaction as
follows. As the cometary neutrals become ionized they immedi-
ately start being ‘picked up’ by the solar wind. We discuss this
process in detail in Section 3. Heavy, mainly water group,
cometary ions are added to the flow, slowing the flow by mass
loading. The magnetic field drapes around the comet. If the rate of
mass addition into the flow is fast enough, the flow cannot
accommodate it and a weak bow shock forms. The other predicted
boundary prior to the cometary encounters was the contact
surface, which forms due to a pressure balance between the solar
wind and expanding cometary plasma. The encounters provided a
more complex picture than this expectation, with additional
boundaries and effects, but ion pickup remains the key process. In
particular, as this is intrinsically a kinetic process, the process
cannot be fully understood using magnetohydrodynamics (MHD)
alone; MHD, however, gives good results on the large scale. At
small comets, non-gyrotropic effects become important.

3. Ion pickup process

In considering the ion pickup process, we note that the solar
wind is assumed to be a fully ionized, highly conducting plasma.
The magnetic field is frozen into the flow due to the high
conductivity. A neutral particle from the comet ionizes due to
photoionization or charge exchange. The newborn ion then ‘feels’
the convection electric field E( ¼ "vsw$B). It is accelerated along
the electric field and gyrates around the magnetic field. The
resultant motion in space is a cycloid, as the classical ‘E$B drift’
in plasmas. The maximum velocity in the spacecraft frame is given
by 2vsw sina, where a is the angle between vsw and B. This gives a
maximum energy 2mvsw

2 sin2a. For H2O+ ions in a 1 keV solar
wind this gives a maximum energy of 72 keV, for the perpendi-
cular case a ¼ 901.

The situation is illustrated in Fig. 2. This shows the path of an
ion (out of the paper) for the velocity and magnetic field situation
shown, which produces an electric field out of the paper. The
guiding centre drift speed is in a direction vGC ¼ (ExB)/B2.

In velocity space (see Fig. 3), the cycloid translates to a ring.
The ring distribution is unstable and plasma waves are produced.
The waves scatter the particles first in pitch angle to a shell
in velocity space, and second in energy producing a thickened
shell. Given long enough to evolve, the thickened shell should
eventually become a Maxwellian (e.g. Giotto inner coma results
by Schwenn et al., 1987 and Goldstein et al., 1992, and simulations

ARTICLE IN PRESS

Fig. 2. Ion pickup process in real, or configuration, space. The ion trajectory is out
of the plane of the paper.
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彗星と太陽風の相互作用
その２

• 彗星からの中性粒子が電離

• 太陽風によりpick up

• 重イオン（主に水系イオン）がmass loadingにより太
陽風を減速 → gas production rateの推定も

• 磁場は彗星の周りをdrape

• Bow shock, contact surfaceなどの様々な境界が形成

• Ion pickup（運動論的プロセス）が重要！
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3. Ion pickup process



Pick upされたイオンの軌道
• 太陽風を完全電離、高電気伝導度プラ

ズマと仮定

‣ 磁場はプラズマに凍結

• 彗星からの中性粒子が光電離または荷
電交換により電離し、太陽風の対流電
場　　　　　　　を感じ始める。

• イオンは電場方向に加速され磁場の周
りを旋回し、cycloid状の軌道を運動
（教科書的なExBドリフト）

• 探査機系での最大速度は

• 最大エネルギーは
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ions are produced on a much larger distance scale of !106 km,
forming an enormous region over which the comet–solar wind
interaction occurs. The new ions form an electromagnetically
unstable population in the flowing solar wind. The solar wind is
slowed, forming a bow shock and several other features. The
interaction of a comet with the solar wind at large and small
heliocentric distances is shown in Fig. 16.

2. The cometary plasma environment

The existence of the solar wind was first inferred by Biermann
(1951) from observations of cometary tails. The importance of the
magnetic field in the comet–solar wind interaction, and the
prediction of draped magnetic fields around the nucleus and its
link with ion tail formation, was realized by Alfvén (1957). As a
cometary nucleus approaches the Sun, volatiles from the comet
sublime away into space. The gas flow also pulls dust away from
the nucleus. The neutral gas drifts away from the nucleus at
effectively thermal speeds of !1 km/s, faster than the escape
velocity from the small cometary nucleus (!m/s).

The gas production rate Q (s"1) of the nucleus varies with
distance from the Sun. The rate can be inferred from the observed
magnitude of a comet or by in-situ gas and plasma measurements.
The neutral gas atoms and molecules, mainly consisting of water,
may undergo chemical reactions as they drift away from the
nucleus. They may also ionize by two processes: photoionization
in sunlight, or charge exchange with the solar wind.

The ionization process produces a source term in the
continuity equation of the form

Q ¼
Q0

r2
exp

"r
vet

! "

where ve is the expansion velocity. This equation describes the
spherical expansion of the neutral gas with distance r from the
cometary nucleus, depleted by ionization with a time constant t.

Before the cometary encounters, two plasma boundaries were
predicted in the comet–solar wind interaction. These are the bow
shock and contact surface. The encounters showed that the
interaction was far more complex, with several additional
boundaries, some of which are permanent (present at all comets
with similar gas production rates) and some temporary (see
Coates, 1997 for a review).

The plasma tails of comets generally point away from the Sun,
within an aberration angle given by the vector sum of the comet’s
speed and the solar wind speed. Solar wind disturbances such as
coronal mass ejections produce sometimes major disturbances in
cometary tails (e.g. Kuchar et al., 2008). Disconnection events,
where major portions of the ion or plasma tail are removed, have
been observed for decades, and are largely regarded as being
caused by the crossing by comets of the heliospheric current
sheet, as first suggested by Niedner and Brandt (1978). There is
also strong evidence of such disconnections resulting occasionally
from the passages of interplanetary coronal mass ejections
(ICMEs) past comets, based on data from ground-based observa-
tions (Jones and Brandt, 2004), and by the STEREO spacecraft
(Vourlidas et al., 2007). One of the principal effects of ion pickup
in the cometary coma is mass loading of the flow, slowing the flow
and draping the interplanetary magnetic field. This process has
been observed at all the comets visited so far: Giacobini-Zinner
(e.g. Thomsen et al., 1986), Halley (e.g. Gringauz et al 1986a;
Mukai et al., 1986; Johnstone et al., 1986; Balsiger et al., 1986),
Grigg-Skjellerup (Johnstone et al., 1993; Coates et al., 1993) and
Borrelly (Young et al., 2004). In the case of Giotto at Halley and
Grigg-Skjellerup detailed studies of the mass loading were

performed and used to estimate the gas production rate of the
comets (e.g. Huddleston et al., 1990; Coates et al., 1993).

We can briefly summarize the solar wind–comet interaction as
follows. As the cometary neutrals become ionized they immedi-
ately start being ‘picked up’ by the solar wind. We discuss this
process in detail in Section 3. Heavy, mainly water group,
cometary ions are added to the flow, slowing the flow by mass
loading. The magnetic field drapes around the comet. If the rate of
mass addition into the flow is fast enough, the flow cannot
accommodate it and a weak bow shock forms. The other predicted
boundary prior to the cometary encounters was the contact
surface, which forms due to a pressure balance between the solar
wind and expanding cometary plasma. The encounters provided a
more complex picture than this expectation, with additional
boundaries and effects, but ion pickup remains the key process. In
particular, as this is intrinsically a kinetic process, the process
cannot be fully understood using magnetohydrodynamics (MHD)
alone; MHD, however, gives good results on the large scale. At
small comets, non-gyrotropic effects become important.

3. Ion pickup process

In considering the ion pickup process, we note that the solar
wind is assumed to be a fully ionized, highly conducting plasma.
The magnetic field is frozen into the flow due to the high
conductivity. A neutral particle from the comet ionizes due to
photoionization or charge exchange. The newborn ion then ‘feels’
the convection electric field E( ¼ "vsw$B). It is accelerated along
the electric field and gyrates around the magnetic field. The
resultant motion in space is a cycloid, as the classical ‘E$B drift’
in plasmas. The maximum velocity in the spacecraft frame is given
by 2vsw sina, where a is the angle between vsw and B. This gives a
maximum energy 2mvsw

2 sin2a. For H2O+ ions in a 1 keV solar
wind this gives a maximum energy of 72 keV, for the perpendi-
cular case a ¼ 901.

The situation is illustrated in Fig. 2. This shows the path of an
ion (out of the paper) for the velocity and magnetic field situation
shown, which produces an electric field out of the paper. The
guiding centre drift speed is in a direction vGC ¼ (ExB)/B2.

In velocity space (see Fig. 3), the cycloid translates to a ring.
The ring distribution is unstable and plasma waves are produced.
The waves scatter the particles first in pitch angle to a shell
in velocity space, and second in energy producing a thickened
shell. Given long enough to evolve, the thickened shell should
eventually become a Maxwellian (e.g. Giotto inner coma results
by Schwenn et al., 1987 and Goldstein et al., 1992, and simulations
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ions are produced on a much larger distance scale of !106 km,
forming an enormous region over which the comet–solar wind
interaction occurs. The new ions form an electromagnetically
unstable population in the flowing solar wind. The solar wind is
slowed, forming a bow shock and several other features. The
interaction of a comet with the solar wind at large and small
heliocentric distances is shown in Fig. 16.

2. The cometary plasma environment

The existence of the solar wind was first inferred by Biermann
(1951) from observations of cometary tails. The importance of the
magnetic field in the comet–solar wind interaction, and the
prediction of draped magnetic fields around the nucleus and its
link with ion tail formation, was realized by Alfvén (1957). As a
cometary nucleus approaches the Sun, volatiles from the comet
sublime away into space. The gas flow also pulls dust away from
the nucleus. The neutral gas drifts away from the nucleus at
effectively thermal speeds of !1 km/s, faster than the escape
velocity from the small cometary nucleus (!m/s).

The gas production rate Q (s"1) of the nucleus varies with
distance from the Sun. The rate can be inferred from the observed
magnitude of a comet or by in-situ gas and plasma measurements.
The neutral gas atoms and molecules, mainly consisting of water,
may undergo chemical reactions as they drift away from the
nucleus. They may also ionize by two processes: photoionization
in sunlight, or charge exchange with the solar wind.

The ionization process produces a source term in the
continuity equation of the form

Q ¼
Q0
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where ve is the expansion velocity. This equation describes the
spherical expansion of the neutral gas with distance r from the
cometary nucleus, depleted by ionization with a time constant t.

Before the cometary encounters, two plasma boundaries were
predicted in the comet–solar wind interaction. These are the bow
shock and contact surface. The encounters showed that the
interaction was far more complex, with several additional
boundaries, some of which are permanent (present at all comets
with similar gas production rates) and some temporary (see
Coates, 1997 for a review).

The plasma tails of comets generally point away from the Sun,
within an aberration angle given by the vector sum of the comet’s
speed and the solar wind speed. Solar wind disturbances such as
coronal mass ejections produce sometimes major disturbances in
cometary tails (e.g. Kuchar et al., 2008). Disconnection events,
where major portions of the ion or plasma tail are removed, have
been observed for decades, and are largely regarded as being
caused by the crossing by comets of the heliospheric current
sheet, as first suggested by Niedner and Brandt (1978). There is
also strong evidence of such disconnections resulting occasionally
from the passages of interplanetary coronal mass ejections
(ICMEs) past comets, based on data from ground-based observa-
tions (Jones and Brandt, 2004), and by the STEREO spacecraft
(Vourlidas et al., 2007). One of the principal effects of ion pickup
in the cometary coma is mass loading of the flow, slowing the flow
and draping the interplanetary magnetic field. This process has
been observed at all the comets visited so far: Giacobini-Zinner
(e.g. Thomsen et al., 1986), Halley (e.g. Gringauz et al 1986a;
Mukai et al., 1986; Johnstone et al., 1986; Balsiger et al., 1986),
Grigg-Skjellerup (Johnstone et al., 1993; Coates et al., 1993) and
Borrelly (Young et al., 2004). In the case of Giotto at Halley and
Grigg-Skjellerup detailed studies of the mass loading were

performed and used to estimate the gas production rate of the
comets (e.g. Huddleston et al., 1990; Coates et al., 1993).

We can briefly summarize the solar wind–comet interaction as
follows. As the cometary neutrals become ionized they immedi-
ately start being ‘picked up’ by the solar wind. We discuss this
process in detail in Section 3. Heavy, mainly water group,
cometary ions are added to the flow, slowing the flow by mass
loading. The magnetic field drapes around the comet. If the rate of
mass addition into the flow is fast enough, the flow cannot
accommodate it and a weak bow shock forms. The other predicted
boundary prior to the cometary encounters was the contact
surface, which forms due to a pressure balance between the solar
wind and expanding cometary plasma. The encounters provided a
more complex picture than this expectation, with additional
boundaries and effects, but ion pickup remains the key process. In
particular, as this is intrinsically a kinetic process, the process
cannot be fully understood using magnetohydrodynamics (MHD)
alone; MHD, however, gives good results on the large scale. At
small comets, non-gyrotropic effects become important.

3. Ion pickup process

In considering the ion pickup process, we note that the solar
wind is assumed to be a fully ionized, highly conducting plasma.
The magnetic field is frozen into the flow due to the high
conductivity. A neutral particle from the comet ionizes due to
photoionization or charge exchange. The newborn ion then ‘feels’
the convection electric field E( ¼ "vsw$B). It is accelerated along
the electric field and gyrates around the magnetic field. The
resultant motion in space is a cycloid, as the classical ‘E$B drift’
in plasmas. The maximum velocity in the spacecraft frame is given
by 2vsw sina, where a is the angle between vsw and B. This gives a
maximum energy 2mvsw

2 sin2a. For H2O+ ions in a 1 keV solar
wind this gives a maximum energy of 72 keV, for the perpendi-
cular case a ¼ 901.

The situation is illustrated in Fig. 2. This shows the path of an
ion (out of the paper) for the velocity and magnetic field situation
shown, which produces an electric field out of the paper. The
guiding centre drift speed is in a direction vGC ¼ (ExB)/B2.

In velocity space (see Fig. 3), the cycloid translates to a ring.
The ring distribution is unstable and plasma waves are produced.
The waves scatter the particles first in pitch angle to a shell
in velocity space, and second in energy producing a thickened
shell. Given long enough to evolve, the thickened shell should
eventually become a Maxwellian (e.g. Giotto inner coma results
by Schwenn et al., 1987 and Goldstein et al., 1992, and simulations
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Fig. 2. Ion pickup process in real, or configuration, space. The ion trajectory is out
of the plane of the paper.
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ions are produced on a much larger distance scale of !106 km,
forming an enormous region over which the comet–solar wind
interaction occurs. The new ions form an electromagnetically
unstable population in the flowing solar wind. The solar wind is
slowed, forming a bow shock and several other features. The
interaction of a comet with the solar wind at large and small
heliocentric distances is shown in Fig. 16.

2. The cometary plasma environment

The existence of the solar wind was first inferred by Biermann
(1951) from observations of cometary tails. The importance of the
magnetic field in the comet–solar wind interaction, and the
prediction of draped magnetic fields around the nucleus and its
link with ion tail formation, was realized by Alfvén (1957). As a
cometary nucleus approaches the Sun, volatiles from the comet
sublime away into space. The gas flow also pulls dust away from
the nucleus. The neutral gas drifts away from the nucleus at
effectively thermal speeds of !1 km/s, faster than the escape
velocity from the small cometary nucleus (!m/s).

The gas production rate Q (s"1) of the nucleus varies with
distance from the Sun. The rate can be inferred from the observed
magnitude of a comet or by in-situ gas and plasma measurements.
The neutral gas atoms and molecules, mainly consisting of water,
may undergo chemical reactions as they drift away from the
nucleus. They may also ionize by two processes: photoionization
in sunlight, or charge exchange with the solar wind.

The ionization process produces a source term in the
continuity equation of the form

Q ¼
Q0

r2
exp

"r
vet

! "

where ve is the expansion velocity. This equation describes the
spherical expansion of the neutral gas with distance r from the
cometary nucleus, depleted by ionization with a time constant t.

Before the cometary encounters, two plasma boundaries were
predicted in the comet–solar wind interaction. These are the bow
shock and contact surface. The encounters showed that the
interaction was far more complex, with several additional
boundaries, some of which are permanent (present at all comets
with similar gas production rates) and some temporary (see
Coates, 1997 for a review).

The plasma tails of comets generally point away from the Sun,
within an aberration angle given by the vector sum of the comet’s
speed and the solar wind speed. Solar wind disturbances such as
coronal mass ejections produce sometimes major disturbances in
cometary tails (e.g. Kuchar et al., 2008). Disconnection events,
where major portions of the ion or plasma tail are removed, have
been observed for decades, and are largely regarded as being
caused by the crossing by comets of the heliospheric current
sheet, as first suggested by Niedner and Brandt (1978). There is
also strong evidence of such disconnections resulting occasionally
from the passages of interplanetary coronal mass ejections
(ICMEs) past comets, based on data from ground-based observa-
tions (Jones and Brandt, 2004), and by the STEREO spacecraft
(Vourlidas et al., 2007). One of the principal effects of ion pickup
in the cometary coma is mass loading of the flow, slowing the flow
and draping the interplanetary magnetic field. This process has
been observed at all the comets visited so far: Giacobini-Zinner
(e.g. Thomsen et al., 1986), Halley (e.g. Gringauz et al 1986a;
Mukai et al., 1986; Johnstone et al., 1986; Balsiger et al., 1986),
Grigg-Skjellerup (Johnstone et al., 1993; Coates et al., 1993) and
Borrelly (Young et al., 2004). In the case of Giotto at Halley and
Grigg-Skjellerup detailed studies of the mass loading were

performed and used to estimate the gas production rate of the
comets (e.g. Huddleston et al., 1990; Coates et al., 1993).

We can briefly summarize the solar wind–comet interaction as
follows. As the cometary neutrals become ionized they immedi-
ately start being ‘picked up’ by the solar wind. We discuss this
process in detail in Section 3. Heavy, mainly water group,
cometary ions are added to the flow, slowing the flow by mass
loading. The magnetic field drapes around the comet. If the rate of
mass addition into the flow is fast enough, the flow cannot
accommodate it and a weak bow shock forms. The other predicted
boundary prior to the cometary encounters was the contact
surface, which forms due to a pressure balance between the solar
wind and expanding cometary plasma. The encounters provided a
more complex picture than this expectation, with additional
boundaries and effects, but ion pickup remains the key process. In
particular, as this is intrinsically a kinetic process, the process
cannot be fully understood using magnetohydrodynamics (MHD)
alone; MHD, however, gives good results on the large scale. At
small comets, non-gyrotropic effects become important.

3. Ion pickup process

In considering the ion pickup process, we note that the solar
wind is assumed to be a fully ionized, highly conducting plasma.
The magnetic field is frozen into the flow due to the high
conductivity. A neutral particle from the comet ionizes due to
photoionization or charge exchange. The newborn ion then ‘feels’
the convection electric field E( ¼ "vsw$B). It is accelerated along
the electric field and gyrates around the magnetic field. The
resultant motion in space is a cycloid, as the classical ‘E$B drift’
in plasmas. The maximum velocity in the spacecraft frame is given
by 2vsw sina, where a is the angle between vsw and B. This gives a
maximum energy 2mvsw

2 sin2a. For H2O+ ions in a 1 keV solar
wind this gives a maximum energy of 72 keV, for the perpendi-
cular case a ¼ 901.

The situation is illustrated in Fig. 2. This shows the path of an
ion (out of the paper) for the velocity and magnetic field situation
shown, which produces an electric field out of the paper. The
guiding centre drift speed is in a direction vGC ¼ (ExB)/B2.

In velocity space (see Fig. 3), the cycloid translates to a ring.
The ring distribution is unstable and plasma waves are produced.
The waves scatter the particles first in pitch angle to a shell
in velocity space, and second in energy producing a thickened
shell. Given long enough to evolve, the thickened shell should
eventually become a Maxwellian (e.g. Giotto inner coma results
by Schwenn et al., 1987 and Goldstein et al., 1992, and simulations
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Fig. 2. Ion pickup process in real, or configuration, space. The ion trajectory is out
of the plane of the paper.
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ions are produced on a much larger distance scale of !106 km,
forming an enormous region over which the comet–solar wind
interaction occurs. The new ions form an electromagnetically
unstable population in the flowing solar wind. The solar wind is
slowed, forming a bow shock and several other features. The
interaction of a comet with the solar wind at large and small
heliocentric distances is shown in Fig. 16.

2. The cometary plasma environment

The existence of the solar wind was first inferred by Biermann
(1951) from observations of cometary tails. The importance of the
magnetic field in the comet–solar wind interaction, and the
prediction of draped magnetic fields around the nucleus and its
link with ion tail formation, was realized by Alfvén (1957). As a
cometary nucleus approaches the Sun, volatiles from the comet
sublime away into space. The gas flow also pulls dust away from
the nucleus. The neutral gas drifts away from the nucleus at
effectively thermal speeds of !1 km/s, faster than the escape
velocity from the small cometary nucleus (!m/s).

The gas production rate Q (s"1) of the nucleus varies with
distance from the Sun. The rate can be inferred from the observed
magnitude of a comet or by in-situ gas and plasma measurements.
The neutral gas atoms and molecules, mainly consisting of water,
may undergo chemical reactions as they drift away from the
nucleus. They may also ionize by two processes: photoionization
in sunlight, or charge exchange with the solar wind.

The ionization process produces a source term in the
continuity equation of the form
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where ve is the expansion velocity. This equation describes the
spherical expansion of the neutral gas with distance r from the
cometary nucleus, depleted by ionization with a time constant t.

Before the cometary encounters, two plasma boundaries were
predicted in the comet–solar wind interaction. These are the bow
shock and contact surface. The encounters showed that the
interaction was far more complex, with several additional
boundaries, some of which are permanent (present at all comets
with similar gas production rates) and some temporary (see
Coates, 1997 for a review).

The plasma tails of comets generally point away from the Sun,
within an aberration angle given by the vector sum of the comet’s
speed and the solar wind speed. Solar wind disturbances such as
coronal mass ejections produce sometimes major disturbances in
cometary tails (e.g. Kuchar et al., 2008). Disconnection events,
where major portions of the ion or plasma tail are removed, have
been observed for decades, and are largely regarded as being
caused by the crossing by comets of the heliospheric current
sheet, as first suggested by Niedner and Brandt (1978). There is
also strong evidence of such disconnections resulting occasionally
from the passages of interplanetary coronal mass ejections
(ICMEs) past comets, based on data from ground-based observa-
tions (Jones and Brandt, 2004), and by the STEREO spacecraft
(Vourlidas et al., 2007). One of the principal effects of ion pickup
in the cometary coma is mass loading of the flow, slowing the flow
and draping the interplanetary magnetic field. This process has
been observed at all the comets visited so far: Giacobini-Zinner
(e.g. Thomsen et al., 1986), Halley (e.g. Gringauz et al 1986a;
Mukai et al., 1986; Johnstone et al., 1986; Balsiger et al., 1986),
Grigg-Skjellerup (Johnstone et al., 1993; Coates et al., 1993) and
Borrelly (Young et al., 2004). In the case of Giotto at Halley and
Grigg-Skjellerup detailed studies of the mass loading were

performed and used to estimate the gas production rate of the
comets (e.g. Huddleston et al., 1990; Coates et al., 1993).

We can briefly summarize the solar wind–comet interaction as
follows. As the cometary neutrals become ionized they immedi-
ately start being ‘picked up’ by the solar wind. We discuss this
process in detail in Section 3. Heavy, mainly water group,
cometary ions are added to the flow, slowing the flow by mass
loading. The magnetic field drapes around the comet. If the rate of
mass addition into the flow is fast enough, the flow cannot
accommodate it and a weak bow shock forms. The other predicted
boundary prior to the cometary encounters was the contact
surface, which forms due to a pressure balance between the solar
wind and expanding cometary plasma. The encounters provided a
more complex picture than this expectation, with additional
boundaries and effects, but ion pickup remains the key process. In
particular, as this is intrinsically a kinetic process, the process
cannot be fully understood using magnetohydrodynamics (MHD)
alone; MHD, however, gives good results on the large scale. At
small comets, non-gyrotropic effects become important.

3. Ion pickup process

In considering the ion pickup process, we note that the solar
wind is assumed to be a fully ionized, highly conducting plasma.
The magnetic field is frozen into the flow due to the high
conductivity. A neutral particle from the comet ionizes due to
photoionization or charge exchange. The newborn ion then ‘feels’
the convection electric field E( ¼ "vsw$B). It is accelerated along
the electric field and gyrates around the magnetic field. The
resultant motion in space is a cycloid, as the classical ‘E$B drift’
in plasmas. The maximum velocity in the spacecraft frame is given
by 2vsw sina, where a is the angle between vsw and B. This gives a
maximum energy 2mvsw

2 sin2a. For H2O+ ions in a 1 keV solar
wind this gives a maximum energy of 72 keV, for the perpendi-
cular case a ¼ 901.

The situation is illustrated in Fig. 2. This shows the path of an
ion (out of the paper) for the velocity and magnetic field situation
shown, which produces an electric field out of the paper. The
guiding centre drift speed is in a direction vGC ¼ (ExB)/B2.

In velocity space (see Fig. 3), the cycloid translates to a ring.
The ring distribution is unstable and plasma waves are produced.
The waves scatter the particles first in pitch angle to a shell
in velocity space, and second in energy producing a thickened
shell. Given long enough to evolve, the thickened shell should
eventually become a Maxwellian (e.g. Giotto inner coma results
by Schwenn et al., 1987 and Goldstein et al., 1992, and simulations
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Fig. 2. Ion pickup process in real, or configuration, space. The ion trajectory is out
of the plane of the paper.
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ions are produced on a much larger distance scale of !106 km,
forming an enormous region over which the comet–solar wind
interaction occurs. The new ions form an electromagnetically
unstable population in the flowing solar wind. The solar wind is
slowed, forming a bow shock and several other features. The
interaction of a comet with the solar wind at large and small
heliocentric distances is shown in Fig. 16.

2. The cometary plasma environment

The existence of the solar wind was first inferred by Biermann
(1951) from observations of cometary tails. The importance of the
magnetic field in the comet–solar wind interaction, and the
prediction of draped magnetic fields around the nucleus and its
link with ion tail formation, was realized by Alfvén (1957). As a
cometary nucleus approaches the Sun, volatiles from the comet
sublime away into space. The gas flow also pulls dust away from
the nucleus. The neutral gas drifts away from the nucleus at
effectively thermal speeds of !1 km/s, faster than the escape
velocity from the small cometary nucleus (!m/s).

The gas production rate Q (s"1) of the nucleus varies with
distance from the Sun. The rate can be inferred from the observed
magnitude of a comet or by in-situ gas and plasma measurements.
The neutral gas atoms and molecules, mainly consisting of water,
may undergo chemical reactions as they drift away from the
nucleus. They may also ionize by two processes: photoionization
in sunlight, or charge exchange with the solar wind.

The ionization process produces a source term in the
continuity equation of the form
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where ve is the expansion velocity. This equation describes the
spherical expansion of the neutral gas with distance r from the
cometary nucleus, depleted by ionization with a time constant t.

Before the cometary encounters, two plasma boundaries were
predicted in the comet–solar wind interaction. These are the bow
shock and contact surface. The encounters showed that the
interaction was far more complex, with several additional
boundaries, some of which are permanent (present at all comets
with similar gas production rates) and some temporary (see
Coates, 1997 for a review).

The plasma tails of comets generally point away from the Sun,
within an aberration angle given by the vector sum of the comet’s
speed and the solar wind speed. Solar wind disturbances such as
coronal mass ejections produce sometimes major disturbances in
cometary tails (e.g. Kuchar et al., 2008). Disconnection events,
where major portions of the ion or plasma tail are removed, have
been observed for decades, and are largely regarded as being
caused by the crossing by comets of the heliospheric current
sheet, as first suggested by Niedner and Brandt (1978). There is
also strong evidence of such disconnections resulting occasionally
from the passages of interplanetary coronal mass ejections
(ICMEs) past comets, based on data from ground-based observa-
tions (Jones and Brandt, 2004), and by the STEREO spacecraft
(Vourlidas et al., 2007). One of the principal effects of ion pickup
in the cometary coma is mass loading of the flow, slowing the flow
and draping the interplanetary magnetic field. This process has
been observed at all the comets visited so far: Giacobini-Zinner
(e.g. Thomsen et al., 1986), Halley (e.g. Gringauz et al 1986a;
Mukai et al., 1986; Johnstone et al., 1986; Balsiger et al., 1986),
Grigg-Skjellerup (Johnstone et al., 1993; Coates et al., 1993) and
Borrelly (Young et al., 2004). In the case of Giotto at Halley and
Grigg-Skjellerup detailed studies of the mass loading were

performed and used to estimate the gas production rate of the
comets (e.g. Huddleston et al., 1990; Coates et al., 1993).

We can briefly summarize the solar wind–comet interaction as
follows. As the cometary neutrals become ionized they immedi-
ately start being ‘picked up’ by the solar wind. We discuss this
process in detail in Section 3. Heavy, mainly water group,
cometary ions are added to the flow, slowing the flow by mass
loading. The magnetic field drapes around the comet. If the rate of
mass addition into the flow is fast enough, the flow cannot
accommodate it and a weak bow shock forms. The other predicted
boundary prior to the cometary encounters was the contact
surface, which forms due to a pressure balance between the solar
wind and expanding cometary plasma. The encounters provided a
more complex picture than this expectation, with additional
boundaries and effects, but ion pickup remains the key process. In
particular, as this is intrinsically a kinetic process, the process
cannot be fully understood using magnetohydrodynamics (MHD)
alone; MHD, however, gives good results on the large scale. At
small comets, non-gyrotropic effects become important.

3. Ion pickup process

In considering the ion pickup process, we note that the solar
wind is assumed to be a fully ionized, highly conducting plasma.
The magnetic field is frozen into the flow due to the high
conductivity. A neutral particle from the comet ionizes due to
photoionization or charge exchange. The newborn ion then ‘feels’
the convection electric field E( ¼ "vsw$B). It is accelerated along
the electric field and gyrates around the magnetic field. The
resultant motion in space is a cycloid, as the classical ‘E$B drift’
in plasmas. The maximum velocity in the spacecraft frame is given
by 2vsw sina, where a is the angle between vsw and B. This gives a
maximum energy 2mvsw

2 sin2a. For H2O+ ions in a 1 keV solar
wind this gives a maximum energy of 72 keV, for the perpendi-
cular case a ¼ 901.

The situation is illustrated in Fig. 2. This shows the path of an
ion (out of the paper) for the velocity and magnetic field situation
shown, which produces an electric field out of the paper. The
guiding centre drift speed is in a direction vGC ¼ (ExB)/B2.

In velocity space (see Fig. 3), the cycloid translates to a ring.
The ring distribution is unstable and plasma waves are produced.
The waves scatter the particles first in pitch angle to a shell
in velocity space, and second in energy producing a thickened
shell. Given long enough to evolve, the thickened shell should
eventually become a Maxwellian (e.g. Giotto inner coma results
by Schwenn et al., 1987 and Goldstein et al., 1992, and simulations
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速度空間でのpickup ion
• 速度空間ではcycloidの軌道はring状

• Ring分布は不安定なのでプラズマ波
動を励起

- まずはピッチ角散乱して球殻(shell)状
に

- 次にエネルギー散乱して厚みのある
球殻状に

- 最終的にはMaxwell分布に

• 太陽風のエネルギーがpickupされた
ionと波に与えられる。
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by Puhl et al., 1993). The end result of the process is that energy
from the solar wind is given both to newborn ions and to waves.

Fig. 4 shows a further transformation to a solar wind centred,
magnetic field-aligned (SWB) frame. In this frame the bulk
velocity of a uniformly filled ring would be (0,0,vJ), where
vJ ¼ (vswB/B). The simple shell velocity would be (0,0,0) in this
frame. The particle distributions can also be plotted as v?"vJ

distributions, where a ring would appear as a point and a simple
shell as a semi-circle.

Such plots were shown for comets Halley (Coates et al., 1989)
and Grigg-Skjellerup (Coates et al., 1993). For the case of comet
Halley, far from the comet the water group ion distributions are
ring-like, but become shell-like upstream of the bow shock and
thicken substantially downstream, with significant acceleration in
this region beyond pickup energies. Similar observations of pickup
hydrogen were made (Neugebauer et al., 1989), At Grigg-
Skjellerup, the water group distributions are substantially ring-
like up to the bow shock, though a period of one-sided
distributions was seen in one case.

An alternative and more compact representation of the water
group data is shown in Fig. 5, where the pitch angle distributions
are presented as strips summed over energy to show the evolution

with distance from the comet. The position where a ring
distribution would appear is shown by a superimposed line on
the plot. The substantial differences between Halley and GS are
immediately visible here. First, the difference in scale means that
the Halley particle distributions have more time to pitch angle
scatter; clearly at Halley we see shell-like distributions well
upstream of the shock. Second, the Halley encounter provided a
large range of a values due to the solar wind conditions, whereas
the GS encounter was a less disturbed, ‘textbook’ encounter.

Ultimately, ion pickup implies accommodation into the flow.
We are concerned here with how this happens. We will find that
the simple shell is not an adequate explanation.

4. Pitch angle scattering

The process of pitch angle scattering from ring to shell was
predicted by Wallis (1973) and Wu and Davidson (1972), among
others. The maximum velocity of ions in the shell in the spacecraft
frame is 2vsw, with a maximum energy of 2mvsw

2. However, the
simple shell is an approximation.

A more realistic distribution is a bispherical shell, as envisaged
by Galeev and Sagdeev (1988). Here, ions fill part of two shells
centred on 7 the Alfvén speed (vA) along the z-axis (magnetic
field direction) in the SWB frame. These velocities correspond
to the speeds of upstream and downstream propagating waves.
The pitch angle scattering follows these paths in velocity
space. Theoretically, a problem appears in scattering the particles
through zero parallel velocity. Assuming the scattering can occur,
however, this corresponds to the first stage of accommodation of
pickup ions into the solar wind flow.

Fig. 6 shows the bispherical distribution in velocity space. The
paths AD (centred on "vA) and BC (centred on +vA) are possible
paths. Along these paths the particles could in principle either
give energy to the waves (paths RB and RD), or the waves could
give energy to the particles (paths RA and RC). In practice, the
newly picked up particles are a source of free energy, which
generates the upstream and downstream propagating waves,
respectively, and conservation of energy requires that the particles
lose energy in this plot. Most of the particles follow these paths,
though some may be accelerated by second order Fermi
acceleration (see Section 5). The distributions therefore follow
the paths BD, the ‘bispherical distribution’. The bulk velocity of
this distribution is given by (0,0,vbulkJ), where the ‘bispherical
bulk speed’ vbulkJ depends on the value of the angle a and this
controls the relative importance of the two portions of the
bispherical shell.

Using the Giotto data at Halley it was possible to measure the
water group ion bulk velocity in the SWB frame and compare it to
the bispherical bulk speed. This is shown in Fig. 7 (from Coates
et al., 1990a, b), which also shows the prediction for a ring
distribution. Far from the comet, the ring speed controls the bulk
speed, but close to the comet the observed bulk speed of the ions
tends to the bispherical bulk speed. It should be noted that close
to the comet the bulk speed also tends to zero in the solar wind
frame, and while this makes it difficult to distinguish from
the bispherical bulk speed the behavior of the data follow
the bispherical prediction rather well. This was taken as a
confirmation that the bispherical picture is correct near to the
comet.

This picture can be extended further using the resonance
condition for the waves. Each part of the shell drives a different
wavenumber, and frequency, of waves as shown in Fig. 8 (from
Johnstone et al., 1991). This figure shows the particle distribution
function in v?"vJ space for a particular value of a (equivalent to f
in this figure). Above (below) the vJ axis, the indicated parts of the
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Fig. 3. Ion pickup process in velocity space, spacecraft frame. The X, Y and Z axes
represent velocities in those directions; CSE refers to the comet-centred solar
ecliptic frame (orientation for the GS encounter). usw is the solar wind velocity. The
displacement from the origin to the injection point on the ring gives the velocity of
the neutrals in the spacecraft frame (from Coates et al., 1993).

Fig. 4. Ion pickup in velocity space, SWB frame (from Coates et al., 1990a,b). vs is
the origin (solar wind rest frame) and vinj is the injection point (velocity of the
neutrals in the SWB frame).
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by Puhl et al., 1993). The end result of the process is that energy
from the solar wind is given both to newborn ions and to waves.

Fig. 4 shows a further transformation to a solar wind centred,
magnetic field-aligned (SWB) frame. In this frame the bulk
velocity of a uniformly filled ring would be (0,0,vJ), where
vJ ¼ (vswB/B). The simple shell velocity would be (0,0,0) in this
frame. The particle distributions can also be plotted as v?"vJ

distributions, where a ring would appear as a point and a simple
shell as a semi-circle.

Such plots were shown for comets Halley (Coates et al., 1989)
and Grigg-Skjellerup (Coates et al., 1993). For the case of comet
Halley, far from the comet the water group ion distributions are
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Skjellerup, the water group distributions are substantially ring-
like up to the bow shock, though a period of one-sided
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the plot. The substantial differences between Halley and GS are
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2. However, the
simple shell is an approximation.
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Using the Giotto data at Halley it was possible to measure the
water group ion bulk velocity in the SWB frame and compare it to
the bispherical bulk speed. This is shown in Fig. 7 (from Coates
et al., 1990a, b), which also shows the prediction for a ring
distribution. Far from the comet, the ring speed controls the bulk
speed, but close to the comet the observed bulk speed of the ions
tends to the bispherical bulk speed. It should be noted that close
to the comet the bulk speed also tends to zero in the solar wind
frame, and while this makes it difficult to distinguish from
the bispherical bulk speed the behavior of the data follow
the bispherical prediction rather well. This was taken as a
confirmation that the bispherical picture is correct near to the
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This picture can be extended further using the resonance
condition for the waves. Each part of the shell drives a different
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電離前の中性粒子の速度



Pickup ionの速度分布の
観測例

• Halley彗星付近の水系イオン速
度分布の観測

- 彗星から遠方ではring-like

- Bow shock上流でshell-likeに

- Bow shock下流でshellが厚く

• Pickupプロトンでも同様の観測
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Plate 1. Contours of proton phase space density for quasi-parallel interval b from 0800-0859 UT, March 
13, 1986, when the spacecraft was 3.8 Mkm from the nucleus of comet Halley. There are four 
contours/decade, with f measured in units of cm -3 km -3 s 3. See text for further explanations. 
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Plate 2. Contours of proton phase space density for quasi-parallel interval f from 1633-1724 UT, March 
13, 1986, when the spacecraft was 1.7 Mkm from the nucleus of comet Halley. There are four 
contours/decade, with f measured in units of cm -3 km -3 s 3. See text for further explanations. 
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Plate 5. Contours of proton phase space density for quasi-perpendicular interval j from 1905-1913 UT, 
March 13, 1986, when the spacecraft was 1.21 Mkxn from the nucleus of comet Halley. There are four 
contours/decade, with f measured in units of cm -3 km '3 s 3. See text for further explanations. 
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Plate 6. Contours of proton phase space density for interval k from 1915-1922 UT, March 13, 1986, when 
the spacecraft was just outside the bow shock of comet Halley. There are four contours/decade, with f 
measured in units of cm '3 km '3 s 3. See text for further explanations. 

[Neugebauer et al., 1989]

遠方でのプロトン速度分布 Bow shockすぐ上流でのプロトン速度分布
SWB frame



彗星付近での水系イオン
ピッチ角分布
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distribution drive upstream (downstream) propagating waves
with the wavenumbers shown at the top (bottom) The bispherical
distribution is shown by the bold portions indicated A and N. The
radii of the distribution interacting with upstream (downstream)
waves are v1(v2) respectively, with the simple shell radius vs. Oi

is the water group ion gyrofrequency and vtp is the thermal
velocity of the solar wind protons parallel to the magnetic field.
This elegant theory (Johnstone et al., 1991; Huddleston and
Johnstone, 1992; Johnstone et al., 1996) can be used to predict the
frequency spectrum of the observed waves (see Fig. 9, from

Huddleston and Johnstone, 1992). It can also be used to
understand why the GS situation, where a was close to 901
most of the time, produced waves that were very close to the
cometary ion gyrofrequency (see Johnstone, 1995; Huddleston
et al., 1993a,b).

5. Particle acceleration

A shell distribution, simple or bispherical, is also unstable and
produces waves. This can be understood as particles interacting
with upstream and downstream counter-propagating wave
‘scattering centres’, so that a particle may be accelerated or
decelerated along concentric bispherical arcs (e.g. Terasawa and
Scholer, 1989). This gives broadening of the shell, to both lower
and higher energy. It is known as a Fermi type II process. In the
cometary environment, adiabatic effects can also play a role as the
solar wind slows, heating the plasma. An additional process is
Fermi I, where scattering centres move at different speeds either
side of a boundary (e.g. the bow shock) in the flow. This process,
which can only give acceleration and not deceleration, was the
only mechanism proposed before the encounters for particle
acceleration (Amata and Formisano, 1985). Given enough time, as
mentioned above, the particle distributions may tend towards a
Maxwellian (Puhl et al., 1993). The acceleration processes were
reviewed by Coates (1991b). The resulting particle distribution
functions from Fermi I and Fermi II are shown in Fig. 10.

A second modification to the particle distributions is given by
the bispherical effect, which modifies the one-dimensional
particle distribution function from an expected delta function
(for a simple shell) to include a low-energy tail (see Fig. 11).

A third complication results from the slowing of the solar wind
with cometocentric distance. Ions picked up upstream of the
observation point are convected downstream but maintain their
higher (than locally picked up ions) velocity in the solar wind
frame. This kinetic effect was pointed out in the analysis by Galeev
et al. (1985). The effect is illustrated in Fig. 11, which also

ARTICLE IN PRESS

Fig. 5. Pitch angle distributions of water group ions from Giotto JPA IIS, with ring position (solid line) and variations of this during the sample period (dashed line) overlaid,
(a) at comet Halley (from Coates et al., 1990a,b), (b) at comet Grigg-Skjellerup (from Coates et al., 1993). BS (outbound) and BW (inbound) refer to the bow shock and wave,
respectively at GS.

Fig. 6. Bispherical distribution in velocity space (see text). vp refers to the phase
velocity of Alfvén waves, vp ¼ vA, the dashed circle is the simple shell and the ring
intersects this plane at R and R0.

A.J. Coates, G.H. Jones / Planetary and Space Science 57 (2009) 1175–1191 1179

Halley Grigg-Skjellerupでは、Bow shock直前までring-like



4. Pitch angle scattering



ピッチ角散乱のプロセス
• ピッチ角散乱によってringからshellへ

• 実際は単純なshellではなく、bispherical 

shellに近い。

• SWB系でB方向±VAに中心を持つ２つ
のshell

- 上流および下流に伝わる波に対応

• 新たに電離したイオンがfree energy源
になって波を生成する（粒子が波にエ
ネルギーを与える）ので、BDの軌道
をピッチ角散乱し、bispherical分布に

• この分布はバルク速度をもつ。
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with the wavenumbers shown at the top (bottom) The bispherical
distribution is shown by the bold portions indicated A and N. The
radii of the distribution interacting with upstream (downstream)
waves are v1(v2) respectively, with the simple shell radius vs. Oi

is the water group ion gyrofrequency and vtp is the thermal
velocity of the solar wind protons parallel to the magnetic field.
This elegant theory (Johnstone et al., 1991; Huddleston and
Johnstone, 1992; Johnstone et al., 1996) can be used to predict the
frequency spectrum of the observed waves (see Fig. 9, from

Huddleston and Johnstone, 1992). It can also be used to
understand why the GS situation, where a was close to 901
most of the time, produced waves that were very close to the
cometary ion gyrofrequency (see Johnstone, 1995; Huddleston
et al., 1993a,b).

5. Particle acceleration

A shell distribution, simple or bispherical, is also unstable and
produces waves. This can be understood as particles interacting
with upstream and downstream counter-propagating wave
‘scattering centres’, so that a particle may be accelerated or
decelerated along concentric bispherical arcs (e.g. Terasawa and
Scholer, 1989). This gives broadening of the shell, to both lower
and higher energy. It is known as a Fermi type II process. In the
cometary environment, adiabatic effects can also play a role as the
solar wind slows, heating the plasma. An additional process is
Fermi I, where scattering centres move at different speeds either
side of a boundary (e.g. the bow shock) in the flow. This process,
which can only give acceleration and not deceleration, was the
only mechanism proposed before the encounters for particle
acceleration (Amata and Formisano, 1985). Given enough time, as
mentioned above, the particle distributions may tend towards a
Maxwellian (Puhl et al., 1993). The acceleration processes were
reviewed by Coates (1991b). The resulting particle distribution
functions from Fermi I and Fermi II are shown in Fig. 10.

A second modification to the particle distributions is given by
the bispherical effect, which modifies the one-dimensional
particle distribution function from an expected delta function
(for a simple shell) to include a low-energy tail (see Fig. 11).

A third complication results from the slowing of the solar wind
with cometocentric distance. Ions picked up upstream of the
observation point are convected downstream but maintain their
higher (than locally picked up ions) velocity in the solar wind
frame. This kinetic effect was pointed out in the analysis by Galeev
et al. (1985). The effect is illustrated in Fig. 11, which also
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Fig. 5. Pitch angle distributions of water group ions from Giotto JPA IIS, with ring position (solid line) and variations of this during the sample period (dashed line) overlaid,
(a) at comet Halley (from Coates et al., 1990a,b), (b) at comet Grigg-Skjellerup (from Coates et al., 1993). BS (outbound) and BW (inbound) refer to the bow shock and wave,
respectively at GS.

Fig. 6. Bispherical distribution in velocity space (see text). vp refers to the phase
velocity of Alfvén waves, vp ¼ vA, the dashed circle is the simple shell and the ring
intersects this plane at R and R0.
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bispherical bulk speed

Ringの位置

SWB frame



イオンのバルク速度と
bispherical bulk velocityの比較
• 遠方ではバルク速度はring speedに近い（あまりピッチ角散乱
していない）。

• 彗星に近づくとバルク速度はbispherical bulk velocityに近づく。
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indicated how the bifurcation of cometary ions downstream of the
shock occurs—it is a result of the jump in velocity at the shock
itself (Thomsen et al., 1987). The bifurcation can be clearly seen in
the Halley (Johnstone et al., 1986), GS (Coates et al., 1993) and
probably Borrelly (Young et al., 2004) spectrograms. The bifurca-
tion is seen at all positions downstream from the shock.

Fig. 12 shows a comparison of the observed one-dimensional
particle distributions as a function of velocity in the solar wind
frame, for Halley and GS (Coates et al., 1990a, b, 1993). The
position of the expected ‘delta function’ for the ring or shell is
overlaid. Several features are visible, including acceleration and
deceleration from this (Fermi II effect), as well as convection of
upstream distributions. One important feature that is seen both in
the Halley and GS data is the significant acceleration of cometary

ions downstream of the shock. It is not clear which mechanism
produces this, but the acceleration is to well above pickup
energies.

Even in the region upstream of the bow shock, significant
fluxes of high-energy particles beyond pickup were seen (e.g.
Hynds et al., 1986; Somogyi et al., 1986; McKenna-Lawlor et al.,
1986, 1993). Comparisons with models (Huddleston et al., 1992;
Richardson et al., 1987) showed that in some regions the Fermi II
mechanism alone was not sufficient to explain this. However, it
was suggested that additional energy from the solar wind
deceleration may go into particle acceleration (Coates et al.,
1996). In addition, nonlinear effects may be important for high
wave amplitudes (McKenzie et al., 1994). Further study is needed
to confirm these aspects.

ARTICLE IN PRESS

Fig. 7. Water group ion velocity along the magnetic field (bottom panel, thin line) with vbulkJ overlaid (thick line). Top panel shows ring velocity (adapted from Coates et al.,
1990a, b).

Fig. 8. Parts of the pickup bispherical shell, which drive upstream (top) and downstream propagating waves (from Johnstone et al., 1991).

A.J. Coates, G.H. Jones / Planetary and Space Science 57 (2009) 1175–11911180



波の共鳴条件
• Shell上のそれぞれの部分の粒子は共鳴条件によって異なる波数をもつ波を励起

• 観測された波のスペクトルをよく説明（詳しくは参考文献を...）
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Fig. 7. Water group ion velocity along the magnetic field (bottom panel, thin line) with vbulkJ overlaid (thick line). Top panel shows ring velocity (adapted from Coates et al.,
1990a, b).

Fig. 8. Parts of the pickup bispherical shell, which drive upstream (top) and downstream propagating waves (from Johnstone et al., 1991).
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6. Wave generation

The waves of interest for scattering, produced by the cometary
ions, are Alfvén waves. Naturally occurring solar wind waves
mostly move downstream at p1 AU. The pickup generated waves,
on the other hand, mostly move upstream, with wavenumbers,
and hence frequencies, given by Fig. 8. Counter-streaming waves
are therefore possible in the comet–solar wind interaction region
to produce the Fermi II mechanism.

For this stochastic acceleration and deceleration process, the
velocity diffusion coefficient can be written (Isenberg, 1987)

Dvv /
IþI"

Iþ þ I"

where I is the wave intensity and +and " refer to upstream and
downstream propagation, respectively. For I"5I+, this reduces
to DvvpI". We therefore expect the amount of acceleration to
be controlled by downstream propagating waves. The amount of
velocity diffusion should therefore remain relatively constant over
the upstream region since most of the downstream propagating
waves are pre-existing, solar wind waves.

Splitting the waves into the upstream and downstream
propagating components, by a method which used the Poynting
vector, showed that indeed there was relatively less energy in the
downstream propagating fraction (Huddleston, 1990; Coates et al.,
1990a, b). Some broadening was predicted in the 0.5 million km
upstream of the bow shock. This is consistent with the observa-

tions of the velocity width of the SWB frame ion distributions
presented by Coates (1991a) using the data in Fig. 12 as input.

In the GS case, the waves are close to the water group ion
gyrofrequency as a was close to 901 most of the time, as
mentioned above.

The pickup process and the relationship to waves and
accelerated particles was summarized by a figure in the paper
by Neugebauer (1990). We have modified this slightly and now
present the result in Fig. 13. This shows schematically how pickup
ion distributions drive waves and slow the solar wind.

7. Non-gyrotropic distributions

At small comets such as GS, the ion implantation rate can vary
near to the comet over the distance between adjacent cusps of the
cycloid. It is therefore possible to observe non-gyrotropic
distributions of ions. This was indeed observed at GS (Coates
et al., 1993). It was postulated by several authors that this should
cause additional instabilities in that region (e.g. Motschmann and
Glassmeier, 1993; Neubauer et al., 1993; Cao et al., 1995).

8. Boundaries and regions in the solar wind interaction

Two boundaries in the mass-loaded flow were anticipated in
the 1970s and 1980s by workers including Wallis, Biermann and

ARTICLE IN PRESS

Fig. 9. Observed (solid line) and predicted (dashed line) magnetic wave spectra at Halley, using quasilinear theory and bispherical scattering (from Huddleston and
Johnstone, 1992). kL refers to the minimum wavenumber generated during the pickup process, and the shaded region indicates where the measured wave energy is above
the theoretical value. These waves play a key role in particle acceleration.

A.J. Coates, G.H. Jones / Planetary and Space Science 57 (2009) 1175–1191 1181



5. Particle acceleration



エネルギー拡散の
メカニズム (1)

• Shell分布も不安定で波を生成

• 粒子はcounter-streamingな波によっ
て散乱され確率的に加速または減
速：Fermi II

• 減速された太陽風での断熱効果に
よるプラズマ加熱も

• Fermi Iもあるが、加速のみ（粒子
がshockの上流と下流で散乱され、
何度も波面を横切って加速）

• 最終的にはMaxwell分布に
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Schmidt, separating plasmas with different properties. These were
the bow shock and the contact surface. The reality turned out to
be much more complex with several new boundaries seen by the
spacecraft.

In Fig. 14, we have adapted a schematic produced by Neubauer
(1990) to include the trajectories and boundary observations of all
the cometary encounters so far. As mentioned above, the bow
shock and cavity boundary were the only boundaries predicted to
form prior to the spacecraft encounters. The data have added at
least four additional features: the mystery boundary, the
cometopause, the magnetic pileup boundary and the ion pileup
boundary. The observations are summarized in Table 1. We will
now discuss each of the boundaries in turn.

8.1. Bow shock

A review of the theory and observations of the cometary bow
shock was given by Coates (1995). Briefly, in the predictions for
the bow shock, the mean molecular weight of the flow reached a
critical value of 4/3 in the one-dimensional case (Biermann et al.,
1967) before a singularity, the bow shock, occurred. In more
realistic two- and three-dimensional simulations a weak bow
shock forms at a value lower than 4/3, dependent on the gas
production rate (e.g., Schmidt and Wegmann, 1982; Gombosi
et al., 1996).

Observations at comets showed that this boundary was
present at all of the spacecraft encounters but its properties
changed dramatically between crossings at the same comet
depending on the interplanetary magnetic field orientation. In
all cases the cometary ions dominated the dynamics in terms of
pressure (see Coates et al., 1997). The width of the feature varied
from a few water group ion gyroradii in the quasi-perpendicular

case to many gyroradii in the quasi-parallel case (Neubauer et al.,
1990). Where sufficient data were available, the bow shock was
shown to occur at the predicted point in the mass-loaded flow
(see Staines et al., 1991; Coates et al., 1990a, 1997). Also the Mach
number of the features supported the interpretation of a bow
shock (Smith et al., 1986; Coates et al., 1987, 1990a, 1997). The
various particle species also increased in temperature across the
boundary (Neugebauer et al., 1987; Staines et al., 1991; Coates
et al., 1990a). While there is some evidence that the GZ data can
be explained in terms of a reforming shocklet model (Omidi and
Winske, 1990), and the Suisei and Giotto-Halley inbound
data could have been affected by interplanetary disturbances
(Tatrallyay et al., 1993; Kessel et al., 1994), there is broad
agreement that the boundary seen in the various cases was a
bow shock.

8.2. Mystery boundary

One of the dramatic plasma discoveries at comet Halley was
the clear bifurcation of the cometary ion peak in the ‘come-
tosheath’ region between the bow shock and contact surface
(Johnstone et al., 1986; Thomsen et al., 1987). The explanation for
the bifurcation has already been alluded to, namely the different
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Fig. 10. Solar wind frame particle distributions resulting from Fermi I (top) and
Fermi II (bottom) velocity space diffusion from an initial delta function (from
Coates, 1991b).

Fig. 11. Schematic velocity spectra of locally produced and convected (from
upstream) pickup ions, observed at points (a) well upstream of the bow shock
where the local solar wind speed is vN (b) outside, but near to, the bow shock and
(c) downstream of the bow shock (strength Dvshock). The bifurcation associated
with the bow shock is clearly seen (from Coates 1991b).

A.J. Coates, G.H. Jones / Planetary and Space Science 57 (2009) 1175–11911182 Fermi I
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Shock Wave as Cosmic Ray Accelerator
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“Ions collide with randomly
 moving magnetic clouds.”
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Fig. 2. Illustration of particle diffusion in velocity space. When the waves are
counterstreaming with phase velocities + VA and - VA, particle motion is no
longer constrained on circles (dashed curves). The solid curve shows an

example of the orbit of a stochastic particle.

field, E and B (which is called the ion pickup process). Because the
outflowing velocity of parent molecules (several kilometers per

second) is negligible in comparison with the E x B drift velocity in
the solar wind (several hundreds of kilometers per second), the
simple picture in Fig. 1 is a good approximation of the behavior of
cometary ions immediately after their ionization. As time goes on,

cometary ions accumulate and form a torus in velocity space. Such a

torus distribution is unstable to the excitation of MHD waves that
satisfy the cyclotron resonance condition (Eq. 2). Quasi-linear
theory predicts that the cometary ions in the MHD waves of their
own making are subjected first to the pitch-angle scattering process

and next to the energy diffusion process (6).
In the neighborhood of Halley's comet, the result of the pitch-

angle scattering was actually observed as a shell structure in velocity
space, which is now called the "pickup shell" (7, 8). Figure 4 shows
the two-dimensional velocity space distribution within the ecliptic
plane for ions around Halley's comet [observed by the Suisei
spacecraft (7)], where a color code (black-blue-green-yellow-red)
shows the phase space density (in the logarithmic scale of sec3/m6).
The horizontal arrow corresponds to the sunward flow direction,
and the vertical arrow points toward the "eastward" flow direction.
The coordinate system in Fig. 4 is the comoving frame of the
spacecraft, which has a relative velocity of -70 km/s with respect to
Halley's comet. The velocity scale is given below the color-coded
distribution function. In this figure, the pickup shell of cometary
water-group ions appears as a red ring. A dashed circle shows the
theoretical position of the shell. As seen in Fig. 4, the agreement
between expectation and observation is good. Although Fig. 4
covers only a part of the ion distribution within the ecliptic plane,
results obtained with the Giotto plasma instrument, which has a

three-dimensional coverage, demonstrate that these cometary ions
have shell structures (8).
The interaction of the ions with the MHD turbulence leads to

energy diffusion, so that the velocity space shell of the cometary ions
eventually diffuses out. However, because newly ionized ions are

continuously being injected, the shape of the pickup shell is
maintained in spite of the energy diffusion. The products of the
energy diffusion are more energetic ions, whose energy considerably
exceeds the maximum pickup energy, 2mlVEI2 (several tens of
kiloelectron volts for water-group ions, O+, OH', and H20). The
presence of ions ofenergies higher than 100 keV is confirmed by the
observation and is interpreted in terms of the stochastic acceleration
process (9).
The acceleration efficiency (the energy diffusion coefficient) is

determined by the power spectrum of the turbulence at the resonant

Fig. 3. Type B reflection of a parti-
cle by a curved magnetic field line. /e
The wavy curve shows the trajectory Ce li
of the particle.

Plasma velocity

Particle

wavelength. Because the power spectrum of the turbulence was also
observed, a more quantitative comparison between the observations
and the theoretical model can be made. Figure 5 shows the power
spectra of the magnetic field component transverse to Bo, which
were observed by the magnetometer on Giotto (10). Figure 5, a and
d, shows the spectra obtained around the inbound and outbound
bow shock crossings; Fig. 5, b and c, shows the power spectra in the
cometosheath. The dashed lines indicate quiet solar wind spectra. As
seen in these panels, the amplitude of turbulence around the comet
is higher than that in the quiet solar wind by two or three orders of
magnitude. The spectra shown in Fig. 5 can be well described by a
power law P(f) cxf-a in the frequency range f = 5 to 300 mHz
with a power law index a = 1.8 to 2.1. Because the MHD
turbulence is convected by the super-Alfvenic solar wind flow, the
horizontal scale (in the unit of observed frequencyf) can be readily
converted to the wave number unit with the relation k - 2nrflVs,
(where Vs, is the solar wind velocity). In Fig. 5b the frequency
range that satisfies the cyclotron resonance condition (Eq. 2) with
the water-group ions (of 00 pitch angle) is indicated by an arrow
pointing tofH2o+ (5 to 10 mHz).

In constructing a comprehensive model of the acceleration proc-
ess of the cometary ions, we should take into account several
physical effects: the spatial variation of the turbulence spectrum, the
spatial variation of the ionization (injection) rate Q, and the
convection effect by the solar wind flow after pickup. For example,
Q falls off as -(l/r2)exp(-r/X), where r is the distance from the
cometary nucleus and X is the characteristic scale length for the
ionization process (_106 km). Therefore, we should solve, instead
of the simple diffusion equation (Eq. 4), the modified equation

+ VSW* VF

(5)
1 LF p2DPP dF

+ Q

for F(x, p, t), where x are configuration space coordinates. Gombosi
solved Eq. 5 in order to compare the theoretical model with the
observation near Halley's comet (11). In estimating DPP Gombosi
assumed that cometary waves propagate bidirectionally with equal
amplitudes [P(k+) = P(k-)], because the propagation direction of
the turbulent waves was not measured. Therefore, his estimation
corresponds to the maximal acceleration efficiency for a given total
amplitude of turbulence.

In Fig. 6, calculated distribution functions F(x, p, t) at several
values ofx (distance from the cometary nucleus along the sun-comet
line) are plotted against the particle energy. The stochastic Fermi
process can evidently produce highly energetic ions (-300 keV for
O). The calculated results reproduce well the characteristic shape
ofthe observed energy spectrum (for example, the quasi-exponential
shape and the characteristic energy). The diamonds represent the
values observed by the Vega 1 spacecraft immediately before the
bow shock crossing. The solid curve, which corresponds to the
energy spectrum expected around the subsolar bow shock, is in
agreement with this Vega observation.
Gombosi pointed out, however, an important quantitative differ-
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エネルギー拡散の
メカニズム (2)

• Bispherical effectによっ
て低エネルギー側に
tail

• 太陽風が減速されるの
で、上流でpick upされ
たionはその場でpick up

されたものより速度大
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Schmidt, separating plasmas with different properties. These were
the bow shock and the contact surface. The reality turned out to
be much more complex with several new boundaries seen by the
spacecraft.

In Fig. 14, we have adapted a schematic produced by Neubauer
(1990) to include the trajectories and boundary observations of all
the cometary encounters so far. As mentioned above, the bow
shock and cavity boundary were the only boundaries predicted to
form prior to the spacecraft encounters. The data have added at
least four additional features: the mystery boundary, the
cometopause, the magnetic pileup boundary and the ion pileup
boundary. The observations are summarized in Table 1. We will
now discuss each of the boundaries in turn.

8.1. Bow shock

A review of the theory and observations of the cometary bow
shock was given by Coates (1995). Briefly, in the predictions for
the bow shock, the mean molecular weight of the flow reached a
critical value of 4/3 in the one-dimensional case (Biermann et al.,
1967) before a singularity, the bow shock, occurred. In more
realistic two- and three-dimensional simulations a weak bow
shock forms at a value lower than 4/3, dependent on the gas
production rate (e.g., Schmidt and Wegmann, 1982; Gombosi
et al., 1996).

Observations at comets showed that this boundary was
present at all of the spacecraft encounters but its properties
changed dramatically between crossings at the same comet
depending on the interplanetary magnetic field orientation. In
all cases the cometary ions dominated the dynamics in terms of
pressure (see Coates et al., 1997). The width of the feature varied
from a few water group ion gyroradii in the quasi-perpendicular

case to many gyroradii in the quasi-parallel case (Neubauer et al.,
1990). Where sufficient data were available, the bow shock was
shown to occur at the predicted point in the mass-loaded flow
(see Staines et al., 1991; Coates et al., 1990a, 1997). Also the Mach
number of the features supported the interpretation of a bow
shock (Smith et al., 1986; Coates et al., 1987, 1990a, 1997). The
various particle species also increased in temperature across the
boundary (Neugebauer et al., 1987; Staines et al., 1991; Coates
et al., 1990a). While there is some evidence that the GZ data can
be explained in terms of a reforming shocklet model (Omidi and
Winske, 1990), and the Suisei and Giotto-Halley inbound
data could have been affected by interplanetary disturbances
(Tatrallyay et al., 1993; Kessel et al., 1994), there is broad
agreement that the boundary seen in the various cases was a
bow shock.

8.2. Mystery boundary

One of the dramatic plasma discoveries at comet Halley was
the clear bifurcation of the cometary ion peak in the ‘come-
tosheath’ region between the bow shock and contact surface
(Johnstone et al., 1986; Thomsen et al., 1987). The explanation for
the bifurcation has already been alluded to, namely the different
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Fig. 10. Solar wind frame particle distributions resulting from Fermi I (top) and
Fermi II (bottom) velocity space diffusion from an initial delta function (from
Coates, 1991b).

Fig. 11. Schematic velocity spectra of locally produced and convected (from
upstream) pickup ions, observed at points (a) well upstream of the bow shock
where the local solar wind speed is vN (b) outside, but near to, the bow shock and
(c) downstream of the bow shock (strength Dvshock). The bifurcation associated
with the bow shock is clearly seen (from Coates 1991b).
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観測された水系イオンの
一次元速度分布

• 加速と減速を両方含む→Fermi II

• Bow shock下流で大きく加速

• 上流でも高エネルギー粒子が存在、Fermi IIだけでは不十分
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velocity either side of the bow shock, which gives different pickup
shell radii. However, this does not explain the very suddenly
enhanced splitting of the water group ion population, which
occurs at approximately 5,00,000 km from the nucleus caused by
a change in solar wind velocity there. This boundary, called the
mystery boundary as its origin is still not understood, is also
characterized as the end of a region of significantly enhanced
densities of hot (0.8–3.6 keV) electrons (e.g., Reme et al,, 1987;
Reme 1991). The mystery boundary also ends a region of higher
solar wind density and velocity, and following this boundary the
number of ions in the ram direction (i.e., the direction where cold
particles at rest with respect to the comet are seen, in a direction

opposite to the spacecraft velocity vector) increases sharply. There
is no strong effect in the magnetic field to match these sharp and
significant features in the plasma data.

The boundary is still present on the outbound pass (although
suitable electron data are not available) and also appears to be
at comet GS (Johnstone et al., 1993; Mazelle et al., 1995; Jones
and Coates, 1997). Also, it has been argued (Reme, 1991) that
comparable boundaries were also observed by Vega, Suisei and
ICE. However, it is not present in any of the MHD or multi-fluid
models and its origin has still not been explained. Although the
boundary itself is still a mystery, it is conceivable that the
increased numbers of hot electrons in the region it bounds could

ARTICLE IN PRESS

Fig. 12. One-dimensional water group ion distribution functions for comets (a) Halley (from Coates et al., 1990a, b) and (b) Grigg-Skjellerup (from Coates et al., 1993). The
ring or simple shell velocity is overlaid.

Fig. 13. Summary of the ion pickup process at comets (adapted from Neugebauer, 1990).

A.J. Coates, G.H. Jones / Planetary and Space Science 57 (2009) 1175–1191 1183
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6. Wave generation



波動の生成と速度拡散
• 彗星からのイオンによって作られ、散乱を引き起こすのは

Alfven波

• 元々太陽風中に発生する波はほとんどが下流向きに伝わる一
方、pickup ionによって生成される波は大部分が上流向き

‣ Counter-streaming (Fermi IIの原因)

• 速度拡散係数は

‣ 上流向きの波が強い場合は下流向きの波が加速の量を決める。
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6. Wave generation

The waves of interest for scattering, produced by the cometary
ions, are Alfvén waves. Naturally occurring solar wind waves
mostly move downstream at p1 AU. The pickup generated waves,
on the other hand, mostly move upstream, with wavenumbers,
and hence frequencies, given by Fig. 8. Counter-streaming waves
are therefore possible in the comet–solar wind interaction region
to produce the Fermi II mechanism.

For this stochastic acceleration and deceleration process, the
velocity diffusion coefficient can be written (Isenberg, 1987)

Dvv /
IþI"

Iþ þ I"

where I is the wave intensity and +and " refer to upstream and
downstream propagation, respectively. For I"5I+, this reduces
to DvvpI". We therefore expect the amount of acceleration to
be controlled by downstream propagating waves. The amount of
velocity diffusion should therefore remain relatively constant over
the upstream region since most of the downstream propagating
waves are pre-existing, solar wind waves.

Splitting the waves into the upstream and downstream
propagating components, by a method which used the Poynting
vector, showed that indeed there was relatively less energy in the
downstream propagating fraction (Huddleston, 1990; Coates et al.,
1990a, b). Some broadening was predicted in the 0.5 million km
upstream of the bow shock. This is consistent with the observa-

tions of the velocity width of the SWB frame ion distributions
presented by Coates (1991a) using the data in Fig. 12 as input.

In the GS case, the waves are close to the water group ion
gyrofrequency as a was close to 901 most of the time, as
mentioned above.

The pickup process and the relationship to waves and
accelerated particles was summarized by a figure in the paper
by Neugebauer (1990). We have modified this slightly and now
present the result in Fig. 13. This shows schematically how pickup
ion distributions drive waves and slow the solar wind.

7. Non-gyrotropic distributions

At small comets such as GS, the ion implantation rate can vary
near to the comet over the distance between adjacent cusps of the
cycloid. It is therefore possible to observe non-gyrotropic
distributions of ions. This was indeed observed at GS (Coates
et al., 1993). It was postulated by several authors that this should
cause additional instabilities in that region (e.g. Motschmann and
Glassmeier, 1993; Neubauer et al., 1993; Cao et al., 1995).

8. Boundaries and regions in the solar wind interaction

Two boundaries in the mass-loaded flow were anticipated in
the 1970s and 1980s by workers including Wallis, Biermann and
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Fig. 9. Observed (solid line) and predicted (dashed line) magnetic wave spectra at Halley, using quasilinear theory and bispherical scattering (from Huddleston and
Johnstone, 1992). kL refers to the minimum wavenumber generated during the pickup process, and the shaded region indicates where the measured wave energy is above
the theoretical value. These waves play a key role in particle acceleration.
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Johnstone, 1992). kL refers to the minimum wavenumber generated during the pickup process, and the shaded region indicates where the measured wave energy is above
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Pickup ionと波の関係
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velocity either side of the bow shock, which gives different pickup
shell radii. However, this does not explain the very suddenly
enhanced splitting of the water group ion population, which
occurs at approximately 5,00,000 km from the nucleus caused by
a change in solar wind velocity there. This boundary, called the
mystery boundary as its origin is still not understood, is also
characterized as the end of a region of significantly enhanced
densities of hot (0.8–3.6 keV) electrons (e.g., Reme et al,, 1987;
Reme 1991). The mystery boundary also ends a region of higher
solar wind density and velocity, and following this boundary the
number of ions in the ram direction (i.e., the direction where cold
particles at rest with respect to the comet are seen, in a direction

opposite to the spacecraft velocity vector) increases sharply. There
is no strong effect in the magnetic field to match these sharp and
significant features in the plasma data.

The boundary is still present on the outbound pass (although
suitable electron data are not available) and also appears to be
at comet GS (Johnstone et al., 1993; Mazelle et al., 1995; Jones
and Coates, 1997). Also, it has been argued (Reme, 1991) that
comparable boundaries were also observed by Vega, Suisei and
ICE. However, it is not present in any of the MHD or multi-fluid
models and its origin has still not been explained. Although the
boundary itself is still a mystery, it is conceivable that the
increased numbers of hot electrons in the region it bounds could

ARTICLE IN PRESS

Fig. 12. One-dimensional water group ion distribution functions for comets (a) Halley (from Coates et al., 1990a, b) and (b) Grigg-Skjellerup (from Coates et al., 1993). The
ring or simple shell velocity is overlaid.

Fig. 13. Summary of the ion pickup process at comets (adapted from Neugebauer, 1990).

A.J. Coates, G.H. Jones / Planetary and Space Science 57 (2009) 1175–1191 1183



7. Non-gyrotropic distributions

• GSのような小さな彗星（cycloid

の１周よりも小さな空間スケー
ルで変化有）では、non-

gyrotropicなイオン速度分布を
観測することができる。

‣ さらに不安定を引き起こすはず
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Fig. 9. Three-dimensional water group ion distributionin the SWB frame at 42,000 km fom the nucleus (inbound). 
Projections of the ring and simple shell axe shown in each view as is the ion injection point (stax). 

points rx and r2 with r2 upstream of rx by the cusp distance 
rcusp in the sunward direction, the density ratio between the 
two points is approximately 

.. _ = _ 
•2 

Figure 10 shows a plot of the density ratio k against rx, 
calculated using the geometry of the GS flyby. From the 
data used in this plot we find that at ~143,000 km inbound 
and ~48,000 km outbound from the nucleus the density ra- 
tio reaches approximately 1.1. Inside these distances, k be- 
comes even larger and nongyrotropy in the distributions is 
expected to be very important. Inside these distances we 
should expect to find a noticeable clumping of particles to- 
ward the injection point. These distances are in good agree- 
ment with the observations in section 5 above where, close 
to the comet, the bulk velocity is confined to the first 90 ø 
sector of the pickup rihg. 

At large distances, there is some evidence for the pre- 
dominance of particles in the first 180 ø of their gyration. 
These results show some similarity to the situation during 
the AMPTE lithium releases in the solar wind where only 
the first part of the gyration was seen [Coates et al., 1986; 
Johnstone et al., 1986; MSbius et al., 1986; Chapman et al., 
1987]. 

The observations exhibit some asymmetry in the amount 
of pitch angle scattering (Figure 2) where the outbound dis- 
tributions are scattered more strongly. This is unexpected 
since, according to the calculations of Huddleston et al. [this 
issue], at a fixed distance the average age of ions seen on the 

inbound pass is larger, so ideally one might expect more 
developed distributions there. However, recalling that the 
observed ion distributions are "one-sided" in the region from 
~ 20,000-85,000 km outbound this may increase the appar- 
ent pitch angle width there, although the one sided nature 
of the distributions is not yet explained itself. As we have 
noted there is also asymmetry in the extent of nongyrotropy, 
since the strongly nongyrotropic region is smaller on the' 
outbound pass than the inbound. The latter asymmetry is 
understandable using the arguments outlined above. 
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Fig. 10. Density ratio k for points separated by rcusp as a func- 
tion of distance r• along the spacecraft trajectory (from equation 
(7)). 

[Coates et al., 1993]

by Puhl et al., 1993). The end result of the process is that energy
from the solar wind is given both to newborn ions and to waves.

Fig. 4 shows a further transformation to a solar wind centred,
magnetic field-aligned (SWB) frame. In this frame the bulk
velocity of a uniformly filled ring would be (0,0,vJ), where
vJ ¼ (vswB/B). The simple shell velocity would be (0,0,0) in this
frame. The particle distributions can also be plotted as v?"vJ

distributions, where a ring would appear as a point and a simple
shell as a semi-circle.

Such plots were shown for comets Halley (Coates et al., 1989)
and Grigg-Skjellerup (Coates et al., 1993). For the case of comet
Halley, far from the comet the water group ion distributions are
ring-like, but become shell-like upstream of the bow shock and
thicken substantially downstream, with significant acceleration in
this region beyond pickup energies. Similar observations of pickup
hydrogen were made (Neugebauer et al., 1989), At Grigg-
Skjellerup, the water group distributions are substantially ring-
like up to the bow shock, though a period of one-sided
distributions was seen in one case.

An alternative and more compact representation of the water
group data is shown in Fig. 5, where the pitch angle distributions
are presented as strips summed over energy to show the evolution

with distance from the comet. The position where a ring
distribution would appear is shown by a superimposed line on
the plot. The substantial differences between Halley and GS are
immediately visible here. First, the difference in scale means that
the Halley particle distributions have more time to pitch angle
scatter; clearly at Halley we see shell-like distributions well
upstream of the shock. Second, the Halley encounter provided a
large range of a values due to the solar wind conditions, whereas
the GS encounter was a less disturbed, ‘textbook’ encounter.

Ultimately, ion pickup implies accommodation into the flow.
We are concerned here with how this happens. We will find that
the simple shell is not an adequate explanation.

4. Pitch angle scattering

The process of pitch angle scattering from ring to shell was
predicted by Wallis (1973) and Wu and Davidson (1972), among
others. The maximum velocity of ions in the shell in the spacecraft
frame is 2vsw, with a maximum energy of 2mvsw

2. However, the
simple shell is an approximation.

A more realistic distribution is a bispherical shell, as envisaged
by Galeev and Sagdeev (1988). Here, ions fill part of two shells
centred on 7 the Alfvén speed (vA) along the z-axis (magnetic
field direction) in the SWB frame. These velocities correspond
to the speeds of upstream and downstream propagating waves.
The pitch angle scattering follows these paths in velocity
space. Theoretically, a problem appears in scattering the particles
through zero parallel velocity. Assuming the scattering can occur,
however, this corresponds to the first stage of accommodation of
pickup ions into the solar wind flow.

Fig. 6 shows the bispherical distribution in velocity space. The
paths AD (centred on "vA) and BC (centred on +vA) are possible
paths. Along these paths the particles could in principle either
give energy to the waves (paths RB and RD), or the waves could
give energy to the particles (paths RA and RC). In practice, the
newly picked up particles are a source of free energy, which
generates the upstream and downstream propagating waves,
respectively, and conservation of energy requires that the particles
lose energy in this plot. Most of the particles follow these paths,
though some may be accelerated by second order Fermi
acceleration (see Section 5). The distributions therefore follow
the paths BD, the ‘bispherical distribution’. The bulk velocity of
this distribution is given by (0,0,vbulkJ), where the ‘bispherical
bulk speed’ vbulkJ depends on the value of the angle a and this
controls the relative importance of the two portions of the
bispherical shell.

Using the Giotto data at Halley it was possible to measure the
water group ion bulk velocity in the SWB frame and compare it to
the bispherical bulk speed. This is shown in Fig. 7 (from Coates
et al., 1990a, b), which also shows the prediction for a ring
distribution. Far from the comet, the ring speed controls the bulk
speed, but close to the comet the observed bulk speed of the ions
tends to the bispherical bulk speed. It should be noted that close
to the comet the bulk speed also tends to zero in the solar wind
frame, and while this makes it difficult to distinguish from
the bispherical bulk speed the behavior of the data follow
the bispherical prediction rather well. This was taken as a
confirmation that the bispherical picture is correct near to the
comet.

This picture can be extended further using the resonance
condition for the waves. Each part of the shell drives a different
wavenumber, and frequency, of waves as shown in Fig. 8 (from
Johnstone et al., 1991). This figure shows the particle distribution
function in v?"vJ space for a particular value of a (equivalent to f
in this figure). Above (below) the vJ axis, the indicated parts of the
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Fig. 3. Ion pickup process in velocity space, spacecraft frame. The X, Y and Z axes
represent velocities in those directions; CSE refers to the comet-centred solar
ecliptic frame (orientation for the GS encounter). usw is the solar wind velocity. The
displacement from the origin to the injection point on the ring gives the velocity of
the neutrals in the spacecraft frame (from Coates et al., 1993).

Fig. 4. Ion pickup in velocity space, SWB frame (from Coates et al., 1990a,b). vs is
the origin (solar wind rest frame) and vinj is the injection point (velocity of the
neutrals in the SWB frame).
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The magnetic field orientation was estimated from the
anisotropy of the electrons, as explained. Further, the
convection electric field (E = !VSW " B) was assumed in
the calculation.
[36] (Figure 8a) shows the result of calculation, which

indicates that most of the ions come from the dayside of the
Moon. This implies that the nonthermal ions are generated at
or around the dayside of the Moon. The dayside region was
the magnetized region of the Moon on that day. Some of the
ions look like they do not come from the Moon, but their
trajectories pass the lunar surface very closely. The IMF
parameters have ambiguities in an amplitude of about 1 nT
and in a direction of about 20!, and the plasma waves in the
solar wind or in the lunar forewake, such as those observed
by Farrell et al. [1996], may scatter the ion trajectories.

4.3. Initial Velocities of Nonsolar Wind Ions

[37] Knowing the initial velocities of the lunar related
ions is vital to specifying the generation mechanism. For
example, if the nonthermal ions have zero initial velocity,
they might be pickup ions originating from the lunar exo-
sphere because neutral hydrogens in the exosphere have
very small thermal velocities.
[38] (Figure 8b) shows the initial velocities of the lunar

ions when they are released into interplanetary space. The
initial velocities are derived from the model calculation
explained in the previous section. The result shows the
initial velocities of the lunar ions are close to or larger than
those of the solar wind protons. We checked several factors
to confirm this conclusion.
[39] First, we checked the ambiguity of the IMF param-

eters used in our model calculation. We confirmed that the
initial velocities had not changed very much after additional
model calculations with different but possible magnetic
field strengths and directions. We found that the initial
velocities should be several hundred km/sec.

Figure 4. Time series of the 3-D velocity distribution in the GSE coordinate system. The upper and
lower panels show velocity distributions seen from different angles. The ions with red and white frames
are nominal solar wind and nonthermal ions, respectively. The two component can easily be distinguished
because the solar wind components are very compact and have clear bound in the velocity space.

Figure 5. Velocity distribution of nonthermal ions ob-
served by the PSA/ISA projected into the plane perpendi-
cular to (a) the magnetic field direction and (b) the
convection electric field direction. VB, VE, and VC represent
the apparent velocity parallel to the direction of the
magnetic field, the convection electric field, and the E "
B-drift, respectively. Diamond symbols are the observed
velocity of the nonthermal ions and dotted symbols are the
observed velocity of the solar wind. Partial ring structures of
nonthermal ions are seen in (a).
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8. Boundaries and regions
 in the solar wind 

interaction



彗星付近の境界
• 予言されていた境界

- Bow shock

- Contact surface

• 探査機によって発見された境界

- Mystery boundary

- Cometopause

- Magnetic pileup boundary

- Ion pileup boundary　など
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play a role in the X-ray emission from comets discovered in the
1990s (Lisse et al., 1996).

8.3. Cometopause

Analysis of the data from Vega-2 has shown the existence of a
relatively sharp boundary some 1,60,000 km from comet Halley
separating regions of different chemical composition, according to
measurements in the ram direction (Gringauz et al., 1986b). In
these data the protons showed a sudden decrease in density and
the cometary ion density also suddenly increased, as seen in the
ram direction. In addition, the proton velocity and water group
velocity was quite different each side of the transition (Tatrallyay
et al., 1995). It has been claimed that the cometopause is a
permanent boundary in the comet–solar wind interaction (Gringauz
and Verigin, 1991). A number of studies were also made
interpreting the cometopause as a region where charge exchange
becomes important (e.g., Gombosi, 1987). The analysis of Giotto
data from a similar region revealed a much broader transition
between a mass-loaded solar wind region and a heavy ion-
dominated region with no significant velocity difference, although
some authors claim to have evidence for a cometopause in the
Johnstone plasma analyser (JPA) data at 80,000 km or 23:19 SCET

(Amata et al., 1986; Formisano et al., 1990). This interpretation as
a ‘cometopause’ has been vigorously questioned by Reme (1991),
Reme et al. (1994) and Neugebauer et al. (1992). The latter pointed
out, probably correctly, that some artefacts appear in the
Formisano et al analysis due to field of view limitations.

In Fig. 15 we show a direct comparison between the JPA-fast
ion sensor (FIS) and implanted ion sensor (IIS) (Wilken et al.,
1987) data in the cometopause region for the instrument angular
bins closest to the ram direction. The top panel shows IIS data in
mass group 1 from the sensor 15–251 from ram, the middle panel
shows FIS data in the bin 35–721 from ram, and the bottom panel
shows IIS mass group 3 in the 15–251 from ram bin. Note that the
high-energy population in the middle panel, ending at o1 keV,
corresponds to the low-energy branch of the water group
ions visible in the lower panel. In the region following the
‘cometopause’ location (23:30 UT), the protons are still present
(top panel), and they become a little less intense, but certainly still
present, in the FIS data (middle panel). At this same time, the
water group ions in the low-energy branch (lower panel) are
becoming more intense, and the high-energy branch is gradually
disappearing. There is no strong discontinuity seen at the
‘cometopause’ in any of this raw data. We conclude that a
gradual change of plasma conditions was in progress at this time
during the Giotto flyby.
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Fig. 14. Schematic of the comet–solar wind interaction (following Neubauer, 1990). Trajectories of the various spacecraft encounters where plasma instrumentation was
included are overlaid. The DS1 encounter geometry at Borrelly was similar to that of GEM at GS (from Coates, 1997).

Table 1
Summary of observed boundary crossings within cometary comae.

Comet GZ ( Halley ) GS Borrelly

Spacecraft ICE V1 V2 Suisei Giotto Giotto DS1
Bow shock Y Y Y Y Y Y Y
Mystery boundary ? ? ? ? Y Y ?
Cometopause Y Y
Magnetic pileup boundary – N N – Y Y –
Discontinuities X, X0 , Y, Z – – – – Y – –
Ion pileup boundary – Y Y – Y ? –
Cavity boundary – – – – Y – –

A.J. Coates, G.H. Jones / Planetary and Space Science 57 (2009) 1175–11911184
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Bow shock
• 全ての探査機接近の際
に観測

• 特徴がIMFの方向に依存

• 彗星起源イオンが圧力
を決定

• 下流では様々なイオン
種の温度増加
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Fig. 3. X-Y (Halley centred solar ecliptic frame) projection of the Giotto trajectory, a paraboloid 
model (solid line) from /26/ and a mass loading model (dashed line) from /30/. Shock normal 
directions are shown both inbound and outbound from the single ion calculations (S), multiple ion 
determination (M), paraboloid model (P) and coplanarity method (C - outbound only). From /33/. 

Giotto - Grigg-Skjellerup 

The Giotto encounter with Grigg-Skjellerup (GS), with a gas production rate about 1% that of Halley and 
10% that of Giacobini-Zinner, was not expected to show any sharp shock features in the results. Thii 
was because the size of the interaction region was expected to be comparable with the heavy cometary 
ion gyroradius. Surprisingly, relatively sharp features were found /34, 35, 36/. In the magnetic field and 
electron data the jump was particularly sharp on the outbound pass. The inbound results are perhaps more 
like a bow wave but nevertheless quite strong flow deflections are seen. Both of the features were near 
to the predicted bow shock location in the coma /37/. It is interesting to note that two features of the 
interplanetary magnetic field may be particularly important in the interpretation of the results: its high 
strength and the fact that during the encounter the angle to the solar wind flow was close to 90°. Further 
work is underway on the GS results. 

Summary of experimental results 

A brief summary of the results from the space missions is given in Table 1. In Figure 4 we compare the 
paraboloid models for the ICE, Giotto-Halley and Giotto-GS encounters on the same plot with the water 
group ion gyroradius shown for comparison. Clearly at GZ and GS gyroradius effects are expected to be 
important. 

TABLE 1. Summary of cometary bow shock results from spacecraft encounters 

Mission Comet Inbound Outbound Comments 
ICE GZ I I (wave?) Intermittent; much turbulence; 

scale compared to interaction 
Vega 1 Halley J_ _L Most pronounced in wave data. 
Vega 2 Halley II - Diffuse structure. 
Suisei Halley - ? Sharp; no B data; 

Vega upstream saw SW effect. 
Giotto Halley l_ II Inbound width 4x10’ km; 

Some SW disturbances? 
Outbound width 1.2~10~ km; 
mass loading in shock important. 

Giotto GS _L (wave?) J_ Outbound very sharp; 
inbound a wave? 

THEORY AND SIMULATION 

Five different approaches have been applied to the cometary bow shock problem. We now discuss these. 

[Coates, 1995]
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Mystery boundary
• Bow shockとcontact surfaceの間の 

‘cometosheath’の領域に水系イオンの
エネルギー分布がはっきりと分かれ
る境界

• 位置はHalley彗星核から約500,000 km

• 熱い電子の高密度領域の境界

• 太陽風の密度と速度の領域の境界

• 続いて冷たいイオンが急激に増加

• 磁場には特に影響なし

• 成因は不明
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Cometopause
• Halley彗星核から160,000 kmに化学組成

の明確な境界

• プロトン密度急減、水系イオン密度急増

• イオン速度も変化

• 荷電交換が重要になる領域へ

• Giottoのデータでは強い不連続なし
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In this region it is clear that charge exchange collisions are
becoming more important, which would give a shift from a solar
wind dominated flow to cometary ion domination. This is the
physics, which has been put forward (e.g. Gombosi, 1987) to
explain the cometopause transition and it remains to be explained
why the transition was seen to occur more rapidly on Vega than
Giotto. A sharp boundary is not predicted by models and one
possibility is that a convected change of interplanetary conditions
could explain the Vega observations. Recently, Tatrallyay et al.
(1995) have suggested that the velocity change between the
protons on the upstream side and the cometary ions downstream
may be important in determining the sharpness of the transition
region.

8.4. Magnetic pileup boundary (MPB)

In the Giotto data, it is more widely accepted that a separate
magnetic pileup boundary is seen some 45,000 km or 11 min later
than the cometopause, at 23:30 SCET (e.g., Neubauer et al., 1986;
Reme et al., 1986; Mazelle et al., 1989). The main characteristics of
this boundary on the inbound pass were a sudden magnetic field
jump (tangential discontinuity), a slowing and reduction of
electron density, and a decrease in the electron perpendicular
pressure. A dramatic increase in the rate of charge exchange has
also been reported (Fuselier et al., 1991). Also, a proton density
decrease was seen both by the ion mass spectrometer (IMS;
Goldstein et al., 1987) and by JPA. Referring to Fig. 15, the decrease
in proton density is seen in the top two panels and a reduction in
the density of water group ions in the upper branch is seen in the
lower panel. There are signs of a similar boundary outbound in the
magnetometer data but it was not as marked (Neubauer et al.,
1986; Neubauer, 1987). This boundary, inside which the magnetic
field drapes strongly around the contact surface, was not

predicted by models and, interestingly, was absent in the Vega
data at comet Halley. This, and the observation that the cometary
ion density shows no significant discontinuity, has led some
authors to speculate a solar wind origin (e.g., Neugebauer et al.,
1991), while others have postulated that on the night side it
becomes the plasma tail boundary (Neubauer, 1987).

A magnetic pileup boundary was also observed at GS
(Neubauer et al., 1993; Reme et al., 1993; Mazelle et al., 1995).
The IIS time resolution was not ideal for diagnosing the plasma in
this region, although a decrease in proton density is not
inconsistent with the data; also, a split of the proton population
into beams in this region has been noted (Jones and Coates, 1997).

8.5. Discontinuities X, X0, Y and Z

Three additional boundaries have been pointed out (Balsiger
et al., 1986; Johnstone et al., 1986) in the Giotto data between the
MPB and the ion pileup boundary (IPB), called X, Y and Z. by the
IMS team (Balsiger, 1990). Discontinuity X is at 23:42 SCET, and is
in a region where cometary ions are gradually being lost by charge
exchange (Johnstone et al., 1986); there is also a sudden,
significant drop in proton density there (Goldstein et al., 1987).
This drop in proton density is also seen in the JPA data, see Fig. 15.
A similar boundary can be seen after this time at 23:49 SCET,
where the proton density decreases (seen in FIS and IIS) and the
water group population also starts a density decrease. This is a
new feature, which we will call X0, not noticed up to now, and
deserves some further study. Transition Y is the start of a sharp
decrease in ion temperature, at 23:56. This can also be seen by JPA
as the end of the lower pickup ion line in the bottom panel of
Fig. 15. Discontinuity Z, at 2359, marks the transition from radial
outward flow of cometary ions away from the nucleus to stagnant
plasma (Balsiger et al., 1986; Schwenn et al., 1987).
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Fig. 15. Giotto JPA data from the cometopause region at the inbound Halley encounter (from Coates, 1997).
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Fig. 1. Color coded summary representation of the VEGA-2 plasma measurements between 
2.3x105km and 1.4x104km. Time runs from left to right (there are ten minutes tickmarks in the 
Figure). Electron energy spectra are shown in the upper panel, while CRA and SDA spectra are 
presented in the middle and lower panels, respectively. Energy increases upwards in each panel. The 
color coding varies from dark blue representing the lowest fluxes to red corresponding to the highest 
intensities (see the color bar at the left of the figure). 

Observations 

Figure 1 is a color coded summary representation of the 
VEGA-2 plasma measurements between 2.3x105km (0630 UT 
on March 9, 1986) and 1.4x104km (0717:29 UT) where the 
PLASMAG-1 instrument became temporarily disabled (the 
SDA analyser resumed measurements about 27 minutes later). 
Time (and consequently cometocentric distance) runs from left 
to right (there are ten minutes tickmarks in Figure 1). Electron 
energy spectra are shown in the upper panel, while the CRA 
and SDA spectra are presented in the middle and lower panels, 
respectively. Energy increases upwards in each panel. The 
color coding varies from dark blue representing the lowest 
fluxes to red corresponding to the highest intensifies (see the 
color bar at the left of the figure). 

At 2.3x10Skm (0630 UT) from the nucleus the heavily mass 

loaded solar wind population is decelerated to a velocity of 
about 230km/s and has a temperature of about 5x105K. The 
proton flow further decelerates to 190km/s as the spacecraft 
approaches the cometopause. Upstream from this boundary 
the deviation angle (angle between the antisolar and the plasma 
flow directions) determined from proton fluxes 
simultaneously detected by the CRA and SDA is 10 ø- 15 ø. 
Between 0643 and 0645 UT (1.7-1.6x10Skm) VEGA-2 
intersects a sharp (-•104km wide) boundary separating two 
plasma regions of different chemical composition and enters 
the cometary plasma region. As the spacecraft moves deeper 
into the cometary plasma region the density of the heavy ions 
increases and their temperature decreases so that ion mass 
spectrome•4ry can be carded out using the CRA data starting about 5x 10 km from the nucleus (--0710 UT). 

As one can see from the lower panel, the SDA sensor does 
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Magnetic pileup 
boundary (MPB)

• 45,000 km

• 磁場の不連続（tangential 

discontinuity）

• 電子の減速、減少、垂直圧力減
少

• 荷電交換率増加

• プロトン密度減少

• 磁場がcontact surfaceの周りを強
くdrape
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Discontinuities
 X, X’, Y andZ

• MPBとIPBの間にさらに３つの境界

• X：彗星イオンが荷電交換により
徐々に減少、プロトン密度の急減

• X’：右のJPAのデータではここでプ
ロトン密度減少、水系イオン密度
減少開始

• Y：イオン温度減少

• Z：彗星イオンの核からの外向き
の流れと停滞プラズマの境界
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In this region it is clear that charge exchange collisions are
becoming more important, which would give a shift from a solar
wind dominated flow to cometary ion domination. This is the
physics, which has been put forward (e.g. Gombosi, 1987) to
explain the cometopause transition and it remains to be explained
why the transition was seen to occur more rapidly on Vega than
Giotto. A sharp boundary is not predicted by models and one
possibility is that a convected change of interplanetary conditions
could explain the Vega observations. Recently, Tatrallyay et al.
(1995) have suggested that the velocity change between the
protons on the upstream side and the cometary ions downstream
may be important in determining the sharpness of the transition
region.

8.4. Magnetic pileup boundary (MPB)

In the Giotto data, it is more widely accepted that a separate
magnetic pileup boundary is seen some 45,000 km or 11 min later
than the cometopause, at 23:30 SCET (e.g., Neubauer et al., 1986;
Reme et al., 1986; Mazelle et al., 1989). The main characteristics of
this boundary on the inbound pass were a sudden magnetic field
jump (tangential discontinuity), a slowing and reduction of
electron density, and a decrease in the electron perpendicular
pressure. A dramatic increase in the rate of charge exchange has
also been reported (Fuselier et al., 1991). Also, a proton density
decrease was seen both by the ion mass spectrometer (IMS;
Goldstein et al., 1987) and by JPA. Referring to Fig. 15, the decrease
in proton density is seen in the top two panels and a reduction in
the density of water group ions in the upper branch is seen in the
lower panel. There are signs of a similar boundary outbound in the
magnetometer data but it was not as marked (Neubauer et al.,
1986; Neubauer, 1987). This boundary, inside which the magnetic
field drapes strongly around the contact surface, was not

predicted by models and, interestingly, was absent in the Vega
data at comet Halley. This, and the observation that the cometary
ion density shows no significant discontinuity, has led some
authors to speculate a solar wind origin (e.g., Neugebauer et al.,
1991), while others have postulated that on the night side it
becomes the plasma tail boundary (Neubauer, 1987).

A magnetic pileup boundary was also observed at GS
(Neubauer et al., 1993; Reme et al., 1993; Mazelle et al., 1995).
The IIS time resolution was not ideal for diagnosing the plasma in
this region, although a decrease in proton density is not
inconsistent with the data; also, a split of the proton population
into beams in this region has been noted (Jones and Coates, 1997).

8.5. Discontinuities X, X0, Y and Z

Three additional boundaries have been pointed out (Balsiger
et al., 1986; Johnstone et al., 1986) in the Giotto data between the
MPB and the ion pileup boundary (IPB), called X, Y and Z. by the
IMS team (Balsiger, 1990). Discontinuity X is at 23:42 SCET, and is
in a region where cometary ions are gradually being lost by charge
exchange (Johnstone et al., 1986); there is also a sudden,
significant drop in proton density there (Goldstein et al., 1987).
This drop in proton density is also seen in the JPA data, see Fig. 15.
A similar boundary can be seen after this time at 23:49 SCET,
where the proton density decreases (seen in FIS and IIS) and the
water group population also starts a density decrease. This is a
new feature, which we will call X0, not noticed up to now, and
deserves some further study. Transition Y is the start of a sharp
decrease in ion temperature, at 23:56. This can also be seen by JPA
as the end of the lower pickup ion line in the bottom panel of
Fig. 15. Discontinuity Z, at 2359, marks the transition from radial
outward flow of cometary ions away from the nucleus to stagnant
plasma (Balsiger et al., 1986; Schwenn et al., 1987).
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Fig. 15. Giotto JPA data from the cometopause region at the inbound Halley encounter (from Coates, 1997).
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Ion pileup boundary 
(IPB)

• ~10,000 km

• Count rate分布が変化

• 電離圏プラズマへ

• 磁場の最大値

• H3O+がdominantに
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Cavity boundary
• Giottoが観測したのみ

• 磁場の空洞領域

• 近くでion burstsを観測

• 内向きの磁気圧と外向きのion-neutral 

dragがバランス

• Negative ionの存在
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（地上で受信した時間）

~25 km



Borrelly彗星
• Deep Space 1が2171 kmを通過

• プラズマの空間分布が彗星に対し
て非対称

• プラズマのsourceの非対称な性質
を反映？

• Pickup ionのジャイロ半径効果では
ないか？
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Solar wind interactions with Borrelly 85

Table 1
Summary of estimated cometary plasma boundaries relative to comet–Sun line

Boundary Inbound Outbound Average subsolar Displacement
Time Distance Time Distance distancea ratio (D)
[hr] [103 km] [hr] [103 km] [103 km]

Pickup ions observed −9.33 588 +6.00 360 237 0.48
10% solar wind slowing −3.50 210 +2.00 120 83 0.55
Bow shock −2.53 152 +1.62 96 62 0.45
Change in ion flux < 10 keV −1.25 75 +1.08 65 35 0.14
Cometopause −0.25 15.1 +0.15 8.6 5.9 0.55
Center of ion density −0.03 1.5
a Assumes boundary has a parabolic shape.

Fig. 5. DS1 trajectory with measured ion velocity vectors. Lines starting at
the spacecraft’s position point in the direction of the flow, and their length
indicates the flow speed. In this figure, the +X-axis points to the Sun and
the spacecraft’s trajectory relative to the nucleus is in the X–Y plane. This
causes the +Y to point near the north ecliptic pole.

the outbound shock are smaller than inbound, the shock co-
incides with sharp changes in proton temperature and the
apparent level of plasma turbulence (Fig. 1).
Total ion flow (i.e., all species included) in the come-

tosheath region clearly follows a pattern directed away from
the comet (Fig. 5) as the nucleus–Sun line is approached.
This is consistent with MHD models of solar wind flow

around comets (Schmidt et al., 1993). If the plasma bound-
aries at Borrelly are parabolic in shape (Mendis et al.,
1986) and flare at a ratio of 2 : 1 between the flank, where
DS1 is located, and the subsolar point, then a rough esti-
mate of the subsolar distance to the Borrelly bowshock is
∼ 6.2× 104 km, roughly twice that expected from theoreti-
cal estimates (Ipavich et al., 1986; Cravens, 1991) scaled to
Borrelly conditions.
Inside−7.5×104 km fromCA (−1.25 hr), the number of

pickup ions above 10 keV starts to decrease rapidly (Figs. 1
and 4) as their mean energy falls below 10 keV and the bulk
of pickup water-group ions enters the PEPE energy range.
No corresponding change seems to occur in any of the other
ion parameters. On the outbound leg this boundary occurs at
+6.5× 104 km (+1.08 hr).

Fig. 6. PEPE measurements of total ion density and speed are shown on an
expanded scale near closest approach. The ion density peaks at between 1
to 2 minutes, or ∼ 1500 km, before closest approach. The flow speed may
also be asymmetric about closest approach but this is not as obvious since
the profile is broader than that of the density.

Within 10,000 km of the nucleus, the ion density in-
creases rapidly, reaching a peak of 1640 cm−3 approxi-
mately 1500 km prior to closest approach (Fig. 6).
During this period, the water group abundance increased

relative to total plasma density. Between −15,200 and
+8600 km, the water group ion abundance exceeded 50%
and peaked at over 90%, approximately 1500 km before
closest approach. The near-nucleus perturbations to ion
speed have a broader profile, with a minimum speed of
8 km/s roughly centered on closest approach. This resem-
bles the cometopause region observed at Halley, which
occurs when collisional processes such as charge transfer
and Coulomb scattering become important factors in slow-
ing the flow of mass loaded solar wind (Gombosi, 1987;
Cravens, 1991; Haberli et al., 1995). Collisionless momen-
tum coupling via wave-particle interactions between protons
and heavy ions may also contribute to slowing (Sauer et
al., 1994). A simple analytical mass-loading model can be
used to estimate the location of the subsolar cometopause.
Following Gombosi (1987), Rcom = ((Uth/Usw)RsRo)1/2,
where Uth is the ion thermal velocity, Rs is the sub-solar
shock distance, and Ro the charge exchange scale length.
From PEPE observations we estimate approximately Uth ∼

[Young et al., 2004]

slowing distance and ion pick up region which extends a factor
of !100 farther away. Ground-based observations by
Schleicher et al. [2003] indicate that the large-scale (i.e.,
200,000 km) gas clouds where indeed symmetric about the
comet-Sun line with a day/night asymmetry. In this case one
might expect a plasma environment that is symmetric about
the comet/Sun line.
[13] An alternative cause of the north-south asymmetry is

the large gyroradii of new pickup ions. When ions are freshly
ionized, their gyromotion is perpendicular to the local
magnetic field (in the right-hand sense). At 1.36 AU one
expects the interplanetary magnetic field to have a strength
of !3 nT and to make a spiral angle of !50 degrees to the
radial direction and more-or-less parallel to the ecliptic but
could be either into or out of the plane of the figure. If the
ambient interplanetary magnetic field was into the plane of
Figure 1 at the time of encounter, then the convection electric
field in the cometary frame is northward.
[14] While Young et al. [2004] point out that previous

cometary flybys also exhibited asymmetries (though less
pronounced), the trajectories of the spacecraft remained
roughly parallel to the ecliptic plane, passing closer to
east-west through the coma. At Borrelly’s distance of
1.36 AU one also expects a weaker magnetic field (and
larger ion gyroradii) compared to the earlier flybys at 0.8 to
1.03 AU, which may have increased the importance of the
pickup ion gyroradii. Finite gyroradius effects have been
modeled at Mars [Brecht, 1997] and the AMPTE artificial
comet [Bingham et al., 1991; Delamere et al., 1999].

3. Model

[15] Modeling the global scale plasma environment of
comet Borrelly represents an interesting challenge. Solar
wind conditions at 1.4 AU are favorable for large ion
gyroradius effects and represent, perhaps, a transition region
in the heliosphere where a kinetic description begins to give
way to a fluid description. Brecht [1997] modeled the solar
wind interaction with Mars at 1.5 AU and determined that
ion kinetic effects result is significant asymmetries in the
Martian plasma environment. While Mars may be a smaller
obstacle to the solar wind than Borrelly’s mass pickup

region, it is clear that kinetic effects of the pickup ions
cannot be ignored (see gyroscale in Figure 1).
[16] Asymmetry might be expected when considering the

single particle motion of pickup ions and solar wind protons
through the cometary environment. Figure 2 illustrates the
differences in single particle motion between pickup ions
and solar wind protons. The pickup ions move initially in
the direction of the solar wind convection electric field
(northward in this case) and conservation of momentum
requires that the solar wind protons are deflected southward
as they move into the region of mass loading. If the length
scale of the interaction region is comparable to the gyrora-
dius of either species, then we would expect asymmetry.
[17] Using our three-dimensional hybrid code, we explore

the observed asymmetries of comet Borrelly’s plasma
structures and boundaries as measured by the PEPE instru-
ment on the DS1 spacecraft. The code provides a seamless
interface between fluid and kinetic descriptions of the ion
populations. Depending on the choice of solar wind param-
eters at 1.4 AU (BIMF uncertain), a fluid description of the
solar wind is appropriate. In the case of high solar wind
density (!10 cm"3), resolving the proton inertial length,
c/wpi, while simultaneously incorporating global scales
would be computationally prohibitive. The pickup ions
(water group ions with average mass !17), on the other
hand, will be treated kinetically in all cases. For any given
configuration or set of parameters we will look for a steady-
state solution to compare with PEPE measurements.

3.1. Hybrid Code Equations

[18] The hybrid code was first proposed by Harned
[1982], and the particular algorithms for our code were
developed by Swift [1995, 1996] and later applied to
plasma injection experiments in the Earth’s ionosphere by
Delamere et al. [1999]. The code assumes quasi-neutrality
and is nonradiative. The equations of motion for the ions,
the massless electron fluid, and the update of the electric
and magnetic fields are described in this section. The
electric fields can be written explicitly from the electron
momentum equation as

E ¼ "ue $ B" n ue " uið Þ ð1Þ

where E is the electric field in units of proton acceleration,
B is the magnetic field in units of H+ ion gyrofrequency, n is
the ion-electron collision frequency, ue is the electron flow
velocity, and ui is the total ion bulk flow velocity, given by

ui ¼
np
n
up þ

nf
n
uf ð2Þ

where the subscripts p and f represent the particle and fluid
constituents of the bulk flow.
[19] The electron flow speed is evaluated from Ampere’s

law

ue ¼ ui "
r$ B1

an
ð3Þ

where in mks units, a = moe
2

mHþ
and where mH+ is the fluid ion

mass. The value of a is used to scale the simulation particle
densities to their appropriate physical values.

Figure 2. Comparison of pickup ion motion and solar
wind proton motion in a cometary environment. The solar
wind convection electric field is directed upward.
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Figure 4. Borelly’s asymmetric bow shock for BIMF =
4 nT. Contours show solar wind density normalized to the
upstream value.

Figure 5. Borrelly’s asymmetric bow shock for BIMF = 4,
2, and 1 nT. Comparison of simulation results (normalized
solar wind density) with symmetric bow shock with stand
off distance predicted by Biermann et al. [1967] (dashed
line).
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~2000 km

Hybrid simulation



9. Heliocentric distance 
dependence:

 the Rosetta mission



彗星太陽風相互作用の距離依存

• Gas production rate Qが太陽からの
距離に強く依存し、彗星太陽風相
互作用とion pickupプロセスが変化

• 太陽から遠方（>2 AU）ではQが低
く彗星核表面が太陽風と直接相互
作用

- Wakeの形成、表面帯電、ダストの
運動

• 太陽の近く（< 2 AU）では彗星太
陽風相互作用が発達し、cavityと
bow shockが形成

40
The Rosetta instrumentation will be able to study the onset of

activity and the initial stages of the pickup process during the
early phases of the mission, but the upper energy of the particle
instrumentation will only allow partial coverage of the ring and
shell distributions. However, at the distances where these develop
fully, the orbit of the spacecraft will be close to the comet,
allowing Rosetta to make the first detailed studies of the near-
comet region. Here, acceleration processes are less important, but
the low-energy plasma data will provide the first detailed
exploration of this region.

10. Simulations

A number of different approximations are used to model the
plasma interaction with comets. The main techniques are MHD

and hybrid simulations, while multi-fluid and test particle
approaches have also been used. Here we discuss each briefly.

As in other cases, MHD is suitable for large-scale simulations,
and usually mass loading is simulated by the addition of
additional ‘mean molecular weight’ at the inner boundary.
Chemical models and multiscale simulations have also been
used (Gombosi et al., 1996). Simulations of the flow fields and
plasma density near the bow shock, and the large-scale structure
of the developed comet–solar wind interaction, have been
achieved.

In hybrid simulations, cometary ions are treated as particles,
which interact with the electromagnetic fields. These are useful in
a number of contexts, for example in the developing interaction of
the solar wind as the gas production rate increases as the comet
approaches the Sun (e.g. Motschmann and Kuehrt, 2006), and in
simulations of scattering of cometary ions in pitch angle and in

ARTICLE IN PRESS

Fig. 16. Comparison of the solar wind–comet interaction (a) far from the Sun and (b) at heliocentric distances less than !2 AU (from Coates, 1997).
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Rosettaミッション
• 彗星を周回！着陸機も！

• 彗星太陽風相互作用の距離依
存の解明

- 相互作用の初期段階から観測

• ターゲットは典型的な木星族
彗星Churyumov-Gerasimenko

• 2004/3/2に打上、2014年に到
着予定
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10. Simulations
• MHD

- Bow shockなどの大規模な構造に適し
ており、mass loadingは平均分子量を
内側境界で増加させて再現

• Hybrid

- イオンを粒子として扱い、電磁場と
の相互作用をみる。

- Gas production rateの変化や、彗星イ
オンのピッチ角、エネルギー散乱な
どを扱える。

- Pileup boundaryの再現も

• Multi-fluid

- 太陽風イオン、彗星イオン、電子に
流体種を分ける。

- 組成の境界としてcometopauseを再現

• Test particle

- 与えられた電磁場中でのpickup ionの
運動を調べる。

- 粒子から流体への影響は考慮できな
いが、ジャイロ半径効果をみること
ができる。
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11. Remote observations

• Plasma tailは太陽風のプローブ

- Biermannによるtailの観測が太陽風の発見に

- Plasma tailがちぎれるdisconnection eventは太
陽風の不連続の存在を示唆

• 組成も地上からの観測で

• 彗星からのX線放射を観測
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12. Ion pickup in other 
contexts

• Ion pickupは太陽系プラズマではよく見られる
現象

• 水星、金星、月、火星、イオや木星の衛星、
タイタンや土星の衛星、冥王星、惑星間物
質、星間物質、人工衛星からの放出物質など

• 金星や火星の大気散逸においてion pickupは重
要なプロセス
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13. Outstanding problems

• 彗星太陽風相互作用：誘導磁気
圏の形成、彗星イオンpick up、
プラズマ波動、粒子加速、non-

gyrotropy、様々な境界

• 粒子加速機構におけるFermi Iの
重要性は？

• Inner shockはどうなっている
か？

• 種々の境界の永続性、形成メカ
ニズムは？

• Plasma tailの形成メカニズムは？

• Mystery regionの熱い電子はX線
放射を引き起こすか？

• 電離圏の特徴は？

• 光化学相互作用やnegative ionの
形成は？

• リコネクションの役割は？

‣ Rosettaミッション！
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• Ion pickupは太陽風と様々な天体の相互作用において重要

- Pickup ionは圧力の主な成分に

• 彗星はPickupのプロセスを調べるのによい環境

1. Non-gyrotropic ring

2. Gyrotropic ring

3. Bispherical shell

4. Maxellian

• Giottoによるpickup ionの三次元速度分布関数の観測でかなり進展

• Rossetaに期待、特にinner comaとnear tail region
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14. Conclusions


