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1
Introduction

1.1
Preliminary Remarks

The word comet originates from the Latin comēta or comētēs and from the Greek
κoμήτης or komētēs. It is derived from κóμη kómē, which means “the hair of the
head” or “long hair.” The astronomical symbol for comets is , which shows a
circle with three hair-like lines.

Comets are fascinating and important objects that merit profound and serious
scientific investigation for various, often multidisciplinary reasons [1]: comets are
assumed to reveal information about

• the early history of the Solar System, including the formation of cometesimals
and comets because of condensation processes on dust grains and their subse-
quent agglomeration;

• the cometary coma–solar wind interaction, which provides a large and unique
plasma physics laboratory to be further investigated;

• the evolution of planets (including Earth and Mars) through comet impacts,
which may have delivered volatile water and organic molecules; and

• the chemical evolution that resulted in the molecular origins of life on Earth
and its biosphere, including the origin of chirality-related phenomena.

1.2
Motivation to Land a Probe on a Cometary Nucleus

We have now reached a particularly interesting time in cometary research: after
the remarkable success of the Giotto cometary mission in 1986, the European
Space Agency (ESA) has devoted significant attention to cometary research and
has aimed – for the very first time – to create a space probe capable of landing
on a cometary nucleus. Such a landing would open possibilities for imaging a
cometary surface in previously unachievable detail and enable chemical and
physical analyses of cometary matter with hitherto unknown precision. Conse-
quently, the Rosetta cometary mission was designed and constructed, becoming
ESA’s cornerstone mission, with a significant budget of approximately 1 billion €.
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Figure 1.1 Simulation of the Philae lander
after touchdown on the dark surface crust
of the 67P/Churyumov-Gerasimenko comet.
After landing under nearly zero-gravity con-
ditions in November 2014, Philae will be
fixed with two harpoons onto the cometary

surface. The Philae lander contains three
legs, each of which will also use a drill to fix
the instrument to the cometary surface and
prevent it from drifting off. (Image credit:
ESA/ATG Medialab.)

The Rosetta probe was successfully launched in March 2004 from Kourou, French
Guiana. It will reach a comet called 67P/Churyumov-Gerasimenko in August
2014. Rosetta carries a small subsatellite, the Rosetta lander, which is called Philae
and will detach from the orbiter to land on the surface of the comet’s nucleus in
November 2014 (Figure 1.1). The landing of Philae on the cometary ice will likely
be highly spectacular, viewed via live streams all over the world and covered by
nearly all news channels and media sources. Today, only a few specialists know
about the Rosetta mission, but in 2014, this mission is expected to become well
known worldwide.

The Rosetta orbiter contains 10 scientific instruments, as does the Philae lan-
der. These 20 instruments are designed to answer questions that are of general
and interdisciplinary scientific importance. One of these questions concerns the
origin of water on Earth. Earth has a considerably higher water content that any
other body of the inner Solar System. What is the origin of terrestrial water? After
the landing of Rosetta’s probe Philae, the cometary ice will be analyzed; in particu-
lar, its isotopic composition will be determined. Liquid water on Earth has a strict
and precisely known composition of three hydrogen isotopes and two oxygen iso-
topes. After the landing of Philae on 67P/Churyumov-Gerasimenko, the isotopic
composition of the cometary water ice will be recorded. This composition will be
compared with the isotopic composition of liquid water on Earth, and we think
that this comparison will elucidate the origin of terrestrial water.

Another fascinating question that is of tremendous relevance for the scientific
community concerns the chemical evolution that resulted in the origin of life
on Earth. We assume that comets conserve information about the beginnings of
the Solar System in a manner that is analogous to a refrigerator. Consequently,
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the scientific instruments of the Rosetta mission will systematically try to detect
molecules in the cometary ice. We will focus, in particular, on the detection of
molecules that are considered important for the origin of life on Earth. In 2002,
during the preparation for the Rosetta mission, our research team was able to
identify 16 different amino acid structures in an artificial comet [2]. This finding
was accompanied by an increase in the interest of the general public in cometary
research. Measurements of the molecular composition of the 67P/Churyumov-
Gerasimenko comet will help us to understand crucial steps in the chemical evo-
lution that was responsible for the origin and early evolution of living organisms
on Earth.

1.3
Introduction to the Physical Characteristics of Comets

The physical structure and chemical composition of cometary nuclei, comae, dust,
and plasma tail structures, along with orbital theories and comet nomenclature,
will be introduced in this section. A more profound analysis and the most recent
knowledge will be provided in upcoming chapters.

1.3.1
Physical Characteristics of Comets

A comet is a small icy body that belongs to the Solar System. It contains a solid
nucleus that is composed of dust and ice. The sublimation of cometary ices from
the cometary nucleus yields gases and dust that form the coma, hydrogen cloud,
as well as dust and ion (plasma) tails. A comet’s nucleus is fragile and – because
of its low density, mass, and gravity – has an irregular shape. Comets exhibit
highly eccentric trajectories that guide them close to the Sun and back into the
outer regions of the Solar System, mostly beyond Pluto. Today, ∼5000 comets
are known.1) Our understanding of comets and cometary processes, however,
remains in a primitive state [3].

1.3.1.1 The Cometary Nucleus

The central piece of a comet is a frozen icy nucleus, which is usually a few
kilometers in size. The shape and surface structure of the nucleus itself cannot
be directly observed by ground-based or Earth-orbiting telescopes [4]. A small
cometary nucleus measures several hundred meters in diameter; for example,
the nucleus of the 71P/Clark comet has an estimated radius of 340 m [5]. The
largest cometary nucleus reported is that of the Hale-Bopp (C/1995 O1) comet,
which is ∼30 km in diameter [6]. The 95P/Chiron comet, which has an estimated
diameter of 200 km, seems to be exceptional in terms of its age and orbit, as

1) Out of a total of 4894 known comets, 289 are numbered, 3362 have been given provisional desig-
nations, and 1243 lack designations.
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we will see later. As a result of the relatively small size of cometary nuclei, the
gravitational force is minute; consequently, gravitational compaction of the fluffy
material does not occur [4]. The escape velocity varies between 1 and 5 m s−1 [7].
In the outer Solar System far from the sun, comets are inactive and consist solely
of their nuclei. There the temperature is extremely low (<50 K), which provokes
the condensation of volatile molecules such as water out of the gas phase. In
astrophysics, a material is considered “volatile” if it has a vapor pressure that is
equal to or greater than that of H2O. All other materials are refractories; examples
of such materials include silicates, polymers, polycyclic aromatic hydrocarbons
(PAHs), and mixtures of many other complex organic molecules [8]. The nucleus
itself contains a loose collection of condensed volatiles, such as water, carbon
dioxide, carbon monoxide, methane, ammonia, and other condensed molecules,
in a matrix of small dust and mineral particles. Cometary nuclei can be visualized
as conglomerates of ices [9]. To a first approximation and according to comet
pioneer Fred Whipple, cometary nuclei can be considered “dirty snowballs” or
“dirty icebergs.” New investigations of the outer regions of the Tempel 1 comet
revealed that solid particles can even dominate over condensed molecules.
Comets might therefore also be considered “snowy dirtballs.”

The precise molecular composition of cometary nuclei is – in contrast with
the composition of cometary comae – not yet well understood because cometary
nuclei contain particles and molecules in the condensed phase that are inac-
cessible to spectral analysis using Earth- and space-based telescopes. There is
reason to believe that cometary nuclei contain organic molecules in even greater
quantities and of higher complexity than those organic molecules that have been
identified during the last 45 years in meteorites. In cometary nuclei ices that
have been simulated in the laboratory, several amino acids have been identified.
Exobiologists and cosmochemists, therefore, hope for the further exploration of
cometary nuclei. Some theories for the origin of the biosphere on Earth assume
that organic molecules that had been included in comets and meteorites favored
chemical evolution and triggered the appearance of life on Earth.

Observations of the nucleus of the Halley comet by the Giotto space probe
revealed that cometary nuclei are surrounded by a dark, nearly black crust.
This surface crust is dry, dusty, or rocky and hides the cometary ices, which are
composed of volatiles and located below the crust. As observed for 1P/Halley
[10], this cometary surface crust reflects only 4% of the light that impinges on it
(see also [11]), which corresponds to a very small albedo value. For comparison,
asphalt reflects approximately 7% of incident light. Cometary nuclei are darker
than asphalt and are the least reflective objects found in the entire Solar System.
This fact is astonishing because comets are known to be bright objects that are
visible in the sky. A sooty surface layer as dark as tar or crude oil that is composed
of carbon, hydrogen, oxygen, and nitrogen and contains organic molecules that
surround cometary dust particles and absorb photons has been proposed to
explain the low albedo. The thickness of this layer is not yet known [12]. Data
about the small albedo of dark cometary surfaces were confirmed in 2001 by the
Deep Space 1 (DS1) spacecraft, which took high-resolution images of the surface
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of the 19P/Borrelly comet. Cometary nuclei that are very distant from the Sun are
invisible because of their small size, and comets can become visible only because
of reflected sunlight.

The crust formation process was well described by Rickman and Huebner [8],
who considered the cometary nucleus crust to be composed of a layer of dust
particles; this model does not require refractory organics. Rickman and Hueb-
ner assumed that there is a maximum size of cometary dust particles that can be
lifted from a cometary nucleus with an active surface area and be entrained by
the escaping gas. All dust grains that are larger than the maximum size stay in the
surface. If the comet is far from the Sun, outside the orbit of Jupiter, the flux of
sublimating molecules, such as water, is so low that all dust grains, even down to
submicrometer sizes, remain on the surface. Once the comet approaches the Sun,
small- and medium-sized grains start to be removed by the gas flow, but very large
dust grains continue to be left on the surface. The critical radius of entrained dust
particles reaches its maximum value near perihelion; at each perihelion passage,
the surface of the nucleus is purged of most particles that are smaller than this lim-
iting size. Secular enrichment of the largest particles can occur on the cometary
surface because smaller grains may adhere to the large particles and be sintered.
In such situations, an increasing number of grains reside on the cometary surface
and form a coherent dust layer [8] that is characteristic of cometary nuclei and
important for their further understanding.

1.3.1.2 The Cometary Coma
As a comet approaches the Sun and its solar radiation, the outer surface of the
cometary nucleus becomes warmer and develops a spherically shaped coma.
The coma forms because of sublimation of volatile molecules from the cometary
nucleus and carryover of dust particles that are embedded in the ice on the
Sun-directed side of the comet. It is important to note that there are two distinct
components of the cometary coma: neutral gas and dust particles [13]. Gas
sublimates from the nucleus, expands outwards, and drags the liberated dust
particles along with it. The sublimating gas entrains the dust from the icy surface
into the coma [4]. The coma is known to begin forming at a distance of ∼3–4 AU
from the Sun and can obtain a size of up to 2–3 million km, which is even larger
than the Sun. A cometary nucleus has an insufficient mass to gravitationally bind
its atmosphere [14]; thus, the coma is interpreted as a steady state. The typical
outflow velocity of volatiles near the nucleus is estimated to be v= 100 m s−1, and
the mean free path length is 𝜆= 0.1 m [4], which is much smaller than the size
of the cometary coma, suggesting that there are frequent molecular interactions
(see Section 2.5.7, which discusses chemical reactions in cometary comae). It
is interesting to note that sunlight is assumed to irradiate all molecules in the
coma [13]. The sublimation of volatile molecules and carryover processes of
dust particles occurs on ∼10–15% of the visible cometary surface (20–30% of
the sunlit surface) [3] on crumbly fractured parts of the black crust. The key
contribution to cometary mass loss is believed to be sublimation processes that
are driven by solar illumination. More exotic processes have been considered to
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explain commonly observed cometary outbursts; one example is the formation
of surface craters through internal explosions that are similar to steam-explosion
craters on Earth called maars [15]. Crystallization of amorphous ice at depths of
a few tens of meters [16] might also release heat that triggers cometary outbursts.
The inner cometary coma is made up of sublimated molecules and particles.
Because of spectral analyses, the chemical composition of cometary comae is
now rather well understood. A description of the chemical species, such as water,
ammonia, carbon dioxide, methane, methanol, and many others, observed by
remote spectroscopy of cometary comae will be presented in Section 2.4. Further
heating, ionization, and dissociation processes form the visible coma, which is
composed of ions and radicals. As we will see later in this book, cometary comae
provide a natural laboratory for many intriguing phenomena in astrophysical
environments [17]. The nucleus and coma together are called the head of the
comet. The head of the comet is surrounded by a hydrogen cloud. This cloud will
be described in Section 1.4 in the context of the Suisei cometary space probe.

1.3.1.3 The Cometary Plasma Tail

The neutral and ionic constituents of the cometary coma are blown away by
solar radiation pressure and the solar wind, thereby causing cometary tail for-
mation, once comets approach the Sun [18]. Typical cometary tails have sizes of
10 million km (but can be hundreds of millions of kilometers long) and are known
to point away from the Sun (see Figure 1.2). Interestingly, closer examination
reveals that the cometary tail is composed of two morphologically different tails

Figure 1.2 Comet 1P/Halley as observed by Peter Apian in 1531; this figure shows its tails
pointing away from the Sun. Together with the Italian Astronomer Fracastoro (1480–1553),
Peter Apian was the first scientist to observe this phenomenon [18].
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Figure 1.3 Comet Hale-Bopp was discov-
ered independently on 23 July 1995 by Alan
Hale in New Mexico and Thomas Bopp in
Arizona. Comet Hale-Bopp exhibits two tails.
The plasma tail (type I) on the left of the

image appears blue in reality because of its
CO+ ions. The diffuse dust tail (type II) is on
the right. (The image was taken by Geoff
Chester from Blackwater Falls State Park,
Davis.)

(see Figure 1.3), a thin long tail (type I tail), which is the plasma tail, and a diffuse
curved tail (type II tail), which is the dust tail. The two tails point in two different
directions, and it is now known that both tails do not point exactly in the antisolar
direction. The coma and, subsequently, plasma and dust tails develop during the
comet’s approach to the Sun and subside and disappear in reverse order after
perihelion passage [14].

The long plasma tail, which often appears blue in color, is composed of molec-
ular ions such as H2O+, OH+, CO+, CO2

+, CH+, and N2
+, and electrons [18]. It is

also known as the ion tail. The solar wind is believed to interact with the cometary
ions and result in the formation of the plasma tail. The typical velocities of ions
in the plasma tail range from 10 km s−1 near the cometary head to 250 km s−1 far
from the cometary head [18]. Detailed information about the ionosphere, interac-
tion with the solar wind (which causes the plasma tail), bow shock, cometopause,
and contact surface of comet 1P/Halley was obtained by the Vega and Giotto
cometary missions and will therefore be described in more detail in Section 1.4.

1.3.1.4 The Cometary Dust Tail

A cometary dust tail is composed of microscopic dust particles. It is believed
that volatile molecules carry dust particles with them when they sublimate
out of the cometary nucleus. The carried dust particles are then accelerated by
the drag of the outflowing coma gases from essentially zero velocity to a few
tenths of a kilometer per second; this velocity is reached within 20–100 km of
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the nucleus [18]. Submicrometer-sized particles almost reach the speed of the
escaping gases (∼1 km s–1), whereas centimeter- and decimeter-sized particles
barely reach the gravitational escape velocity from the nucleus (∼1 m s−1) [19].
The further motion of the fine dust particles is influenced by neither the gravita-
tional field of the nucleus nor the gravitational field of the Sun. Forces other than
gravity determine the behavior of these particles; in particular, solar radiation
pressure is known to generate a significant interaction with the dust particles. The
solar radiation pressure force originates from the interaction of electromagnetic
radiation (the sunlight) with matter and describes the momentum transfer from
the radiation field, or photon stream, to the scattering and absorbing dust [19].
Radiation pressure is very effective for particles that have sizes comparable to the
wavelength of the radiation. For large particles, radiation pressure is ineffective.2)

This interaction between radiation pressure and dust particles that are present
in the cometary coma causes the formation of a curved dust tail, as illustrated in
Figure 1.4. Particles of different sizes move with different speeds and are therefore
separated in the dust tail [19]. Other dust tail features, such as sunward spikes and
fans, neckline structures, dust trails, dust tail fine structures such as striae and
striations, and sodium gas tails are described by Brandt and Chapman [18]. After
passing through the dust tail, particles are dispersed into interplanetary space [19].
A more detailed description of dust tail features, including the radiation pressure
parameter 𝛽, the size of the dust cross section, and the optical properties of the
scattered light are well presented in the reference by Grün and Jessberger [19].

1.3.1.5 Cometary Material Loss and Brightness
A comet that approaches the Sun for the first time loses a nontrivial fraction [15] of
its mass in the form of ions, molecules, and dust particles. For typical comets, the
mass loss is estimated to be 10–50 t of material per second. A smaller perihelion
distance – the perihelion is the shortest distance of the elliptical trajectory of the
comet to the Sun – results in greater mass loss. After several approaches to the
Sun, the mass loss of comets is estimated to less than 0.1 t s–1. The mass loss of
0.03–0.2% of the cometary mass reveals that the cometary tails are not very dense.
The enormous brightness of cometary ion and dust tails can be explained by the
large surface of the microscopically small dust particles for the dust tail and by
the contribution of each ionized species to the brightness of the plasma tail. The
large active surface increases the brightness of the cometary ion and dust tails,
compared with the cometary nucleus, by many orders of magnitude.

A cometary nucleus reflects sunlight, and this reflected light can be observed
from Earth. The brightness of the reflected sunlight flux from a bare comet
nucleus varies, to first approximation, proportionally to r−2 and Δ−2, where

2) Large dust particles are not significantly
influenced by radiation pressure. Their
trajectories continue in the same orbit as
the comet, where they contribute to meteor
streams. Studies of meteor streams have
indicated the release from cometary nuclei

of large, centimeter- to decimeter-sized,
particles of low density [19]. The emitted
intermediate-sized dust particles contribute
to the zodiacal dust cloud and can be detected
and captured by airplanes that fly through
Earth’s stratosphere.
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Figure 1.4 Dust particles entrained by emit-
ted gases from the sunlit hemisphere of the
cometary nucleus are subjected to solar radi-
ation pressure and form the cometary dust
tail. The dust particles at t1, t2, and t3 on
the tail axis (syndyne) are released at differ-
ent times and at different orbital positions
from the cometary nucleus. The sum of the

dust particle trajectories results in the obser-
vation of a curved dust tail that is oriented
in an anti-sunward direction. Frad, which is
the force of the solar radiation pressure on
a dust particle, is a function of the size of
the dust particle and – for small dust parti-
cles – significantly exceeds the gravitational
force Fgrav. (Adapted from [19].)

r is the heliocentric distance and Δ is the geocentric distance [4]. The r−2

Δ−2 relationship is influenced by the rotation of the cometary nucleus, which
produces considerable brightness variations. According to Eq. (1.1), the flux Fc
of the reflected sunlight is proportional to the cross section of the nucleus, S, and
the geometric albedo p and depends on the phase function 𝜙(𝛼) normalized to
the phase angle 𝛼 = 0∘ [4].

Fc = r−2Δ−2𝜙(𝛼)pSF⊙π−1 (1.1)

F⊙ denotes the solar flux at r= 1 AU. As shown, the photometric estimation of the
size of the nucleus at large heliocentric distances requires knowledge of the albedo,
p. Note that maintaining the flux of reflected sunlight constant when decreasing
the cometary albedo requires an increased cometary nucleus cross section (see
Section 1.5 and the underestimates of the size of comet 1P).

1.3.1.6 Comet Fragmentation and Meteor Showers
Condensed volatile molecules are assumed to form the sticky cometary ice. When
a comet approaches the Sun, volatile molecules begin to sublimate, thereby caus-
ing the cometary nucleus to lose some of its cohesion and – because of thermal
stress and internal gas pressure variations [20] – become fragile. This fragility can
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Figure 1.5 Comet Shoemaker-Levy 9 as
imaged on 17 May 1994 by the Wide Field
Planetary Camera 2 onboard NASA’s Hub-
ble Space Telescope. The image shows the
train of 21 fragments on a collision course
with Jupiter. The collisions, which were of
velocity 60 km s−1 and represent a once-

in-a-millennium event that galvanized the
worldwide astronomical community into
action [18], occurred from 16 to 22 July 1994
behind Jupiter’s visible disk and rotated
into view from Earth within some minutes.
(Image credit: NASA, ESA, and H. Weaver and
E. Smith (STScI).)

cause the cometary nucleus to break into parts (fragments) and eventually dis-
appear. Fragmentation of cometary nuclei was exhibited from 1833 to 1852 by
comet 3D/Biela [18] and by comet Shoemaker-Levy 9 (official name D/1993 F2),
which was discovered in 1993.3) The 21 fragments of comet Shoemaker-Levy 9 are
depicted in Figure 1.5. They landed on Jupiter from 16 to 22 July 1994, and their
traces remained visible for several weeks. Prior to landing on Jupiter, the nucleus
of comet Shoemaker-Levy 9 broke into parts because of tidal forces in 1992, when
it passed – according to orbital calculations – at a distance of 0.0006 AU from
Jupiter; this value is less than the Roche limit.4)

Comet 73P/Schwassmann-Wachmann, which is also known as Schwassmann-
Wachmann 3 (or, among astronomers, simply Schwachmann), was discovered
in 1930 by Friedrich Karl Arnold Schwassmann and Arthur Arno Wachmann
at Hamburg Observatory. 73P has an orbital period of 5.36 years. It began its
spectacular splitting into fragments during its perihelion passage in 1995. Five
large fragments, called 73P-A, B, C, D, and E, were observed initially. In 2001,
three of these fragments, B, C, and E, were found again. During the perihelion
passage of the fragmented 73P in 2006, further spectacular fragmentation pro-
cesses occurred, as illustrated in Figure 1.6a–c, and these processes were planned
to be observed in 2006 by the closely approaching Cometary Nucleus Tour
CONTOUR space mission (see Section 1.6). Today, at least 66 73P-fragments
have been described, with 73P-C being the biggest of them. It is very possible

3) Comet Shoemaker-Levy 9 is one of numerous comets that was discovered by Eugene Shoemaker
(1928–1997) along with his wife Carolyn Shoemaker and was also discovered by David Levy.

4) The Roche limit is defined as the distance
from a large body (e.g., a planet) at which
a smaller body (e.g., a comet) will be torn
apart by tidal forces. Consider a small body
of mass m and radius r with a smaller body
of mass δm positioned at its surface. This
assembly approaches a larger body of mass
M and radius R at a distance 𝜌. The Roche
limit is the distance 𝜌 inside which the tidal

force that disrupts m and δm becomes greater
than the gravitational force that holds the
two bodies together [18]. The Roche limit
calculated for comet Shoemaker-Levy 9,
with an estimated nucleus size of r= 2 km
and mass of m= 4× 1016 g, provides a Roche
limit of 𝜌= 0.001 AU, which agrees well with
observations made during its approach near
Jupiter in 1992 [18].
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(a) (b) (c)

Figure 1.6 (a) The breakup of frag-
ment “B” of comet 73P/Schwassmann-
Wachmann as observed on 18 April 2006. (b)
A follow-up view of fragment “B” of comet
73P/Schwassmann-Wachmann as observed
on 19 April 2006. (c) Fragment “G” of comet

73P/Schwassmann-Wachmann 3 observed
on 18 April 2006. All images were taken by
the Hubble Space Telescope. (Image Credit:
NASA, ESA, H. Weaver (APL/JHU), M. Mutchler
and Z. Levay (STScI).)

that 73P will entirely disintegrate such that no fragments remain observable. In
this case, its name will change from 73P to 73D (see Section 1.3.3). The next
perihelion passage of 73P is expected to occur in March 2017, and the next should
be in the year 2022.

In July 2000, comet Lincoln Near-Earth Asteroid Research (LINEAR)
(C/1999 S4) was observed to disintegrate into several small fragments during its
perihelion passage (Figure 1.7). Prior to disintegration, the nuclear diameter of
comet LINEAR was estimated to be 900 m [21], and after the cometary splitting
event, 16 fragments or cometesimals were identified. The largest fragments
had spherical diameters of ∼100 m [22]. A total of more than 40 split comets
have been observed over the last 150 years. A review of split comets is given by
Sekanina in [23], and a list of them can be found in the reference of Boehnhardt
[20]. Keller, from the same Max Planck Institute, reported that the splitting of
a cometary nucleus can occur anywhere in an orbit, before or after perihelion,
close to the Sun, or at r > 3 AU, and at any comet age [4]. The causes of cometary
splitting events remain unknown.

The splitting of comets can provoke the gradual distribution of cometary frag-
ments along their elliptical orbital trajectories. These fragments are called mete-
oroids. If the path of Earth crosses the elliptical trajectory of meteoroids, cometary
fragments enter the Earth’s atmosphere and cause the formation of meteor show-
ers5), which can often be observed with the naked eye. The best known meteor
showers are the Leonids, which are associated with comet 55P/Tempel-Tuttle,
and the Perseid meteor showers, which originate from the parent body of
comet 109P/Swift-Tuttle. The Perseid meteor showers can be observed each
year between August 9 and August 13. Comet 1P/Halley causes the Orionid

5) The word “meteor” describes the light phenomenon in the Earth’s atmosphere. It does not refer to
any object.
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Figure 1.7 The fragmentation of comet
LINEAR (C/1999 S4) as captured by the Hub-
ble Space Telescope on 5 August 2000.
The bright dust tail extends to the lower

left. Cometary fragments are clearly visible.
(Image credit: NASA, University of Hawaii, H.
Weaver (John Hopkins University).)

meteor showers, which are visible each year from approximately 19 October until
23 October, and the Eta Aquariids, which are visible from 21 April until 20 May.
Approximately 15 comets have been identified as sources of meteor showers [4].

Usually, the fragile, low-density cometary fragments disintegrate during their
passage through Earth’s atmosphere at distances of tens of kilometers [18]. Studies
of meteor showers can reveal important information about comets because (i) the
nature of the dust particles provides information about the composition of comets,
(ii) the orbital evolution of the meteor streams provides information about the age
of the parent comet on its present orbit, and (iii) the meteors’ total mass gives a
lower limit for the comet mass [4].

Smaller particles that decelerate in the atmosphere without producing meteors
are called micrometeorites if they reach the Earth’s surface [18]. High-density
meteoroids of asteroidal origin may also produce meteors but do not burn up
completely and reach Earth’s surface. They are called meteorites. An unpredicted
impact event of an asteroid of estimated 17–20 m diameter was observed in
Chelyabinsk, Russia, on 15 February 2013 [24, 25]. The asteroid broke into small
pieces between the altitudes of 45 and 30 km, preventing more serious damage
on the ground [26]. A meteorite that certainly originated from a comet has not
yet been discovered.6) However, the direct exploration of cometary material is of

6) For rare meteorites, such as C1 chondrites, a cometary origin has been proposed but never con-
firmed and supported by evidence. In addition, micrometeorites primarily originate from the aster-
oid belt, although in some cases, a cometary parent body has been proposed.
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Figure 1.8 Comet Hyakutake was imaged by SOHO as it passed perihelion. The comet is at
the top of the image. The coronal mass ejections on the left of the Sun is unrelated to the
comet. (Image credit: ESA and NASA.)

great importance for understanding both the origin of the Solar System and the
chemical evolution that was responsible for the molecular origin of the biosphere
on Earth. Therefore, complex space missions and space probes, such as Deep
Impact, Stardust, and Rosetta, are of crucial scientific importance.

1.3.1.7 Sungrazers
Sungrazers are comets that approach the Sun very closely, usually within a distance
of a few million kilometers [27]. More than 1000 sungrazers were imaged by the
Solar and Heliospheric Observatory (SOHO). SOHO, the Sun observation space-
craft that was realized by an international cooperation between ESA and NASA,
was launched into an orbit around the Earth–Sun L1 Lagrangian point, which
allowed it to observe the Sun without interruption [18]. As of 2013, SOHO has
discovered more than 2400 comets, which corresponds to one-half of all known
comets and to one comet discovery every 2.59 days. Comet Hyakutake, as imaged
by SOHO, is depicted in Figure 1.8. The total number of sungrazers is estimated
to be 200 000 objects. When approaching the Sun at close distances, sungrazers
often fragment into parts. Most of the fragments are small, with diameters less
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Figure 1.9 Comet ISON as captured by the
Hubble Space Telescope on 21 October 2013.
The image does not provide information
about whether the cometary nucleus had

already disintegrated into several fragments.
(Image credit: NASA, ESA, and the Hubble
Heritage Team (STScI/AURA).)

than 10 m. Comet Ikeya-Seki, which is formally designated C/1965 S1, is the most
prominent sungrazer and became visible at daylight. Its diameter was estimated
to be a few kilometers. Ikeya-Seki belongs to the cluster of Kreutz Sungrazers [28],
which is assumed to originate from a large “super” comet that broke apart several
centuries ago.7)

The most recently discovered comet International Scientific Optical Network
(ISON) (Figure 1.9), which is also called C/2012 S1 or comet Nevski-Novichonok,
belongs to the family of sungrazers. It originates from the Oort cloud and is not
a fragment of the Kreutz Sungrazers. The diameter of its nucleus is estimated
to be 5 km. On 28 November 2013, comet ISON approached the Sun at a close
distance of 0.012 AU (its perihelion), which corresponds to the diameter of the
Sun. Comet ISON was freshly discovered in 2012 by the telescope of the ISON
and obtained its name because of this organization. When it approached the Sun,

7) Because comets hit all bodies in the Solar
System, even the Sun, the potential hazard
posed by comets that may collide with Earth
has been thoroughly studied. The LINEAR
project performs systematic quantification
and classification of near-Earth asteroids
and comets to identify impact risks. It has
identified hundreds of thousands of asteroids

and several periodic comets, including comet
LINEAR (C/1999 S4). In 2005, LINEAR was
superseded by the Catalina Sky Survey, which
searches for potentially hazardous asteroids
(PHAs). LINEAR had been preceded and
supported by the Near-Earth Asteroid
Tracking (NEAT) program from 1995 until
2007.
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comet ISON disintegrated into fragments because it approached the Sun at such
a small distance. Soon thereafter, the tail, which remained visible for some days
because bigger tail particles continued traveling along the comet’s orbital trajec-
tory, was lost.

1.3.1.8 Comets and Asteroids

In contrast with asteroids, comets contain a significant fraction of volatiles in the
form of ices that allow them to develop an atmosphere composed of a coma and
tail when they approach the Sun [3]. The coma and tail are not gravitationally
bound to the cometary nucleus. Asteroids do not contain such an atmosphere.
They are incapable of exhibiting cometary activity [3]. Comets are defined as
icy/snowy bodies that are formed in the outer Solar System, whereas asteroids are
rocky bodies that are formed between Mars and Jupiter [18]. However, it is some-
times difficult to clearly distinguish between comets and asteroids. For example,
it is believed that some objects with elliptic trajectories that are officially classified
as asteroids are in reality burnt-out comets that are surrounded by a thick layer
of nonvolatile substances. The centaurs are such an example, and 14 827 Hypnos
[29] and 3552 Don Quixote are also possibly nuclei of extinct comets. It is
estimated that approximately 6± 4% of the near-Earth asteroids are burnt-out or
dormant nuclei of comets [3, 29]. In the evolution of comets, many of the dormant
and extinct comets might end by exhibiting typical asteroid characteristics. On
the other hand, after the discovery of Meech and Belton [30] of a coma that
surrounds the asteroid 2060 Chiron and a modeling study of its activity [31], the
asteroid was renamed comet 95P/Chiron. 95P/Chiron has an estimated diameter
of 200 km [18]. The demarcation line between comets and asteroids is not always
clear.

1.3.1.9 Exocomets

An exoplanet or extrasolar planet is a planet that surrounds a star other than
the Sun. Approximately 1000 exoplanets have been discovered so far, and their
number is steadily increasing. Exoplanets attract considerable scientific interest
because they are related to the question of the existence of life outside Earth.
What about exocomets? Exocomets are comets that do not belong to our Solar
System. They can either occur in interstellar space, where they are not gravita-
tionally bound to a star (an interstellar comet has not yet been discovered) or in
other Solar Systems. Approximately 10 exocomets in other Solar Systems have
been detected since the first identification in the 𝛽 Pictoris circumstellar disk in
1990 [32]. The authors interpreted the visible and ultraviolet (UV) absorption lines
of metal ions, such as Al3+, Ca2+, and Mg2+, that are believed to exist in cometary
coma. More recently, a model of colliding exocomets that are rich in CO and most
likely also CO2 was proposed to explain the formation of a gaseous cloud that
surrounds Ceti 49 [33].
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1.3.2
Oort Cloud and Kuiper Belt Comets

1.3.2.1 The Discovery of Comets’ Periodicity

At Oxford University in 1704, Edmond Halley (1656–1742) discovered that the
comets that apparently appeared in years 1531 (as described by Peter Apian; see
Figure 1.2), 1607 (as described by Johannes Kepler), and 1682 were in fact a single
comet that Halley predicted to periodically appear again in 1759 [34]. Following
the confirmation of Edmond Halley’s prediction by other astronomers, this comet
was called Halley’s Comet or comet Halley (officially 1P/Halley). It has an elliptical
orbit with a period of ∼76 years. Comets were demonstrated to be subject to the
laws of physics; their orbits could be calculated and their return predicted years
in advance [18]. Comet 1P/Halley approached the Sun again in 1835, 1910, and
1986 (see Section 1.4, which discusses five space probes that are approaching the
nucleus of comet 1P/Halley) and will next appear in 2061. Before the epochal dis-
covery of Edmond Halley, the appearance of comets was entirely unpredictable. In
1720, Edmond Halley, who also described and catalogued the orbital elements of
24 comets [18], became the Royal astronomer and director of the Royal Greenwich
Observatory8) in London.

Until the 1990s, ∼10 new comets were discovered each year. This number
recently increased to 20–30 because of automated cometary research and space
telescopes. Most of the newly found comets are only visible with telescopes. As
they approach the Sun, comets appear brighter; however, comets’ increase in
brightness and development of tails remain very difficult to predict. Impressively,
bright comets appear ∼10 times per 100 years. Comets Ikeya-Seki (1965) and
Hale-Bopp (1997) belong to the group of impressively bright comets that have
been visible to the naked eye.

A number of comets exhibit orbital periods that are not constant. Their orbital
periods can decrease or increase. This variation is due to the loss of material cou-
pled with the rotation of the cometary nucleus. If the rotation of the cometary
nucleus causes mass loss in the forward direction with respect to the comet’s
motion, the generated force decelerates the comet and decreases its orbital period.
If the mass loss is in the backward direction, the comet becomes accelerated and
its orbital period increases [18]. Variations in cometary orbits can also be caused
by planets, which can perturb cometary orbits; the reverse effect is negligible [14].

1.3.2.2 Periodic and Nonperiodic Comets

Comets are traditionally classified according to their orbital characteristics. We
distinguish between periodic comets, such as comet Halley, which orbit on a stable
elliptical orbit around the Sun (orbital eccentricity e< 1) and nonperiodic comets,
which are on a nonstable parabolic (e= 1) or hyperbolic trajectory (e> 1). Nonpe-
riodic comets on hyperbolic trajectories will not re-approach the Sun. They pass

8) Today, the Royal Greenwich Observatory is known for its position being used as the prime merid-
ian, which serves as the reference line for longitude and for setting Greenwich Mean Time (GMT).
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once through the inner Solar System before entering interstellar space. Comets
exhibit wide variations in their orbital periods that range from several years to
hundreds of millions of years. They are traditionally classified as long-period and
short-period comets [35].

1.3.2.3 Long-Period Comets and the Oort Cloud

Long-period comets have orbital periods P that range from 200 years to as much as
100 million years and orbital eccentricities that are ∼1. They are believed to origi-
nate mainly from the Oort cloud, which is a spherical cloud that is located beyond
the outer Solar System and extends halfway to the Sun’s nearest neighbor, alpha
Centauri [36]. The Oort cloud is named after the Dutch astronomer Jan Hendrik
Oort, who developed the concept in 1950 by suggesting that many comets origi-
nate in a region of space that extends from 20 000 to 150 000 AU from the Sun [37].
Although this distance extends halfway to the nearest star, Oort noted that comets
are not interstellar objects and inferred that comets have always been members
of the Solar System [18]. Based on the known population of long-period comets,
Oort estimated the number of comets in the cloud to be approximately 1011 [37].
More recent estimates obtained using numerical simulations propose the distinc-
tion between a disk-like massive inner Oort cloud and an isotropic outer Oort
cloud [38], with a boundary between two at ∼20 000 AU [18]. Estimates suggest
that the inner Oort cloud contains approximately 1013 comets and the outer Oort
cloud ∼1012 comets [39].

As a consequence of the spherical size of the Oort cloud, long-period comets
exhibit orbital inclinations that are statistically distributed, and they can enter the
Solar System not only in the same direction of circulation as the planets (pro-
grade comets) but also in the inverse direction of circulation (retrograde comets).
Orbital eccentricities of long-period comets that are slightly greater than 1 (which
indicates a hyperbolic trajectory) have also been observed, but they are rare and
caused by perturbations from large planets. Long-period comets remain, by def-
inition, influenced by the gravitational force of the Sun. By entering the inner
region of the Solar System, the trajectory of long-period comets often becomes
influenced by giant planets, especially Jupiter. Because of these influences, these
comets are either ejected to interstellar space or are captured into more tightly
bound orbits and become long-period comets [18]. A long-period comet can mod-
ify its orbital parameters and become a short-period comet. Consequently, it is dif-
ficult to identify some of the short-period Jupiter-family comets as ancient mem-
bers of the Oort cloud after they have undergone a few perihelion passages.

1.3.2.4 Short-Period Comets and the Kuiper Belt

Short-period comets exhibit a periodicity of P < 200 years. They are concentrated
in a rather narrow interval because 60% of short-period comets have periods
of between 5 and 6.5 years [35]. Short-period comets are assumed to primarily
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originate from the Kuiper belt [40, 41],9) which is a disk of objects that is located
beyond the orbit of Neptune at a distance of 30–50 AU from the Sun. Between
1940 and 1990, there was considerable speculation about the existence of the
Kuiper belt, and in 1990, the first Kuiper belt objects (KBOs) were discovered
[42]. Since 2000, hundreds of KBOs became known, and hundreds of thousands
are believed to exist [18]. Short-period comets usually exhibit the same direction
of circulation as the planets. In contrast with long-period comets, the orbital
inclination of short-period comets is ∼13∘ [35]. Short-period comets are there-
fore close to the ecliptic. For many short-period comets, the aphelion, which
is furthest distance of their elliptical trajectory from the Sun, is ∼5 or 6 AU,
corresponding to the orbit of the planet Jupiter. Jupiter-family comets may have
originally been long-period comets with trajectories that were altered by the
gravitational force of Jupiter.

1.3.2.5 Jupiter-Family Comets and Halley-Type Comets

As indicated earlier, it has become common to subdivide the short-period
comets into two groups: Jupiter-family comets and Halley-type comets. Jupiter-
family comets include a number of well-known comets, such as 2P/Encke,
9P/Tempel 1, 10P/Tempel 2, 19P/Borrelly, 21P/Giacobini-Zinner, 46P/Wirtanen,
67P/Churyumov-Gerasimenko, 81P/Wild 2, and 103P/Hartley. Often, they
originate in the Kuiper belt [43] and exhibit orbital periods of less than 20 years
and a median inclination of ∼11∘ [3]. In contrast, Halley-type comets have
orbital periods P that range between 20 and 200 years, exhibit a distribution of
inclinations that is not isotropic, and can move in either a prograde or retrograde
sense [18]. The Halley family is a relatively small group, with approximately a
dozen known members [18].

Carusi and Valsecchi proposed a distinction between Jupiter-family comets
and Halley-type comets based on the Tisserand parameter T , which is calculated
on the basis of Jupiter’s and the comet’s orbit, eccentricity, and inclination [44].
Here, Jupiter-family comets are characterized by T > 2 [18], whereas Halley-type
and long-period comets have T < 2. A more precise classification scheme for
Jupiter-family comets proposed by Horner et al. [45] distinguishes between
transition-type (2.0<T < 2.5), loosely bound (2.5<T < 2.8), and tightly bound
(T ≥ 2.8) Jupiter-family comets.

Brandt and Chapman [18] pointed out that members of the three families
of comets, that is, long-period comets, Jupiter-family comets, and Halley-type
comets, can originate in either the Oort cloud or the Kuiper belt. It is important
to note that knowledge of a comet’s orbital period does not necessarily indicate
its origin. A computer simulation code that numerically integrates the orbits of
the known short-period comets to predict their long-term evolution has revealed

9) The Kuiper belt is sometimes named the Edgeworth–Kuiper belt to honor the work of the Irish
astronomer Kenneth E. Edgeworth, who proposed the existence of a disk of bodies beyond Nep-
tune’s orbit.
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that most comets move between Jupiter-family (P < 20 years) and Halley-family
(200 years>P > 20 years) orbits many times in their dynamical lifetimes [46].

Jupiter-family comets have lifetimes in the inner Solar System that are typically
limited to ∼10 000 years because of both solar heating effects and gravity-driven
orbital changes [15]. Although short-lived, Jupiter-family comets are ancient bod-
ies whose history is believed to typically include important information about the
formation of the Solar System [15].

Among 660 investigated comets, 43% exhibit a parabolic trajectory (e= 1), 25%
have orbits that are long-period ellipses with periods of more than 200 years,
17% orbit on short-period ellipses with periods of less than 200 years, and 15%
exhibit hyperbolic trajectories. The large number of parabolic trajectories is most
likely due to the short observation times for many comets, which do not allow
one to distinguish between long-period ellipses and parabolic trajectories. Longer
observation times of 240–500 days have revealed that only 3% of comets exhibit
parabolic trajectories. Consequently, comets with long-period-ellipse trajectories
are most abundant.

The Oort cloud and Kuiper belt are considered to be the primary reservoirs of
most comets today. They might contain billions of comets. Tidal forces of nearby
stars or the gravitational forces of large trans-Neptunian objects can cause slight
modifications to the trajectories of cold cometary nuclei and inject them toward
the Sun. Each year, this gravitational perturbation results in the discovery of new
comets. However, the precise mechanism by which comets are released from the
Oort cloud toward a Sun-directed trajectory is not yet known. The appearance of
new comets that originate in the Oort cloud is therefore unpredictable.10)

1.3.2.6 Where Did the Oort Cloud and Kuiper Belt Comets Originate?
There is a consensus that the place where comets – kilometer-sized bodies that
consist of ice–dust mixtures – formed must have been cold enough to allow for
the existence of frozen water [8]. If comets originated in the Solar System, only
the region in the vicinity of Jupiter’s orbit and beyond guarantees permanent
water ice. Condensation of molecules from the gas phase requires sufficient gas
density, which too distant regions of the solar nebula do not provide. It was
therefore classically assumed that comets originated at the birth of the Solar
System, in much the same manner and in the same regions in which the planets

10) Comets continue to be discovered in an
irregular manner by both amateur and pro-
fessional astronomers. Some of the brightest
recent comets, such as Hyakutake, which was
discovered using the naked eye in 1996, have
been discovered by amateurs (Hyakutake
was discovered by a Japanese amateur [18]).
Once a new comet is discovered, it is to
be communicated to the Central Bureau
for Astronomical Telegrams (CBAT) at the
Smithsonian Astrophysical Observatory
in Cambridge, Massachusetts. The most

successful discoverers of comets were Charles
Messier (1730–1817), who found 21 comets;
Jean Pons (1761–1831), who found 37
comets; Caroline Herschel (1750–1848), who
found 8 comets; Lewis Swift (1820–1913),
who found 11 comets; Giovanni Donati
(1826–1873), who found 6 comets; William
Brooks (1844–1921), who found 20 comets;
E. E. Barnard (1857–1923), who found 19
comets; and Carolyn Shoemaker, the widow
of Eugene Shoemaker, is still active and found
32 comets [18].
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were formed, and that they were transported to their present large distances
through perturbations from Jupiter and other large planets [8, 35]. The present
large-distance reservoirs are the Oort cloud and the Kuiper belt. The temperature
at which comets formed is assumed to be greater than 25 K because highly volatile
species such as helium and the other noble gases, along with molecular nitrogen,
methane, and carbon monoxide, exhibit very low abundances [8].

Recent studies and observations have complicated the simple classical picture
by distinguishing between Oort cloud and Kuiper belt comets, thereby emphasiz-
ing that both the Oort cloud and Kuiper belt are today’s reservoirs of cometary
nuclei.

Michael A’Hearn [36] reasons that the scattered disk feeds comets into both the
Jupiter family and the Oort cloud, thereby contributing to a mixing of cometary
families. In 2005, Alessandro Morbidelli of the Observatoire de la Côte d’Azur in
Nice, France, and colleagues [47] presented the NICE model, which was based
on numerical simulations of the orbits of planetesimals and planets. Morbidelli
et al. [47, 48] found that an outer disk of icy planetesimals (15–35 AU) disrupted
and ejected comets into both the Oort cloud and Kuiper belt. It is assumed today
that icy bodies were scattered into Oort cloud and Kuiper belt from a range of
nebular distances and that the comets from both reservoirs at least partially share
common origins [48]. More recent numerical simulations from Levison et al. [49]
have led astronomers to question the assumption that Oort cloud comets formed
in the Sun’s protoplanetary disk because the Oort cloud appears to contain too
many cometary nuclei. Levison’s simulations suggest that more than 90% of the
Oort cloud comets originated in the protoplanetary disks of other stars [49]. If
this is the case, such comets should exhibit chemical, isotopic, or mineralogical
signatures of their natal heritage [48].

1.3.3
Nomenclature of Comets and Orbital Elements

The systematic nomenclature of comets is assigned using a well-defined method.
After the discovery of a new comet, the International Astronomical Union (IAU),
which is headquartered in Paris, France, designates a name that is composed of the
year of discovery, a capital letter, and a number. The capital letter A is assigned to
a discovery in the range of 1–15 January, B is assigned to a discovery in the range
of 16–31 January, and so forth. The final number is used to distinguish among
comets that were identified in the same half-month.

Once the orbital elements of the newly discovered comet are known, a letter is
assigned as follows: P indicates that the period is less than 200 years and that at
least two observations of the perihelion have been confirmed. C indicates that the
period is greater than 200 years. X indicates that the orbital elements are unde-
fined. D indicates that a periodic comet no longer exists. A indicates that further
investigation revealed that this near-Earth object is not a comet but rather an
asteroid. For example, comet C/1996 B2, which is also named Hyakutake, had a
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period longer than 200 years and was the second comet discovered in the second
half of January 1996.

Usually, a newly discovered comet also obtains the name of its discoverer. In
this case, the P/ (or D/) prefix is preceded by an official sequential number. For
example, Halley’s comet is 1P, Encke’s comet is 2P, Biela’s comet is 3D, and so
forth [18].

To fully specify the size and shape of a cometary orbit, the orbit’s orientation
in space, and the position of the comet in the orbit, six constants are used. These
constants are the perihelion distance in astronomical units q, the eccentricity e,
the time of perihelion passage T , the inclination of the orbital plane relative to
the plane of the ecliptic i, the longitude of the ascending node as measured east
from the vernal equinox Ω, and the angular distance of the perihelion from the
ascending node, which is also called the argument of perihelion, 𝜔 [18]. Once the
six orbital elements of a comet are known, the position in space can be calculated.
To identify the position of the comet on the plane of the sky, one must further-
more know the Earth’s position in space [18]. The orbital elements can be used to
determine whether comets are members of comet groups. The Kreutz group (see
Section 1.3.1.7) of sungrazing comets, for example, is characterized by the orbital
elements e= 1, q= 0.0062± 0.0015, 𝜔= 77.95∘ ± 9.84∘, Ω= 357.95∘ ± 11.90∘, and
i= 143.17∘ ± 2.52∘ [18].

1.4
Space Probes Vega, Sakigake, and Suisei: Observations of Comet 1P/Halley

Comet 1P/Halley approached the Sun in February 1986. At that time, it was
the best known and brightest short-period comet. It exhibited an orbital period
of ∼76 years. During perihelion passage, comet 1P/Halley is – because of its
brightness – visible with the naked eye (naked-eye comets are those that become
brighter than 5m [4]). Its orbital parameters are unique [14]. The orbital period
is not constant but varies between 75 and 77 years because the trajectory of
1P/Halley – a long ellipse with a perihelion at 0.586 AU and an aphelion at
35.082 AU, which is close to Neptune’s orbit – is considerably influenced by the
planet Jupiter. This gravitational influence causes slight variations in the orbital
period. 1P/Halley is emblematic because its name and parameters are used
for the classification and characterization of Halley-type comets. 1P/Halley’s
orbital inclination is 162.3∘, and its trajectory is oriented against the ecliptic in
a retrograde direction so that 1P moves retrograde with respect to the motion
of the planets. The ideal mission would have been a rendezvous in which a
spacecraft flew with low relative velocity information with the comet and made
measurements over a long period of time [18]. However, spacecraft launched
from Earth on direct orbits use the orbital velocity of the Earth to provide the
necessary velocity to the spacecraft [18]. Because of comet 1P/Halley’s retrograde
orbit, it was decided to visit this comet by using fast flyby maneuvers [18].
Because the comet orbits in a direction that is opposite to that of Earth, the close
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Figure 1.10 Comet 1P/Halley as observed
on 19 May 1910 by the Lowell Observatory.
The original photographic plate was digi-
tized at the Kitt Peak National Observatory.
When the photograph was taken in 1910,
the comet had passed through perihelion
1 month earlier. It was at a distance of
0.9 AU from the Sun and 0.3 AU from the

Earth. During Halley’s 1910 perihelion pas-
sage, the closest approach to Earth was
∼0.15 AU, which is a distance that is less
than the length of the dust and plasma
tail. Consequently, Earth is believed to have
passed through the outer parts of 1P’s tail,
with some dust and gases surely entering
the Earth’s atmosphere [18].

encounters with the spacecraft were exceedingly brief – ∼10 min [50]. In 1986,
comet 1P/Halley was on its 30th known and 29th recorded return to the inner
Solar System [14]. Images of 1P/Halley taken during its 1910 perihelion passage
are presented in Figures 1.10 and 1.11.

The brightness of comet 1P/Halley decreases with the number of perihelion pas-
sages. This decrease is due to the mass loss associated with the formation of a crust
on the cometary nucleus. The mass loss of comet 1P/Halley during perihelion pas-
sage is estimated to be ∼50 t s–1, which corresponds to 2.5‰ of its mass.

All nations with significant space flight programs anticipated the perihelion pas-
sage of comet 1P/Halley in 1986 as an opportunity for close flyby maneuvers.
Comet 1P/Halley was the selected target comet for five different international
cometary missions. These Halley Armada missions were Vega 1 and Vega 2, Saki-
gake, Suisei, and Giotto. Comet 1P/Halley was selected because of its high activity,
which is an effect of its high gas and dust production rates, comparable to those
of new comets, and because of the requirement that a target comet has a pre-
cisely known orbital trajectory, which rules out new comets and leaves only the
short-period and a few intermediate-period comets as potential targets [7]. More-
over, a mission to comet 1P/Halley requires one of the lowest launch energies of
all possible cometary missions. Finally, Halley could be observed from Earth dur-
ing the flyby, thus enabling correlation of the in situ measurements with remote
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Figure 1.11 Comet 1P/Halley as observed
on 6 June 1910 by the Yerkes Observa-
tory. The 1910 appearance of 1P led to
the first worldwide observation campaign,
which provided a large amount of data, the

assessment of which was not completed
until 20 years after the perihelion passage
[4]. (Image credit: Yerkes Observatory; the
image was purchased by the New York Times
for publication in June 1910.)

ground-based observations [7]. The four participating space agencies, ESA, Soviet
Intercosmos, Japanese Institute of Space and Aeronautics (ISAS), and NASA, were
coordinated by the Inter-Agency Consultative Group [51]. The period of the 1980s
during which comet 1P/Halley occupied the attention of researchers was called
the Halley era because it provided so much new knowledge [18].

1.4.1
The Vega Mission to Comet 1P/Halley

The Soviet Vega mission, which was one of the most elaborate of the Soviet space
missions and was initially planned to precede a series of Soviet planetary space
missions, was composed of two independent, identical, and unmanned spacecraft,
Vega 1 and Vega 2. The name Vega is derived from the first two letters of BeHepa
Venera=Venus and Γa e =Gallej=Halley. Vega 1 and Vega 2 were successfully
launched on a Proton rocket from the Baikonur Cosmodrome in December 1984
to visit planet Venus and later comet 1P/Halley. Joint international contributions
from east- and west-European countries enabled the technical and scientific
realization of the missions. For the observation of Venus, both Vega space probes
contained a landing probe and a Helium-filled balloon that was 3.4 m in diameter
and constructed in France. In June 1985, the lander and balloon were effectively
deposited on the surface and in the atmosphere of Venus, respectively, to study
the temperature, pressure, wind, and ultraviolet irradiation and for the detection
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of lightning phenomena. The balloons collected data for 47 and 60 h, respectively,
and transmitted them to Earth [52]. In March 1986, after the observations of
the surface and the carbon dioxide atmosphere of Venus, the Vega space probes
reached comet 1P/Halley. A relatively safe trajectory was chosen for the Vega
spacecraft [11]. On March 6, Vega 1 passed the comet at a distance of 8890 km
and with a relative velocity of 79.2 km s−1; its sister probe, Vega 2, passed on
March 9 at a distance of 8030 km and with a relative velocity of 76.8 km s−1 [53].
The flyby speed was extremely high because the direction of orbital motion of 1P
is retrograde and thus opposite to the direction of motion of the spacecraft [53].
The high speed required that parts of the spacecraft were protected from dust
[53]. At the time of the encounter, 1P/Halley was at a distance of 0.8 AU from
the Sun. Measurements were taken to study the dimensions, shape, temperature,
and surface properties of the cometary nucleus of comet 1P/Halley. Moreover,
the Vega mission, with a scientific payload of 14 instruments [53], aimed to study
the structure and dynamics of the near-nucleus coma and its chemical and dust
composition. The Vega mission sent approximately 1500 images of comet Halley
to Earth [11]. However, it was not possible to determine the contour and shape of
the comet nucleus: the interpretation of the images was not conclusive because
the contrast between scattered light from the dust near the nucleus and the light
reflected directly from the surface was low [4]. Two well-separated broad maxima
were the only discernible 1P features.

1.4.1.1 Physical and Chemical Properties of Cometary Dust
In 1980, Grün and Kissel et al. [54], gained significant experience with dust
detectors because of their work on the Helios mission, which provided the
required knowledge for the design of a new type of dust-analyzing instrument
[19]. Based on this experience, Kissel and colleagues [55] developed the dust
impact mass analyzers (PUMAs) that were carried by Vega 1 (PUMA-1) and
Vega 2 (PUMA-2). These instruments acted as a reflectron time-of-flight mass
spectrometer to analyze dust particles in the cometary coma (or in interplanetary
space) that struck the target in front of the spectrometers. The collisions caused
ions to form, and those with a positive charge were mass analyzed (later versions
of this type of dust analyzer also allowed for the detection of negatively charged
ions; examples include the cometary and interstellar dust analyzer (CIDA) instru-
ment on the Stardust Mission, which is discussed in Section 1.7). The PUMA
instruments onboard Vega 1 and Vega 2 provided the first direct measurements
of the physical and chemical properties of cometary dust. PUMA-1 successfully
returned data for more than 1000 cometary dust particles to Earth because
Vega 1 flew through the dustiest environment of Halley’s comet and suffered
no instrumental problems [56]. PUMA-2 provided a few hundred mass spectra.
Most of the detected particles were demonstrated to be rich in light elements
such as C, H, O, and N. Because the PUMA mass analyzers were sensitive to
both molecular and atomic ions [56], in addition to these light elements, the
masses of the positively charged Mg (m/z= 24), Si (m/z= 28), Ca (m/z= 40), and
Fe (m/z= 56) ions were determined. Based on these data, the Mg/C and Si/C
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ion ratios were calculated and found to range over more than four orders of
magnitude, which demonstrates the highly variable proportions of the C, H, O,
and N and silicate components [19]: 72% of the particles are CHON-dominated,
with a mean (C+O) to (Mg+ Si+ Fe) ratio of about 5, whereas 28% of the
particles are dominated by Mg, Si, and Fe, with (C+O) to (Mg+ Si+ Fe) ratios
of ∼0.1. The reader should note that oxygen may stem not only from the CHON
component but also from the inorganic silicate material [19].

Despite the inhomogeneous composition of the captures, the obtained data
about the dust particles were reported to support models that describe cometary
material as consisting of radiation-processed ices [55]. The authors concluded
that the high contents of C and N in the analyzed samples do not hint at type
C1 carbonaceous chondrites being the sole chemical model for cometary dust
particles. The data support the Greenberg model (see Section 2.4), in which
comets are aggregates of interstellar dust particles consisting of a silicate core
embedded into a nonvolatile organic mantle, which were produced from ices by
ultraviolet radiation before condensation of the solar nebula [55]. A more detailed
study of the PUMA-1 data revealed that most of the analyzed cometary dust
particles consisted of a predominantly chondritic core and an organic mantle
composed mainly of highly unsaturated compounds [57]. Jessberger et al. con-
cluded that the samples of Halley’s dust collected by the Vega 1 spacecraft were
a mixture of a refractory organic components and unequilibrated silicates. More
exhaustive chemical information about individual cometary dust particles was
difficult to extract from PUMA’s mass spectra because of the complexity of the
impact-ionization process [58]. After subtracting singly charged ions as identified
by isotopic abundances from the PUMA-1 mass spectra, the remaining spectra
enabled the use of coincidence diagram analyses to access, in particular, lower
mass lines (mass< 50 m/z). The presence of many types of organic molecules
was thereby inferred, as depicted in Table 1.1 [19, 57]. The authors distinguished
between CH-, CNH-, and COH-, and CNOH-compounds. A comparison of these
compounds with the species that were produced in a simulation of interstellar
ice photoprocessing (in which many saturated and unsaturated N-heterocyclic
molecules were identified [59]), as presented in Figure 3.1 and Table 3.1, is
striking. Krueger and Kissel emphasized that in addition to formic acid and
formaldehyde, the presence of biologically important precursors of nucleobases
in cometary dust particles was highly probable, whereas no indications have been
found for, for example, amino acids, which would also form molecular ions if
present [56]. PAHs and polyoxymethylene (POM) (see Section 2.5.6, which is
about extended sources) populated rather small areas in the PUMA mass spectra
[19]. Prior to further interpretation of these data, the reader should note that
in the PUMA-1 mass spectra of the CHON-rich particles, the intensities of the
m/z= 1, 12, 14, and 16 atomic species were reported to be more than 100 times
greater (!) than the intensities of possible molecular species because most of the
projectile molecules decompose into their atomic constituents upon impact [19].
The PUMA instruments were not designed for the detection and identification of
molecular species.
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Table 1.1 Types of organic molecules that were inferred to be present in the captured
dust particles analyzed using the PUMA-1 instrument onboard Vega 1.

Chemical structurea) Chemical name

CH compounds HC≡C(CH2)2CH3
HC≡C(CH2)3CH3
H2C=CH–CH=CH2
H2C=CH–CH2 –CH=CH2

CH3

Pentyne
Hexyne
Butadiene
Pentadiene
Cyclopentene
Cyclopentadiene
Cyclohexene
Cyclohexadiene
Benzene
Toluene

CNH compounds H–C≡N
H3C–C≡N
H3C–CH2 –C≡N
H2C=NH
H3C–CH=NH
H2C=CH–NH2
H2C=CH–CH=NH

N
H

N

N
H

N
H

N

N

N

N

N N
H

N
N

N N
H

N

NH2

Hydrocyanic acid
Acetonitrile
Propanenitrile
Iminomethane
Iminoethane
Aminoethene (tautomer)
Iminopropene
Pyrroline, pyrrole, imidazole
Pyridine, pyrimidine (and
derivatives)
urine, adenine

COH compounds H2C=O
H3C–CHO
HCOOH
CH3 –COOH

Formaldehyde
Acetaldehyde
Formic acid
Acetic acid (?)

CNOH compounds N≡C–OH, O=C=NH
N≡C–CH2 –OH
HN=CH–CH=O

N

NO
HN

N
H

N

H
N

O

O

(Iso-)cyanic acid (?)
Methanolnitrile
Methanolimine (tautomer)
Oxyimidazole
Oxypyrimidine
Xanthine

a) Constitutional isomers are also possible. Several types may form tautomers, mesomers, and
conformational isomers. Thus, the molecules given here serve only as examples of the classes
of substances that are possibly present in the organic component of the dust. The authors were
not certain whether oxygen-containing species were present.

Adapted from [19, 57].
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1.4.1.2 Vega’s Infrared Investigations and the Temperature of the Cometary Nucleus
The IKS (InfraKrasnoi Spectromètre) infrared spectrometer onboard Vega 1 and
Vega 2 was designed for the detection of the emission bands of cometary parent
molecules in the inner part of the coma and to measure the temperature of the
cometary nucleus. The recorded IKS signals on Vega 1 (the cryogenic system of
IKS on Vega 2 failed) were attributed to the vibrational bands of H2O (𝜈3 = 2.7 μm)
and CO2 (𝜈3 = 4.25 μm) and potentially to CH-bearing molecules (𝜈 = 3.2–3.5 μm)
[60]. The 7.5-μm feature could be related to the presence of carbonaceous mate-
rial that includes C–C bonds [60]. Marginal features were recorded at 4.85 and
4.45 μm and tentatively attributed to OCS- and CN-containing molecules, respec-
tively [61]. The IKS-determined temperature of the nuclear surface was measured
to be 300–400 K [60], which is much greater than previously thought [53]. Other
references suggest a surface temperature of∼330 K [1]. This temperature was also
much greater than the expected 215 K, which is necessary to sublimate water ice
[18]. The apparently contradictory presence of ice in the cometary nucleus and
the comet’s high surface temperature can be explained by the assumption that the
nucleus is covered by a thin insulating layer [60] (or mantle) of a black, porous,
refractory substance with a thickness of ∼1 cm. There can be ice on the lower
boundary of this layer at a temperature of∼200 K, whereas the external boundary
is 100–150 K warmer [53]. The sublimation is thought to occur a few centimeters
below the cometary surface, and the gases pass through the porous dust layer to
escape. Energy for the sublimation is transported down to the ice [18]. Molecules
sublimate in the cometary interior; they are believed to flow to the cometary sur-
face and be driven by a pressure gradient. This complex process is key for the
understanding of cometary activity and was modeled by calculations for which
parameters such as the porosity, pore size, permeability, surface-to-volume ratio,
and thermal conductivity must be well estimated. What makes the system even
more complicated is that the liberated gases may recondense during the outward
flow [18]. Entrained dust particles that are larger than the critical pore size cannot
be carried in the flow and will be trapped in the near-surface layers and thus form
the dust mantle.

The interior temperature of the nucleus of 1P was derived via remote obser-
vation of the ratio of the nuclear spin isomers, as represented in ortho-water
and para-water. These remote recordings deserve particular attention and will be
described in Section 2.5.8. Regarding the evolution of the interior temperature of
comets, we will see later in this book that some comets are thought to have heated
their interior through radioactive decay processes, which are primarily due to
the short-lived radioisotope 26Al. According to this assumption, such heating can
result in the formation of liquid water in the interior of cometary nuclei.

The three-channel spectrometer (TKS) onboard Vega 1 and Vega 2 was
designed for recording spectra in the infrared, visible, and ultraviolet domains.
On Vega 1, the TKS failed completely, but the Vega 2 TKS measured spectra
in the infrared and visible ranges; the UV channel did not function well [62].
TKS spectra were recorded at a distance of 300 km from the cometary nucleus.
They provide information about the presence of OH, CH, C2, C3, CN, and NH
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species in comet 1P/Halley’s dust [62]. TKS also observed various NH2 bands
at ∼560 nm and signatures of diatomic S2 between 280 and 300 nm [63]. The
claimed tentative finding of the PAH phenanthrene in the near-ultraviolet spectra
of comet 1P/Halley based on the lines observed by Vega 2 TKS at wavelengths
of 𝜆= 347, 356, 364, and 374 nm [64] was later questioned [65] because of the
rather low resolution of the spectra and the lack of confirmation of PAH bands
in observations of other comets, such the observations of Hale-Bopp performed
in 1997 [66]. In 2008, new laboratory spectra of anthracene were recorded under
laser-induced fluorescence conditions in a jet-cooled molecular beam, and it was
found that 1P/Halley’s spectral features as recorded by TKS in the form of four
main peaks at 363, 367.5, 373, and 382.5 nm are consistent with the laboratory
fluorescence spectrum [67]. The detection of the PAH anthracene was thus
reported. In 2004, this technique was applied to the three peaks at 371, 376, and
382 nm to suggest a tentative detection of the PAH pyrene in the coma of comet
Halley [68]. The identification of PAHs in cometary comae was newly discussed
in the light of data from samples of comet Wild 2 that were returned to Earth in
2006 by the Stardust mission (see Section 1.7).

1.4.1.3 Vega’s Analyses of Cometary Dust
Vega’s dust particle counter SP-1 recorded the spectral and spatial distributions
of dust grains. Masses of dust particles were measured down to 10−16 g, and the
dust production rates for different particle mass ranges were determined, with a
total dust production rate of 4 t s−1 [69]. The dust coma was found to be quite
inhomogeneous and to include strong, narrow jets [69]. In parts of these jets,
heavier particles were observed before lighter particles [69]. The SP-2 data sug-
gest a high density of submicrometer-sized particles in the cometary dust [70].
Vega’s dust counter and mass analyzer (DUCMA) revealed that 1P/Halley’s coma
is highly dynamical on all spatial and temporal scales and exhibits remarkable
quasiperiodic intensity fluctuations, thus suggesting a complex structure of local-
ized regions of dust emission from the nucleus [71].

Further measurements from the scientific instruments of the Vega payload were
used to study the neutral gas [72], plasma [73, 74], energetic ion [75], and elec-
tric [76] and magnetic field environment [77] of comet 1P/Halley. Vega’s data that
contributed to our current understanding of the cometary plasma tail were of
particular importance. Therefore, cometary plasma tails will be introduced here;
particular attention will be paid to the interpretation of Vega data.

1.4.1.4 Solar Wind-Cometary Ion Interaction: the Plasma Tail
Usually, plasma tails, which are composed of molecular ions such as CO+ [78],
H2O+, OH+, CO2

+, CH+, and N2
+ along with protons, other atomic ions, and

electrons (see Section 1.3.1), are observed for comets at a heliocentric distance
less than 1.5–2.0 AU. Comets at greater heliocentric distances and comets such
as Ikeya-Seki that pass too close to the Sun may not exhibit plasma tails, the reason
for which is not understood [18]. The plasma tail is electrically neutral. Electrons
provide the negative charge.
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The formation of the plasma tail is assumed to occur because of the interaction
of cometary charged particles with the solar wind, which is an interplanetary gas
that flows away from the Sun. Observations of cometary plasma tails were used by
Ludwig Biermann from the Max Planck Institute of Physics in Göttingen to pro-
vide evidence for the existence of the solar wind [79]. In his original publication,
Biermann did not use the phrase “solar wind”; instead, he referred to the solar cor-
puscular radiation (“Korpuskularstrahlung” in German) that accelerated the ions
in cometary plasma tails. Biermann supported his predictions using the example
of comet Whipple–Fedtke (1942g) [80]. His description introduced the concept of
the solar wind. A typical aberration angle 𝜀 between the solar wind and plasma tail
of 5∘ was determined; this value corresponds to a solar wind speed of∼450 km s−1

and provided the required evidence for the existence of the solar wind [18]. We
note that both the cometary dust tail and cometary ion tail point away from the
Sun but not exactly in the anti-sunward direction.

It is evident that understanding the cometary plasma tail requires profound
knowledge about the solar wind. Because many comets exhibit rapidly changing
turbulent or disrupted plasma tails – some comets even exhibit plasma tails that
turn at a rate of ∼22∘ per hour [18] – we anticipate that the interaction between
the solar wind and cometary ions is often complex. The solar wind is composed of
electrons, protons, alpha particles (He2+ ions), and heavier ions. It is affected by
solar rotation and exhibits time-variable phenomena. A large bend that was visi-
ble in the plasma tail of comet Kohoutek on 20 January 1974 was attributed to a
30 km s−1 change in the solar wind speed [81].

The solar wind does not interact with the cometary nucleus, and its interactions
with cometary dust and neutral molecules and atoms are limited [18]. The solar
wind interacts with ionized molecules and electrons in the cometary plasma. Ion-
ization of cometary molecules and atoms occurs because of photoionization by
solar ultraviolet radiation; impact ionization from cometary and solar wind elec-
trons; and charge exchange between solar wind protons and cometary molecules
and atoms [18]. The solar wind has a high velocity of 450 km s−1, which is much
greater than the velocity of ions in the cometary plasma (1–2 km s−1). The inter-
action between the solar wind and cometary ions is such that the velocity of the
solar wind decreases [18] as the wind entrains cometary ions that contribute to
heating [13].

1.4.1.5 Bow Shock, Cometopause, and Contact Surface
In the vicinity of the comet, the deceleration of the solar wind is stronger than
in regions that are far from the nucleus. Here, the velocity of the solar wind
flow changes from supersonic to subsonic, thereby creating a bow shock or
outer shock [13], which develops over a distance of ∼106 km sunward from
the cometary nucleus [18]. In 1964, Axford correctly predicted that a comet
with ionized expanding coma gas should act as an obstacle to the supersonic
solar wind, and he expected a bow shock to form 104 –105 km upstream of
the comet [82]. Ip and Axford emphasized that at the bow shock, the thermal
pressure rapidly increases by a factor of 30, whereas the flow speed decreases
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by ∼25% [17]. The evolution and bow shock formation of a comet approaching
the Sun [83, 84] will be described in Section 5.4 using the example of comet
67P/Churyumov-Gerasimenko, which is the target of the Rosetta mission.

After crossing the bow shock, the incoming flux of solar wind particles enters
the cometopause. The cometopause is a unique feature and was first observed
by the Vega plasma instruments at a distance of ∼105 km from the 1P nucleus.
The cometopause is the boundary that separates the fast-moving solar wind
plasma from the cold, slow plasma flow of cometary origin [17]. It describes the
region in which cometary ions picked up by the solar wind add significantly to
the wind’s mass [13]. The flux of solar wind ions thus decelerates to a velocity
of a few tens of kilometers per second, and it deeply penetrates the comet
coma [13]. In the cometopause, solar wind protons and He2+ particle intensities
decrease suddenly, whereas the comet ion density – including H3O+ and cold O+

ions – increases rapidly with a radial dependence of 1/R2 [17]. At a distance from
the cometary nucleus of ∼6–8× 104 km, the solar wind protons and hot oxygen
ions were observed to disappear completely [85]. For mass ratios ranging from
1 to 85 m/z, the Vega plasma analyzer delivered data to deduce the main parts
of the ionospheric composition. In addition to signals at m/z= 18, 28, and 44,
broad count rate maxima were found at m/z= 56, 70, and 85, thereby revealing
for the first time the presence of ions more massive than CO2

+ [17] in the comet’s
ionosphere. The general processes that are associated with the expansion of
the neutral coma gas, followed by photodissociation, photoionization, and then
charge exchange with the solar wind ions at different regions in the coma, are
depicted in Figure 1.12 [17].
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Figure 1.12 The physical processes are
associated with the interaction of the
expanding cometary ionosphere with the
fast-moving solar wind plasma and cause the
formation of the bow shock, cometopause,

and contact surface. There is no intrinsic
magnetic field that acts on the expanding
gas that results from sublimation processes
on the cometary nucleus. (Adapted from
[17].)
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The contact surface, which is the boundary that separates the inner pure
cometary plasma close to the nucleus from the mixed cometary and solar wind
plasma [18], follows. As stated by Ip and Axford, the contact surface divides
the plasma of the mass-loaded solar wind from the plasma that is associated
with the cometary ions [17]. The magnetized solar wind does not penetrate the
contact surface [18]. Between the cometopause and the contact surface, solar
wind particles can interact directly with cometary molecules, with which they
undergo multiple charge-exchange reactions [13]. The reader should note that
at distances greater than 5 AU, a typical cometary nucleus does not emit enough
water molecules to provide a protective atmosphere; thus, the nucleus is directly
exposed to the solar wind and solar ultraviolet radiation [19]. Consequently, the
surface of the nucleus becomes electrically charged, mainly by the photoelectric
effect, which provides a surface potential of ∼+5 V [19].

We conclude that the cometary ion tail is composed of a mixture of cometary
and solar wind ions. These ions are deviated around the comet’s contact surface
by the resistance offered by the escaping cometary ions [13]. Accelerations of up
to 1000 times that of solar gravity have been measured in the tail. The radiation
pressure that produces the dust tail is known to produce minor accelerations on
the order of 1–200 times that of solar gravity on light atoms and on fine dust par-
ticles [13]. More detailed information about the large-scale processes of the solar
wind–comet interaction, the plasma tail ion composition, ionospheric processes,
the thermal structure of the ionosphere, plasma wave turbulence, ion acceleration,
and the International Cometary Explorer (ICE) mission that passed through the
onset of the ion tail region of a comet (21P/Giacobini-Zinner), thereby indicating
ion acceleration processes in the vicinity of a comet for the first time, can be found
in Ref. [17].

The results of the joint NASA–ESA Ulysses space probe revealed that the solar
wind emitted from the Sun is not constant [86]. The solar wind emitted from the
polar regions exhibits small variations and a speed of 750 km s−1, whereas the
solar wind emitted at equatorial latitudes exhibits large variations and a speed
of 450 km s−1 [18]. As a consequence, comets that pass the polar region of the Sun
are exposed to a faster and relatively constant solar wind, whereas comets that
pass the equatorial region of the Sun are exposed to a slower and gustier solar
wind [18]. In the polar region of the Sun, the cometary plasma tail points close
to the antisolar direction because of the high solar wind speed. The fine structure
expressed in plasma tails implies that magnetic fields exist in comets [18].

1.4.1.6 Plasma Tail Disconnection Events
As depicted in Figures 1.11 and 1.13, plasma tails may undergo spectacular phe-
nomena in which the entire plasma tail detaches from the cometary head and a
new tail forms. These phenomena are called disconnection events.

The solar wind exhibits a feature called the heliospheric current sheet (HCS).
The HCS is caused by the rotation of the Sun and provides information about
the morphology of the magnetic field that surrounds the Sun, which is known
to exhibit two hemispheres of opposite magnetic polarity [18]. The HCS, which
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Figure 1.13 A disconnection event of the plasma tail observed for comet Borrelly on
24 July 1903. The photographic observation was performed at Yerkes Observatory [87].

surrounds the Sun like the brim of a hat, represents the magnetic equator. If a
comet, with its cometary plasma, crosses the HCS, a magnetic field of opposite
polarity is pressed into the comet, and reconnection of the plasma tail occurs, as
first proposed by Niedner and Brandt [88].

From 1985 to 1986, 19 ion tail disconnection events were observed for comet
1P/Halley, one of them during the time of passage of the Halley Armada. Brandt
et al. [89] associated all of these 19 disconnection events with crossings of the
HCS, and Vega 1 and Vega 2 data confirmed the reversal of the polarity of 1P’s
magnetic field [89]. Vega 1 passed prior to the disconnection event, and Vega 2
passed comet 1P/Halley after the disconnection event. Because of the Vega mis-
sions’ observations of the cometary ionosphere, for the first time, the existence
of an HCS-triggered disconnection event could be demonstrated. It should be
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noted that the fascinating Niedner–Brandt model for the explanation of ion tail
disconnection events was called into question because of data obtained from the
Sakigake spacecraft (see later). Saito et al. [90] compared Sakigake’s plasma data
with ground-based observations and found that no distinct disconnection event
was observed for comet 1P/Halley’s ion tail even though Sakigake crossed the HCS
at least four times. Ip and Axford concluded that the generation of plasma struc-
tures, such as disconnection events, in ion tails could be a complicated process
that does not necessarily conform to the simple Niedner–Brandt scenario and
proposed alternative explanations [17].

The data from the Vega mission enabled the European mission Giotto to opti-
mize its comet-approaching navigation because the two Vega spacecraft reached
comet 1P/Halley a few days before Giotto and the Vega trajectories were precisely
known through the use of very long-baseline interferometry [91]. The Vega 1 and
Vega 2 space probes were the last successful planetary space probes of the Soviet
Union.

1.4.2
The Japanese Spacecraft Suisei and the Cometary Hydrogen Corona

The 1986 Armada of space probes to comet 1P/Halley included two Japanese
spacecraft, Sakigake (Japanese for “forerunner”) and Suisei (Japanese for “comet”).
These interplanetary missions were a new experience for the ISAS [51]. Both
spacecraft were almost identical, except for the scientific payload. Due to strict
weight constraints, both Japanese spacecraft were – in contrast to Vega – not
protected against cometary dust impacts [51]. Sakigake and Suisei were launched
with M-3SII launchers from the Kagoshima Space Center in Uchinoura, Japan,
on 8 January 1985 and 18 August 1985, respectively. The closest cometary flybys
of Sakigake and Suisei were on 11 March 1986 and on 8 March 1986 at a high
relative velocity of ∼73 km s−1 [51].

The Suisei space probe was designed to explore the plasma environment and
hydrogen corona of comet 1P/Halley from a distance of 200 000 km on the
sunward side. At this position, few dust particles were expected [51]. Later, Suisei
was maneuvered to a closer distance of 150 000 km to measure cometary ions.
The hydrogen corona that surrounded the cometary coma was observed by
Suisei’s ultraviolet imager. The hydrogen cloud that is now known to surround
a comet was predicted in 1968 by Biermann, who assumed a total production
rate of 1030 –1031 atoms s−1 [92]. Suisei’s ultraviolet imager instrument recorded
the time variation of the Lyman-α intensity of the coma of comet 1P/Halley
and found that the total brightness of the hydrogen coma changed rhythmically
or periodically [93] and exhibited pulsations [14]. The obtained data revealed
that 1P’s hydrogen corona has a shell structure [51] due to periodic cometary
outbursts [93]. It is believed that periodicity in the brightness of the hydrogen
coma is caused by outbursts or jets from nuclear surface features, such as
fractures or holes, that are activated when rotation of the nucleus brings it into
a position in which it is illuminated by the Sun [93]. The periodicity cannot be
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caused by continuous sublimation from the entire cometary surface. Today, it is
known that the hydrogen cloud that surrounds a comet contains H, O, and OH,
with H2O being the parent molecule [18].

Solar wind and cometary ions were observed by a charged-particle energy ana-
lyzer. The instrument allowed for the identification of not only proton ions but
also ions of water, carbon monoxide, carbon dioxide [51], and CH+ [94]. The data
revealed the existence of an assimilation process of cometary ions in the solar
wind flow [94], and shell structures in the velocity space of cometary protons and
water-group ions were detected [94].

1.4.3
The Japanese Spacecraft Sakigake

The scientific payload carried by Sakigake was developed to characterize the solar
wind by measuring its bulk velocity (v≈ 450 km s−1), flow direction (determined in
degrees), ion density (up to 30 cm−3), and ion temperature (T ≈ 105 K) [95] before
and on the day of the encounter with comet Halley. The obtained data hint at
a deceleration of the solar wind due to its interaction with the cometary atmo-
sphere. This assumption remained hard to verify because it was difficult to isolate
the effect of the comet on solar wind parameters from background disturbances
[95]. Moreover, the interaction of the interplanetary magnetic field with the comet
was analyzed by Saito et al. [90], who provided data to interpret possible origins
of the ion tail disconnection events, and plasma waves in the low-frequency and
extremely low-frequency ranges were recorded [51]. These waves are thought to
at least partially originate from plasma instabilities that are associated with the
pickup of cometary ions by the solar wind [96].

Ip and Axford describe Sakigake’s discovery of cometary kilometric radiation
(CKR) as somewhat surprising: discrete radio emissions in the frequency range of
30–195 kHz were recorded by the plasma wave experiment. These emissions may
result from conversion of the electrostatic plasma waves to electromagnetic waves
in the turbulent plasma environment of comet Halley [17].

1.5
The Giotto Spacecraft and the First Image of a Cometary Nucleus

ESA’s mission Giotto, which was named after the medieval Italian painter Giotto
di Bondone (1267–1337), who in 1304 depicted comet Halley as the “star of
Bethlehem” in one of the frescoes in the Scrovegni chapel in Padua (Figure 1.14)
[7], appeared to be the most sophisticated of the five great 1986 cometary
missions [50]. ESA originally planned to contribute a satellite to a US mission to
comet 1P/Halley, which was planned to approach the comet at a shorter distance
than its mother US space probe. This collaboration between NASA and ESA was
initially formed to realize the International Comet Mission (ICM) [18]. Because
of problems with a solar–electric ion propulsion system (IPS), the US space



1.5 The Giotto Spacecraft and the First Image of a Cometary Nucleus 37

Figure 1.14 The interior of the Scrovegni
Chapel in Padua is decorated by a fresco
cycle that includes the “Adoration of the
Magi” fresco, which is depicted here. The Flo-
rentine master Giotto di Bondone painted
the fresco, most likely in 1303 and 1304.

Giotto di Bondone was most likely inspired
to depict the Star of Bethlehem as a comet
because comet 1P/Halley had appeared in
1301. ESA’s spacecraft Giotto was named
after the artist Giotto di Bondone. (Image
credit: ESA.)

probe to comet Halley was never realized and ESA developed the cometary probe
Giotto independently.

1.5.1
The Passage through a Cometary Coma

The Giotto spacecraft was successfully launched on 2 July 1985 using an Ariane-1
rocket from Kourou, French Guyana. It encountered comet 1P/Halley on
14 March 1986, as depicted in the artist’s illustration presented in Figure 1.15.
At that time, 1P had passed perihelion [97]. The Vega and Giotto encounter
parameters are summarized in Table 1.2. The Giotto space probe passed through
1P’s coma and encountered only ∼1014 molecules m−3, which corresponds
to less than 10–12 times the density of air at sea level [14]. The Giotto spacecraft
and its instruments were protected from the impact of cometary dust particles.
A cometary dust particle with a mass of 0.1 g and a velocity of 68 km s−1 can pen-
etrate an 8-cm-thick solid aluminum sheet. Protection of the Giotto spacecraft
against high-velocity dust particle impacts was essential for the spacecraft to
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Figure 1.15 Artist’s illustration of Giotto’s
encounter with comet 1P/Halley on 14 March
1986. The Giotto space probe is protected
by its white dust shield. In the center of the
dust shield, white shells are visible; these

shells closed the nozzle of the solid propel-
lant boost motor after firing. Giotto’s cylindri-
cal Halley Multicolor Camera (HMC) is located
on top of the space probe, and the starmap-
per is on its left. (Image credit: ESA.)

Table 1.2 Vega and Giotto encounter parameters. (Adapted from [4].)

Date 1986 Time (UTC) Distance of
closest approach (km)

Relative velocity
(km s−1)

r (AU) 𝚫 (AU)

Vega 1 6 March 07 : 20 : 06 8889 79.2 0.7923 1.153
Vega 2 9 March 07 : 20 : 00 8030 76.8 0.8341 1.073
Giotto 14 March 00 : 03 : 01.84± 0.20 596± 2a) 68.4 0.9023 0.960

a) Determined by HMC.

approach to within a few hundred kilometers of the nucleus, where dust fluxes
are high [7]. Because it was out of the question to equip the Giotto space probe
with a 600-kg aluminum shield, Giotto was protected by a dual-sheet bumper
shield that could withstand the impact of dust particles of masses up to ∼1 g [7].
In Figure 1.16, the dual-sheet bumper shield can be observed on the bottom of
the image. The closest approach of the Giotto space probe to the nucleus of comet
1P/Halley, which occurred on 14 March 1986, was rather spectacular because,
14 s before its closest approach, Giotto was hit by a “large” dust particle of size
1–10 μm [7]. Another deceleration was reported 7 s prior to Giotto’s closest
cometary approach and was caused by an impacting particle with a mass of∼0.4 g
[19]. Because of these impacts, the spacecraft angular momentum vector was
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Figure 1.16 The Giotto space probe
depicted in May 1985 prior to launch dur-
ing the integration phase in Toulouse. The
two protective 1-mm-thick aluminum and
12-mm-thick Kevlar Whipple-type sheets,
which were 23 cm apart, are visible on the
bottom of the image. The aluminum vapor-
ized incoming dust particles, whereas the
protecting Kevlar sheet absorbed the debris;
the energy of the vaporized dust particles
was thus dissipated over a large area. The
cylindrical white instrument on the right that
is pointed downward toward the comet is
the HMC. The starmapper is pointing upward
and located to the left of the HMC. The two

visible silver spheres on the main platform
belong to the four tanks that contained
the hydrazine N2H4 fuel for orbit and atti-
tude correction. The high-gain dish antenna
on the top of the image had a diameter of
1.47 m and points toward Earth. The low-
gain cardioid antenna, through which the
first contact was made with the spacecraft
for reactivation, was located on top of the
high-gain dish antenna. The Giotto space
probe was mantled by solar cell arrays,
which are not depicted here. The total mass
of the Giotto spacecraft was 584 kg. (Image
credit: ESA.)
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shifted by 0.9∘, and the spacecraft performed a nutation around the new axis with
a period of 16 s [7]. This impact complicated telecommunication between Giotto
and Earth, and some instruments and experiments suffered.

1.5.2
Imaging a Cometary Nucleus

The Giotto spacecraft succeeded at directly observing the cometary nucleus from
the sunward side. The Sun–comet–Giotto angle was 107∘ [4]. The most important
finding of Giotto was the clear identification of the cometary nucleus made by
the Halley Multicolor Camera (HMC) [7]. At that time, the existence and size of
cometary nuclei were unknown [7]. Giotto’s HMC camera was designed to take
pictures of the cometary nucleus by approaching to a closest approach distance of
600 km. However, the Giotto spacecraft, on which the HMC was mounted, rotated
with a 4-s rotation period [4]. Comet 1P/Halley could only be observed by HMC
for a few milliseconds at a certain phase during each spin period [10]. It could
not be followed continuously. The position and exact moment of the next image
had to be predicted using a complicated tracking program [10]. It was particularly
difficult to obtain high-resolution images from a spinning spacecraft.

The HMC could be operated in single detector mode (SDM) and multidetector
mode (MDM). For calibration and test purposes, the HMC recorded images of
the planet Jupiter in September 1985, 2 months after launch. In October 1985,
the HMC took MDM images of the planet Earth, thereby demonstrating that
the HMC was fully operational [10]. On 14 March 1986, the HMC took the first
image of comet 1P/Halley 3 : 06 h before closest approach, when the distance
to the nucleus was greater than 773 000 km [10]. The camera operated in SDM.
A total of 2043 images were taken in SDM before switching to MDM 6 min
before closest approach [10]. The first MDM image was taken 295 s before closest
approach at a distance of 20 200 km [10]. Data transmission was interrupted
shortly before closest approach, and the last transmitted HMC frame was taken
15 s before closest approach [10]. The last useful image that shows details of the
cometary nucleus was taken from a distance of 1680 km [4, 10, 98]. A composite
image is given in Figure 1.17. The HMC operation was interrupted by a reset of
one of the microprocessors [10]. The resolution of the recorded images varies
from 50 m/pixel near the bright, top end of the nucleus to 320 m/pixel near the
dark, bottom end [99].

As the Giotto space probe passed the cometary nucleus at a distance of 602 km11)

[10], the encounter velocity between the probe and the cometary nucleus was very
high (68.4 km s−1) compared with the speed of the ejected cometary gas and dust
particles, which is a few hundred meters per second [7]. Giotto thus observed an
essentially static situation as it traversed the coma, and all dust particles struck
the spacecraft from the forward direction [7]. Pictures taken by Giotto’s HMC

11) The closest approach distance of 602 km was determined in real time by Giotto’s onboard software,
which analyzed the images. An Earth-based analysis provided a value of 591.5± 2 km [10].
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Figure 1.17 The nucleus of comet 1P/Halley
as imaged by the HMC camera onboard
ESA’s Giotto spacecraft on 14 March 1986.
The figure, which shows considerable detail,
is a 68-image composite. The distance from
the cometary nucleus at which the HMC
took the images was ∼2000 km. The Sun is
on the left at ∼17∘ behind the image plane
[4] and caused outbursts on the dayside of

comet 1P/Halley. Because of the 107∘ phase
angle, most of the nuclear surface that faces
the observer is not illuminated. The termina-
tor – the line that separates the illuminated
side from the dark side – is observed from
the northern tip to the southern sunward
limb [4]. (Image credit: ESA and Max Planck
Institute for Solar System Research.)

show the irregular nonspherical shape of the cometary nucleus, which was visible
in the reflected sunlight [98], and its size of 15.3× 7.2× 7.2 km, which represents
a 2 : 1 elongation. The size was much larger than the anticipated 6 km [4], and
the nucleus was aspherical. The minor axis of the comet was directed sunward.
The 2 : 1 elongation ratio represented a much greater deviation from a spherical
nucleus than had been anticipated [1]. For the first time, the existence of a solid,
single cometary nucleus, as predicted by Whipple [9], was proven beyond any
doubt [4].

1.5.2.1 Topographic Structures on a Cometary Nucleus

The HMC revealed the topographic structures, morphology, and color of the
nuclear surface for the first time [4]. The surface of Halley’s nucleus was found to
be irregular and exhibit spherical structures, which were interpreted as impact
craters, valleys, hills [7], and chains of hills [10]. A circular shape (“crater”)
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Figure 1.18 The principal features identified
on the nucleus of comet 1P/Halley. Valleys,
hills, depressions, a crater, and a mountain
are visible, as are the comet’s active areas
and the day–night borderline. The scat-
tered light from the dust fountains at a 107∘

phase angle was redder than the reflected
light from the nucleus. Keller argued that
the chemical composition of the dust grains,
with their high content of organic material,
caused this effect [4]. (Image credit: ESA.)

with a diameter of 1600 m and a minimum depth of 100 m was identified on
the cometary nucleus, and other circular features seemed to be visible [10]. A
mountain less than 1000 m in height was observed to be located at the center
of the nucleus [4]. The principal features identified on the surface of comet
1P/Halley are indicated in Figure 1.18. The considerably less precise Vega images
of the nucleus of comet 1P/Halley taken between 4 and 11 March 1986 [18] were
used to estimate the size of the “irregular potato-shaped” cometary nucleus to
be 14× 7.5× 7.5 km. A rotation period of 53 h was obtained from a comparison
of the images obtained by Vega 1 and Vega 2 [11, 53], and a period of 54 h
was determined by including the Giotto data [10]; these periods correspond
to approximately 2.2 days. However, until 1990, it had not been possible to
accurately determine the rotational position of the nucleus [4]. In 1991, the value
for 1P’s rotation period was simultaneously correctly determined by Belton et al.
[100] and Samarasinha and A’Hearn [101] to be 7.3 days, who determined that
the originally assumed orientation of the large end of 1P’s long axis during the
Vega 1 encounter had to be reversed. Note that the spin axis is not perpendicular
to the comet’s orbital plane; moreover, the spin axis is neither the long nor
the short axis of the cometary nucleus. The volume of 1P/Halley’s nucleus was
determined to be 420 km3, and its density was determined to have the quite low
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value of 0.55± 0.25 g cm−3, perhaps only 0.2 g cm−3 [10]. Comets are thus the
lowest density bodies in the Solar System. They are very fragile. Cometary nuclei
are expected to exhibit low heat conductivity and heat capacity, which prevents
cometary activity from continuing on the night side [10].

1.5.2.2 The Albedo of the Cometary Nucleus
Giotto’s measurement of the geometric albedo p of the cometary surface was a
tremendous scientific surprise. Estimations for p varied; some values were as high
as p= 0.6 [18].12) Giotto observed that the surface of 1P/Halley’s nucleus is dark
and exhibits a very low geometric albedo of p= 0.04, thereby indicating that the
comet’s nucleus at full phase has about one-third the reflectivity of the moon [10,
98]. The albedo value is one of the lowest of all known objects in the Solar Sys-
tem [98]: only some C-type asteroids and Saturn’s moon Iapetus exhibit smaller
values as low as p= 0.01 [102]. Keller et al. [98] concluded that most of the sur-
face of the nucleus of comet 1P/Halley must be covered by a nonvolatile insulating
crust of dark material that traps light in tiny cavities between fluffy dust particles
because of its high porosity. The temperature of the crust must become much hot-
ter than the equilibrium temperature for the sublimation of water ice [98]. Keller
et al. [10] suggests that the crust or mantle is more than several centimeters thick.
Furthermore, the Giotto images of the cometary nucleus indicate that main parts
of the surface of the cometary nucleus are inactive. Thus, models that describe the
nucleus as uniform were found to be inadequate [98].

1.5.2.3 Gas- and Dust-Emitting Areas on the Nucleus of 1P/Halley
Giotto observed that the gas and dust emissions from 1P/Halley were not uni-
form over the entire cometary surface [18]. Gas and dust were only emitted into
space in an anisotropic manner in the form of discrete jets from specific cometary
regions. The regions were typically kilometer sized and pointed toward the Sun.
In his seminal work of 1950, Whipple had already noted that the sunward ejec-
tion of material from cometary nuclei had long been recognized for the bright
comets [9]. In the near-source region, the acceleration zone, the dust accelerates
through interaction with the gas that streams away from the surface [4]. Neverthe-
less, the active areas account for approximately 10% of the entire cometary surface
[98]. Seven main jets were observed and were labeled with the letters A through G
[98]. There was an attempt to correlate the observations of the jets with ground-
based observations of comet 1P/Halley [103]. A more precise analysis of Giotto’s
HMC data revealed two areas of major activity and at least 13 faint, narrow jets
[10]. Most of the cometary activity appeared to originate from only a few dis-
crete sources [7, 98] on the afternoon hemisphere of the cometary nucleus [10],

12) The albedo (Latin: white color; German: Die
Albedo) is a quantification of the backscatter-
ing of light by diffuse reflecting surfaces. The
geometric albedo is the ratio of the amount
of irradiating light over the diffuse light that
is re-emitted into a half-sphere. The spherical

albedo is the ratio of the irradiating light over
the light that is re-emitted into all directions
of space. Usually, a given surface exhibits a
slightly higher value for the spherical albedo
than for the geometrical albedo.
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and active areas did not seem to exist on the nighttime side [98]. The nighttime
region of the cometary nucleus appeared on the HMC images as a dark silhou-
ette against the background dust [10]. If evaporation of the ice continues into the
cometary evening, recondensation and freezing may occur in the crust, thereby
causing subsequent cracking under thermal stresses [98]. The surface crust that
prevents free sublimation of the icy conglomerate must thus have a variable thick-
ness [98]. Giotto determined the gas production rate to be 3.1× 106 g s−1 [104],
which had been estimated from ground-based experiments in November 1985,
when the comet was in a distance of 1.75 AU from the Sun to be 1.5× 106 g s−1

[105]. Giotto’s observed gas production rate agrees with observations of the Inter-
national Ultraviolet Explorer (IUE), which observed comet 1P/Halley while all
Giotto Armada spacecraft passed the comet [106]. The gas production rate of the
nucleus of comet 1P/Halley correlates to an approximately 6-m-thick lost layer
per orbital revolution [10]. Assuming 30 revolutions of the short-period comet
1P/Halley, this rate amounts to less than 200 m [10]. Others assume hundreds, if
not thousands, of passages of comet 1P/Halley through the inner Solar System
[99].

1.5.2.4 The Formation of the Nonspherical Nucleus of 1P/Halley
How did the shape of comet Halley’s nucleus develop? Keller et al. concluded from
the HMC data that it is improbable for the nucleus of comet 1P/Halley to have
formed as a spherical body because the ellipsoidal shape could not be formed by
preferential sublimation over long time intervals [10]. A nonuniform sublimation
process that yielded the observed shape of the cometary nucleus starting from a
spherical body could have occurred if sublimation was suppressed by a crust on
both ends of the nucleus. This model clearly disagreed with the strong activity level
observed during the Vega 1 flyby, when an end of the cometary nucleus pointed
toward the Sun [10]. The ellipsoidal “potato-like” shape of the cometary nucleus
had to be formed during the creation process due to either a collision of two sub-
nuclei or the breakup of a larger body during the early period of formation [10].
Inhomogeneities in the cometary coma – such as in the grain sizes and chemical
composition – and also the variability in cometary activities could be explained by
the nucleus of comet 1P/Halley being formed by different subnuclei of as much as
a few kilometers in diameter [10]. The accumulation of only very small subnuclei
of a meter or less in size was ruled out by the extremely nonspherical shape of the
nucleus and the morphology of its surface [1].

Keller et al. [10] furthermore concluded from Giotto’s HMC data that a large
body, such as the cometary nucleus, cannot form easily because of its low density,
particularly if collisions of subbodies are involved. In 1987, the authors wrote that
laboratory experiments with low-density icy materials and extremely low tem-
peratures were “urgently needed” [10] to better understand the formation of low-
density cometary nuclei.

In addition to the camera for imaging the cometary nucleus and inner coma,
Giotto’s scientific payload comprised nine experiments: three mass spectrome-
ters for analyzing the elemental and isotopic composition of cometary neutrals,
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ions, and dust particles; various dust-impact detectors; a photopolarimeter for
measuring the coma brightness; and a set of plasma experiments for studying the
interaction processes between the solar wind plasma and the cometary ionosphere
[7].

1.5.3
The Chemical Composition of Cometary Dust

Giotto intensively analyzed the chemical composition of the emitted jets. The jets
were found to be composed of 80% water (v/v) [107], carbon monoxide (10%),
carbon dioxide, formaldehyde, methanol, methane, ethane, ethylene, acetylene,
ammonia, hydrogen sulfide, and hydrogen cyanide [108]. Ions such as H2O+, C+,
CO+, and S+ were identified in the cometary atmosphere [109]. The occurrence of
some ions was associated with the presence of hydrocarbons [110], and classical
CN and C2 emission bands were observed in the spectra 1P/Halley’s coma [111].

Data of outstanding scientific importance were provided by performing chemi-
cal analyses of cometary dust particles: Giotto contained the Dust mass spectrom-
eter onboard Giotto (PIA), which was the counterpart of the PUMA instruments
onboard Vega 1 and Vega 2 [55]. PIA was a time-of-flight mass spectrometer for
positively charged ions produced from solid cometary dust particles that hit the
target in front of the spectrometer. The instruments differed conceptually in that
PIA used a silver-doped platinum foil as the target material to provide the ion-
ization, whereas PUMA-1 used a corrugated silver plate and PUMA-2 used a flat,
solid-silver plate [19]. PIA was thus designed to study the chemical and physical
nature of cometary dust particles. Its spectacular and unexpected data revealed
that cometary particles contain not only hydrogen (with its isotopes, deuterium
and tritium) and oxygen but also carbon and nitrogen atoms. One of the signif-
icant surprises of the Halley encounters was the detection of large amounts of
carbonaceous dust that was rich in H, C, O, and N, the so-called CHON parti-
cles [1]. The observation of CHON particles by PIA agrees with PUMA data (see
Section 1.4.1) and suggests the presence of organic molecules on the cometary
nucleus. In addition to these elements, metal ions of Na, Mg, Si, and Fe were found
[112]. Comet 1P/Halley’s total content of organic material was greater than the
mineral content by a factor of 3–10 [113]. The PIA observations indicated some
variations in the particle composition, number density, and density as function
of the location within the coma, thereby suggesting compositional heterogeneity
of the source region and, hence, of the nucleus [4]. This result is another impor-
tant finding. However, the PIA mass spectrometer was not sensitive to the direct
detection and identification of intact organic molecules. Organic molecules – if
present in the surrounding ices of cometary dust particles – would not entirely
survive the impact of the solid cometary particles onto the ionizing target of the
PIA mass spectrometer, which occurred with an impact velocity of ∼68 km s−1.

In addition to PIA, Giotto’s Neutral Mass Spectrometer (NMS) allowed
for the precise identification of carbon monoxide and water molecules and
hydrogen and oxygen isotopes in the cometary coma [114]. These data will be
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presented in detail in Section 2.5.6, which discusses potential extended sources of
volatiles in cometary comae, and in Section 3.1, which addresses isotopic water
fingerprinting.

1.5.4
The Radio Science Experiment and Cometary Ionosphere

The Giotto Radio Science Experiment (GRE) recorded a deceleration of the Giotto
spacecraft because of drag effects in the cometary atmosphere. The change in the
velocity of the spacecraft was determined to be 16.7 cm s−1, which corresponds
to a Doppler frequency of 4.7 Hz. Edenhofer et al. [115] estimated, through
knowledge of the total mass of the spacecraft (573.7 kg) and the encounter
velocity (68.37 km s−1), that the total mass of cometary material that struck the
spacecraft was 0.1–1 g.

Energetic ions in the environment of comet 1P/Halley were investigated by
McKenna-Lawlor and colleagues [116]. As outlined earlier, the ionosphere of
a comet is assumed to originate from the sublimation of atoms and neutral
molecules from the cometary nucleus into the inner coma of the comet. Due to
the low gravitational force of a typical comet, the escape velocity is ∼1 km s−1

[14]. In the inner coma, atoms and neutral molecules are subjected to various
chemical reactions. Farther out, they are subjected to a variety of photodis-
sociative and ionizing processes. The ionized particles are then entrained by
the solar wind and gain energy, and are convected away in the anti-sunward
direction. The predominant species in the outer atmosphere of comet Halley
were recorded to be O+, OH+, and H3O+, the so-called water-group ions [116].
However, the pickup process by the solar wind was found to be insufficient to
account for the high energies observed for these and other typical ions in the
cometary ionosphere, and other acceleration mechanisms were postulated by the
McKenna–Lawlor team.

Giotto precisely investigated the interaction between the solar wind plasma,
including its protons and α-particles [117], electrons [118], and magnetic field
[119], and the cometary ionosphere. As illustrated in Figures 1.12 and 1.19, these
interactions are characterized by two distinct boundaries, the bow shock and
the contact surface [7]. The bow shock was encountered by the Giotto space
probe at a distance of 1.15× 106 km from the nucleus. At a distance of 16 400 km
from the nucleus, the magnetic field strength attained a maximum value of 57 nT
[7]. The contact surface was crossed by the spacecraft at a distance of 4700 km,
where the magnetic field decreased to essentially zero [7, 118]; this decrease had
been theoretically predicted. The existence of the bow shock, contact surface,
and magnetic cavity had been predicted before the comet encounters, but new
insight was gained through detailed in situ investigations of the plasma features
and the regions between them, including the discovery of the cometopause (see
Section 1.4.1) [1].

The interaction between the solar wind and cometary ionosphere involves the
loading of the solar wind by cometary ions. At large distances from the comet,
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neutral molecules of cometary origin are ionized by the solar wind. The energy
and momentum given to the cometary ions originate from the solar wind, which
is therefore thought to decelerate by increasing amounts as the cometary nucleus
is approached [117]. By yielding more precise data than that obtained by the Saki-
gake spacecraft (see Section 1.4.3), the Johnstone Plasma Analyzer (JPA) onboard
Giotto revealed that as the cometary nucleus was approached, the speed of the
solar wind reduced gradually and its temperature increased gradually, with no
major discontinuity [117].

1.5.5
Overview, Summary, and Current Status

The 1986 missions to comet 1P/Halley, as summarized in Figure 1.20, were the
first close and exciting encounters with a comet [50]. The data obtained by those
missions influenced our understanding of cometary nuclei more strongly than any
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Figure 1.20 Spacecraft encounters with comets 1P/Halley and 21P/Giacobini-Zinner; the
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other comet physics studies [4]. The recorded data revealed that the visible surface
of the nucleus is relatively hot (300 K) and black, thereby absorbing visible light.
According to the data provided by these missions, there is nothing that sharply
contradicts the Whipple theory of how comets are made: that they consist of dust
particles held together by ice [50]. However, comet nuclei do not look like “snow-
balls”, not even like “dirty snowballs” [4]. A cometary nucleus can be characterized
as an asymmetric, kilometer-sized solid object with an irregular tar-type crust
that contains dirty ices in a porous matrix of refractory material and that rotates
toward the Sun. In 1990, Rickman and Huebner stated that even after the Halley
encounters, we are still far from being able to specify the place of origin of Halley’s
comet, let alone that of comets in general [8].

After the encounter with comet 1P/Halley, the Giotto spacecraft – with most of
the instruments and solar cell arrays still intact – was retargeted to the neighbor-
hood of Earth. An Earth-gravity-assist maneuver enabled the redirection of Giotto
toward comet 26P/Grigg–Skjellerup for an encounter on 14 July 1992 [7]. Giotto
passed the nucleus of comet 26P/Grigg–Skjellerup at a distance of 100–200 km,
which is closer than Giotto’s minimum distance to comet 1P/Halley, 600 km, and
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the closest ever cometary flyby [18]. However, pictures of 26P could not be taken
because the cameras were damaged after their approach to comet 1P/Halley.
Giotto’s still successfully operating Dust Impact Detection System observed that
for comet 26P/Grigg–Skjellerup, the mass distribution of the cometary dust
was dominated by larger particles compared with that of comet 1P/Halley [120].
McBride et al. [121] identified one event at a distance of approximately 1000 km
from the nucleus, which suggested the existence of a 10–100 m nucleus fragment
that produced its own dust coma. This is a considerable finding, particularly in
consideration of the new data pertaining to the cometary environment obtained
by the Deep Impact spacecraft that visited comet 103P/Hartley and provided
high-resolution images of the close environment of a cometary nucleus (see
Section 1.8.4). 26P/Grigg–Skjellerup’s magnetic field was also investigated [122].

1.6
Comet 19P/Borrelly as Observed by Deep Space 1 and the Contour Comet Nucleus Tour

1.6.1
The Deep Space 1 Spacecraft Accelerated by Ion Propulsion

Twelve years after the spectacular encounter of a flotilla of spacecraft with comet
1P/Halley, the NASA-JPL DS1 space probe was launched on 24 October 1998.
Equipped with cutting-edge technology, such as an ion propulsion system (IPS)
– instead of classical chemical propulsion – and another 11 advanced technolo-
gies that were important for future space and Earth science programs, DS1 was
part of NASA’s New Millennium Program (NMP), which tested high-risk tech-
nologies in operational spaceflight (Figure 1.21). The most important innovation
[123], the solar electric propulsion (SEP) system of DS1, was based on the ion-
ization of the noble gas Xenon (Xe) by electrons to form Xe+ ions. The Xe+ ions
were then electrostatically accelerated by a potential of 1280 V through a pair of
molybdenum grids [124] and emitted from the spacecraft to accelerate it. A sep-
arate electron beam was emitted from DS1 to avoid the accumulation of negative
charges on the spacecraft. SEP was believed to offer significant mass savings for
future space missions. In October 1998, the first attempt of DS1 to thrust with the
IPS failed, and after operating for 4.5 min, IPS shifted to a standby mode [124]. It
is thought that a contaminant caused a short between the two molybdenum grids,
and a restart of the thruster on that day remained unsuccessful. During the follow-
ing 2 weeks, the IPS underwent thermal cycling that changed the spacing between
the grids and enabled the IPS to be restarted and its desired operation achieved
[124].

DS1 also had initial problems with its star tracker, but these problems did not
hinder its approach to comet 19P/Borrelly, although DS1 had not been designed
for a comet encounter [123]. DS1 had no protection against cometary dust, and
the end of its fuel supply was immanent [18].
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Figure 1.21 The Deep Space 1 spacecraft
pictured during ground tests, with its inno-
vative ion propulsion system on the top. The
ion drive’s generated thrust corresponds to

the force required to hold a piece of paper
on Earth. (Image credit: Deep Space 1 team,
JPL, and NASA.)

1.6.2
Encounter, Nucleus Images, and Properties of Comet 19P/Borrelly

“The encounter did not go the way we expected,” said project manager Marc
Rayman of Jet Propulsion Laboratory (JPL), “It went perfectly” [125]. Nearly
3 years after launch, on 22 September 2001, DS1 traveled at a velocity of
16.5 km s−1 on the sunward side through the coma of comet 19P/Borrelly. Its
distance to the cometary nucleus during closest approach was 2171 km [102].
In contrast with comet 1P/Halley, which is thought to originate in the Oort
cloud [102], comet 19P/Borrelly belongs to the Jupiter-family comets, which are
believed to originate in the Kuiper belt [102]. Its orbital period is 6.9 years [99],
and it has an orbital inclination of 30.3∘ and a perihelion distance of 1.358 AU.
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DS1 passed the nucleus of comet 19P/Borrelly 8 days after the comet’s perihelion
passage [102]. The encounter velocity of Giotto as it passed the nucleus of
comet 1P/Halley was much higher (68.4 km s−1), and its distance during closest
approach was much shorter (602 km). DS1 took high-resolution black-and-white
images of the surface of the nucleus of comet Borrelly that were sharper than
any of the images taken by the Giotto and Vega missions to comet 1P/Halley
[125]. The DS1 spacecraft returned pictures to Earth that revealed for the first
time recognizable geology on a comet nucleus [125]; consequently, DS1 was a
great success. The nucleus of comet 19P/Borrelly was described as a bowling-
pin-shaped object of size 8.0× 3.2× 3.2 km [99] that exhibited rugged terrain
and towering jets of dust and vaporized ice [125]. Its nucleus rotation period
was measured to be 26 h. In 1999, using remote observations from the Hubble
Space Telescope (HST), Lamy et al. predicted that 19P/Borrelly’s semi-axes
have lengths of 4.4± 0.3 km and 1.8± 0.15 km; the authors inferred a rotational
period of 25 h [126]. This prediction is important to note because – as we will
see in Section 5.4 – Lamy and colleagues also predicted the size and shape of the
nucleus of comet 67P/Churyumov-Gerasimenko [127], the knowledge of which
will be crucial for the cometary nucleus landing and scientific operations of the
Rosetta mission.

DS1 was equipped with the Miniature Integrated Camera and Spectrometer
(MICAS) instrument, which contained two visible-wavelength cameras and
ultraviolet and infrared spectrometers [102]. The UV spectrometer failed soon
after launch. Comet 19P/Borrelly was thus observed by the charge-coupled
device (CCD) camera13), which delivered 52 images in the visible wavelength
region, and the IR spectrometer, which delivered 45 short-wavelength IR spectra
in the 1.3–2.6-μm spectral region [102]. The highest resolution of the images
was ∼45 m/pixel; these images were obtained 160 s before closest approach
at a distance of 3417 km. MICAS provided superb images, such as that of the
nucleus of comet Borrelly depicted in high resolution in Figure 1.22, and spectral
information [18]. A variety of terrain and surface textures, including mountains,
fault structures, and dark material, are visible over the nucleus’s surface.

Soderblom and colleagues divided the Borrelly nucleus into two main terrain
units, smooth terrain and mottled terrain. The smooth terrain in the central
part of the cometary nucleus included several mesa-like features, which may
be associated with active jets. The mottled terrain occurs at both ends of the
elongated cometary nucleus and seems rougher because it exhibits irregular pits,
bumps, troughs, and ridges [102]. The mottled terrain, with its strong albedo
variation, appeared to be largely inactive and not associated with jet sources
of gas and dust. It was assumed to represent an older surface lag. The shape of
comet 19P/Borrelly’s nucleus and its structure are evidence for its formation by
the coalescence of multiple bodies [102]. Fractures on the cometary nucleus were

13) CCD cameras, which are often used in conjunction with specialized filters, became popular in
applications that require high photometric precision because they are highly linear and have large
dynamic ranges [18]. Moreover, CCD cameras deliver a digital signal.
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Figure 1.22 The nucleus of comet Borrelly
depicted at a high resolution of ∼45 m/pixel.
The image exhibits a variety of terrain and
surface textures, such as mountains, fault
structures, and dark material. A map sketch

that indicates the identified morpholog-
ical units and features was published by
Soderblom and colleagues [102]. (Image
credit: NASA.)

observed by the MICAS camera, several of which were located right at the thin
neck of the bowling-pin shape, which caused Laurence Soderblom of the U.S.
Geological Survey to suggest that it is quite possible that Borrelly could break into
two or more fragments [125]. Soderblom et al. [102] identified no fresh impact
craters of diameter greater than 200 m, which hints at a young and active surface.

The surface of comet 19P/Borrelly was found to be covered by dark material.
The geometric albedo of p= 0.04 observed for the nucleus of comet 1P/Halley by
Giotto was surprisingly low, but the geometric albedo of the nucleus of comet
19P/Borrelly was determined to be even lower, with 0.01< p< 0.03 [18, 102]. The
geometric albedo of p= 0.03 was found for the smooth terrain, and the darker
spots had values that ranged down to p= 0.01; the variations could be evidence
for differences in the composition, particle size, or compaction effects [102].

The short-wavelength IR spectrometer of MICAS onboard DS1 performed a
28-s long-exposure observation just before its closest approach to the nucleus
of comet Borrelly. Somewhat surprisingly, the spectrometer recorded an absorp-
tion feature at 2.39 μm with a width of 0.02 μm in the nucleus reflectance spec-
trum. Soderblom and colleagues suggested that this feature may be evidence for
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hydrocarbons such as POM (see Section 2.5.6), which exhibits absorption features
in this region [102]. Bands of water ice or hydrated minerals were not identified
in the cometary crust.

Temperatures on the sunward side of the surface of the cometary nucleus ranged
from 300 to 345 K, thereby indicating a hot and dry surface [18]. These temper-
atures and the lack of water IR bands are consistent with the estimates that only
∼10% or less of the nucleus surface is active [102]. Regions of actively sublimating
ice are believed to reach temperatures of approximately 200 K [102].

The data provided by MICAS indicate two main features that contribute to the
coma of comet 19P/Borrelly: collimated jets and fans [18]. Two sets of bright col-
limated dust jets were identified, the α jet and the β jet, which exhibit cylindrical
cores and are offset by 15∘. The less bright fans originate from spatially extended
sources. Typical fans exhibit a 1/R decrease in brightness in the image, where
R is the distance from the nucleus. Collimated jets produce a much shallower
decrease in brightness than 1/R: they can retain roughly constant brightness out to
∼5 km, after which the brightness decreases in the conventional 1/R manner [102].
Soderblom and colleagues interpret this behavior as evidence that the narrow col-
limated jets contain relatively coarse icy dust particles with diameters of ∼10 μm.
Once ejected from the nucleus, these traveling icy dust particles fragment by sub-
limation. Assuming a speed for the icy dust particles of approximately 0.4 km s−1

and a length for the collimated jet of approximately 4 km, their time of flight is
∼10 s. The sublimation lifetime of a 10-μm particle was also estimated to be 10 s,
which led Soderblom et al. [102] to conclude that coarse particles sublimate and
fragment, thereby dispersing into a cloud of fine dust particles. In Section 2.5.6, we
will discuss this fragmentation and gas release in the general context of extended
sources in cometary comae.

Investigations by the Plasma Experiment for Planetary Exploration (PEPE)
onboard DS1 revealed the chemical composition of the cometary plasma to
be approximately 63% OH+, 25% H2O+, 8% CH3

+, 2.5% C+, and 2% N+; the
abundances of the ions O+, H3O+, and CH+ were less than the detection limits
[18].

In summary, the data obtained by DS1 provided unique information about the
surface of comet Borrelly’s nucleus, which is hot, dry, and extremely dark.

1.6.3
The Cometary Nucleus Probe CONTOUR

Comet 2P/Encke is a short-period comet that exhibits the shortest orbital period
of all known comets (3.3 years). Because of its both low inclination and short
orbital period, 2P/Encke has often been perturbed by interactions with the inner
planets. Because of fragmentation of the cometary nucleus, comet 2P/Encke is
believed to be the origin of near-Earth object 2004 TG10 and the Taurid meteor
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shower, and it may also be the origin of the ancient symbol of the swastika14). After
comet 1P/Halley, comet 2P/Encke was the second comet for which a periodicity
was determined in 1819. Comet 2P/Encke is a highly evolved comet [18].

Similar to 2P/Encke, 73P/Schwassmann-Wachmann 3 is a short-period comet
with an orbital period of 5.36 years, but comet 73P/Schwassmann-Wachmann is
thought to be less evolved [18]. As indicated in Section 1.3.1, 73P is of partic-
ular scientific interest because during perihelion passage, its nucleus broke into
five fragments, labeled A–E, in 1995. In 2001, three of these fragments, B, C, and
E, were found again. In 2006, further spectacular fragmentation processes of the
cometary nuclei were observed; these events drastically increased the brightness
of 73P because of the release of gas and dust in the cometary atmosphere. To date,
more than 60 different cometary nuclei fragments have been described.

The unmanned NASA-CONTOUR cometary nucleus probe was designed to
closely approach the nuclei of comet 2P/Encke in 2003 and 73P/Schwassmann–
Wachmann in 2006 at a distance of only ∼100 km during the phase of maximal
cometary activity. High-resolution images of fresh cometary nuclei were expected
to provide pictures of the surfaces of cometary nuclei with unprecedented detail.
CONTOUR stands for Comet Nucleus Tour. Sadly, this rendezvous with cometary
nuclei did not occur due to the failure of CONTOUR in 2002, shortly after it was
launched into the Earth orbit. The precise origin of CONTOUR’s explosion into
three pieces remains unknown; possible explanations include problems with the
solid-rocket motor and a collision with space debris.

1.7
The Stardust Sample Return Mission to Comet 81P/Wild

The international cometary flotilla in 1986 and DS1 in 2001 provided a fair under-
standing of the morphology of the nuclei of comets 1P/Halley and 19P/Borrelly,
their crust, the formation of cometary comae, and the processes that yield
cometary dust and plasma tails. It became evident that cometary nuclei contain
not only water but also carbon and nitrogen, which are the fundamental elements
of organic chemistry. Consequently, the state of cometary carbon and its potential
occurrence in cometary organic molecules began to attract tremendous scientific
interest.

1.7.1
Conceptional Remarks

Vega’s PUMA and Giotto’s PIA mass spectrometers were designed to detect the
elemental composition of cometary dust after dust particles from the cometary

14) In various cultures across the world, the swastika appeared at a similar time. The symbol of the
swastika might have been inspired by a rotating comet that emitted gas and dust jets in four different
spatial directions.
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nucleus impacted the targets in the mass spectrometers. These instruments were
not conceptually designed for the detection and identification of individual and
intact organic molecules in cometary ices because the mass spectra were recorded
from a mixture of molecular and atomic ions. For the identification of individual
organic molecules, it is convenient to separate these molecules from other
molecules and atoms prior to their mass spectrometric analysis. The obtained
fragmentation pattern then often allows – comparable to a fingerprint – for
unambiguous identifications.

The cometary Stardust mission, which was part of the NASA Discovery Pro-
gram, heralded a new era in space research: the Stardust discovery mission aimed
to approach the coma of a cometary nucleus and to collect samples to be trans-
ported to Earth, where samples of cometary origin can be analyzed using highly
sophisticated and dedicated instruments in selected suitable laboratories.

1.7.2
Encounter with Comet 81P/Wild 2 and Sample Collection

In January 2004, the Stardust spacecraft – which had been launched in
1999 – encountered comet 81P/Wild, which is also known as Wild 2 or
81P/Wild 2. This encounter occurred at a “breathlessly” short distance of 236 km
and a velocity of 6.1 km s−1 [128] during the comet’s approach to the Sun at a
distance of 1.86 AU [113].15) Never had a space probe approached a cometary
nucleus at such a close distance (except for Giotto’s post-1P/Halley encounter
with comet 26P/Grigg–Skjellerup) and, in particular, at such a low relative
velocity, which is still six times faster than the velocity of a bullet [129]. The “low”
velocity was important because the Stardust probe passed through the cometary
coma and was constructed to retrieve samples. The low velocity required a
special design of the orbital trajectory that included three loops around the Sun
[18]. The orbital trajectory was developed by Chen-Wan Yen of the JPL [130]. By
flying through the cometary coma, dust particles could be collected for further
analyses: particles of cometary dust of submillimeter sizes were collected in a
special aerogel, which is an extremely low-density sponge-like microporous silica
(Figure 1.23) [128] that provided a relatively “soft” catcher for impinging dust
particles [99].

The aerogel was developed by Peter Tsou of JPL [130]. The aerogel cells mounted
on the Stardust spacecraft were able to capture both particles and cometary gases
during the cometary flyby [131]. The challenge was to capture the dust particles
without destroying both the dust and the spacecraft in the capturing process [130].
The aerogel cells were lined with aluminum foils that composed approximately
15% of the total collection surface [132], in which hypervelocity craters were later

15) On 2 January 2004, the encounter between NASA’s Stardust mission and comet Wild 2 passed
virtually unnoticed by most of the public [99], partly because the rover Spirit aimed to land on
Mars the next day.
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Figure 1.23 Block of silica aerogel pictured in the Stardust Cleanroom at Johnson Space
Center (prelanding). The silica aerogel has the density of air [129, 130]. (Image credit: NASA.)

Figure 1.24 NASA’s Stardust sample return capsule successfully landed at the U.S. Air Force
Utah Test and Training Range on 15 January 2006. (Image credit: NASA.)

observed and analyzed [133, 134]. The density of the silica aerogel exhibited a gra-
dient that varied from< 0.01 g cm−3 at the impact surface to 0.05 g cm−3 at a depth
of 3 cm [132].

The obtained sample that contained nanoscopic cometary dust particle mate-
rial was the first Solar System sample returned to Earth (Figures 1.24 and 1.25)
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Figure 1.25 In a laboratory at the Johnson
Space Center, Stardust material is inspected
soon after investigators from the University
of Washington, Johnson Space Center, and

Lockheed Martin Missiles and Space, Denver,
Colorado, opened a container that included
the sample collector. (Image credit: NASA.)

Figure 1.26 Close-up view of a cometary impact (center) into aerogel as observed at the
Johnson Space Center hours after the Stardust sample return canister was delivered to the
Johnson Space Center from the spacecraft’s landing site in Utah. (Image credit: NASA.)

since the samples taken and returned from the Moon, and it was the first sample
ever returned from deep space [132, 135]. The Dust Flux Monitor Instrument
(DFMI) onboard the Stardust space probe estimated from data taken during
cometary flyby that ∼2800 particles with diameter >15 μm impacted the aerogel
collectors (Figures 1.26 and 1.27) (2300 particles collected in the inner coma
plus 500 particles from the postencounter swarm), and the largest particle had
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Figure 1.27 Close-up of prelanding camera scanning in the Stardust Cleanroom at Johnson
Space Center. (Image credit: NASA.)

a mass of ∼0.6 mg and diameter of ∼1.3 mm [136]. Two years after the cometary
encounter, the protective capsule with the loaded aerogel collectors was dropped
off during Stardust’s swing by the Earth on January 2006. It was expected to land
in the Utah desert in January 2006 [99] via a parachute landing, which proceeded
successfully. Approximately 200 investigators around the world – an “incredible
array of analytical firepower” [130] – participated in the analysis of the returned
samples, which consisted of more than 10 000 particles with sizes in the range
of 1–300 μm [132]. The science project Stardust@home involved ∼30 000
volunteers who participated in the identification of tiny dust deceleration tracks.

1.7.3
The Hot Origin of Selected Cometary Grains Provides Evidence for Radial Mixing of the
Solar Nebula

It had been widely believed that comets – during their formation and evolu-
tion – were isolated from inner Solar System materials [132]. In 2006, microscopic
and X-ray analyses of Stardust’s impacted dust particles (Figures 1.28 and 1.29)
demonstrated, somewhat surprisingly, that the impacted particles were not
exclusively interstellar grains of submicron size. Abundant high-temperature
minerals, such as forsterite (Mg2SiO4), which has a condensation temperature of
1400 K, enstatite (MgSiO3), and calcium- and aluminum-rich inclusions (CAIs),
were identified in the impacted cometary particles; such materials must have
formed in the hot and innermost regions of the solar nebula, well inside the orbit
of Mercury [132]. These mineral grains and components clearly did not form
in the environment in which they were found [132]. Radial large-scale mixing
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Figure 1.28 Visible track of a particle cap-
tured in the Stardust aerogel. The impacts of
cometary dust particles into the silica aero-
gel produced deep (>1 mm) tapered cavi-
ties called deceleration tracks [132], which
exhibited a large variety of morphologies
[133]; some individual grains were well pre-
served, whereas others melted [137]. Often,
the particles consisted of aggregates that
separated into fragments during impact,
and some of these fragments left bifurcated
tracks [132]. The smaller fragments stopped

in the upper region of the tracks, whereas
the larger fragments traveled deeper into
the aerogel [132]; most cometary material
was observed to be left as fragments along
the walls of the deceleration tracks, usually
with an intact terminal particle [130]. The
deceleration tracks of particles collected from
Wild-2 were approximately perpendicular
to the aerogel surface, whereas interplan-
etary particles, which were also collected,
arrived with a wide range of orientations
[134]. (Image credit: NASA.)

in the solar nebula was proposed by Brownlee and colleagues, who suggested
that these inner Solar System materials – which account for ∼10% of the comet’s
mass – must have been transported beyond the orbit of Neptune, either by
ballistic transport above the nebular midplane or by turbulent transport in the
midplane [132]. This transport corresponds to abundant radial transport of
solids on the largest spatial scales [132]. Furthermore, Michael F. A’Hearn from
the University of Maryland concluded from the Stardust data that even more
extensive and earlier mixing of the material took place in the disk in which the
planets of the Solar System formed [36].
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Figure 1.29 NASA photo of an aerogel
being tested during the prelaunch phase of
the Stardust Mission. Laboratory simulation
studies were difficult to perform because
of the technical challenge of accelerating
loosely bound aggregates to 6.1 km s−1 [132].
Particles that impacted Stardust’s aerogel at
velocities of 6.1 km s−1 were decelerated on
timescales that ranged from 1 μs to less than
1 ns depending on the particle size. It was

estimated that the thermal wave produced
by the particle–aerogel contact reached tem-
peratures above 2000 K but did not pene-
trate deeply into the captured particles on ns
interaction times [132]. Brownlee et al. [132]
believe that the smallest dust particles were
often strongly heated, whereas those that
were larger than a micron in size appeared
to have been protected by their own thermal
inertia. (Image credit: NASA.)

A detailed analysis of the elemental composition, including the abundances of
Mg, Si, Mn, Fe, Ni, Ca, Ti, Cr, S, Cu, Zn, Ga, Ge, and Se, of comet Wild 2 samples
was provided by Flynn and colleagues [134]. A study of the mineralogy of the par-
ticles captured by Wild 2 performed by Zolensky et al. revealed the presence of
primarily silicates [129, 130], such as olivine [(Mg,Fe)2SiO4], and low-Ca pyroxene
[(Mg,Fe)SiO3] and also ubiquitous Fe-Ni sulfides, including troilite (FeS) [130] and
Fe-Ni metal; these compounds require a wide range of formation conditions [137].
In agreement with the data provided by Brownlee et al. [132], these data strongly
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support the formation of mineral cometary constituents at very different loca-
tions in the protoplanetary disk [137]. The identification of such minerals would be
common for planetary materials; however, their identification in cometary grains
was somewhat surprising because it was commonly expected that cometary mate-
rial would be similar to interstellar material, in which most silicates are believed
to be amorphous [130]. Amorphous material in the returned samples was rare or
nonexistent [130]. It should be noted in this context that impact-triggered melting
of aerogel produces silica glass, which, mixed with cometary materials, renders the
identification of cometary amorphous material difficult [130]. Sulfides were iden-
tified in restricted compositional ranges, whereas silicates were identified in a very
wide range, which suggests that comet Wild 2 experienced little or no aqueous
alteration [137].

1.7.4
Isotopic Analyses of Returned Wild 2 Samples

The new belief that comet 81P/Wild 2 contains material from the inner Solar Sys-
tem that formed at high temperature and was transported to the Kuiper belt before
comet accretion was supported by isotopic analyses of Wild 2 samples. McKeegan
et al. [138] quantified the hydrogen and deuterium isotopes in five dust particles
captured by Stardust. The D/H values obtained were reported to range from typ-
ical terrestrial values up to moderate D/H enhancements of approximately three
times the D/H value of mean ocean water. The D enrichments were associated
with carbon, and it is important to note that these enrichments might have been
modified during impact and cannot be ascribed to Wild 2 water [138].

In two sections of an impact track called Thera 1 and Thera 2, the noble gases
helium, neon, and argon were analyzed, and the 20Ne/22Ne and 21Ne/22Ne ratios
were calculated. To do so, the aerogel was melted using a CO2 laser, and the
released gases were analyzed for noble gas abundances and isotopic ratios by
performing static mass spectrometry after specific purification [139]. Helium-4
(4He) was found with an abundance of as much as 23.6± 7.6× 10−15 mol, and
20Ne had an abundance of as much as 2.58± 0.19× 10−15 mol [138]. McKeegan
and coworkers [138] argued that these noble gases were captured in the aerogel
as cometary volatiles and found 20Ne/22Ne ratios of up to 12.86± 3.20, ratios that
are significantly higher than that of air.

Carbon and nitrogen isotope analyses were performed on the impacted
cometary dust particles by performing isotopic mapping on the nanometer
scale with secondary ion mass spectrometry (NanoSIMS). No circumstellar dust
grains that contained C- and N-rich inorganic phases, such as graphite, SiC,
and Si3N4, could be definitively identified [138]. On the micrometer scale, all
studied samples were found to be homogeneous in terms of both the C and N
isotope composition. Carbon exhibited “normal” δ13C values, expressing the
ratio of the 13C/12C isotopes of carbon in the sample as compared to a standard
of −20‰ to −50‰ (for comparison with the cometary isotope ratios obtained via
remote spectroscopy, see Section 2.5.8). Nitrogen isotopes were characterized
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by more widespread and somewhat high δ15N values between 0‰ and +500‰
[138]. Interpretations of these observations suggest that organic matter did not
necessarily survive the high-velocity impact capture process in Stardust’s aerogel
[138].

Moreover, oxygen isotope measurements that were performed on 24 particle
fragments of comet Wild 2 exhibited a wide variety of different 𝛿18O and 𝛿17O
values that are similar to those of materials from carbonaceous chondrites and
indicate that the dust of Wild 2 is a nonequilibrated aggregate of material from
different sources [138] that originated in the Solar System [130].

1.7.5
Infrared Analyses of Returned Wild 2 Samples: Hints at Aliphatic Hydrocarbons

Wild 2 particles captured in Stardust’s aerogel were analyzed using Fourier trans-
form infrared (FTIR) spectroscopy. Analysis of extracted grains and in situ mea-
surements from individual deceleration tracks revealed infrared absorption fea-
tures in the C–H stretching region, which are consistent with long-chain aliphatic
hydrocarbons [140]. The observed characteristic infrared CH2/CH3 band depth
ratio was ∼2.5 and thus larger than that of carbonaceous chondrite meteorites,
such as Orgueil and Murchison, which exhibit CH2/CH3 values of ∼1.1 [140].
These infrared data indicate that the aliphatic hydrocarbons in Wild 2 are longer
or at least less branched than those of carbonaceous chondrites. A more precise
molecular identification of the hydrocarbon structures in Wild 2 samples cannot
be achieved using infrared spectroscopy. Furthermore, in some cometary grains,
weak carbonyl C=O and C–C bending vibrations were observed [140]. The reader
should note that the blank silica aerogel that had not been exposed to the comet
also contained symmetric and asymmetric hydrocarbon bands; however, accord-
ing to Keller and colleagues [140], these infrared bands were distinct from those of
the Wild 2 organic matter. Amorphous silicates are known to be the dominant sili-
cate in the interstellar medium. FTIR studies confirmed the presence of crystalline
silicates in the Wild 2 samples, thereby indicating that this comet is a mixture of
presolar and Solar System materials [140]. This finding agrees with both the min-
eralogical and isotopic analyses of the returned Stardust Wild 2 samples. Michael
A’Hearn concluded from these data that nearly all of the crystalline silicate must
have formed in the Solar System, very close to the proto-Sun, rather than being
circumstellar or other presolar grains that were transported from the interstellar
medium and directly incorporated [36].

1.7.6
Organic Molecules, PAHs, and an Amino Acid in Returned Wild 2 Samples

Particular attention was paid to the analysis of amino acids and their chemical
precursor molecules in the valuable and unique Wild 2 samples collected by the
Stardust spacecraft. The reason for this interest is that amino acids are considered
of crucial importance in the initial processes of chemical evolution that triggered
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the appearance of life on Earth, and there is reason to assume that at least some
of the molecular inventory necessary for the origin of life was delivered by comets
to Earth. Twenty amino acids are the molecular building blocks of proteins. Fur-
thermore, many amino acids are chiral and thereby related to the phenomenon of
homochirality of biomolecules [141].

Several organic compounds of different chemical nature that are rich in oxygen
and nitrogen atoms, including the amines methylamine and ethylamine and the
amino acid glycine, were reported by Sandford et al. [142] to be detected in Star-
dust’s samples by the Stardust Organics Preliminary Examination Team (PET),
with its kernel located at NASA’s Goddard Space Flight Center. A wide diversity
of chromatographic and spectroscopic analytical instruments16) was employed for
the analysis of such organics in the cometary dust particles that were captured by
the Stardust space probe. The 55 authors from 31 different institutions who wrote
the key 2006 publication in Science indicated that some of the identified organic
molecules were generated or altered during the impacts of the cometary dust par-
ticles with the aerogel. Furthermore, the authors specified that the silica aerogel
itself employed in the Stardust collector contained “a few weight percent carbon”
[142], largely in the form of Si–CH3, that – according to the authors – should be
easily distinguishable from cometary organics. Moreover, Sandford et al. [142]
stated that the locations in the aerogel visualized near particle impact tracks exhib-
ited no deficit in the original methyl groups, thereby implying that the original car-
bon had not been substantially converted to other forms. For space experiments
and sample return missions of such outstanding importance, it might have been
useful to isotopically mark the carbon atoms in the aerogel, for example, by 13C-
labeling. This isotopic labeling of the synthetic aerogel would significantly facil-
itate the determination of the origin of organic molecules – aerogel constituents
versus analytes – if identified. This comments holds true not only for the cometary
Stardust mission but also for many other space missions that are intended to per-
form molecular analysis, including the Mars Science Laboratory (MSL) onboard
the Curiosity rover, the Philae lander onboard the Rosetta cometary probe (see
Section 7.3), the ExoMars mission (see Section 8.3), and others.

As indicated earlier, the amines methylamine and ethylamine and the amino
acid glycine were reported to be detected in Stardust’s samples [142]. In this
context, it is important to note that many amines and amino acids were also
present in the witness coupon aerogel sample (sic) that had not been comet-
exposed [142]. A detailed chemical analysis revealed that a suite of amines,
including ethanolamine and methylamine, ethylamine, and the amino acids
glycine, L-alanine, β-alanine, γ-amino-n-butyric acid, and ε-amino-n-caproic acid

16) The analytical techniques employed by
the PET included laser desorption laser
ionization mass spectrometry (L2MS), liquid
chromatography with UV fluorescence
detection (LC-FD), and time-of-flight mass
spectrometry (TOF-MS), scanning trans-
mission X-ray microscopy (STXM), X-ray
absorption near-edge spectroscopy (XANES),

IR and Raman spectroscopy, ion chromatog-
raphy with conductivity detection (IC),
secondary ion mass spectrometry (SIMS),
and time-of-flight SIMS (TOF-SIMS). These
methods provided a wealth of information
about the chemical nature and relative
abundance of the organics in the samples
[142].
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were identified in the Stardust aerogels and also in the flight aerogel witness tile
that was not exposed to the comet [143]. This is important knowledge. Moreover,
the proteinogenic aspartic and glutamic amino acids, as well as serine and
alanine, were detected in the comet-exposed Stardust aerogel samples; in this
case, the low D/L enantiomeric ratios (see Chapter 4) found for these chiral amino
acids provided additional evidence that these amino acids did not originate
from Wild 2 [143] but rather originated from terrestrial contamination. The
amines methylamine and ethylamine exhibited significantly greater abundances
in the comet-exposed aerogel compared with the preflight aerogel, thereby
suggesting that these two amines were cometary in origin [142]. According to the
authors, the same argument holds for the amino acid glycine, which was found
in comet-exposed aerogel samples in higher quantities than in the nonexposed
blank controls, thus indicating its cometary origin [142]. In later studies, the
amino acid glycine, which was identified in Stardust’s aerogel samples, was
subjected to isotopic analysis to reveal its stable isotopic carbon ratio. The
δ13C value was +29± 6‰, which is well outside the terrestrial range of −6‰ to
−40‰ expected for organic carbon and which falls in the previously reported
range for glycine that was detected in the Murchison carbonaceous chondrite
(+22‰< δ13C<+41‰), thereby strongly suggesting an extraterrestrial origin
for glycine [131]. In the case of ε-amino-n-caproic acid, the 𝛿13C value was
determined to be −25± 2‰, thereby indicating terrestrial contamination (by
Nylon-6 storage and shipping bags, which have 𝛿13C=−26.8‰) as its origin
[131]. However, the obtained isotopic glycine data do not allow the exclusion of
amino acid formation during high-velocity dust particle impacts into the silica
aerogel. Glycine might have formed from cometary carbon and provided the
𝛿13C=+29± 6‰ during impact within the deceleration track.

The amines and amino acids had been predominantly identified in hot-water
extracts of the Stardust particles that were acid hydrolyzed [143]; in nonacid-
hydrolyzed aerogel extracts, no amines or amino acids were identified [142]. This
phenomenon is similar to that observed in analyses of carbonaceous chondrite
meteorites and samples of simulated interstellar ices (see Section 3.3), in which
the quantity of amino acids drastically increases after an acid hydrolysis step. It
is assumed that the amines and amino acids were present in the Stardust samples
in an acid-soluble bound form rather than as free amines and amino acids [142].
Furthermore, Raman spectroscopy, XANES, and isotopic data indicated that the
identified organic molecules were distributed in an inhomogeneous manner both
within particles and between particles, thus suggesting that cometary organics do
not represent an equilibrated reservoir of material [142].

Sandford and colleagues also reported the L2MS and TOF-SIMS identification
of PAHs, such as naphthalene, phenanthrene, and pyrene, including their alky-
lated homologs, in the Stardust Wild 2 samples [142]. This finding was supported
by Raman spectra acquired for 12 Stardust particles, which revealed graphite-like
sp2-bonded carbon in the form of condensed carbon rings. This is an important
finding because the presence of PAHs in comets has been an open issue: the iden-
tification of phenanthrene was claimed based on the near-ultraviolet spectra of
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comet 1P/Halley recorded by the TKS instrument onboard the Vega 2 probe [64]
but was called into question because of the low resolution of the TKS ultraviolet
spectra [65], and there was no evidence of PAH bands in other comets such as
Hale-Bopp [66].

1.7.7
Hoodoos and the Surface Morphology of the Wild 2 Nucleus

The Stardust mission provided the opportunity to combine information from the
returned samples with information obtained through remote sensing [132]. In
addition to the collection of cometary dust particles, the Stardust space probe used
its scientific payload to obtain highly spatially and temporally resolved images of
the cometary nucleus [128].

Comet Wild 2 was of particular interest and was selected for the Stardust Dis-
covery Mission because it is a young Jupiter-family comet that has spent nearly all
of its billions of years of life in the outermost Solar System. Wild 2 was captured
only 40 years ago through a perturbation from Jupiter [99] on 10 September 1974
[132], which injected it into an orbit of the Jupiter-family comets [15]. It exhibits
a relatively short orbital period of 6.4 years [99], which brings it within the
reach of spacecraft [129]. Since then, the comet’s mass loss has been estimated to
correspond to∼1 m over its total surface area [15]. During the Stardust encounter,
comet Wild 2 was on its fifth passage through the inner Solar System [18]. As
it approached the nucleus of comet Wild 2, the optical navigation camera took
72 images of the nucleus in steps of 10 s and with a maximal resolution of
14 m/pixel [15]. The shape of comet Wild 2 was found to be oblate and much
more spherical and round compared to the “potato-shaped” nucleus of 1P/Halley
and the “bowling pin” shape of 19P/Borrelly. Its size is 5.5× 4.0× 3.3 km [99], and
it has a geometric albedo of p= 0.03 [15]. Features with geometric albedo values
that differed by a factor of 3, as observed for 19P/Borrelly [102], were not found
on Wild 2 [15]. The surface on the dayside of the cometary nucleus was reported
to be devoid of ice and have a temperature of ∼300 K [15].

Stardust principal investigator Donald Brownlee of the University of Washing-
ton, Seattle, and his colleagues identified circular depressions in the surface of
the nucleus of Wild 2. They distinguished two different morphologies: “pit-halo”
features, which have a rounded central pit surrounded by an irregular and rough
region of partially excavated material, and “flat-floor” features, which lack halo
regions and are bounded by steep cliffs [15, 99]. Among the three identified pit-
halo features, one, which was called Rahe, was surrounded by sharp ragged cliffs
with heights up to 200 m [15]. A flat-floor feature called Left Foot was surrounded
by a nearly vertical wall of height 140 m. The flat-floor features seem to be
inactive because none of them has been associated with observed jets [15]. Both
pit-halo features and flat-floor features are believed to be craters that resulted
from impacts. In addition to Rahe and Left Foot, the Stardust team named
other the impact features – as depicted in Figure 1.30 – Right Foot, Shoemaker
Basin, Mayo, Hemenway, and Walker [15]. Later Earth-based hypervelocity
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Figure 1.30 Image (a) and diagram (b)
of the nucleus of comet Wild 2 as taken
by the optical navigation camera onboard
NASA’s Stardust space probe during flyby on

2 January 2004. The features on the diagram
were named by the Stardust team for identi-
fication purposes. The word “basin” does not
imply an impact origin. (Image credit: NASA.)

impact experiments used ceramic projectiles that impacted a porous target at
2 km s−1; these experiments, performed for comparison purposes, revealed that
the pit-halo versus flat-floor features on Wild 2 are controlled by the strength
properties of the surface, with almost no influence of gravity [15]. The implication
is that the nucleus of Wild 2 has substantial strength and that gravity plays a
minor role in shaping these features, which contradicts to conventional wisdom
[99].

Deposits of ejecta due to impacts were not detected on the surface of Wild 2.
This result was somewhat surprising and explained by the assumption that
cometary ejecta are so porous, fine-grained, weak, and charged with volatiles that
they disintegrate into fine powder and are blown away with the required escape
velocity of ∼1 m s−1 [15]. Smaller (<500 m) and irregular depressions in the
surface of Wild 2 were not associated with impacts; rather, they were related to
cometary sublimation processes [15]. Mesas with typical heights of∼100 m above
the local terrain were identified on the surface of comet Wild 2 by the optical
navigation camera onboard Stardust; even larger flat-topped mesas bounded by
cliffs had been previously observed on the surface of comet 19P/Borrelly by DS1
[15]. Mesas had not been identified in the images of comet 1P/Halley, most likely
because of the limited resolution of the camera [15]. Lineaments were observed
to be rare on Wild 2; the most prominent large-scale examples are scarps from
Rahe to Hemenway [15].

Brownlee and colleagues attracted attention because of the highly speculative
but intriguing possibility that cometary equivalents of hoodoos, upward-pointing
spires sometimes observed in volcanic ash, exist on Wild 2 [15]. If the cometary
nucleus contains conduits of escaping water vapor with entrained molecules of
limited volatility, those molecules may freeze out on the conduit walls. After sub-
limation of the cometary surface, the conduit lines could be resistant and form a
pinnacle [15].
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Stardust’s cameras observed that most of the comet’s original surface has
been preserved, thus exhibiting impact craters [135]. Comets 1P/Halley and
19P/Borrelly exhibited different surface morphologies because they often passed
inside the orbit of Mars at perihelion, leaving them as remnants of the pristine
balls of ice, rock, and organic matter that formed in the outer Solar System
4.5 billion years ago and resembling a dirty snowbank after a few warm rains
[135]. Harold A. Weaver from Johns Hopkins University believes that comet
1P/Halley has made hundreds, if not thousands, of passages through the inner
Solar System, which have caused its highly evolved surface to be smoothed by
sublimation processes [99]. Comet Wild 2 appears to be in the early stages of its
degradation [15]. According to planetary geologist Daniel Britt of the University
of Central Florida in Orlando, who had previously studied the 19P/Borrelly
images taken by DS1, the nucleus of comet Wild 2 looked like a very old surface
that was just beginning to sublimate [135]. Britt believes that the spherical shape
of the nucleus of comet Wild 2 and its impact-cratered surface hint at its direct
formation from the dust and gas of the presolar disk. Wild 2 lacks major structural
discontinuities and heterogeneities, suggesting that it did not form from the
juxtaposition of large blocks of physically dissimilar materials acquired either
by the accretion of various planetesimals or by extensive collisional processing
[15]. In contrast with Wild 2, the ellipsoidal “potato-like” shape of the cometary
nucleus of 1P/Halley was assumed to be formed either through a collision of two
subnuclei or due to the fragmentation of a larger body during the early period
of formation [10]. The nucleus of comet 19P/Borrelly was interpreted to have
formed by the coalescence of multiple bodies [102]. The unique and preserved
surface of the nucleus of Wild 2 made analysis of its physical and chemical
composition particularly important.

1.7.8
Chemical Composition and In Situ Analyses of Wild 2 Dust Particles

The scientific payload of Stardust included the Cometary and Interstellar Dust
Analyzer (CIDA), which was built by von Hoerner und Sulger GmbH, Schwet-
zingen, Germany, and which is – similar to PUMA onboard Vega and PIA
onboard Giotto – a time-of-flight mass spectrometer that detects the atomic
and molecular ions formed when fast dust particles strike the instrument’s silver
target [113]. At the relatively low speed of “only” 6.1 km s−1 of the Stardust space
probe relative to the cometary dust particles, Kissel et al. expected that complex
molecular ions would form; this formation had previously not been observed
with PIA and PUMA, which approached comet 1P/Halley at v> 68 km s−1. The
relatively low speed between the dust particles and CIDA’s silver target implied
that the formed ions originated from the uppermost few hundred monolayers of
the dust particles, in which organic phases should be present [113]. It is important
to note that the main parts of the volatile and refractory organic molecules that
are believed to stick to the solid cometary dust grains with mineral kernels (see
Chapter 2) will – according to Kissel et al. – be lost in the 20–60 min that it takes
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for a dust particle that leaves the cometary nucleus to reach CIDA [113]. CIDA
provided – in contrast with PIA and PUMA – both positive- and negative-ion
modes, with the negative-ion mass spectra providing much more chemical
information than the previously recorded positive-ion mass spectra [113]. A total
of 29 impact events occurred during the flyby of comet Wild 2 and thus provided
29 mass spectra. These spectra confirm the presence of organic matter [113].

The negative-ion mass spectra of dust particles that originated from comet
Wild 2 were dominated by ions with m/z= 26, which were interpreted as cyanide
CN− ions, providing evidence for a nitrogen-rich organic chemistry [113].
Cyanide anions had not been detected in the dust grains of comet 1P/Halley by
the PIA and PUMA mass spectrometers, most likely because the PIA and PUMA
instruments were limited to the positive-ionization mode. Kissel et al. suggest
that such cyanide ions might have been formed from nitriles and polymerization
products of hydrocyanic acid that struck CIDA’s silver target and became ionized
[113].

Kissel et al. [113] noted that the signals observed by CIDA at m/z= 33 and 35
in the negative-ion mode could be attributed to SH− ions, which had not been
identified in interstellar dust during the Stardust cruise phase and hint at a sulfur-
rich chemistry in cometary grains. S− ions were not detected by CIDA but had
been identified as positive ions in 1P/Halley.

CIDA’s positive-ion mass spectra revealed typical peaks for CH+ (m/z= 13), N+

(14), NH+ (15), O+ (16), and OH+ (17), along with lines of unsaturated organic
species [113]. The surprising and most prominent signal in the positive-ion spec-
tra at m/z= 90 was more difficult to understand. Kissel et al. proposed that the
C6NH+ ion originated from methylpyridine-like alicyclic structures.

Mass signatures of water ice, POM, and aminonitriles were not present in
CIDA’s mass spectra; no traces of free amino acids were found [99, 113]. The
CIDA mass spectra of Wild 2 dust grains are similar to the spectra obtained from
comet 1P/Halley, thereby indicating that the two comets have similar chemistry
even though they have different ages [113].

1.7.9
Gas and Dust Jets Emitted by the Wild 2 Nucleus

Comet Wild 2 contains dozens of regions that emit jets of gas and dust
(Figure 1.31) [15], including collimated jets that are similar to those observed
from Halley and Borrelly. Sekanina and colleagues [144] systematically assigned
the Greek letters from α to ψ to 20 of these jets and identified the location of
the parent emission sources on the surface of the nucleus. It became apparent
that the largest depressions on the surface of Wild 2 are devoid of activity, most
likely because these zones were exhausted during previous passages of Wild 2
through the inner Solar System. Most of the jets originate near the latitude of
the subsolar point, and it seems that one of the outstanding unresolved issues in
cometary science [99] is to connect the jets of dust to particular surface features
in the cometary nucleus. Tuzzolino et al. [136] used the DFMI onboard Stardust
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Figure 1.31 Comet Wild 2 and its jets, which are visible because of reflected sunlight. On
the shadowed night side of the nucleus depicted on the right, unusual jets that originated
from Walker and from a region below Walker are visible. (Image credit: NASA.)

to determine the dust particle flux and recorded very large variation [145] in the
mass distribution during flyby. The authors note that the Stardust space probe
flew slowly through clouds of particles that were only a few hundred meters
across, which originated in a burst of cometary activity.

In short, the nucleus of comet Wild 2 was found to be a microporous aggre-
gate of very small grains of frozen volatiles and dust [15]. Sophisticated laboratory
analyses of returned dust particle samples from Wild 2 revealed that many of the
silicate grains are high-temperature minerals that formed in the inner regions of
the solar nebula; this result considerably modified our understanding of the for-
mation of comets [132]. Organic molecules such as methylamine, ethylamine, and
glycine seem to be present in the returned samples from comet Wild 2.

1.8
The Deep Impact Mission’s Excavation of Comet 9P/Tempel 1

Deep Impact is a cometary space mission that belongs to NASA’s Discovery Pro-
gram. Its main scientific objective is to reveal the interior structure and physi-
cal and chemical compositions of a cometary nucleus. Comet 9P/Tempel, which
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is also called Tempel 1, was chosen as the target. 9P/Tempel was discovered in
1867, and its orbital history is complex, with varying perihelion distances due to
close approaches to Jupiter [18]. The design and concept of Deep Impact were
unique: Deep Impact consisted of two independent unmanned parts, an impact-
ing spacecraft to collide with and excavate the nucleus of comet 9P/Tempel and
a flyby spacecraft to observe the impact and collect data. The response of the tar-
geted comet 9P/Tempel was unclear: (i) a low-density nucleus composed of a fluffy
agglomeration of ice and dust might swallow the impactor without leaving a trace,
(ii), the impactor might leave a fairly conventional crater, or (iii), the nucleus of
comet 9P/Tempel would completely disintegrate into pieces [146].

1.8.1
Observations of Comet 9P/Tempel Prior to the Impact

Deep Impact was launched in January 2005 so that it would reach comet
9P/Tempel in July 2005. On 3 July 2005, the impacting spacecraft depicted in
Figure 1.32 separated from the mother spacecraft, and 24 h later, it effectively and
successfully collided with the nucleus of comet 9P/Tempel with an impact speed
of 10.3 km s−1, an incidence angle of 34∘ to the local horizon [147], and an energy
of ∼2× 1010 J [148].

The impactor spacecraft had a mass of 370.5 kg,17) and it used an autonaviga-
tion system to guide it to an impact location on the sunward side of the cometary
nucleus, an impact location that also had to be visible to the scientific payload
onboard the flyby spacecraft [147]. The impactor spacecraft was made of 49%
copper to minimize chemical reactions with water in the comet, which would
cause bright emission features [147]. The impactor itself was equipped with a cam-
era that provided spectacular and scientifically important images of the cometary
nucleus until ∼4 s prior to impact.

Because of the slow 40.7-h rotation period of the nucleus of comet 9P/Tempel,
its dimensions could not be determined with very high precision; the mean
radius was determined to be 3.0 km [147]. In 2001, Lamy et al. [149] reported
1997 observations of comet 9P/Tempel that were performed using the HST.
Based on remote data, the authors predicted the semi-axes of the nucleus to be
3.9 and 2.8 km and a rotational period in the range of 25–33 h. Remote HST data
recorded by the authors and reported in 2007 after the Deep Impact encounter
with comet 9P/Tempel indicated even more accurate values for size (effective
radius of 3.01 km) and rotational period (41.27± 1.85 h) [150].

The Deep Impact data indicated that the nucleus of 9P/Tempel provided signs
of past geological activity; it is much more than a primordial “dirty snowball”
[146]. Several regions of distinct morphology were identified on the nucleus of
9P/Tempel: the top half differs from the bottom half, as shown in Figure 1.33, and

17) Often, the literature refers to a mass of 364 kg for the impactor spacecraft. However, the 6.5 kg of
unused N2H4 hydrazine fuel at the time of impact caused the total impactor mass to be 370.5 kg.
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each half displays several dozen circular features that range from 40 to 400 m in
diameter and are most likely impact craters [147]. The size distribution and mor-
phology of the 9P/Tempel craters are distinct from the Wild 2 features observed
by Stardust [147]. Unsurprisingly, the surface of comet 9P/Tempel is homoge-
neous in its geometric albedo, which has a value of p= 0.04 [147]; this value is
very similar to the albedo of the 1P/Halley and Wild 2 nuclei. The infrared spec-
trometer of Deep Impact enabled a precise measurement of the surface tempera-
ture of the nucleus of 9P/Tempel. The temperature varied from 260± 6 K on the
night side to 329± 8 K on the comet’s day side [147]. The observed temperatures
were well matched with the topography of the nucleus: shadows corresponded the
coolest places, whereas the hottest places were close to the subsolar point [147],
that is, the point at which the Sun is at the zenith. A’Hearn and colleagues con-
cluded from the observed temperatures that the thermal inertia of the cometary
nucleus is low, most likely less than 100 W K−1 m−2 s−1/2 [147]. According to the
temperature maps yielded by Deep Impact’s infrared spectrometer, the surface of
comet 9P/Tempel warms and cools quickly, which means that the surface must
be porous, like loose sand or granular snow, rather than a solid block of ice [146].
The surface temperatures, colors, albedos, and spectra indicate no water ice on
the cometary surface [147].

Figure 1.32 The impactor spacecraft, with
a mass of 370.5 kg, during attachment to
the mounting ring, which is the white ring
at the bottom of the figure with three tita-
nium bipods. The mounting ring was used
to fix the impactor spacecraft to the launch
vehicle. Three parallel thin sheets made
of copper protected the spacecraft from
impacting cometary dust particles. Similar

Whipple-type aluminum and Kevlar sheets
were used in 1986 to protect the Giotto
space probe from impacting dust particles
(see Figure 1.16). Just above the technician’s
right hand, the spacecraft’s large, circular,
aluminum main deck is visible; on top of
this deck, the spacecraft control systems are
mounted. (Image credit: NASA.)



72 1 Introduction

Figure 1.33 Composite of several images of
comet 9P/Tempel 1 taken from the impactor-
targeting sensor (ITS) installed onboard
the impactor spacecraft. The highest res-
olution images are in the vicinity of the
impactor site in the lower part of the image
because images were recorded until ∼4 s
prior to impact, which corresponded to a
distance of ∼40 km from the surface. The
Sun is on the right. Two large and particu-
lar smooth areas – which are similar to the
plateau observed on comet Borrelly – appear
in the upper right and the lower left on the
image. The lower-left smooth terrain, which
was recorded at higher resolution, is sur-
rounded by a visible and Sun-illuminated
bright scarp; the smooth area is elevated
above the extremely rough terrain [147].
A’Hearn and colleagues suggested that the
nucleus is layered in its structure and that
the terrain outside the scarps was removed,
thereby leaving an exhumed rough surface

that contains circular features [147]. Richard
A. Kerr described this finding by saying that
“one smooth area appears eaten away at
its edges, revealing an older layer beneath
with its own muted impact craters.” No one
is willing to say whether the layers formed
when Tempel 1 did or much later [146]. If
9P/Tempel loses 109 kg of material per per-
ihelion passage, this mass would lower the
surface – if lost from 10% of the 100 km2

area of the comet – by 10 cm (assuming a
density of 1000 kg m−3) [147]. Alternatively,
the lost mass per perihelion passage could
have been provided by a material retreat of
a 1-km-long and 20-m-high scarp of thick-
ness 50 m. Because the nucleus of 9P/Tempel
possesses several kilometers of such scarps,
the mass loss was proposed to originate
from a few meters of retreat of scarps per
perihelion passage [147]. (Image credit:
NASA/JPL/UMD.)
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Prior to the collision between the impactor spacecraft and the nucleus, A’Hearn
and colleagues aimed to link the coma phenomena observed for 9P/Tempel with
remote instruments to specific locations on the nucleus. The coma was observed
to be fainter than that of Wild 2, which made study of small outbursts easier
but study of the coma harder [147]. Many of the frequent small outbursts were
associated with an area located near local sunrise, and two active areas on the
nucleus were successfully identified to have triggered two outbursts. For many
well-observed outbursts, the duration was estimated to ∼1 h, and large outbursts
were observed for a considerable portion of a day. A’Hearn and coworkers
concluded from the time-resolved outburst observations that cometary outbursts
occur nearly instantaneously, in a few minutes or even less [147].

1.8.2
Postimpact Observations of Comet 9P/Tempel

On 4 July 2005, the Deep Impact projectile spacecraft hit the nucleus of comet
9P/Tempel in its southern terrain. The magnificent impact was observed not only
by the Deep Impact flyby spacecraft but also by nearly all of the entire world’s
ground- and space-based observing facilities in an unprecedented coordinated
observational campaign [151]. It was also observed by instrumentation on the
impactor itself, such as the impactor-targeting sensor (ITS). The optical system
on the impactor was hit by large cometary dust particles at ∼20 and ∼10 s prior
to impact, and the last image of the impact site exhibited a high resolution of
∼3 m/pixel (see Figure 1.33) [147]. The material released by the impact was esti-
mated to have a mass of ∼106 kg [132, 152], which was removed from the comet
in a “gentle fashion,” thereby preserving the mineralogical nature of the compo-
nent material at the micrometer-scale level, although the deaggregation of large
(>100 μm) fractal particles clearly occurred [153].

During the impact event, the Deep Impact mother spacecraft passed the
cometary nucleus at a distance of 500 km. It decelerated to a velocity of 100 m s−1

to provide a 800-s viewing window after the impact [147]. Immediately after the
impact, an initial flash of less than 200 ms in duration was observed; this flash was
caused by the vaporization of the impactor and part of the comet. The second
flash was associated with the first eruption of material from the cometary surface
[147]. The velocity of this material was estimated to be 7–10 km s−1 [98]. The
collision between the impacting spacecraft and the cometary nucleus excavated
a large volume of very fine particles of microscopic size (Figure 1.34), most likely
more than what could have been pulverized by the impact itself [147]. Dynamic
ejecta flow properties allowed for an elegant calculation of the local gravitational
acceleration at the impact site, which yielded a value of 50 (+34/−25) mGal,
where the unit of acceleration (1 Gal) corresponds to 1 cm s−2 [147]. This value
for the local gravitational acceleration requires the total mass of the nucleus to
be 7.2× 1013 kg and the bulk density to be 620 kg m−3 [147], which corresponds
to two-thirds the density of pure water ice [146]. The authors noted that the
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Figure 1.34 Comet 9P/Tempel as observed by the high-resolution camera on the Deep
Impact flyby spacecraft 67 s after the impactor collided with the southern part of the
cometary nucleus. (Image credit: NASA/JPL/UMD.)

calculated bulk density may very well differ from the density of the surface layers
[147].

After impact, the mother spacecraft imaged an expanding cone of ejecta [146].
Infrared spectral analyses of the excavated cometary ejecta revealed emission
features, including those of H2O, HCN, and CO2. These data indicate that even
if no water ice is found on the cometary surface itself, ices are located near the
surface [147]. Moreover, infrared bands that correspond to the C–H vibrational
stretching mode, which is often called the organic feature and typically occurs in
molecules such as formaldehyde and methanol, were identified in the cometary
ejecta [147]. Spectral analysis at various times, including pre-impact spectra,
revealed a strong “organic feature,” thereby indicating that the impact might have
vaporized organic molecules that would not normally be vaporized in comets
[147]. A 𝜈2 = 4.40-μm feature in the cometary ejecta was tentatively attributed
to a CN stretching band in methyl cyanide (CH3CN), as confirmed by the
𝜈1 = 3.38-μm feature of the CH stretching band [147].

Postimpact observations of comet 9P/Tempel from an Earth-based campaign
that was unprecedented in size and scope (it involved 73 Earth-based telescopes
at 35 observatories [151]) provided supplementary and complementary informa-
tion. These data confirm the observation of new material after impact that was
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compositionally different from that observed prior to impact. As an example,
the Keck-1 telescope observed that the CN Δ𝜈 = 0 emission bands increased in
brightness by more than a factor of 5 after impact [151]. At 1.5 h after impact, the
CN emission began to decrease [151]. Compounds such as H2O, C2H6, CH3OH,
C2H2, and HCN that were not directly detectable before impact were identified
by near-infrared spectroscopy after the impact [151]. HCN (88.6 and 265.9 GHz)
and CH3OH (145 GHz) were also monitored by ground-based radio telescopes
for a few days after impact [151].

Mumma and colleagues [154] used the Keck-2 telescope in Hawaii to quantify
volatile organic molecules such as C2H6, CH3OH, CO, CH4, C2H2, and HCN, and
also water before, during, and after the impact using high-dispersion near-infrared
spectroscopy. Interestingly, these authors found that the abundance ratio of ethane
relative to water increased after impact by a factor of 1.8, whereas the abundance
ratios for methanol and hydrogen cyanide remained unchanged. The data hint at
the possibility that the nucleus of 9P/Tempel is inhomogeneous in its composition
[154]. Mumma et al. [154] speculate that the impactor spacecraft hit a region on
the cometary surface located between two circular features that might be exposed
rims of primordial cometesimals; if so, the impact ejecta might represent material
from those cometesimals. In contrast with the results of Mumma et al., data taken
by the optical, spectroscopic, and infrared remote imaging system (OSIRIS) cam-
era onboard the Rosetta spacecraft found a cyanide-to-water production ratio that
was slightly enhanced in the impact cloud, with hydrogen cyanide as the suggested
parent molecule [155].

Ground-based spectroscopy of the cometary postimpact ejecta in the mid-
infrared range often exhibited superb signal-to-noise ratios [132]. These spectra
revealed the presence of submicrometer-sized dust grains because of an increase
in the brightness of the 8- to 13-μm silicate emission feature [151]. This emission
feature was dominated by signals that originate from amorphous pyroxene,
amorphous olivine, and magnesium-rich crystalline olivine [43]. Observations of
the emission features by NASA’s Spitzer Space Telescope were used to determine
the mineralogical composition of the comet. With the help of the spectra of
11 laboratory standard minerals, the presence of amorphous and crystalline
silicates, amorphous carbon, carbonates, phyllosilicates, PAHs, water gas and
ice, and sulfides in the cometary ejecta was identified [153]. The relative atomic
abundances, compared with Si= 1.0, in the ejected dust were determined to be
H= 15, C= 0.53, O= 11, Si= 1.0, Mg= 0.88, Fe= 0.74, S= 0.28, Ca= 0.054, and
Al≤ 0.085 [153]. Mg-rich forsterite and Fe-rich fayalite were found to be the
dominant olivine species in a 3.9 abundance-ratio-by-mole fraction, suggesting
that the temperature for the incorporation of olivine into the comet was between
1100 and 1400 K [153]. The mean temperature of the icy grain particles in the
cometary ejecta was estimated to be 220 K. The presence of high-temperature
crystalline silicates (olivines) was surprising and requires thermal heating of
material near the young Sun, where temperatures >1000 K were reached only
inside the present orbit of Mercury [153]. A method for efficiently transporting
the silicates out to the formation region of the comet, such as strong mixing
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of material in the proto-solar nebula, is required [153]. However, in view of
the mineralogical composition proposed by Lisse et al. for the dust of comet
9P/Tempel, Brownlee and colleagues [132], who had examined the Stardust
data, point to the fact that the model composition chosen to match cometary
and laboratory infrared data is not at all consistent with the Stardust sample
return data: no compelling evidence for either the presence of the proposed
mineral phases or their thermal decomposition products has been observed in
the Stardust samples. Only forsterite was found in Wild 2 at abundances above a
few percent [132]. FeMg-sulfides, carbonates, amorphous olivine, pyroxene, and
hydrated silicates were not observed in Wild 2 [132]. To provide an explanation
for the observed differences in the Deep Impact and Stardust data, Brownlee
and colleagues argue that the comets 9P/Tempel and Wild 2 might be different
but also that the laboratory materials that were chosen to match the infrared
observations may not be appropriate analogs for submicron cometary materials
that are both ancient and complex [132]. Furthermore, Zolensky and coworkers
point to the fact that the mineralogy reported by Lisse et al. for comet 9P/Tempel
is in clear contrast with the lack of aqueous alteration products in Wild 2 that was
demonstrated by the Stardust mission [137]. This mineralogical difference could
be due to differences in the geological histories of Jupiter-family comets [137].

The dust distribution in the inner part of the ejected plume was found to be
inconsistent with a purely gravitational origin, thereby implying that the evapo-
ration and expansion of volatiles accelerated the dust [156]. The implication that
sublimating water molecules accelerate dust particles in the cometary coma was
confirmed by observations of comet 9P/Tempel performed using the OSIRIS cam-
era system18) onboard the Rosetta spacecraft, which was, at the time of impact,
located at a distance of 0.53 AU from 9P/Tempel [148]. The kinetic energy of the
impactor spacecraft, which was∼2× 1010 J, was estimated to be insufficient to pro-
vide the required energy to sublimate the observed amount of water [148, 155].
The energy for the sublimation of water and the acceleration of dust in the coma
was provided by sunlight [148]. Moreover, Sugita and colleagues [156] found that
the high mass ratio of crystalline silicates compared with amorphous silicates
demonstrates that comet 9P/Tempel, which is a Jupiter-family comet, contains
many high-temperature components of the solar nebula, similar to Oort-cloud
comets.

Spectroscopic signatures of organic refractory material were not found in the
mid-infrared emission bands [151]. The ratio of the dust mass of the cometary
ejecta to the gas mass increased because of the forced impact [151]. Because the
ejected dust came from a deeper surface layer than normal, the volatile content of
the material several meters below the surface of the nucleus seems to be depleted

18) OSIRIS stands for Optical, Spectroscopic,
and Infrared Remote Imaging System. The
OSIRIS camera is onboard the European
Space Agency’s Rosetta spacecraft, which
will reach its target comet 67P/Churyumov-
Gerasimenko in August 2014. According to
Egyptian mythology, Osiris (which is ancient

Greek for “place of the eye”) is also the name
of an Egyptian god that was murdered, cut
into pieces, and distributed over the country
by his brother Seth. Isis found the heart of her
husband Osiris on an island on the Nile River
called Philae Island.
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[151]. Observations of comet 9P/Tempel performed by the OSIRIS camera sys-
tem onboard the Rosetta spacecraft provided estimates of the quantity of the water
vapor content, 4.5× 106 kg – this value corresponds to 20% of the water molecules
that were present in the cometary coma as a result of normal activity – and the
cross section of the ejected dust, 330 km2 [148]. Küppers, Keller, and colleagues
[155] concluded that the dust/ice mass ratio is most likely >1, thereby suggest-
ing that comets are “icy dirtballs” rather than “dirty snowballs,” as is commonly
believed [148].

The activity increase caused by the impact lasted for only a few days; on 9 July
2005, the comet’s behavior was indistinguishable from its pre-impact behavior,
and no new long-lived jet or fan has been identified as resulting from the newly
excavated crater [151]. The reason why a major jet did not occur after the excava-
tion of a volatile-rich layer remains unknown [156]. The lack of a major jet suggests
that, in general, impacts of meter-sized meteoroids are not the cause of the fre-
quently observed outbursts of comets [148].

The Deep Impact data about comet 9P/Tempel modified our view about comets
and, in particular, cometary nuclei. After Borrelly and Wild 2, comet 9P/Tempel
was the third Jupiter-family comet whose surface was imaged at high resolution.
The shapes and topographies of these three comets are very different from one
another, which raised the question of whether any comet can be considered typical
when examined closely [147]. The comets Borrelly and 9P/Tempel are believed to
have performed many perihelion passages and thus spent a long time in the inner
Solar System, whereas comet Wild 2 did not. However, the differences between
Borrelly and 9P/Tempel are as great as the differences between either of them
and Wild 2 [147]. Comet 9P/Tempel exhibits morphological evidence for classical
impact craters, which were the first to be observed on a cometary nucleus [157].

1.8.3
Postimpact Observations of Comet 9P/Tempel by Stardust-NExT: Impact Site and the
Actively Eroding Scarp

NASA’s Stardust spacecraft, which took dust samples from the cometary tail of
Wild 2 in 2004 that were successfully returned to Earth in 2006, where they were
distributed for detailed analysis to laboratories [132], obtained an important
extension of its scientific mission in 2007. The new mission phase was named
Stardust-NExT, the Stardust New Exploration of Tempel 1, and Joe Veverka of
Cornell University became the principal investigator. On 4 February 2011, during
its extended mission, the Stardust spacecraft encountered comet 9P/Tempel
[158]. 9P is the comet onto which the NASA’s Deep Impact mission’s projectile
impactor crashed in July 2005 [147], and 9P remains the only cometary nucleus
that was visited by two spacecraft; the visits were separated by a cometary
year. Table 1.3 compares the 9P/Tempel encounter characteristics for the
Stardust-NExT spacecraft with those of the Deep Impact mother spacecraft.

One of the crucial objectives of the Stardust-NExT mission was to use the space-
craft camera, NAVCAM, to record images of the crater produced by the impactor
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Table 1.3 Characteristics of the 9P/Tempel encounters. (Adapted from [158].)

Deep Impact Stardust-NExT

Encounter time 1 day before perihelion 34 days after perihelion
Flyby distance (km) 500 178
Flyby speed (km s−1) 10.2 10.9
Activity (H2O) (mol s−1) 5× 1027 3× 1027

in 2005 [158]. During its flyby maneuver in 2005, the Deep Impact mother space-
craft was not able to capture images of the crater [147] because a cloud of dust that
resulted from the impact obscured the surface of the impact site and made it invis-
ible from a distance of 500 km. Estimates of the size of the crater suggested that
it was a few hundred meters in diameter and 25 m in depth, but they were highly
uncertain and depended on the density and strength of the cometary nucleus [18].
The initial impact point was precisely determined to lie in a 20–40 m area on the
surface of 9P [159]. Due to the 34∘ inclination of the impactor trajectory, this area
is elliptic and not circular. Figure 1.35 depicts the impact side prior to impact and
postimpact. The diameter of the minimally observed crater was estimated to be
49± 12 m [160].

The Stardust-NExT camera, which was considerably improved during inflight
calibration [162], provided 72 images during the closest cometary approach
phase, and the best images exhibited a resolution of 11 m/pixel [158]. Deep
Impact provided images of approximately one-third of the cometary nuclear sur-
face. Together with Stardust-NExT,∼70% of the nuclear surface was imaged [163]
and ∼20 km2 of the comet’s surface area were imaged by both missions, thereby
providing important information about surface changes during 1 cometary year
[158]. No other cometary nucleus has been as extensively imaged as comet
9P/Tempel.

Comparison of the Deep Impact and Stardust-NExT images revealed that in
terms of its albedo, photometric properties, and morphology, most of the sur-
face of comet 9P/Tempel remained unchanged during the cometary year between
2005 and 2011 [158]. According to Stardust-NExT measurements, the average
geometric albedo of the 9P/Tempel surface is p= 0.059± 0.009, which indicates
a uniformly black surface [158]. The Stardust-NExT data images of 9P/Tempel’s
surface indicate that it is covered by rough and pitted terrain [158], similar to that
on Wild 2 [15]. This pitted terrain contains – according to Veverka and cowork-
ers – far more pits than can be accounted for by impacts; therefore most pits,
which are typically 10–30 m in diameter, were suggested to originate due from
“mini-outbursts,” which are considered to be sources of material ejected into the
coma [158, 164].

The dust instruments onboard Stardust-NExT revealed that in 2011, the coma
and jet activity of comet 9P/Tempel was less than in 2005 [158]. This difference is
due to the encounter time of Stardust-NExT, which was 34 days after perihelion
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Figure 1.35 Comparison of the surface
of comet 9P/Tempel pre- and postimpact.
The pre-impact image (a) was provided by
NASA’s Deep Impact impactor spacecraft
prior to smashing into the comet’s surface
in July 2005. Its high resolution of the sur-
face is due to its small distance of ∼40 km.
The postimpact image (b) was recorded by
the Stardust-NExT spacecraft in 2011 from a
distance of >178 km. The arrows indicate a
possible rim of the crater that was caused
by the impactor. The crater was estimated
to be 49± 12 m in diameter. It is surrounded
by an area of slightly brightened material,

which marks a potential ejecta blanket
that is 85–120 m in diameter [160], thereby
implying surface properties that are similar
to those of dry, loose snow [158], or lightly
packed mountain snow [160]. The depth of
the crater was too difficult to estimate [160].
The bright mound in the center of the cre-
ated crater is most likely due to material that
fell back into the crater. The crater may have
originally been larger, but postimpact col-
lapse or erosion and mass wasting might
have modified its original size [161]. (Image
credit: NASA/JPL-Caltech/University of Mary-
land/Cornell.)

passage, and it is most likely also due to a constant decline in cometary activity.
Furthermore, the dust instruments detected bursts through which larger aggre-
gates of material emitted from the nucleus subsequently fragmented into smaller
particles within the coma [158].

Interestingly, and as also observed by Deep Impact [146, 147], most of the jets
could be traced back to an apparently eroding terraced scarp [158] that surrounds
the smoothed terrain. This activity indicates that the scarp is actively eroding.
Remember that the 1986 missions to comet 1P/Halley did not allow active and
inactive surfaces to be distinguished on the cometary nucleus [1, 4]. The height
of one terraced scarp was determined to be 50 m, and it was found that the scarp
morphology at the boundaries varies across the surface [158]. Some scarp edges
were found to be sharp, some were concave, some were terraced, and others were
scalloped [158]. Comparison of images taken by Deep Impact with images from
Stardust-NExT revealed significant changes in the morphology along one scarp of
a smooth terrain: in at least two places, this scarp receded by up to 50 m during
the cometary year between 2005 and 2011 [158], which accounts for ∼2% of the
total mass loss of comet 9P/Tempel per perihelion passage [163]. The smoothed
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terrain itself was found to compose approximately one-third of the surface of
comet 9P/Tempel [158]; a detailed discussion of the smooth terrain is provided by
Thomas et al. [163]. Knowledge about the surface properties of comet 9P/Tempel,
including its smooth terrain, led Veverka and colleagues [158] to propose it as an
ideal candidate for a future cometary sample return mission.

The CIDA onboard Stardust and Stardust-NExT operated during the comet
9P/Tempel flyby. As it approached 9P/Tempel, CIDA captured dust particles at
a velocity of 10.9 km s−1 (6.1 km s−1 in the case of Wild 2 particles) [113], which
were ionized when they impacted CIDA’s silver target. CIDA recorded 46 mass
spectra of comet 9P/Tempel dust particles in the negative-ion mode and 34 in the
positive-ion mode [158]. The recorded mass spectra exhibited prominent signals
at m/z= 1 for H− and at m/z= 26 for cyanide ions (see Section 1.7). Many spectra
were reported to exhibit long tails at high mass numbers, which were interpreted
as indicative of the presence of complex molecules [158].

The spacecraft that completed the original Stardust and Stardust-NExT mis-
sions is in a 1.5-year solar orbit and was shut down on 24 March 2011 [158].

1.8.4
The Encounter of the Deep Impact Spacecraft with Comet 103P/Hartley

Because of its successful observation and performance of a unique impact
experiment on comet 9P/Tempel in 2005, NASA’s Deep Impact mission was not
terminated: rather, in 2010, the Deep Impact mother spacecraft, which was not
destroyed during the impact and observation of comet 9P/Tempel in 2005 and
which contains highly sophisticated payload for cometary flyby and observation,
was redirected toward another comet. The Deep Impact extended mission
was called EPOXI (Extrasolar Planet Observation and Deep Impact Extended
Investigation), and Michael F. A’Hearn from the University of Maryland was
appointed as its principal investigator. Initially, comet 85P/Boethin was selected
as the comet target for the Deep Impact extended mission, but 85P – which
had been observed in 1975 and 1986 but not in 1997 – was declared lost in
2007, presumably because it had disintegrated into fragments [165]. Comet
103P/Hartley was selected as the new target comet for NASA’s EPOXI Discovery
mission. Comet 103P/Hartley was of particular interest because it has a smaller
nucleus compared with the previously visited 1P/Halley, 19P/Borrelly, Wild 2,
and 9P/Tempel comets [166]. The nucleus of comet Hartley 2 – the fifth nucleus
imaged by spacecraft – is ∼2 km long and ∼400 m wide at the “neck,” its most
narrow portion. Comet 103P/Hartley was known for its high activity.

The Deep Impact mother spacecraft approached comet 103P/Hartley in
November 2010 at a distance of 694 km, when the comet was 1.06 AU from
the Sun and 1 week after its perihelion passage [167]. The flyby speed of the
EPOXI spacecraft was 12.3 km s−1 [167]; for comparison, the Stardust spacecraft
approached comet Wild 2 at a much shorter distance of 236 km and at lower
velocity of 6.1 km s− 1 [128] during the approach of Wild 2 to the Sun at a 1.86 AU
distance [113].
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Figure 1.36 Image of Comet Hartley 2 cap-
tured by NASA’s EPOXI mission in November
2010 during the spacecraft’s flyby at a dis-
tance of ∼700 km. It was captured using the

medium-resolution instrument (MRI) onboard
the EPOXI spacecraft, which provided a reso-
lution of 8.5 m/pixel. The Sun is to the right
[167]. (Image credit: NASA/JPL-Caltech/UMD.)

During the 3 months of EPOXI’s 103P/Hartley investigations, more than
100 000 images and spectra were taken [167]. The shape of the nucleus of comet
103P/Hartley was found to be bilobed, elongated, and nearly axially symmetric
[168] (Figure 1.36) and similar in form to the nucleus of comet 19P/Borrelly; its
maximum length was determined to be 2.33 km [167], which should be compared
with a value of ∼8 km for 19P/Borrelly. The nucleus of comet 103P/Hartley was
observed by an international campaign that accompanied the EPOXI mission.
This campaign used ground- and space-based telescopes in a coordinated fashion
and determined a rapidly changing rotation period of comet 103P/Hartley
ranging from ∼16.4 h prior to the onset of its activity to near 19 h in December
2010 [169].

Comet 103P/Hartley was found to be bilobed [168]. The central “waist” region of
comet 103P/Hartley was observed to be of smooth shape, and its surface is mottled
on horizontal scales of 10–30 m and exhibits isolated cases of local height relief
>10 m [167]. A smoothed region was also identified in part of the larger lobe. The
nucleus of comet 103P/Hartley is composed of two lobes, and the smaller lobe
points toward the Sun in the image presented in Figure 1.36. The main parts of
both lobes exhibit rough and knobby terrain that is characterized by rounded-to-
angular elevated forms that are as much as 50 m high and 80 m wide [167]. Many of
these elevated forms exhibit two to three times greater geometric albedo than the
average value of p= 0.04, which is a much greater albedo range than was observed
for comet 9P/Tempel [167]. Systematic albedo maps were created for the parts of
the nucleus of comet Hartley 2 that were visible from the EPOXI spacecraft [170].
The larger lobe contains several dark spots that are <80 m diameter [167]. The
combination of two types of terrain, the central smooth surface and the knobby
terrain at the lobes of comet 103P/Hartley, is very different from 9P/Tempel or
Wild 2, in which both exhibit a population of depressions [167].
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Most importantly, jets can be observed to stream out of the nucleus of comet
103P/Hartley. These jets occur in all terrains but are clustered in the rough topog-
raphy of the smaller lobe that points toward the Sun and in parts of the larger
lobe, as shown in Figure 1.36 [167]. However, the resolution of 10–12 m was con-
sidered insufficient to clearly resolve the morphology of the sources of the jets
[167]. First attempts to connect individual jets with morphological surface fea-
tures using visible light images of Hartley 2 were reported to indicate correlations
between specific surface structures and both narrow-angled and fan-shaped dust
jets; associations included pits, depressions, scarps, and rimless depressions [171].

A’Hearn and coworkers reported an 8-day increase and decrease in the CN radi-
cal emission without a corresponding maximum in the cometary dust production,
which is considered atypical of cometary outbursts [167]. An extended source,
other than the well-established HCN photodissociation, that might involve the
presence of HCN polymers in the nucleus of comet was proposed by the authors
(extended sources for cometary volatiles will be presented in Section 2.5.6). As
expected, the nucleus of comet 103P/Hartley was found to be very active. Sur-
prisingly, the jets exhibited substantial differences in the relative abundance of
volatiles such as H2O and CO2 at several of the parts of the comet [167]. The
waist of the nucleus exhibited water-vapor-rich emissions with relatively little
CO2 and water ice, whereas the small lobe that pointed toward the Sun exhib-
ited ejecta that primarily contained CO2, organics, and water ice [167]. This phe-
nomenon is still under investigation, and a sound explanation for it is still missing.
Comet 103P/Hartley was observed by the HST to be among the most CO-depleted
comets [172]. Figure 1.37 shows the near-nucleus environment in the form of
clouds of particles and large chunks of particles emitted from the nucleus of comet
103P/Hartley [167].

Summarizing the obtained data, A’Hearn and colleagues conclude that comet
103P/Hartley is different from 9P/Tempel in many aspects, including its bilobed
shape. Moreover, comet 103P/Hartley is hyperactive, like 46P/Wirtanen and
21P/Giacobini-Zinner, and it exhibits a CN-radical ejection anomaly, high H2O
production rates from the waist region, and CO2/H2O variations of a factor of 2
from one lobe to the other [167].

The diversity of Jupiter-family comets is well, but not exclusively, represented
by the differences in cometary surface morphologies: 103P/Hartley was found
to be bilobed with smooth terrain at its waist and knobby terrain at the lobes.
81P/Wild 2 is dominated by steep-walled and flat-floored depressions, whereas
9P/Tempel 1 is relatively smooth and exhibits evidence of flows and layering [175].
In 2010, prior to EPOXI’s 103P/Hartley observations, Belton [176] proposed a
remarkable possible scenario for the long-term evolution of cometary surfaces
near the Sun. This scenario suggested an evolutionary sequence by which Jupiter-
family comets might evolve from a Wild 2-type morphology to a Tempel 1-type
morphology and, finally, to a Hartley 2-type morphology [175]. Belton predicted
that the surfaces of 103P/Hartley 2 (the EPOXI mission target observed in
November 2010) and 67P/Churyumov-Gerasimenko (the Rosetta mission target
that will be encountered in 2014) should exhibit multiple layers and collapse
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Figure 1.37 Close-up image of a part of
the nucleus of comet Hartley 2 taken by the
high-resolution instrument (HRI) on NASA’s
EPOXI mission spacecraft in November 2010
during closest approach. The nucleus is illu-
minated by the Sun from the right. A distinct
cloud of particles emitted by the cometary
nucleus is visible. Individual large chunks of
particles of size greater than a few centime-
ters – up to sizes of 20 cm – can be observed
near the nucleus; these particles typically
move with low velocities of <0.5 m s−1 [167].

A detailed study of the detection, localiza-
tion, and dynamics of large icy particles
surrounding comet 103P/Hartley 2 was per-
formed by Hermalyn and colleagues [173].
The particle size was estimated to be as
large as 2 m [174]. The authors found that
the emitted particles exhibit a temporally
varying brightness, which suggests rotat-
ing, heterogeneous, and faceted geometries.
Such a near-nucleus environment has not
been observed in any other comet to date.
(Image Credit: NASA/JPL-Caltech/UMD.)

features that are more similar to those on 9P and 19P than to those on 81P [176].
The EPOXI encounter with Hartley 2 confirmed that the surface was unlike that
of Wild 2, but it did not confirm or deny layering [175]. Considering the EPOXI
data, Cheng and colleagues [175] argued instead that the diversity of cometary
surface morphologies reflects geologic processing due to impact cratering,
cometary activity, and eolian erosion; these processes provide diverse outcomes
that are not necessarily the result of an evolutionary sequence of comets.

After the encounter with comet 103P/Hartley, the Deep Impact mother space-
craft, EPOXI, was directed toward a near-Earth asteroid, which will be reached
in 2020. In August 2013, however, communication with the spacecraft failed and
could not be reestablished as of September 2013, when NASA declared the mis-
sion lost.
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Valníček, B. (1986) Spectroscopic study
of comet Halley by the Vega 2 three-
channel spectrometer. Nature, 321,
269–271.

63. Moreels, G., Gogoshev, M.,
Krasnopolsky, V.A., Clairemidi, J.,
Vincent, M., Parisot, J.P., Bertaux, J.L.,
Blamont, J.E., Festou, M.C., Gogosheva,
T., Sargoichev, S., Palasov, K., Moroz,
V.I., Krysko, A.A., and Vanyšek, V.
(1986) Near-ultraviolet and visible



References 87

spectrophotometry of comet Halley
from Vega 2. Nature, 321, 271–273.

64. Moreels, G., Clairemidi, J., Hermine, P.,
Brechignac, P., and Rousselot, P. (1994)
Detection of a polycyclic aromatic
molecule in comet P/Halley. Astron.
Astrophys., 282, 634–656.

65. Crovisier, J. and Bockelée-Morvan,
D. (1999) Remote observations of the
composition of cometary volatiles.
Space Sci. Rev., 90, 19–32.

66. Crovisier, J., Leech, K.,
Bockelée-Morvan, D., Brooke, T.Y.,
Hanner, M.S., Altieri, B., Keller, H.U.,
and Lellouch, E. (1997) The spec-
trum of comet Hale-Bopp (C/1995
O1) observed with the Infrared Space
Observatory at 2.9 astronomical units
from the sun. Science, 275, 1904–1907.

67. Clairemidi, J., Moreels, G., Mousis, O.,
and Bréchignac, P. (2008) Identifica-
tion of anthracene in comet 1P/Halley.
Astron. Astrophys., 492, 245–250.

68. Clairemidi, J., Bréchignac, P., Moreels,
G., and Pautet, D. (2004) Tentative
identification of pyrene as a polycyclic
aromatic molecule in UV spectra of
comet P/Halley: an emission from
368 to 384 nm. Planet. Space Sci., 52,
761–772.

69. Vaisberg, O.L., Smirnov, V.N., Gorn,
L.S., Iovlev, M.V., Balikchin, M.A.,
Klimov, S.I., Savin, S.P., Shapiro, V.D.,
and Shevchenko, V.I. (1986) Dust coma
structure of comet Halley from SP-1
detector measurements. Nature, 321,
274–276.

70. Mazets, E.P., Aptekar, R.L., Golenetskii,
S.V., Guryan, Y.A., Dyachkov, A.V.,
Ilyinskii, V.N., Panov, V.N., Petrov,
G.G., Savvin, A.V., Sagdeev, R.Z.,
Sokolov, I.A., Khavenson, N.G.,
Shapiro, V.D., and Shevchenko, V.I.
(1986) Comet Halley dust environment
from SP-2 detector measurements.
Nature, 321, 276–278.

71. Simpson, J.A., Sagdeev, R.Z., Tuzzolino,
A.J., Perkins, M.A., Ksanfomality, L.V.,
Rabinowitz, D., Lentz, G.A., Afonin,
V.V., Erö, J., Keppler, E., Kosorokov, J.,
Petrova, E., Szabó, L., and Umlauft, G.
(1986) Dust counter and mass analyser
(DUCMA) measurements of comet

Halley’s coma from Vega spacecraft.
Nature, 321, 278–280.

72. Keppler, E., Afonin, V.V., Curtis, C.C.,
Dyachkov, A.V., Erö, J., Fan, C.Y.,
Hsieh, K.C., Hunten, D.M., Ip, W.-
H., Richter, A.K., Somogyi, A.J., and
Umlauft, G. (1986) Neutral gas mea-
surements of comet Halley from Vega
1. Nature, 321, 273–274.

73. Gringauz, K.I., Gombosi, T.I., Remizov,
A.P., Apáthy, I., Szemerey, I., Verigin,
M.I., Denchikova, L.I., Dyachkov,
A.V., Keppler, E., Klimenko, I.N.,
Richter, A.K., Somogyi, A.J., Szegő,
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