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Abstract

We present a general review of cometary coma morphology, with specific reference
to how it used in studies of Jupiter family comets. We introduce the most common
features that are seen in gas and dust observations, and summarize of how they are
used to infer the properties of the nucleus and coma. We also expand the discussion
to cover other topics relating to morphology, including the general shape of the coma
(characterized by radial gradient profiles) and spatial maps of the color, albedo and
polarization of the dust. We address the pros and cons of the different approaches
used in the interpretation and analysis of the features. Finally, we review the results
obtained for specific comets and compare the Jupiter family comets to those from
other classes.

1 Introduction

Comets are unique among the small bodies of the solar system. Consider that before the first
telescopic observations of the heavens in the early 1600s, observations of solar system bodies
consisted of the Sun, Moon, five planets—and hundreds of comets. The reason they are so
widely represented is their dynamic and active nature. They generate copious amounts of
gas and dust, producing the highly visible comae and tails that instilled fear and awe into
observers and on occasion even influenced history. However, the sudden appearance of a
bright comet was not the only fact that observers found noteworthy. Numerous historical
reports of transient “broom stars” or “hairy stars” also go on to describe features, including
rays, spikes, needles, beams, smoke and vapor. Reliable records also note variations and
changes in the features from night to night and even occasionally within a single night. This
transience added to the mystique of comets.

Given the limited resolution of naked eye observations, it is logical to presume that the fea-
tures described in early observations of comets are the large scale rays and streamers that are
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commonly associated with dust and plasma tails. After the introduction of telescopic observa-
tions, reports of elongated and /or asymmetric comae (usually brighter on the sunward side)
and different degrees of central condensation became common, suggesting that resolution
limits were improving to the point where features such as broad fans could be distinguished
from the more extensive tail structures. Robert Hooke, observing comet C/1680 V1, provides
the first description of well-defined features (a fountain of material pointing toward the Sun
and then curving away) that can reasonably be attributed to inner coma structures (Kronk,
1999, and references therein). Two years later, Hevelius noted a crooked ray, and Hooke
reported seeing a pair of jets, 90° apart and centered on the comet-Sun line, in the first
identified periodic comet 1P /Halley.

Historically, Jupiter-family comet (JFC) sightings tend to be unremarkable, because the
comets are usually faint, and naked-eye observations only reveal simple, circular comae and
short, featureless tails. The first JFC identified with coma structures was probably 2P /Encke,
where, on several apparitions between its 1786 discovery and 1838, it is described as having
an oval or elongated coma. The 1838 apparition is specifically being identified as having a
coma that was elongated in the sunward direction, which is undoubtedly the sunward fan
that is commonly associated with this comet (discussed in detail later).

At its most fundamental level, a feature simply represents a spatial variation in the coma,
where the environment differs from its surroundings in some manner. In general, these varia-
tions are the result of processes relating to the nucleus, or to the interaction of the comet and
the solar environment. This intimate relationship links the coma and the nucleus in such a
way that features, which are detectable at large distances, can be used to infer properties of
the unresolved nucleus. Furthermore, the morphology contains a record of temporal changes
that have taken place during the formation of the features. Early on it was discovered that
periodic variations and features in the coma could be used to derive rotation periods. Since
then, new and exciting techniques have been developed to measure the rotation state, ac-
tivity of the nucleus, dust and gas properties, and other fundamental properties about the
comet.

The intent of this manuscript is to review the different types of coma morphology and
to discuss how particular features are observed, interpreted, analyzed and used to derive
properties relating to the comet. The common concept of coma morphology tends to focus
on the bright jets, fans and arc structures that are typically observed in comet images. We
will, of course, address these features, but we will also extend the discussion to include a
number of other data types and techniques that are being developed to utilize the coma
morphology in different ways. These topics include radial gradient profiles, spatial maps of
the color, albedo and polarization of the coma, and comparisons of features seen at different
wavelengths. Because the focus is on learning about the nucleus and the coma properties,
structures created primarily by interaction with the solar environment will not be addressed
in any detail.

We first describe the most common types of coma morphology and address image processing
techniques in Section 2. In Section 3 we summarize the two basic schools of thought that



have arisen in studies of coma features, and in Section 4, we describe how coma morphology
can be used as a tool to infer the properties of the nucleus and dust. In Section 5 we discuss
the morphology observed in Jupiter family comets, and how it compares to that seen in other
comets. Finally, we individually discuss some of the more high-profile JFCs in Section 6, with
special emphasis on what was learned in the three JFC spacecraft encounters and how those
cases can be used to evaluate the capabilities of techniques used in ground-based studies.

2 General Coma Morphology

The importance of morphology in cometary studies is reflected in the fact that feature
detections have become increasingly more common over the last 10-20 years, and spatial
structures are seen over almost the entire spectrum of wavelengths and with almost every
observational technique available. This wealth of data, in both volume and type, has been
a valuable tool in studies of morphology, allowing different observations and techniques to
help resolve ambiguities in the interpretation.

Many different types of features are seen in comet comae (e.g., Rahe et al., 1969). They can
be produced by dust, neutral gas, and ions, all potentially visible in a single image. Structures
are seen on spatial scales larger than 10° km and as small as a few meters. They can appear as
long-term, steady-state formations that persist for months or they can vary on timescales as
short as minutes. Singular events that are spontaneous and unpredictable are as common as
those that repeat with amazing regularity. They can appear chaotic and disorganized or have
symmetric, well-defined shapes. The concept of morphology encompasses simple elongations
of the coma as well as the most intricate features seen in high-resolution spacecraft images. It
covers brightness variations, color differences, degrees of polarization and temporal changes.
Regardless of the specific details, however, each of these characteristics contains information
regarding the nucleus and its activity, and studies of coma morphology are geared toward
using this information to infer the nucleus properties.

2.1 Classes of Observed Features

Most coma features can be organized into a small number of morphological categories, which
are identified here. In the following, we adopt terminology commonly used in the literature,
but the use of these terms is intended for descriptive purposes, and does not necessarily
imply any particular physical interpretation or formation mechanism.

Coma Shape. The most fundamental type of morphology is the overall shape of the ambient
coma. Most comets, when active, tend to exhibit a coma dominated by a diffuse nebulosity
surrounding the nucleus. In a large fraction of comets, this diffuse component is all that is
ever detected, either because there are no features present, or because they remain unresolved
for various reasons. Even in the absence of other features, however, the shape and structure



of the diffuse ambient material can, in itself, be informative. The coma may be elongated
and/or asymmetric, with the nucleus offset from the center in any direction. The level of
condensation is also variable, with some comets highly condensed and others more diffuse.
Variations in brightness (e.g., outbursts), color, or polarization may be seen, and each of
these variations provides information about the comet’s behavior.

Fans and Jets. The most common type of reported features are fans and jets, which project
radially outward from the nucleus. Fans are broad extensions of the coma, frequently exhibit-
ing a wedge or triangular shape (Fig. 1), though in a more general definition, they can range
from a narrow triangle to a full hemispheric form. There is no preferred orientation, as they
have been observed in the sunward direction, perpendicular to the sun-comet line, and in the
tailward direction. Fans also tend to appear long-lived and stable, showing gradual changes
over long time scales. Jets—also called spikes, rays, or needles—also seem to emanate from
the nucleus, but they tend to be narrow and more sharply-defined than fans (Fig. 2). As
with fans, jets can be stable and long-lived, lasting for months. However, they can also be
extremely dynamic, changing their appearance or direction on timescales as short as hours.
Jets have been detected individually or in groups, and have no preferred orientation. Al-
though both fans and jets are primarily radial, they can both show curvature at increasing
distances from the nucleus.

Fig. 1. Image of comet 81P/Wild 2 showing a fan-shaped structure extending perpendic-
ular to the comet’s orbital plane. The Earth is within 1° of the orbital plane, which is
defined by the comet-Sun line. The coma has been enhanced by division of a 1/p profile
and the “4” marks the optocenter.



Fig. 2. Image of comet 19P /Borrelly showing the highly collimated sunward jet. The coma
has been enhanced by division of a 1/p profile and the “+” marks the optocenter.

Arcs, Halos, Shells, Envelopes and Spirals. These are features that are primarily azimuthal in
form, wrapping around the nucleus in partial arcs or full spirals (Fig. 3). They can be diffuse
or have sharply defined edges. Often, multiple “layers” are seen, with a series of successively
larger nested shells. The presence of multiple shell groups can also produce very complex
morphology, with criss-crossing features and different expansion rates.

Corkscrews and Helices. Somewhat of a hybrid, corkscrews represent a combination of radial
and azimuthal structure (Fig. 4). As their name implies, they have the characteristics of a
corkscrew viewed from the side, zig-zagging back and forth as the distance from the nucleus
increases.

Temporal and Periodic Variations. Though not a type of feature, it is worth noting that
temporal variations provide a powerful tool for interpretation of features. Although a single
image contains temporal information, in that material at larger distances was emitted earlier,
the information is limited and assumptions about motion and change must often be made.
On the other hand, a sequence of images can strengthen and clarify the interpretation and
allow measurements of outflow rates and other physical properties. Sequences that show
periodicity (especially those that have good phase coverage) are especially useful, because
they can represent the activity throughout a full rotation cycle.



Fig. 3. Images of comet C/1995 O; (Hale-Bopp) showing the arcs and spirals in the
coma. The left panel shows a dust image, enhanced by division of a 1/p profile to show
partial arcs nested at different distances. The right panel shows a CN image that has
been enhanced by division of an azimuthally averaged profile to show complete spirals
extending all the way around the coma. The “4” denotes the optocenter in each case.
The images were obtained at 2.75 UT (CN) and 2.88 UT (dust) on 29 March 1997.

There are definite relationships between the different types of features listed above. In fact,
fans, jets, arcs, and corkscrews may be the same physical entity, taking on different ap-
pearances depending on the particular viewing geometry, observing conditions and temporal
evolution. These relationships can be exploited for the interpretation and analysis of the
coma, as discussed in more detail in Section 4.

Arclets and Wings. Recently, fortuitous circumstances have allowed several cometary split-
ting events to be extensively observed. Early in some of these events, and usually seen in
conjunction with an outburst, there are unusual arclets or wings detected in the coma. These
features, which have lifetimes of a few days, have been found in at least four comets around
the time of splitting events (Harris et al., 1997; Farnham et al., 2001; Boehnhardt, 2004;
Jehin et al., 2002; Hadamcik and Levasseur-Regourd, 2003; Lara et al., 2007). Arclet fea-
tures, like that illustrated in Fig. 5, are observed in the gap between two nucleus fragments.
These structures, which tend to be seen in images of the gas coma, have been interpreted
as hydrodynamic shocks that form in the stagnation region between two emission sources
(e.g., Rodionov et al., 1998). Comet C/1999 S, (LINEAR) exhibited yet another type of
feature, with wing-shaped extensions to the sides of the nucleus (Fig. 6). In images processed
with an edge-finding technique, these wings initially appear similar to the arclets, but with
a more subtle enhancement, they are revealed to be lobes centered along the comet-Sun line.
The axisymmetric nature of this structure and the fact that the leading edge appears to
converge on the nucleus, suggests that it is rotationally generated. With the spin axis near
the plane of the sky the jet will flip from one side to another during a rotation, producing
the axisymmetric morphology. This scenario is supported by the appearance of a narrow jet
along the edge of the envelope in one image (Fig. 6 inset). It is clear that these features are
uniquely associated with the fragmentation process, and their presence could be an indicator
of a nucleus splitting, even if a fragment is not detected. Additional details regarding split



Fig. 4. Image of comet C/2004 Q2 (Machholz) showing corkscrew-shaped features in the
coma. The image was obtained with a CN filter and has been enhanced by division of an
azimuthally averaged profile. The “4” denotes the optocenter.

nuclei are discussed elsewhere in this volume (Ferndndez, 2008).

Transient and Spontaneous Features. There are many different types of features that are
produced in outbursts and other transient events (Hughes, 1991). Because these are not
periodic, they do not necessarily fall into the same classes as those described above, nor do
they necessarily have any common relations between themselves. Examples of these features
include the “fried egg” appearance of comet 17P/Holmes in 2007 (e.g., Montalto et al.,
2008; Moreno et al., 2008), the varying directions and intensities of the multiple outbursts
observed in comet 9P /Tempel 1 during the approach of Deep Impact (Farnham et al., 2007b)
and the small, rapidly changing filament “loop” seen in the Deep Space 1 images of comet
19P /Borrelly (discussed in Section 6.1; Boice et al., 2000; Soderblom et al., 2004).

Large-Scale Structures. Comets exhibit other types of features that can all be classified as
large-scale structure: Dust tails and plasma tails tend to lie in the anti-sunward direction
(Brandt, 1982); anti-tails may be visible directed toward the sun if observing conditions are
right (Sekanina, 1974); neck-line structures can be seen where orbital mechanics conspire to
reconcentrate dust that was emitted earlier in the orbit (Pansecchi et al., 1987); dust trails
spread out along the comet’s orbit and may become very extensive (Sykes, 1988; Reach et al.,
2007); and asymmetries and shapes are seen in extreme ultraviolet and X-ray observations
of the coma (Krasnopolsky et al., 2004). Although these structures are indeed dependent on



Fig. 5. Image of comet C/1996 B, (Hyakutake) during a fragmentation event (from Harris
et al. (1997). Reprinted with permission from AAAS.) The nucleus is hidden under the
grey circle and a fragment is located along the comet-Sun line, just below the center of
the frame. An arclet is located in the gap between the nucleus and the fragment, bending
away from the Sun. The image was obtained with a CN filter and contains both CN and
its underlying continuum.

the properties of the nucleus for their existence, their general appearances are dominated by
the effects of the solar environment, so they will not be addressed here in any detail.

2.2 Image Enhancement

In any extensive discussion of coma features, the issue of image enhancements will inevitably
arise. It is the nature of cometary comae that the ambient coma and the various features
can comingle, reducing the contrast and confusing the appearance of basic structures. Image
enhancements provide a tool for at least partially undoing these problems, to improve the
contrast and make it easier to identify and interpret the structures that are present. These
techniques have become nearly ubiquitous in comet observations, because they can be simple
to use and have the potential to reveal important and useful information.

A large variety of image processing techniques is available (e.g., Schwarz et al., 1989; Larson
and Slaughter, 1992; Schleicher and Farnham, 2004; Samarasinha et al., 2006, and references
therein). Although they differ in the details of how they work, the goal is usually to remove
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Fig. 6. Image of comet C/1999 S, (LINEAR) during an fragmentation/outburst event.
The left panel has been enhanced by division of a 45° rotationally averaged profile to
show the wings converging on the nucleus. The right panel has been enhanced by division
of an azimuthally averaged profile to show that the features are actually axisymmetric
lobes centered on the comet-Sun line. The inset shows the coma from the following night,
when a narrow jet was visible along the leading edge of the wings. The “4” marks the
optocenter in each case.

the bright central condensation at the nucleus, leaving behind a more uniform background
that highlights the more subtle variations. Once the features have been identified in enhanced
images, it is usually possible to return to the original image and find the feature there simply
by using targeted display parameters.

The application of image enhancement techniques also has hazards, which are more fully
discussed in the manuscripts cited above. Processing the data unavoidably alters the image
and has the potential to introduce artifacts that can be misinterpreted as features, while
improper centering or normalization can also introduce false features that may be interpreted
as real. Because the different techniques affect the image in different ways, it is a good idea
to experiment with several, applying them to the same image to help in evaluating whether
features are real or not. Another hazard is in the interpretation of the features after the
images have been enhanced. Users should be aware that the appearance of the features can
be fundamentally different in the enhanced version. A simple example arises when an edge-
finding routine (e.g., shift differencing or a Laplace filter) is applied to a fan-shaped coma.
The edge-finder will highlight the sides of the fan, while flattening the regions inside and
outside. Thus, the result is a processed image that reveals what appears to be two narrow
jets rather than a single broad fan (Samarasinha et al., 2006). These hazards argue for always
returning to the original image to evaluate the features that are revealed. Other techniques,
such as following the systematic shape of the coma isophotes can also be used to evaluate
the existence of features.

Finally, it should be stressed that models should not be constrained using only the enhanced
data. Modeling the two narrow jets in the example gives a dramatically different result
from the fan model that should be used. Instead, the original coma should be used for the



modeling, and if comparisons to the enhanced image are needed, then the modeled image
should be processed in the same way as the observed images.

3 Feature Formation Mechanisms

In order to use morphology to extract information about the coma, we need to understand the
mechanisms that act to produce the features. The interpretation of structures in cometary
comae generally falls into two groups: physical variations in the coma produced by colli-
mated jets and nonisotropic emission, and hydrodynamic interactions that produce density
enhancements as a result of topography and shocks. We now address these mechanisms and
summarize how they produce the observed morphology.

3.1 Collimated Jets

The fountain model of the cometary coma was originally introduced by Eddington (1910) to
explain a series of envelopes observed in the sunward direction of comet Morehouse. In the
fountain model scenario, material ejected from the nucleus is pushed away from the Sun by
solar radiation pressure or the solar wind, imparting a parabolic trajectory on each individual
dust grain. Under these conditions, the ensemble of all particles forms a parabolic envelope,
with the focus at the nucleus, the apex in the sunward direction, and the size and shape
of the envelope governed by the particle size distribution and the emission velocity of the
dust. Since its introduction, the simple fountain concept has been expanded dramatically to
include many other processes.

The contemporary model for coma morphology, introduced by Sekanina (1987a), invokes
anisotropic emission to explain the presence of features. In this model (hereafter referred
to as the collimated jet model) isolated active regions on the nucleus emit gas and dust
that flow out into space, producing spatial variations in the coma. Because the material in
different jets can come from different sources, this mechanism provides a natural explanation
for the difference in the properties (density, outflow velocity, particle sizes, etc.) that are often
distinguishable in different features and in the ambient coma. The active areas in this scenario
can be attributed to regions of higher gas production, possibly due to inhomogeneities in
the composition of the ices driving the activity, or they may represent true vents or cracks
in an otherwise impermeable mantle. (Evidence for mantle formation on comets is discussed
in Section 3.1.1.)

All the various feature classes have natural explanations in the collimated jet model, with
some features explained in multiple ways. Narrow jets are highly collimated flows, which
produce a high-density region expanding radially away from the nucleus. (A discussion of
collimation is presented in Section 3.1.2). In an analogous manner, fans may be produced by
larger active areas, sources with a wide opening angle, or as the superposition of multiple
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narrow jets. For an active region near the equator of a rotating nucleus, the radial outflow
will form an archimedean spiral, which can take on the appearance of several different struc-
tures depending on the particular observing conditions. When viewed from above or below,
observations of the near nucleus region will show a radial jet, intermediate-scale observations
may show a straight jet that curves at its end, and large-scale observations will show a classic
spiral or nested shell structures. When viewed edge-on, a pair of linear jets may be seen in
opposite directions. In between these viewing extremes, the arms of the spiral may appear
as parabolic or elliptically-shaped envelopes.

A variation on this configuration arises when the active region is at a high latitude, so that
it sweeps out a cone centered on the comet’s spin axis'®, as the nucleus rotates. In this case,
a modified archimedean spiral is formed along the sides of the cone. When observed from
within the cone, complete spirals may be seen, though they will be distorted if the observer is
close to the edge of the cone. From outside the cone, corkscrews or helices may be discerned
if the rotation is slow compared to the emission velocity. For a fast rotation, the individual
spirals merge together to fill in the walls of the cone to form a fan-shaped feature. In this
configuration, the planetary nebula effect may also manifest itself, so that the edges of the
cone appear as radial rays or spikes. Because the cone is centered on the comet’s spin axis,
the rays are frequently found in pairs with the projected axis centered between them. This
represents a special case for determining rotational properties as discussed in Section 4.

Features produced by the collimated jet model are also affected by other, more complex
factors. For example, radiation pressure acts to distort the dust features, affecting the basic
appearance that might be expected from simple outflow models. Because the effects of radia-
tion pressure are more efficient for smaller dust particles, including them in the analysis can
provide information about the grain sizes. Other effects complicating feature interpretation
include jet activity that turns on and off over the course of a rotation (e.g., as the source
rotates in and out of sunlight). In this case, only partial arcs or segments of a corkscrew will
be formed. Similarly, only one edge of a cone may be visible, which can lead to miscalcu-
lation of the pole orientation if multiple half-cones are produced. Diffusion of the dust and
gas in the jets and the resolution of the observations also both play a significant factor in
the appearance of the coma. Even highly collimated jets experience lateral diffusion due to
the random velocity variations in the flow, and this diffusion causes the spirals to disperse
outward into the intervening gaps between the arms. With a high degree of diffusion, the
spread may ultimately reach the point where the outer arms blur together until they are
indistinguishable from each other (Sekanina, 1991c). Alternatively, observations with insuf-
ficient resolution may not be able to separate the individual spirals at all, in which case the
coma will exhibit a round or elliptical shape.

This result highlights the fact that a lack of observed features doesn’t necessarily mean that
the coma doesn’t have structure or that the nucleus does not have discrete sources. In fact,
the presence or absence of features is strongly dependent on many factors, including the

1 The terms “spin axis” and “rotation pole” are used throughout to refer to the instantaneous spin
state of the nucleus. For simple rotation, this also corresponds to the angular momentum vector.
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viewing geometry, the coma brightness, the comet’s proximity to the Earth, etc. Features
may be faint or have a low contrast against the rest of the coma (even with the use of
enhancements), making them difficult to detect. Because most comets never approach the
Earth, features often remain undetected, hidden in the inner coma or unresolved due to
atmospheric seeing. For example, all of the comets imaged in situ by spacecraft (1P /Halley,
19P/Borrelly, 81P/Wild 2 and 9P /Tempel 1) have displayed broad fans and jets in ground-
based studies, but have shown many more intricate features in the approach and encounter
images. Similarly, Hubble Space Telescope (HST) observations often reveal features that
are not otherwise seen from the ground, and comets that do approach to the Earth (e.g.,
2P /Encke, C/1996 B, (Hyakutake), 73P/Schwassmann-Wachmann 3) reveal well-defined
structures when they are near, but appear featureless when they are more distant. This
suggests that features probably exist at various different scales in most comae, but are simply
unresolved with improper observing conditions. Geometric effects and observing conditions
also act to hide features. Projection effects can place a jet or fan in the anti-solar direction
where it is mistaken for a tail; an observation along the centerline of a cone may be interpreted
as a round, featureless coma; poor seeing can smear out features, while improper guiding
can act to mimic them; and image processing can remove or alter structures, or introduce
artifacts that can be misinterpreted as real structure.

3.1.1 FEvidence for Mantles and Active Areas on Comets

The collimated jet interpretation for coma features is dependent on the existence of discrete
outgassing areas on the surface. This requires that the gas emission must be reduced, or shut
off altogether, over large portions of the nucleus, implying that an inactive mantle of some
type covers the nuclei of most comets (e.g., Mendis and Brin, 1977; Brin and Mendis, 1979).
There are suggestions that the mantle consists of a cohesive layer, bonded by organics, that
seals the surface (Smoluchowski, 1989; Seiferlin et al., 1995), but this concept has evolved
into a more regolith-like layer that may be quite thin with low tensile strength.

There is a significant amount of observational evidence for inactive surfaces and active ar-
eas. First is the small active fraction of most comets. Measurements of the water production
rate (or as a proxy, the OH production) give an estimate of the surface area that must be
sublimating, and using the total surface area from measurements of the size of the nucleus,
the active fraction can be determined. For most comets, only a few percent of the comet’s
surface is active (A’Hearn et al., 1995; Tancredi et al., 2006, among others). Second, sea-
sonal effects are common, with many comets being more active before perihelion than after,
or vice versa (e.g., Campins et al., 1982; Sekanina, 1988a,b; A’Hearn et al., 1995). These
asymmetric production rates do not scale directly with heliocentric distance and can only
be explained by inherent differences in the activity across the surface. Third, the commonly
accepted explanation for nongravitational forces is based on nonisotropic emission. Although
this constraint is not necessarily required (Sekanina, 1984), detailed analyses of particular
comets have usually found that isolated active areas produce the best result for modeling
the perturbations to the comet’s motions (e.g., Sekanina, 1984; Rickman et al., 1991; Kro-
likowska et al., 1998; Yeomans et al., 2005). Fourth, when comets fragment or split, the event
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is often accompanied by an outburst of activity. The production rates can temporarily rise
to several times the ambient level and strong jets may be seen, suggesting that part of the
inactive surface has been removed and fresh material has been exposed to the Sun (Boehn-
hardt, 2002). Finally, models of the dust trails that produce meteor showers often work best
when the dust is emitted from narrow jets rather than isotropically (Welch, 2003).

Observations of the comets visited by spacecraft provide additional support for mantles
on these comets. The Deep Space 1 (DS1) Miniature Integrated Camera and Spectrometer
(MICAS) measurements of 19P /Borrelly show that there is no evidence of water ice on the
surface and that the temperature is around 300 K (Boice et al., 2000). Similarly, temperature
maps created from the DI High Resolution Instrument Infrared Spectrometer (HRI-IR) show
surfaces on 9P /Tempel 1 between 290 and 340 K. These temperatures are too hot for ices
to exist for long, confirming that there must be a hot, dry layer covering the surface.

DI images of the coma of 9P/Tempel 1 also show strong evidence for active areas on the
surface. Images created from IR spectral scans, also reveal nonisotropic emission of HyO
and CO, (Fig. 7; Feaga et al. 2007), where isolated sources produce features that are many
times brighter than other regions of the coma. These images clearly show that the nucleus is
not uniformly active in gas production. Furthermore, the nature of the coma structures and
locations of the sources, as well as the fact that they are not the same in the HyO and CO,
images, suggests that the variations in activity across the surface cannot be simply attributed
to the illumination conditions. Although the local solar insolation undoubtedly plays a role
in modifying the production rates, active and inactive regions, as well as inhomogeneities in
the nucleus composition must play a primary role in producing the observed morphology.

Fig. 7. Deep Impact Infrared Spectrograph “images” of 9P /Tempel 1 (Feaga et al., 2007).
The top panel shows the HoO structure in the coma, and the bottom panel shows the
COy coma. The yellow “4” denotes the approximate location of the sub-solar point on
the nucleus, which is blacked out. The vertical discontinuities to either side of the nucleus
are artifacts produced by the anti-saturation filter on the instrument.
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The IR scans, along with narrowband imaging from the DI cameras, do reveal water ice
on the surface, though only in a few small patches and in very small amounts (Sunshine
et al., 2006). Because of the high temperatures noted above, these water ice patches must be
transient, and are probably recondensation from residual emission that continued during the
night (the patches are located on a portion of the nucleus that just rotated into sunlight).
Associated with these patches are small (~10 m), dense dust jets that appear to project
directly from the surface adjacent to the water ice (Fig. 8; Farnham et al. 2007b). The cor-
relation between these characteristics suggests that the jets arise from small, active vents,
driven by the sublimation of sub-surface ices. Furthermore, the images of the H,O and CO,
comae (Fig. 7), both show a minor peak in emission just above this location on the nucleus,
indicating that it is truly an isolated source of emission. The presence of CO; emission means
that the vent could have remained active well after sunset the previous rotation, aiding in
the ejection of water that recondensed on the surface.

The Deep Impact experiment at 9P/Tempel 1 provides especially strong evidence for an
inactive layer. Results from the impact indicate that the nucleus has a low tensile strength.
The crater ejecta had a high dust-to-gas ratio, with small dust grains and nearly pure water
ice (A’Hearn et al., 2005). More detailed analysis indicates that, although the surface is
essentially devoid of volatiles, fresh, unaltered water ice is reached at a depth of only about
a meter (Sunshine et al., 2007). This puts a tight constraint on the surface properties of
9P /Tempel 1, revealing a thin, regolith-like covering that is highly porous. A low thermal
inertia effectively insulates the underlying ices from the hot surface.

Theoretical models and laboratory experiments have been used to explore the evolution of the
comet’s surface over time (Gruen et al., 1991; Kiihrt and Keller, 1994; de Sanctis et al., 1999;
Klinger, 1999, and references therein). Both theoretical and laboratory simulations agree that
the production of a depleted surface layer is essentially an inevitable result in virtually all
comets (Ibadinov, 1989; Thiel et al., 1989, 1991; Orosei et al., 1995; de Sanctis et al., 2003;
Prialnik et al., 2004; Laufer et al., 2005). Whipple (1978) proposed the basic scenario that as
a nucleus approaches the Sun, solar insolation vaporizes the ices, which entrain the surface
dust and pull it off the nucleus. In a highly active comet, all of the overlaying dust may be
blown off the surface, but for most comets, some of the dust will remain behind, building
up over time to form the insulating mantle. As the gas flow is restricted (as little as 1 cm of
mantle can reduce emission by a factor of 10 (Rickman, 1991; Ibadinov, 1999; Ibadinov and
Rahmonov, 2002; Skorov et al., 2002)), even more dust will remain behind, further cutting
of the activity. This is a self-limiting process, because eventually the layer gets thick enough
to shut off activity altogether.

There are other processes that can also contribute to mantle formation. The first is the ballis-
tic trajectory of slow-moving dust particles. Low-velocity grains emitted from active regions
can migrate to other spots (even on the night side) and settle back onto the surface (e.g,
Kitamura, 1986). Thus, a jet in one spot may be strong enough to keep from choking itself
off, but the ejected material can contribute to mantle formation elsewhere. Cosmic rays also
act to create a devolatilized layer (e.g., Jewitt, 2004b). This process acts continuously, even
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Fig. 8. Deep Impact images showing the small surface jets on the limb of comet
9P /Tempel 1 (Farnham et al., 2007b). As the spacecraft passed under the nucleus, the
jets appeared to cross over the horizon. The approximate sources of the jets are marked
in the third panel, and for comparison, the patches of surface ice are shown in blue in the
bottom panel.

when a comet is not active, processing the upper layers of the nucleus through vaporization
and spallation (Schulz et al., 2005). Although this is a slow process, it acts on the surface
all comets, which explains why even dynamically new comets can exhibit discrete outgassing
regions. Highly volatile materials concentrated near the surface may also be a by-product of
this process (Johnson et al., 1987; Smoluchowski, 1989), which may contribute to dynam-
ically new comets showing extreme activity early on, and then flattening out as they get
closer to the sun.
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In general, a comet’s decrease in activity is thought to be due to the overlying mantle
growing dense enough to be impermeable to the gas flow (e.g., Whipple, 1978; Rickman,
1991; Ibadinov, 1999). However, the DI results show that the surface of Tempel 1 has a highly
porous nature (e.g., Richardson et al., 2007), which should easily allow gas to escape (e.g.,
the friable sponge model introduced by Horanyi et al. (1984)). Furthermore, Prialnik et al.
(1993) have used simulations to suggest that the flow through the matrix capillaries might
even act to straighten the pores and keep them from sealing themselves off. These results
suggest that another factor—the thermal properties of this porous matrix—could play a
significant role in impeding the comet’s activity. The thermal conductivity at the surface is
low enough that a meter of material can effectively insulate the internal ices from the 300 K
temperatures at the surface (Groussin et al., 2007), so rather than trapping gas under the
surface, the role of the mantle may be more important as a means of limiting the amount of
ice that sublimates into gas (Thiel et al., 1989).

If mantle formation is a ubiquitous process on comets, how is it that comets exhibit significant
amounts of activity? The answer to this question is not fully understood, but a number of
possibilities have been proposed. First, some of the sun’s energy undoubtedly penetrates the
mantle to sublimate the subsurface ices, and the gas that is produced can easily percolate out
through the mantle. Vents or highly active areas may be strong enough to keep themselves
cleared of material (thus producing long-term coma features that can be seen over multiple
apparitions). Spacecraft observations have also revealed interesting surface topographies on
19P /Borrelly, 81P/Wild 2 and 9P/Tempel 1, that suggest a possible solution. All three
comets show steep cliffs or “mesas”, with evidence that jet and fan activity arises from the
sides of these structures (Boice et al., 2000; Sekanina et al., 2004; Farnham et al., 2007b).
It is possible that activity arises from these nearly vertical faces and as the ice sublimates,
it undercuts the surface mantle. Residual dust that is not lifted off the surface falls to the
bottom of the cliff, leaving the fresh ices exposed. Additional evidence for undercutting of
the surface comes from the detection of intricate arches and overhangs on comet 81P/Wild 2
(Brownlee et al., 2004b). These must have been formed by the erosion of underlying material,
which left the delicate structures suspended in space. Other features seen on both 81P/Wild 2
and 9P/Tempel 1 appear to be cracks (Brownlee et al., 2004b; Thomas et al., 2007) that
could result from thermal stresses across the surface (Tauber and Kiihrt, 1987; Jenniskens
and Blake, 1996). This type of crack would reveal fresh subsurface material, providing a
mechanism for creating new regions of persistent activity.

3.1.2  Collimation of Cometary Emission

Another issue that must be addressed in regards to the collimated jet model is the comet’s
ability to collimate the outflowing material into well-defined jets. The basic principles of
gasdynamics show that the random thermal motions in a stream of gas will cause a stream
of gas to rapidly diffuse laterally when it issues into a vacuum environment. In a collimated
flow, the radial velocity of the particles is much larger than the random thermal motions,
which allows the stream to retain some degree of its general structure. When the flow expands
beyond the collisional zone, it enters a free-flow regime, and whatever structure that remains
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will be preserved to very large distances (until it is perturbed or destroyed by the solar
environment). The gas flow is most susceptible to the random thermal motions near the
comet’s surface where the density and temperature are both high. The effect falls off with
distance, as the expanding flow rapidly cools and disperses. The dust in a typical comet, on
the other hand, can decouple from the gas at a few nuclear radii, making it much easier to
collimate than the gas.

A number of different collimation mechanisms have been proposed. As will be discussed
in Section 3.2, the topography of the surface can affect the gasdynamic flows, and this
was one of the earliest mechanisms proposed for collimating jets. Models have shown that
trenches, craters and facets (including the angle where a cliff face meets the horizontal
surface) can produce a “lens effect”, where the insolation from the sun is reflected and
focused by the opposing surfaces (Colwell and Jakosky, 1987; Colwell et al., 1990; Keller
et al., 1994; Ivanova and Shulman, 2002; Huebner, 2003; Keller et al., 2004). Due to this
self-radiation, the bottom and sides of the topographic feature to heat up, increasing the
sublimation rate. The interaction of the gas flowing from these offsetting surfaces also acts to
focus the outflowing gas, producing a collimated stream. The lens effect is a self-propagating
mechanism, because the increased sublimation that arises from the focusing also causes the
crater to deepen, intensifying the effect even further (though at some point, self-shadowing
will limit the effect). This reflective heating has been invoked as the mechanism for explaining
the details in the temperature map of the surface of comet 9P /Tempel 1 (Groussin et al.,
2007, and private communication).

The mechanism usually invoked for collimating flows is the venturi effect, which may act alone
or in combination with the cavities or chambers below the surface. The venturi effect—the
supersonic acceleration of a fluid passing through a nozzle—may focus a flow enough for it
to retain its jet structure. The focusing effect is especially pronounced for the dust, which is
more likely to remain collimated, even if the gas expands laterally. The venturi effect may
also be produced in capillary “tubes” in the mantle, with each tube acting as a miniature
nozzle (Skorov and Rickman, 1995). If a number of these tubes are distributed around a
region on the surface (e.g., an active area) then the superposition of the individual tubes
will contribute to what is observed as a single jet. Furthermore, the lateral diffusion of the
sources around the perimeter of the active area have a component that converges inward.
This inward flow generates a ram pressure that will reduce the lateral diffusion of the sources
near the center and increase the degree of collimation of the overall jet. Using laboratory
experiments, Thiel et al. (1991) showed that gas percolating through a matrix surface does
seem to induce collimation in the outflowing dust, which supports the possibility that this
may be one means of producing jets.

More recently, the role of subsurface cavities that vent through passages to the surface has
begun to be explored in detail (e.g., Yelle et al., 2004; Davidsson, 2007). These cavities,
which have been likened to geysers, show promise as a mechanism for explaining not only
jets, but also outburst events. In this scenario, pockets of gas form beneath the surface and
the venting gases are collimated by the venturi effect as they flow through the passage to
the surface. Typically, a vent with a length-to-width ratio of a few can produce a highly
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collimated jet.

Unfortunately, although their pros and cons have been debated and simple models have been
tested, none of these mechanisms has yet been extensively evaluated to determine whether
any of them are sufficient for producing the types of jets seen in comets, which means that
there is currently no widely accepted mechanism for collimating jets. True tests for proving
the potential of any of the proposed processes will require detailed hydrodynamic models that
specifically address the physics of collimation, flows through porous surfaces, etc. However,
the fact that we don’t fully understand the complexities of collimating jets does not mean
that they cannot exist, and in fact, there is a wealth of observational evidence in support of
collimation.

The strongest proof for collimated features comes from continuum images of comet 19P /Borrelly.
Both ground-based and DS1 observations clearly reveal a narrow jet, with a width of about
20°-30° (Fig. 2) and a surface brightness (in the ground-based images) at least three times
higher than the coma 90° away (Farnham and Cochran, 2002). The same fundamental struc-
ture is observed at a broad range of spatial scales and observation times. In the close approach
images, it extends from the limb of the nucleus (where it is lost against the brighter sur-
face) to the edge of the frame at ~100 km (Thomas et al., 2001; Soderblom et al., 2002); at
intermediate distances, from hundreds to thousands of kilometers, it is seen during the ap-
proach phase of DS1 (Thomas et al., 2001) and in high-resolution HST observations (Lamy
et al., 1998; Weaver et al., 2003); and at large scales—out to hundreds of thousands of
kilometers—it is detected in ground-based images (Fulle et al., 1997; Farnham and Cochran,
2002; Samarasinha and Mueller, 2002; Szabé et al., 2002; Schleicher et al., 2003; Ho et al.,
2004).

On recent apparitions, the structure of the jet remains essentially unchanged throughout the
entire time that the northern hemisphere is in sunlight (for more details, see Section 6.1). It
is also highly reproducible from one apparition to another (Fulle et al., 1997; Farnham and
Cochran, 2002). During the DS1 encounter images, the viewing geometry changed by about
40° with the biggest change taking place in the last few minutes (e.g., rotation of the comet
can be neglected), and in the months around perihelion, the ground-based viewing geometry
changed by ~70°, yet the jet always had the same characteristics. In order to present this
same appearance regardless of time, rotational phase, or viewing direction, the jet must be
a narrow cone, which suggests that it is an axisymmetric, highly collimated flow of dust.

The issue of collimated features is more confusing for the gas than for the dust. For example,
even though it has a highly collimated dust jet, comet 19P/Borrelly shows little collimation
of the gas that it is emitting (at least at large spatial scales—the DS1 images did not isolate
gas species). Images of the gas coma show a hemispheric asymmetry, with the sunward side
2-3 times brighter than the anti-sunward side, but no sharply defined features are seen
(Szabd et al., 2002; Schleicher et al., 2003). This seems to support the conjecture that both
the gas and dust are originally collimated, but decouple very close to the nucleus, allowing
the gas to expand laterally without affecting the dust. On the other hand, well-defined gas
structures have been observed in other comets, starting with the CN and C, jets in the
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coma of comet 1P/Halley (A’Hearn et al., 1986a,b). Since then, a wide range of structures
have been observed in images of various gas species, including shells, fans, jets, and even
helices (e.g., Schlosser et al., 1986; Cosmovici et al., 1988; Suzuki et al., 1990; Spinrad, 1991;
Boehnhardt and Birkle, 1994; Mikuz, 1994; Eberhardy et al., 2000; Lederer and Campins,
2002; Veal et al., 2000; Schulz, 2002; Szabo et al., 2002; Lara et al., 2004; Farnham et al.,
2007a; Lin et al., 2007). In some comets, the gas features are coincident with the dust, while
in others there is no correlation. Other comets have well-defined gas features, even though
their dust structures are minimal or completely absent. To complicate the issue even further,
CN and C, are daughter or granddaughter species that are presumably emitted isotropically
from a parent molecule. This affects the collimation of the flow and the shape of the features,
especially if the dissociation velocity is near the parent gas outflow velocity.

Because of the dilemma in maintaining collimation of the gas, it has been suggested that
these features are not truly gas flows arising from the nucleus, but instead are actually
streams of tiny dust grains (e.g., the “CHON particles” detected in comet 1P /Halley (Kissel
et al., 1986)) that release various gases as they disintegrate (Combi, 1987; Klavetter and
A’Hearn, 1994). If this is the case, the collimation process for dust grains can be invoked
to explain the well-defined structure, with the gas being produced as a secondary product
further out in the coma. This is discussed more fully in Section 4.

There is one set of observations that may actually show collimation of gas emission, how-
ever. (Whether it is coincidence or not, the observations come from the only comet where
gas structures have been observed in association with a resolved nucleus.) The HoO and
CO, images of comet 9P /Tempel 1, produced from spatial scans with the Deep Impact IR
spectrometer, show gas structures that seem to retain some degree of collimation (Fig. 7).
The H,O image reveals several sources, the most intense of which is near the sub-solar point
at the right of the nucleus, with a smaller source ~90° away toward the North (at the top
of the image). The largest jet appears to remain partly collimated out to several nuclear
radii, leaving a low-density gap between it and the northern source. This gap exists even
at the limb, where the lateral surface flows are expected to be strongest. There is also a
COy jet to the southeast (where there is another deficiency of HyO) that appears to remain
partly collimated to the edge of the field of view. This is especially interesting because it
adjoins the low density region on the anti-sunward side of the nucleus. It is possible that
these structures are the result of the gas flows interacting with topography (which should
be investigated more fully), but it could also be the first evidence for true collimation of
cometary gas emission.

3.2 Hydrodynamic Interactions

Though the collimated jet models have dominated the analysis of coma morphology, more
recent models have been developed to incorporate more sophisticated gasdynamic physics.
These hydrodynamic and physicochemical models have been developed to study the inter-
actions of gaseous and dusty-gas flows in the near nucleus region, to determine how they
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can affect, among other things, the coma morphology. In these scenarios, the observed coma
features are a produced, not only by variations in the activity across the surface, but also by
interactions of different gas and dust flows. These interactions can produce shocks or high
density regions that can be interpreted as jets. Reviews (both basic and extensive) covering
the intricacies of the physical interactions between the gas, dust and nucleus are available
(e.g., A’Hearn and Festou, 1990; Keller, 1990; Combi et al., 2004; Crifo et al., 2004; Crifo,
2006), so we only present a brief summary here, with specific reference to their influence on
the coma morphology.

Because of the complexity of the physics that must be addressed, this field is effectively
still in its infancy, even though it has advanced significantly in the past few years. Gener-
ating a complete and accurate hydrodynamic model is extremely difficult, because of the
large number of factors that influence the gas and dust flows in the coma. A truly com-
prehensive model must address: A multidimensional, multicompositional, time-dependent
portrayal of gas and dust in several different types of flow regime (collisional, transitional
and free-flowing); Dissociation and photochemistry in the coma, which randomizes the flow
and changes the properties of the gas; A proper treatment of the boundary layer problems
at the surface of the nucleus where the gas flows are not in equilibrium and dust densities
are high; The thermal properties of the nucleus, where surface heating imparts energy into
gas flows and sublimation and re-condensation add and remove coma material; The activity
at the surface, including spatial distributions of the active areas and the temporal changes
that occur due to rotation; The effects of topography of the nucleus’ surface, at both large
and small scales; The thermal interactions of the dust, which heats the gas in the coma; The
dynamics and evolution of dust grains in the coma, which are influenced by multiple forces
that change as the grains sublimate or fragment; Extended gas emission from sublimation of
icy grains in the coma; etc. Some of these factors are more important than others (though
which is which is not always obvious until they have actually been compared), and some can
be neglected for highly productive comets, weak comets, or comets with a low dust-to-gas
ratio. In any case, current hydrodynamic models must make assumptions and simplifications
in order to focus on specific aspects of the comet’s behavior.

The earliest of these models began with simple one- and two-dimensional studies of a single
jet issuing into a vacuum or low-density environment (Wallis, 1982; Gombosi et al., 1985;
Vergazov and Krasnobaev, 1985; Kitamura, 1986, 1987). Even these highly simplified mod-
els suggested that the random thermal motions in the gas produce a lateral diffusion that
dramatically alters the original radial flow of the jet. If the jet issues into a vacuum, then
there is nothing to resist the expansion, allowing the flow to wrap almost entirely around the
nucleus. On the other hand, if the jet issues into an ambient coma, then as the jet expands,
its internal pressure drops until it can be supported by the ambient coma. The interaction of
the expanding jet material and the ambient coma can produce a high-density compression
region, forming a cone around the central axis of the jet. When seen side-on, the edges of
this cone may appear to be a pair of jets, centered on the axis of the original jet.

Later models included temporal variations in the gas flows as applied to rotational mod-
ulation and outbursts (e.g. Gombosi and Horanyi, 1986; Combi, 1996), which showed that
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shell structures can be produced by modulation of the gas production. Investigations of the
interactions between two or more jets (Kitamura, 1990; Crifo et al., 1995) showed that pla-
nar shocks result, with a corresponding increase in the density in the interacting region.
Similar studies of the dust and gas (e.g. Combi et al., 1997) started to explore how issues
such heating from the warm dust grains can produce feedback by introducing an additional
source of heating for the gas.

A new generation of more sophisticated models is currently under development to produce a
better representation of the dusty-gas dynamics (Crifo and Rodionov, 1997; Gutiérrez et al.,
2000, 2001). Using a three-dimensional, time dependent model, these researchers attempt
to properly address the flows in the collisional, transition, and free-flow regions, as well as
providing better treatment of the boundary layer at the surface of the nucleus. They also use
shape models of the nucleus to model the effects of topography and solar illumination. The
models have been used to reconfirm and expand on the results of the early studies, as well
as to sample different regions of parameter space to determine how they affect the coma.

These models have shown that it is possible to use hydrodynamic processes to reproduce some
of the basic types of features seen in the near-nucleus observations. Planar gas shocks seen
edge-on may be mistaken for a jet (Crifo et al., 1995). In the same way, very small dust grains
can become so entrained in the gas flow that they also exhibit density enhancements along the
shocks (e.g., Combi et al., 1997), which can mimic dust jet structure (though larger grains
can pass through the shocks unaffected). Rodionov and Crifo (2006) found circumstances
where consecutive spiral arcs are produced in the gas coma of a Hale-Bopp-type comet.
Another interesting result from these analyses is that, even with homogeneous emission, the
effects of large-scale topography can conspire to produce features in the coma. This principle
was applied, in conjunction with the nucleus shape model, to generate coma models of comet
1P/Halley (Crifo et al., 2002; Szegd et al., 2002). Results from these simulations produce
radial structures similar to those seen in the Giotto and Vega images.

Based on the results obtained for comet 1P /Halley, these authors suggest that homogeneous
emission, tempered by solar insolation and surface topography, is sufficient for producing
coma morphology, thus challenging the need for invoking isolated active areas to produce
coma features (Crifo et al., 2002). When this issue was raised, there were no observations
available to prove or disprove the conjecture, but results from the Deep Impact mission now
provide an answer. The HyO and COs observations discussed in Section 3.1.1 (Fig. 7) clearly
show that there are active and inactive regions that have no direct correlation with the local
illumination conditions. The sub-solar point is a region of low activity, while a number of
discrete sources are scattered around the surface. Thus, the only available measurements of
gas emission from a resolved nucleus show that isolated active areas do indeed exist and
almost certainly contribute to the formation of features in the coma.
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3.8 Suitability of the Models

The hydrodynamic and collimated jet models represent very different approaches for learning
about a comet’s coma. Each has its strengths and limitations, subject to the observational
constraints and assumptions that are adopted. Although they are both used to evaluate the
structure and features in the coma, they generally focus on separate aspects of the problem,
invoking different physics and observations to investigate the issues for which they are most
suited. Both techniques promise to contribute to our understanding of comets, though in
different ways.

The strength of hydrodynamic models lies in their focus on more realistic physics in the gas
flow under a given set of circumstances and assumptions. They are well-suited for theoretical
studies that examine how different properties govern the formation of the near nucleus coma
and for determining which properties have the most relevance and which may be neglected.
They can also be developed to delve into particular scenarios, to investigate and test potential
mechanisms that have been invoked for producing observed structures. In general, these
models are most suitable for exploring the potential conditions that can exist in a coma, and
for discovering how those different situations can be used to interpret the various types of
morphology observed in comets.

However, hydrodynamic models are less suitable for solving for specific parameters in indi-
vidual comets, an they are not generally extensible for use with ground-based observations.
As described in Sec. 3.2, there are a large number of factors that can influence the gas flow
in the inner coma, each of which introduces one or more free parameters into the analysis.
Without in situ measurements to ascertain their values, most of these variables must be con-
strained remotely or assumed, which reduces the accuracy of the model, even though detailed
physics are being used to trace the gas flows. As an example, the surface topography at all
scales is critical for understanding the flow of the gas in the inner coma, yet for most comets,
the nucleus shape is completely unknown, disqualifying them from detailed analyses. Even
for those few comets visited by spacecraft (or whose shapes are inverted from lightcurves),
the shapes are limited by the resolution of the model and the fraction of the nucleus that was
constrained by flyby images, so the effects of topography are only partially accounted for.
Furthermore, even when the shapes are known well enough to produce a partial solution,
the lack of knowledge of the rest of the extensive parameter space means that, even if a
solution is found to reproduce the observations, there is no guarantee that it is unique or
truly representative of the conditions in the comet.

Collimated jet models were developed specifically for inferring various properties of the comet
by reproducing the features observed in the coma. They adopt a simplified representation of
the gas and dust emission to produce conceptual models, under the assumption that the jets
remain collimated after they leave the nucleus. Though the jets are likely to be subject to
the effects of gas dynamics within the first few nuclear radii, there is enough evidence that
collimation is a controlling factor, especially in dust emission, to be confident that the models
can produce meaningful results. There is another complication that must always be kept in
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mind, however. The derived coma properties are strongly dependent on the interpretation of
the features, whose appearance can be affected by the resolution of the images, projection
effects, superposition of multiple sources, hydrodynamic interactions, image enhancements,
etc. Thus, the accuracy of the results derived from these models must be recognized as
being dependent on how well the morphology is understood. To reduce the ambiguities in
the interpretation, different types of observations (spectroscopy, colors, polarization, etc.),
or temporal coverage (e.g., movies) can prove extremely valuable for providing additional
insight and for disentangling complex structures.

Even with the various qualifications, however, the collimated jet models have been tested and
proven to work well at deriving nucleus properties. These tests have come from the models
of the four comets that have been visited by spacecraft. In three of the four cases, the
collimation models proved to be accurate at determining rotational properties, approximate
source locations and properties of the jets. (The fourth, test was comet 1P/Halley, whose
complex rotation state was difficult to pin down, even with multiple spacecraft observations.)
The results from these models, discussed in detail in Section 6, prove that the collimated jet
models, even with their minimalist representation of the coma physics, are a valuable tool
for obtaining the some of the fundamental properties of a comet’s nucleus.

4 Morphology as a Diagnostic Tool

The physical and dynamic properties of the nucleus govern the coma morphology; thus,
measuring, understanding and modeling the observed phenomena provide a means of deriv-
ing nucleus properties. Currently, the collimated jet model is most commonly applied using
Monte Carlo computer routines, which trace the outflowing dust/gas from discrete active
regions on the rotating nucleus. Generally, models based on ground-based observations nec-
essarily assume the nucleus is spherical to simplify interpretations (though in actuality, what
is usually being modeled is the outflow from a spherical shell outside the nucleus where the
dust and gas have decoupled and are in radial outflow). Matching the modeled structures to
the observed coma for a given time and viewing geometry allows the determination of the
nucleus and coma properties. It is generally possible (and prudent) to constrain a limited
number of parameters (e.g., the spin axis direction and a primary source location) in early
iterations, to minimize the parameter space being investigated. Subsequent simulations can
then incorporate additional parameters to fine-tune and improve the solution. Some of the
properties that can be determined from this modeling process include the rotation period
and spin axis orientation (and possibly precession of the pole), the latitudes, relative lon-
gitudes and relative strengths of the active areas, opening angles of vents or surface extent
of large active regions, ejection velocities of jet material, responses of the active regions to
solar illumination, etc.

For the most part, model constraints have primarily come from visible observations of the
dust coma, with the basic structures being interpreted and modeled as described in pre-
vious sections. However, technological developments, on a number of different fronts, have
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significantly expanded the study and analyses of morphology, helping to constrain addi-
tional parameters and improving the understanding of what is seen. The availability of more
and larger telescopes has increased the observational coverage of comets, so that short-lived
and faint features can be captured and periodic changes can be monitored; the introduc-
tion of high-quality optics, including adaptive optics and space-based telescopes, improves
the spatial resolution so that structures close to the nucleus can be resolved; the use of
CCDs and spectral mappers allow data processing and image enhancement techniques to be
employed; instruments spanning the spectral range from X-rays to radio wavelengths have
been developed, offering different ways of investigating and interpreting features; polariza-
tion measurements are used to explore spatial variations in the dust properties throughout
the coma; and the use of interplanetary spacecraft has made it possible to obtain in-situ
observations and measurements, and relate the features to resolved images of the nucleus.
We next discuss some of the techniques and describe how they are used in morphological
studies to minimize ambiguities in the interpretation and to improve our understanding of
the coma.

Temporal Changes. For many comets, temporal changes in the features provide basic nu-
cleus information. Short-term periodic variations suggest a rotational modulation, with the
time interval between repetitions revealing the comet’s rotation period (Sekanina, 1981;
Fomenkova et al., 1995; Schleicher et al., 1998; Schulz, 2002; Farnham et al., 2007a). Unlike
many other properties, this result is independent of any model or of the mechanism that
produces the structures (e.g., collimated jets, gasdynamic interactions). Short-term varia-
tions that do not seem to repeat may be indicative of a complex rotation, which is in itself
an interesting result, though it makes it significantly more difficult to derive the rotation
state (Belton et al., 1991; Jorda and Gutiérrez, 2000). Long-term changes are informative as
well, though they are more representative of seasonal effects and provide constraints on the
latitudinal distribution of active regions. Spontaneous features may also be observed, and
can represent outbursts, fragmentation events, or short-term variability.

Fized Jets. A fan or jet that appears unchanged for long periods of time is usually centered
on the rotation axis (see Section 3.1). This configuration represents a special case that can
be used to determine, with minimal modeling, the pole orientation of the nucleus in inertial
space. The feature delineates the direction of the spin axis as projected on the sky, though in
actuality, it may extend toward or away from the observer. Thus, the pole must lie somewhere
on the great circle centered at the comet and passing through the observer and the feature.
With two or more measurements from different viewing geometries (e.g., on different dates)
multiple great circles are outlined, and the comet’s spin axis is defined by the line at their
intersection. Projecting this line out to the celestial sphere provides a measure of the pole
orientation in inertial space. This is the most common procedure used to derive the spin axis
information from morphology, because it requires little modeling and few assumptions.

Continuum Color. Simultaneous images of the continuum at different wavelengths can reveal
spatial color variations across the coma, believed to be caused by difference in the dust parti-
cle sizes. Because dust grains tend to scatter light most efficiently at wavelengths comparable
to their diameter (Bohren and Huffman, 1983; Jockers, 1997), larger grains will appear red-

24



der than small grains. A common observation is that jets and fans have a different color than
the ambient coma, supporting the belief that there is a fundamental difference between the
jet material and the rest of the coma. In most cases, jets are observed to be more blue or
grey than their surroundings (Hartmann and Cruikshank, 1984; Kidger et al., 1998; Schulz
and Stuwe, 2002; Schulz et al., 2005) indicating that the jets are composed of smaller grains
(e.g., Kidger et al., 1998). This suggests that either the grains from active areas have an
inherently different size distribution than from the ambient coma, or else the collimation
mechanism (e.g., dust flowing through a vent or tube) batters the fragile grains, breaking
them up before or shortly after they leave the nucleus. However, there are comets that have
features that are redder than the surrounding coma (Hoban et al., 1989; Jockers and Bonev,
1997) and others where the features have the same color (e.g., Schulz and Stiiwe, 2000).
Radial color variations may also indicate an evolution of the dust as it expands away from
the nucleus. Large grains near the nucleus give the inner coma a reddish color, which may
become bluer at greater distances as the grains sublimate or fragment into smaller particles
(Rousselot et al., 1992). More study is needed on this topic, to allow quantitative results to
be obtained from the observations.

Albedo. Albedo maps of the coma are similar to color maps, except that they reveal spatial
changes in the scattering and absorption properties of the grains. Rather than comparing
observations at two different wavelengths where light is reflected, they compare the spatial
distribution of reflected light to a second simultaneous observation of the coma’s thermal
emission. The spatial variations between the two observations can result either from com-
positional differences or structural differences in the grains. For a given composition, fluffier
grains exhibit reduced albedos, because they induce multiple scattering events that allow
more light to be absorbed. Albedo maps in most comets show lower albedo near the nucleus
than farther out in the coma, indicating the presence of large, fluffy grains that fragment at
larger distances (Telesco et al., 1986; Hammel et al., 1987).

Polarization. As with continuum color, polarization measurements also provide insight into
the comet’s dust properties. Sunlight scattered off small, irregular or aligned (via gas drag
or electromagnetic forces) particles becomes linearly polarized, and the degree and charac-
teristics of the polarization can be used to estimate the grain size and structure (Bohren and
Huffman, 1983; Dolginov and Mitrofanov, 1976; Kolokolova and Jockers, 1997; Waldemars-
son et al., 2000; Bertini et al., 2007). Although linear polarization has been studied in many
comets, circular polarization has only recently been reliably measured. The interpretation
of these measurements is still uncertain, but circular polarization may indicate the presence
of organic material in the dust grains. Polarization can also be combined with coma color
analyses to provide additional constraints (Jockers, 1997). Spatial variations are not uncom-
mon, with jets and fans often standing out in polarized light (Levasseur-Regourd, 1999).
This again suggests that there are fundamental differences in the porosity or fluffyness of the
dust in the jet outflow. Furthermore, some jets are polarized but others are not, even in the
same comet (Tozzi et al., 1997; Kelley et al., 2003), hinting about nuclear inhomogeneities.
Radial variations are also seen in the ambient coma, where polarization is generally low near
the nucleus and increases with distance (Levasseur-Regourd et al., 1993; Jewitt, 2004a). This
reflects the behavior seen in color and albedo maps, supporting the conclusion that grains
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are fragmenting into smaller particles as they recede from the nucleus.

Coma Shape, Asymmetry and Radial Gradients. As discussed in Section 2.1, the general shape
of the coma is reflective of the comet’s activity. The surface brightness of the coma falls off as
a function of projected distance (p) from the nucleus, and in the case of a time-invariable dust
outflow, this radial gradient profile will have a slope —1 (Gehrz and Ney, 1992). Deviations
from this inverse-distance relationship reflect changes in the dust, where a number of different
processes can cause the profile to steepen or flatten out (e.g., Jewitt and Meech, 1987; Jewitt
and Luu, 1989; Boice et al., 2000; Tozzi et al., 2004). Dust acceleration or a lateral dust flow
can increase the slope, while optical depth effects and extended or secondary sources act to
flatten it. Depending on its exact nature, dust fragmentation or sublimation can increase
or decrease the slope, and of course, modulation of the dust production rate can produce
unusual changes in the profile. The radial gradient can be examined as an azimuthally
averaged value or as separate profiles in different directions. A study is currently underway
by this author to quantify how the different processes affect the coma, and to establish a
means of exploring the evolution of the dust environment by using the characteristics of the
radial profile (Farnham, 2007).

Gas Features and CHON Particles. Since first detected in comet 1P/Halley, gas features
have become fairly common tools for exploring the nucleus properties. Because of the gasdy-
namics that tend to isotropize the gas flow, true gas jets may appear as simple asymmetries
in the coma. As discussed in Section 3.1.2, however, well-defined gas jets are also often de-
tected. These could be produced by some as-yet unknown collimation process, or they could
be secondary emission from very small grains (often attributed to the CHON particles de-
tected in the in situ measurements of comet 1P/Halley). If CHON grains are the correct
interpretation, this presents an interesting issue for future investigations. The gas features
are rarely coincident with the visible dust structures and sometimes even exist when little
or no dust is detected, which means that the CHON particles are a population of organic
grains or molecules that are not directly associated with the visible dust. They are assumed
to be tiny because they accelerate to velocities approaching those of the gas and because
they are undetected at visible wavelengths (other than by the secondary gas emission), yet
they decouple from the gas early enough to remain in highly collimated jets.

An understanding of the physics behind the gas features is important, but even without it,
the gas can be used to provide constraints in morphological studies. Regardless of how they
are produced, the gas can be used in the same manner as dust jets, while bringing their
own advantages to the analysis. The higher velocities in the gas flow cause the structures
to appear at larger distances from the nucleus, so gas features often exhibit more detail
than the dust features, especially in low resolution circumstances. This improves their mea-
sureability and makes them easier to interpret and model. Another benefit is that, not only
are the gas features different from the dust features, but the features in one gas species are
often different from those in another, revealing signatures of compositional inhomogeneites
(Cosmovici et al., 1988; Boehnhardt and Birkle, 1994; Eberhardy et al., 2000; Lederer and
Campins, 2002; Schulz, 2002; Lara et al., 2004; Feaga et al., 2007; Lin et al., 2007). If both
dust and gas structures are observed in a comet, the results from the two components can
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be combined to compare the derived properties for consistency and to determine if the gas
issues from the same sources as the dust.

Even a gas coma that shows no features can be informative. Under the proper conditions, the
coma’s shape can be used to derive the scalelengths of the gas species, providing constraints
for chemistry models (e.g., Fitzsimmons et al., 1990; Randall et al., 1992). This requires
that the parent species are emitted directly from the nucleus, and that there is no extended
emission, but if this is the case, then it is possible to obtain the parent velocities of the gases,
as well as the dissociation velocities of the daughter species.

Night-Side Emission. Several recent comets have exhibited active regions that remain pro-
ductive throughout a full rotation, even when the sources are unilluminated by sunlight. All
four comets whose nuclei were imaged by spacecraft show evidence for emission arising from
regions in darkness. These observations provide evidence for thermal lags in the nucleus,
with energy being stored long enough to drive activity for many hours. Reconciling this ev-
idence for a thermal lag with the low thermal inertia seen in comet 9P /Tempel 1 will help
in understanding the thermal properties of the nucleus.

Indirect Detection of Structures. As discussed earlier, the lack of obvious features in the coma
may be due to observational limitations, rather than to the absence of structure. There are
a number of techniques that can be invoked as evidence of features, or for indirect detection
of unresolved structures. Models of spectral line shapes may reveal periodic radial velocity
shifts produced by nonisotropic emission on a rotating nucleus (Palmer et al., 1989; Schloerb
and Lovell, 1998; Lecacheux et al., 2003). Color and polarization variations between the inner
and outer coma may be a signature of unresolved jets (Goldberg and Brosch, 1995; Renard
et al., 1996; Kidger et al., 1998). Nongravitational forces and changes in the rotation state
have been used to derive the locations and strengths of isolated active regions (Yeomans
et al., 2005; Gutiérrez and Davidsson, 2007). In situ dust measurements at comet 1P /Halley
and 26P /Grigg-Skjellerup showed density concentrations and spatial variations of the dust
properties that suggest they come from active areas on the nucleus (Vaisberg et al., 1987,
Rabinowitz, 1988; Boehnhardt, 1989; Sekanina, 1991a; McBride et al., 1997). (In contrast,
the dust “burst” measurements from comet 81P/Wild 2 and another event at 26P/Grigg-
Skjellerup are thought to be fragmentation of large grains far from the nucleus.) Finally, a
number of comets have been observed occulting stars, with increased extinction indicating
higher density regions in the coma that are interpreted as dust jets (Combes et al., 1983; Hu
et al., 1986; Ninkov, 1994; Elliot et al., 1995).

5 Comparison of JFCs to Other Comets

Jupiter family comets (JFCs) provide excellent opportunities for using coma morphology.
They represent the best cases for detailed study because they can be observed over multiple
apparitions, allowing comparisons from one orbit to another, and they are more likely to be
targeted by spacecraft, which provides in situ measurements as “ground truth” for remote
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sensing observations. JFCs also represent objects covering a broad range of evolutionary
ages. Some have made hundreds of approaches to the Sun and should be highly altered,
while others have never been perturbed into the inner solar system and should remain more
pristine. Thus, the JFC class offers a variety of objects at different stages of maturity, and
comprehensive studies of their properties could potentially provide clues to the changes that
comets undergo as they age.

It is generally believed that, on average, JFCs are more highly evolved than other classes of
comets. They should have experienced similar exposures to cosmic rays, UV photoprocess-
ing, spallation and other prolonged sources of alteration as other families (Johnson et al.,
1987; Strazzulla and Johnson, 1991), however, JFCs also receive more consistent solar irradi-
ation than other classes of comet. The expectation is that over time, heating from repeated
perihelion passages will deplete the volatiles near the surface of the nucleus, increasing the
thickness of the mantle and reducing the comet’s activity level. This does indeed appear to
be the case, as older JFCs tend to exhibit lower production rates than those whose orbits
have only more recently brought them close to the sun or dynamically new comets (Whip-
ple, 1978; Luu and Jewitt, 1992; A’Hearn et al., 1995; Licandro et al., 2000; Tancredi et al.,
2000). The assumption that JFCs are more highly evolved that other comets is clearly an
oversimplification, however, because devolatilization depends strongly on the perihelion dis-
tance. Individual comets can vary significantly, depending on their particular histories. For
example, an Oort cloud comet that passed within 0.5 AU of the Sun could have experienced
more depletion of its surface volatiles than a JFC that has never gotten closer than 3 AU.

The specific ramifications of solar irradiation on coma morphology are not always obvious.
On one hand, the increased mantle formation may choke off active areas and thus eliminate
the coma features. On the other hand, mantle formation could predominantly act to shut off
the isotropic component of the nucleus activity, while the concentrated emission from active
areas keeps the vents clear (in effect enhancing the contrast of the jet structures). There is
evidence that both effects occur, but because newer comets tend to have a stronger isotropic
emission than older ones (Lien, 2002), it appears that the isotropic component of the coma
disappears first, while jet activity can last much longer. As for distinct features, comparisons
have yet to find any significant difference between the types of structure seen in JFCs and
other classes of comets (e.g., Schulz, 2002; Ho et al., 2003; Kidger, 2004; Schulz et al., 2005;
Schulz, 2008). This is only a preliminary result, based on a few focussed studies, and more
comprehensive studies are needed to investigate the issue more fully.

It has been suggested that the lifetime of an active area is on the order of a few hundred orbits,
based on erosion rates (Sekanina, 1990; Jewitt, 2004b), though this could vary depending
the actual physical mechanisms that produce the activity and the evolution of the comet’s
orbit. Many JFCs have stable orbits that have brought them to small perihelion distances
hundreds or thousands of times. Some of these comets exhibit no discernible features, which
could indicate that any active regions that existed in the past have eroded away or mantled
over. Others, such as comet 2P /Encke still consistently have structures, which means that
either their sources are longer-lived than predicted (because they undercut the mantle instead
of eroding downward?) or else they are forming new active areas. Other JFCs may also enter
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periods of dormancy when certain volatiles are depleted from the surface, only to reactivate
as the comet’s orbit evolves closer to the Sun and new volatiles are able to begin sublimating.

6 Notable JFC Results

We now present discussions of some notable JFCs and what has been learned from their coma
morphology. Particular emphasis is placed on 19P /Borrelly, 81P/Wild 2 and 9P /Tempel 1,
because, as spacecraft mission targets, they represent test cases that can be used to eval-
uate the techniques used on other comets. Each one provides unique insight into how well
the observations and models can be used under different circumstances. The other comets
represent cases in which the techniques described earlier are applied to remote sensing data.
It should be noted that numerous other JFCs also exhibit structures in their coma, but in
many of these cases, there are not enough observations to usefully constrain the comet’s
physical properties.

6.1 Comet 19P/Borrelly

Comet 19P /Borrelly is a JFC that exhibits peculiar and interesting morphology. As discussed
in Section 3.1.2, the coma is strongly dominated by a sunward-pointing, narrowly collimated
jet (Fig. 2) that not only persists for several months around perihelion, but has been seen
on all favorable apparitions since it was first detected in 1911. When this primary jet fades
a few months after perihelion, a second feature becomes visible in the opposite direction,
though it is significantly weaker and shows a slight curvature.

The constant nature of the primary structure over both long and short time scales, means
that the main jet is aligned very closely with the spin axis of the nucleus, and that the
nucleus is in, or very close to, a state of simple rotation. Using the great circle technique
with the main jet, the spin axis was found to point to a=214°, é=—5° (obliquity ~100°)
(Farnham and Cochran, 2002; Samarasinha and Mueller, 2002; Schleicher et al., 2003). This
position in inertial space places the jet’s source continuously in sunlight throughout the
perihelion timeframe, with a minimum Sun angle of 10° about 6 weeks before perihelion.
Unfortunately, the near-alignment of the jet and the pole hides any rotational modulation
that would reveal additional information, so the morphology provides no constraints on the
rotation period or the direction of spin. (Fortunately, Lamy et al. (1998) and Mueller and
Samarasinha (2002) were able to derive a rotation period of ~26 hr from lightcurves of the
bare nucleus.) Historical descriptions and measurements of the jet were also used to derive
the spin axis position over the past century. Results from as early as 1911 vary by less than
about 8° from the 2001 solution, suggesting that any precession or drift of Borrelly’s spin
axis, though possibly real, is very small (Farnham and Cochran, 2002; Schleicher et al., 2003).

The Deep Space 1 spacecraft obtained a number of high-resolution images of comet Borrelly
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that show features around the nucleus (Boice et al., 2000; Thomas et al., 2001; Soderblom
et al., 2002; Soderblom et al., 2004). The collimated primary jet is clearly visible throughout
several weeks of approach observations. In the highest resolution images (e.g., Fig. 9) the
jet is seen to emanate from the central basin at the waist of the elongated nucleus, a loca-
tion coinciding with the smallest axis of the nucleus, where rotation is most stable. Thus,
the spacecraft observations confirm the ground-based assertion that the main jet is aligned
with the spin axis. The DS1 observations also show several other structures. The second
most prominent feature is a small fan jet emanating from the rounded end of the nucleus
near the sub-solar point. There are also other small, collimated jets in the main jet, though
they are skewed by about 15° from the main jet axis. None of these features is likely to
be the secondary jet seen in the ground-based images, as the observations suggest that that
source is on the opposite side of the nucleus and is unilluminated at the time of the DS1 flyby.

Main Jet

o

Small Fan —

Fig. 9. Deep Space 1 image of the dust coma of comet 19P/Borrelly, showing the main
collimated jet, the smaller secondary fan and the rapidly changing “loop” feature.

Another unusual feature seen in the DS1 images was a small, rapidly changing “loop” that
was detected just above the terminator. Each of the images from close approach show this
feature and, although it persists throughout the entire sequence, Fig. 10 shows that its ap-
pearance changes between each frame. The location and behavior of the loop indicate that
it is produced by a source that is beyond the terminator on an unilluminated portion of
the surface (Boice et al., 2000). The ejected material travels for a few seconds before rising
into sunlight, where it is seen highlighted against the dark background. The rapid changes
in its structure indicate that the source is variable on timescales as short as a minute or so.
Though this structure is not fully understood, it is possible that the rapid changes are part
of the shut-off process of an isolated source after it has rotated into darkness.
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Fig. 10. Sequence of Deep Space 1 images zoomed in on the the rapidly changing “loop”
structure in the coma of comet 19P /Borrelly. The saturated white region is the illuminated
surface of the nucleus, while the “loop” at the center of each panel appears in the darkened
region beyond the terminator. The time relative to closest approach is given in minutes.

An analysis of the radial profiles of the collimated jets shows that they remain nearly flat
for the first 5 km or so, then fall off with a slope near —1, and become even steeper at even
larger distances (Ho et al., 2003; Soderblom et al., 2004). This is interpreted as being caused
by large icy grains being emitted in the collimated flow. These grains begin to sublimate
and fragment a few seconds after leaving the nucleus and continue to fragment out to larger
distances, producing a continuous cascade to ever smaller particle sizes.

The determination of the rotation state of the nucleus also offers the ability to derive sec-
ondary measurements. Schleicher et al. (2003) showed that the solar zenith angle relative to
the primary source explains the comet’s seasonal effect, where production rates peak before
perihelion. The orientation and stability of the jet feature produced also explains Borrelly’s
nongravitational forces, which are larger than average, but have remained essentially con-
stant since the comet was discovered. The emission of material in the collimated jet produces
a strong recoil force that can perturb the comet’s orbit, but because this force acts along the
axis, it doesn’t torque the nucleus, allowing a stable spin state. In an offshoot of the mor-
phology results, quantitative analyses of the nongravitational forces were used to determine
the mass and density of the nucleus (Farnham and Cochran, 2002; Davidsson and Gutiérrez,
2004).

6.2 Comet 81P/Wild 2

Comet 81P/Wild 2 has only recently been perturbed from a ~40 year orbit into its current
6.4 year orbit, so it may be relatively new to the inner solar system, representing a more
pristine stage of cometary evolution than many other JFCs. It was also not extensively
observed until its 1996/1997 apparition, after it was selected as the target for the Stardust
mission.

During the first half of this apparition, the coma exhibited a fan structure extending per-
pendicular to the sun-comet line, as shown in Fig. 1. This orientation indicates that it must
be the result of nonisotropic emission rather than radiation pressure (which acts parallel
to the comet’s orbital plane). The fan remained visible from September 1996 through April
1997 with only gradual changes, and its constant appearance suggested that it was being
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produced by a high-latitude source (Schulz et al., 2003; Farnham and Schleicher, 2005). It is
not clear whether the fan is a wide source extending across the pole, or whether it is a cone
swept out by a narrow jet offset from the spin axis, but there is no evidence of rotational
modulation. After perihelion, the main fan disappeared, leaving a fainter, second structure
in the opposite direction. This secondary source appears to be variable, as it is not seen on
March 31 or April 25, but appears on April 2 and again on July 9. There is not enough
temporal coverage to determine if this is rotational variability or intermittent activity. A
dust tail was visible throughout the apparition, along with a faint anti-tail that suggests
there are large grains in the coma.

As with comet 19P /Borrelly, the long-lived fan in comet 81P/Wild 2 was used to determine
the orientation of the spin axis (arbitrarily designated as the North pole). Results from several
groups (a=298°, 6=—5°, Sekanina, 2003; «=297°, §=—10°, Vasundhara and Chakraborty,
2004; a=281°, §=+13°, Farnham and Schleicher, 2005; obliquity ~70°) agree surprisingly
well, given the range of observations used to constrain the models. The narrow opening
angle of the fan suggests that its source is located within ~15° of the pole. The secondary
source is likely to be at a mid-latitude on the opposite hemisphere, though it is not well
constrained. The pole orientation is such that the primary source is continuously illuminated
for several months before perihelion. This explains the seasonal effects, with the production
rates peaking 80 days before perihelion. Because there is no rotational modulation detected
in the ground-based images, neither the rotation period nor the sense of rotation could
be determined. Color maps of the coma show no variations between the features and the
ambient coma (Schulz et al., 2003; Farnham and Schleicher, 2005). Thus, the dust in the
jets seems to have the same general characteristics as those in the rest of the coma, at least
at the large distance scales measured. The radial profiles show that the primary jet has a
slope significantly steeper than —1, indicating grains that are changing with time, while the
secondary jet seen later in the apparition exhibits a slope much closer to the canonical value.

During the 2003/2004 apparition, the geometric conditions were extremely poor for Earth
observations, so few ground-based measurements are available for this apparition. However,
on January 2, 2004, the Stardust spacecraft flew through the coma of comet 81P/Wild 2,
collecting dust grains to be returned to Earth. During this encounter, dozens of images of
the nucleus and coma were obtained by the spacecraft, and these can be used to evaluate
the results obtained from ground-based studies on the previous apparition.

The nucleus is closely approximated by a triaxial ellipsoid. If its shortest axis is assumed
to correspond to the spin axis, as would be expected for an unexcited spin state, then the
pole lies in the direction «=290°, §=+13° (Brownlee et al., 2004b; Duxbury et al., 2004). A
more rigorous triangular plate model of the visible portions of the nucleus produces similar
results, with the axis pointed in the direction a=292° §=+17° (Kirk et al., 2005). These
results are consistent with the solutions obtained from the ground-based measurements to
within the uncertainties (typically ~10°).

During the encounter, dozens of small, collimated dust jets were observed to emanate from
various regions on the nucleus (see Fig. 11; Brownlee et al., 2004a). Because the encounter
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took place about 3 months after perihelion, the sub-solar latitude was around —30°— too
far south to illuminate the source for the main fan jet. Although this was fortunate for the
safety of the spacecraft, it means there is no way to test the derived location of the fan’s
source. However, for 20 of the observed jets, Sekanina et al. (2004) used the parallax in
different images to project the features back and determine where they intersect the triaxial
ellipsoid model of the nucleus, with some interesting results. Two of the jets originate from
regions on the nucleus that are unilluminated, again suggesting that there is a time lag that
allows dust production to continue, even when the Sun is no longer driving the activity.
Other features converge to higher albedo spots on the surface or to topographic shapes on
the surface, though there is no consistent property in common for all the jets.

Fig. 11. Stardust image showing the nucleus and coma of comet 81P/Wild 2. Numerous
radial jets are visible, including at least two that originate from regions of the nucleus that
are in darkness (extending to the upper right). The nucleus is overlaid with a different
scaling to reveal its details.

Sekanina also extrapolates the features outward and finds about a dozen potential occasions
where the Stardust spacecraft may have passed through a stream of jet material. The ap-
proximate timings of several of these crossings correspond to regions where the dust flux
monitor measures higher dust densities. (These crossings have spatial scales of hundreds of
kilometers, as opposed to the one kilometer scale outbursts that are believed to be large
grains fragmenting into their constituent particles in the coma.) Comparing dust fluxes in
these high density regions to those in other portions of the spacecraft’s path may represent
a means of indirectly sampling the properties of different active regions across the surface.
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If we use the 1996/1997 observations as representative of the comet’s behavior, then we
understand that the primary fan is in perpetual darkness at the time of the encounter, but the
secondary jet may have been illuminated. However, all of the features seen in the encounter
images are relatively small, which probably indicates that the secondary source was also
inactive during the encounter. (We note that the few ground-based observations available
from around the time of the Stardust encounter (e.g., Farnham and Schleicher, 2005) show
no features other than the dust tail, though the observing conditions are very poor.) An
alternative scenario is that the superposition of many small jets acts to mimic a single feature
when seen at lower resolutions. If this were the case, then this would reinforce the caution
that solutions derived from features are strongly dependent on the correct interpretation of
those features.

6.3 Comet 9P/Tempel 1

Comet 9P /Tempel 1 is currently the best object available for comparing results from ground-
based observations to those obtained in situ. In support of the Deep Impact mission, as-
tronomers around the world monitored the comet for months before the event, using a
variety of instruments and observing techniques. Furthermore, the spacecraft observed the
comet for nearly two months before encounter, providing a long-term record of the tem-
poral variations. Collectively, these observations provide a wealth of data for exploring the
relationship between the coma and the nucleus.

The 5.5 year orbital period of Tempel 1 presents the Earth with alternate favorable and
unfavorable apparitions. The 1999/2000 apparition, the first after the comet’s selection as
the DI target, was a poor one, so prior to the 2005 apparition, the only reported structures
were an asymmetric coma and a fan-shaped feature (e.g., Walker et al., 1992; Ferndandez
et al., 2003). Early in the 2005 apparition, continuum observations showed the asymmetric
coma, which evolved into a fan several months before perihelion, distinguishable from the
dust tail because it consistently pointed South of the orbital plane (e.g., Barnes et al., 2005;
Farnham et al., 2005; Woodney et al., 2005; Lara et al., 2006). The fan was brightest and best
defined about two months before perihelion, around the time the production rates peaked
(Schleicher et al., 2006). Even though the rotation period was known to be 41 hr (A’Hearn
et al., 2005), the fan remained stable, changing only on timescales of a month or so, which
suggests that the source of the fan must be located near the spin axis. This result, along with
the fact that the fan points to the south of the orbital plane leads to the conclusion that the
nucleus must have a small obliquity (Lara et al., 2006; Schleicher et al., 2006; Keller et al.,
2007, Samarasinha, private communication). The comet’s nongravitational forces, strongest
in the direction normal to the orbital plane (Yeomans et al., 2005), are consistent with this
scenario. By April 2005, the southern fan had faded significantly from its peak, though it
was still the brightest portion of the coma. Also during this time, enhanced images began
to reveal radial features extending outward from the nucleus (Lara et al., 2006; Boehnhardt
et al., 2007), and although they changed gradually, they continued to be detected until the
time of the DI event. Under the assumption that they are the edges of emission cones, these
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linear structures suggest that there are as many as 3 or 4 significant sources on the nucleus.

Observations of the gas coma (specifically CN) also reveal a southward jet, but it displays
a different form than the dust fan, and shows variations on timescales of hours (Farnham
et al., 2005; Schleicher et al., 2006; Boehnhardt et al., 2007). Although the observations were
too sparse to independently derive a rotation state, these CN features exhibited changes
consistent with the 41 hr rotation period and confirmed that their source was located near
the pole.

The extensive monitoring of Tempel 1 shows that the radial gradient of the coma changed
with time (Lara et al., 2006; Farnham et al., 2007b; Milani et al., 2007). Early in 2005,
the coma falloff was consistently much steeper than the canonical value, so the dust was
evolving dramatically after leaving the nucleus. However, as the comet neared perihelion,
the coma gradient approached a slope of —1. Thus, grain behavior was changing, either due
to differences in the effects of solar irradiation or to seasonal effects shifting the active areas
on the nucleus.

Spatial polarization measurements show a low degree of polarization in the coma, with the
fan being indistinguishable from the rest of the coma. Observations in conjunction with a
broadband R filter do show some small variations that correspond to the linear structure
in the inner coma (Hadamcik et al., 2007), however, this observation is in conflict with
the lack of features seen in at longer wavelengths in Gunn i’ filter images (Furusho et al.,
2007). Though the observing conditions are similar in the two data sets, the discrepancy
could be due to differences in signal-to-noise, or possibly to contamination of unpolarized
gas emissions in the R filter.

The Deep Impact approach and encounter data is an excellent example of how resolution
can play a major role in detecting and analyzing coma morphology. Unlike the DS1 and
Stardust missions, the DI Medium Resolution Instrument (MRI) observations began two
months before encounter and were obtained at 4 hour intervals (with increased sampling
around the time of encounter), providing a continuous data set that links the distant, low
resolution observations to the highest resolution images from encounter (Farnham et al.,
2007b). In the first images from early May 2005, the southern fan was the only feature
seen. As the range decreased, a small, narrow feature appeared to the northeast, then the
southern fan was resolved into a series of arcs (which were in actuality segments of the
conical spiral forming the fan). Temporal sequences show the arcs expanding outward as the
nucleus rotates with the 41 hr period. The northeast feature was fainter, but proved to be
the edge of a second cone, produced by a pair of jets at a common latitude on the opposite
hemisphere.

The comet’s pole orientation and direction of rotation were derived in conjunction with the
shape model («=294°, §=+73°; Thomas et al., 2007). This pole position gives an obliquity of
only ~12° which agrees with the ground-based assertion that the pole is nearly perpendicular
to the orbital plane. Given this solution, the northern sources are near +40° latitude, and
the southern fan is produced, at least partly, by a jet near —45° (Farnham et al., 2007b),
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which also agrees with the ground-based observations. We note that the peak in gas and
dust production ~80 days before perihelion (Schleicher et al., 2006) suggests that the most
productive active area on the surface has shut down by the time of the DI encounter, and the
sub-solar latitude of +11° suggests that the inactive source is probably in darkness near the
south pole. Unfortunately, the absence of a signature from this source in the DI observations
means that the details regarding its location can’t be well constrained. It might be that the
jet at —45° originates from the northernmost edge of an extended active area or an entirely
separate active region could lie closer to the pole.

Shortly before closest approach, the nucleus was resolved, along with numerous radial fea-
tures (see Fig. 12; Farnham et al., 2007b). The surface brightness is dominated by the broad
southern fan, but a narrower jet lies in the sunward direction and several fainter jets extend
to the North. The three dimensional structure of these features can be derived using the
parallax obtained from stereo pairs of observations (either two flyby images from different
viewing directions, or an image from the flyby spacecraft and another from the impactor
spacecraft). Work is currently underway to use the parallax information to project these
features back to locate their points of origin on the nucleus.

Fig. 12. Deep Impact image of the nucleus and dust coma of comet 9P /Tempel 1 (Farnham
et al., 2007b). The bright southern fan extends toward the bottom of the image, and
numerous intricate features radiate in all directions. The arrow denotes night-side features
that emanate from just beyond the terminator. The nucleus is overlaid with a different
scaling to reveal its details, and the “4” shows the approximate location of the sub-solar
point.
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There are a couple of structures of particular interest in the high-resolution images. Near
the northern limb, small (~10 m across), narrow jets are seen extending from the surface
of the nucleus. Figure 8 shows that, as the flyby spacecraft passed under the nucleus, these
jets appear to cross over the upper horizon, and these motions were used to approximate the
source of the emission (Farnham et al., 2007b). It is clear that these small jets are in some
way associated with the patches of surface water ice identified by Sunshine et al. (2006).
The jets seem to project from near the edge of the ice patch in each case, rather than from
the center or the full extent of the patch. This suggests that the jet and the ice patches
are probably both produced by the same mechanism (rather than one causing the other).
One potential scenario is that there are several sub-surface vents in the region, with the jets
representing the dust entrained in the gas outflow, and the ice patches resulting from water
recondensing on the surface around the vent during the night. Further analysis is needed to
investigate the phenomenon in more detail.

The second feature of interest is located just beyond the terminator near the South pole
(Fig. 12). Several bright clouds can be seen isolated against the dark background. These
appear to be dust emanating from a source on the night side of the nucleus, with the plume
rising above the local horizon into sunlight. As with comets 19P/Borrelly and 81P/Wild 2,
activity from a source that is not in direct sunlight holds implications for the thermal prop-
erties of the nucleus material. After the DI impact, this region of the nucleus was indirectly
illuminated by light reflected off the ejecta plume. Comparing the dust features to the surface
topography, it appears that the night-side jets originate from around the edge of a scarp,
suggesting that activity could be generated from nearly vertical surfaces that undercut the
mantle, as described in Section 3.1.1. (Several kilometers of scarp, 20 m high and eroding
back by about 50 m would produce the activity seen throughout an entire orbit of Tempel 1
(A’Hearn et al., 2005; Bensch et al., 2006).)

In addition to the dust coma, DI obtained images of the gas coma. Narrowband filters were
used to image the coma during approach, and these images are currently being analyzed
to determine the structure of the CN, C, and C3 (McFadden et al., 2006). During the DI
encounter, the slit on the Infrared Spectrometer was also scanned across the coma and
nucleus, and these scans are used to create images at different wavelengths. Figure 7 shows
the HoO and CO, comae, with different features identifiable in each species (Feaga et al.,
2007). Interestingly, the structure of the HyO is different from that in the COy and neither
gas species exactly matches the dust features. The water emission is predominantly in the
sunward direction, though it is not centered at the sub-solar point, while the COy is strongly
concentrated to the south.

Monitoring of comet Tempel 1 not only showed periodic variations in the coma, but also
a number of transient outburst events, observed from Earth and HST as well as the DI
spacecraft (Lara et al., 2006; Feldman et al., 2007). These spontaneous outbursts tend to
occur at preferred rotational phases (Farnham et al., 2007b), suggesting that they are related
to particular properties and illumination conditions on the nucleus, yet they do not occur
on every rotation and the appearance (and even the direction) of the ejected material can
vary dramatically, even for outbursts at the same rotational phase.
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Finally, the impact of the DI probe produced another transient event that was observed
worldwide, and analyses of the event reveal some interesting results. The dust ejected in the
impact remained in the vicinity of the nucleus for several days, with the coma returning
to pre-impact conditions after about six days. Models of the ground-based images indicate
that the dust grains were typically micron-sized, with ejection velocities between 150 and
250 m s~!, depending on when and where the measurements were taken (Schleicher et al.,
2006; Feldman et al., 2007; Keller et al., 2007; Lara et al., 2007; Manfroid et al., 2007). Initial
observations of the gas showed the same basic appearance as the dust ejecta, but expansion
velocities 5-10 times higher. The CN and other species returned to pre-impact levels after
only a day or so, while the dust took many days to dissipate, so any grain sublimation must
have taken place in the first few hours after the impact.

In relation to coma morphology, another important result of the DI experiment was the lack
of any continued emission after the initial event. All evidence points to the conclusion that,
even though the impact punched a 200 m hole through the mantle, it had little lasting effect
on the comet’s normal activity. (e.g., Keller et al., 2007; Méakinen et al., 2007; Schleicher,
2007; Weiler et al., 2007). It’s possible that the impactor hit a relatively depleted area of the
surface, that the opening quickly sealed itself off (e.g., ejecta falling back into the crater) or
that the vent did remain active but its contribution was just too small to be detected against
the comet’s normal activity (even if only a few percent of the comet’s ~450 km? of surface
area is active, it is still orders of magnitude larger than the ~0.1 km? of crater area). In any
case, the result has implications on how difficult it may be to introduce new active areas on
a comet.

6.4 Comet 2P/Encke

Comet 2P /Encke is historically the most frequently observed JFC, having been observed on
almost every apparition since it was determined to be a periodic comet in 1818. Its 3.3 year
orbit is very stable, yet even after thousands of passes to within 0.33 AU of the sun, the
comet is still active, showing that JFCs may have very long lifetimes before they become
completely inactive. (Comets may go through periods of dormancy, only to become active
again when their orbits have shifted further into the inner solar system, and 2P /Encke may
be in one of these newly active phases (Kresak, 1987; Wetherill, 1991).) 2P /Encke’s activity is
somewhat unusual, however, with higher production rates around aphelion than at perihelion,
and this seasonal effect, combined with repeatable coma features indicates that there is a
protective mantle covering the surface. Historically, a sunward fan has been observed on every
third or fourth apparition (e.g., Sekanina, 1988a,b), though with improvements in observing
technology, it has been seen more frequently, appearing 2-3 months before perihelion, and
disappearing shortly before perihelion. Given the reproducibility of this fan, it is probably
present on every apparition, but may not be detectable due to observing circumstances (e.g.,
the Earth is inside the cone) or unfavorable geometry (the comet’s 3.3 year orbit causes
a roughly 10 year cycle of 3 orbits, in which the comet is visible pre-perihelion on one
apparition, post-perihelion on the second, and essentially unobservable due to small solar
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elongations on the third). Features tend to be absent in the post-perihelion timeframe, though
there is one report of a distinct jet observed about six months after perihelion (Kelley et al.,
2004).

The sunward fan is usually associated with the continuum observations (e.g., Butterworth,
1984; Kelley et al., 2004), and the lack of silicate features in its spectrum suggests it is
composed of large grains (Kelley et al., 2004). (A dust trail of millimeter-sized grains ex-
tending around the comet’s orbit provides additional evidence for large grains (Gehrz et al.,
2004; Kelley et al., 2004).) The fan is usually seen even without image enhancements, so the
material comprising it represents a significant portion of the comet’s dust emission. Jewitt
(2004a) use polarization maps to show that the fan is more highly polarized than the rest of
the coma, with the degree of polarization increasing with distance from the nucleus. Similarly
the dust colors are redder in the inner fan and become bluer with distance. These factors
indicate that the dust is changing on timescales of hours, and the behavior is consistent with
large fluffy grains disaggregating as they recede from the nucleus. Kiselev et al. (2004) also
find a higher polarization in the fan, but they see a decrease in the degree at larger distances
from the nucleus. The difference is likely due to gas contamination of the observations, which
were obtained with broadband filters. (Though they attempted to correct for the NH emis-
sion, there are a number of other contaminants, and in a gas-rich comet the unpolarized gas
emissions will dominate the outer coma.)

The fan is also detected in measurements of the gas. Photographic plates capturing wave-
lengths where emission from multiple gas species is strong show a much more rounded shape
than plates restricted to the continuum (Djorgovski and Spinrad, 1985), International Ul-
traviolet Explorer (IUE) maps of OH in the coma reflect the asymmetric fan shape seen at
visible wavelengths (Feldman et al., 1984; Festou and Barale, 2000), and long-slit spectra
of the coma show dramatic asymmetries in the gas emission along the fan axis (Cochran,
2004). Thus, either the gas comes from the same source as the dust, or the fan is an extended
emission source, with large grains emitting gas in the coma.

Sekanina (1988a,b) produced the first derivation of 2P/Encke’s rotation state, using the
great circle solution on measurements of the fan from 1868-1984. Results from these analy-
ses found a pole orientation around a«=205°, §=+2°, (obliquity ~70°) with the fan’s source
region at +55° latitude. Festou and Barale (2000) attempted to model the gas coma, as it
was observed in 1980, using non-isotropic emission. They found that emission from the sub-
solar point could not reproduce the observations and instead preferred a source on a rotating
nucleus (with the spin axis oriented near «=198°, 6=0° and the source at a latitude of 50°).
More recently, Woodney et al. (2007) used the close approach of Encke in 2003 to obtain
observations of the fan using narrowband filters to isolate the CN emission. The spatial scales
were good enough to reveal a corkscrew morphology (Fig. 13), proving that the fan is indeed
a cone of material centered on the spin axis. The great circle solution was applied to the
corkscrew to derive a pole orientation of a=218°, §=+9°, with a source at +70° latitude.
The agreement between these different solutions suggests that, as with comet 19P/Borrelly
the spin axis may be gradually drifting with time, but for the most part, 2P /Encke’s nucleus
is in a state of simple rotation.
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Fig. 13. CN image of comet 2P /Encke, showing the corkscrew detail in the sunward fan,
extending to the upper right. The coma has been enhanced by division of an azimuthally
averaged profile and the “4” denotes the optocenter.

The derived solution explains the seasonal effects in the comet’s activity as well as the
pre-perihelion fan. Given the comet’s orbit and the pole orientation, the sub-solar latitude
remains above 40° for well over a year before perihelion, then rapidly moves South, cross-
ing the equator about a week before perihelion. Thus, the high latitude source remains
continuously illuminated during the entire inbound leg of the orbit, and moves into con-
tinuous darkness just before perihelion. The lack of activity after perihelion indicates that
the southern hemisphere is heavily mantled due to repeated heating of the surface at small
heliocentric distances. Only three months after perihelion, the Sun again crosses the equator
moving North, and the high-latitude source again becomes illuminated. It is likely that this
same active area is the source of the dust feature seen six months after perihelion (Kelley
et al., 2004).

The rotation period of comet 2P/Encke has been difficult to define, as lightcurves from
different epochs have produced different results, with measurements from the 1980s showing
periodicities around 15 hr and more recent measurements showing 11 hr. Belton et al. (2005)
present a discussion of the lightcurve analyses that we will not reproduce here, but a new
and interesting twist has arisen and we note it here because it was derived from the coma
morphology. From their 2003 observations, Woodney et al. (2007) produced a lightcurve with
a period of 11.07 hr. More importantly, however, their CN observations of the corkscrew show
repetitive features that can be used to obtain an independent measure of the rotation period,
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and models of the corkscrew as a function of time suggest that the period is only consistent
with the 11 hr determination. This leads to the surprising conclusion that the nucleus has
a single-peaked lightcurve, and thus has either an extreme albedo variations or an unusual
shape.

6.5 4P/Faye

Comet 4P /Faye is a fairly innocuous JFC that tends to exhibit a featureless, but asymmetric
coma. The particle size distribution ranges from small silicate particles, evidenced by features
in the spectrum (Hanner et al., 1996), to large grains that produce a long-lived dust trail
(Sarugaku et al., 2007). However, the slope of the radial profile seems to remain near —1 in
observations at different times and spatial scales (Jorda et al., 1995; Lamy et al., 1996), and
color maps of the coma are neutral, (Grothues, 1996) suggesting that the dust is not changing
significantly after it leaves the nucleus. Jorda et al. (1995) and Grothues (1996) used the
apex distance in the sunward direction to compute dust velocities around 100-200 m s~* for
the smallest grains.

Given an active fraction ~3%, Lamy et al. (1996) made an assumption that the asymmetry
of the coma was due to a high-latitude source on the rotating nucleus, with the earth situated
inside the cone that is swept out. By modeling the observed surface brightness, they found
a pole orientation in the vicinity of a=215°, 6=+10° (obliquity ~70°) with a source at +50°
latitude. They do acknowledge that there are other interpretations for the asymmetry, and
these may be more plausible, since a fan is never reported from outside the cone, even though
observations are available for other times and viewing geometries.

6.6 Comet 7P/Pons-Winnecke and Comet 8P/Tuttle

Comets 7P /Pons-Winnecke and 8P /Tuttle both tend to be faint, with relatively low activity
levels. They are both associated with meteor showers (the Bootid and Ursid meteor showers,
respectively (Jenniskens, 2006)) indicating that, like many other JFCs, they emit large dust
grains. Neither object is heavily studied and this, combined with the low activity, means that
there are few reports of coma morphology. However, both comets have made close approaches
to the Earth during which time features have been detected.

In 1927, 7P /Pons-Winnecke passed only 0.04 AU from the Earth, and for two months, a
persistent sunward fan was visible. Sekanina (1989) used measurements of this fan to derive
the pole orientation of the nucleus a=87°, §=+54° (obliquity ~60°).

In December 2007, comet 8P /Tuttle approached to within 0.25 AU of the Earth, and although
it was not as close as Pons-Winnecke, observations of the gas coma showed multiple features
(Schleicher and Woodney, 2007a,b). Intricate arcs were detected in images of the CN, C,
and Cj, with at least three successive layers moving outward at 1.1 km s~!. Schleicher and
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Woodney used the spacing and the motions of these features to derive a 5.71 hr rotation
period, the certainty of which is reinforced by the presence of multiple pairs of images, from
various rotational cycles, that have matching structures.

6.7 Comet 10P/Tempel 2

A persistent sunward fan has been observed in comet 10P/Tempel 2 on many occasions
(e.g., Jewitt and Luu, 1989; Boehnhardt et al., 1990). Sekanina (1991b) applied the great
circle solution to measurements of the fan to compute a pole position a=147°, §=+55°
(obliquity 54°), with the source at a latitude higher than 60°. This result has accurately
predicted the fan’s position on every apparition since it was presented (e.g., Boehnhardt
et al., 1990; Akisawa et al., 1992), which strongly indicates that the nucleus is in a state of
simple rotation. The fan is also seen in images obtained in the thermal infrared (Campins
et al., 1990) and in gas measurements (Boehnhardt et al., 1990; Spinrad, 1991). The spatial
resolution in observations from the 1999 apparition were good enough to distinguish shell-
like structures in the fan (Hergenrother and Larson, 1999), proving that it was formed by a
jet on the rotating nucleus.

Comet 10P/Tempel 2 is one of the few comets for which a change in rotation rate has been
confirmed. Sekanina (1991b) used lightcurve measurements to deduce a rotation period of
8.93 hr in 1988. On the next apparition in 1994, Mueller and Ferrin (1996) obtained mea-
surements that were inconsistent with the 8.93 hr period (though there were several possible
periods that fit the data). On the 1999 apparition, we obtained extensive observations that
clearly show a period of 8.937 hr (20 s longer than the Sekanina result), which is incon-
sistent with any of the previous results, showing that changes are continuing. What makes
this significant is that 10P/Tempel 2 has a larger-than-average nucleus that is active over
only about 1% of its surface (Sekanina, 1988; A’Hearn et al., 1989; Jewitt and Luu, 1989).
Additional study is needed to determine how the observed jet can produce sufficient torques
to change the spin rate of a nucleus this large, but the implications for smaller nuclei are
significant.

6.8 Comet 17P/Holmes

Comet 17P/Holmes was discovered in November 1892 during an outburst, and a second
outburst followed in January 1893. In the apparitions over the intervening century, the comet
was either not observed, or presented an unspectacular appearance. On October 23, 2007,
17P /Holmes experienced what may be the biggest ever recorded for a comet (Buzzi et al.,
2007), increasing its brightness by 12 magnitudes in one day. In the outburst, a significant
amount of dust was ejected (e.g., Montalto et al., 2008; Sekanina, 2008). Shortly after
the event, a diffuse secondary condensation was detected near the nucleus, and both were
surrounded by an expanding shell of dust and gas (Snodgrass et al., 2007). The nature of the
secondary optocenter is currently undetermined. It could be a surface fragment, blown off in
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the outburst, that continuously broke up, or it could simply be a cloud of low-velocity dust
that slowly diffused away. Detailed modeling should be done to determine which scenario is
most likely.

Over the next few months, the shell expanded rapidly (600 m s™! at the leading edge) and the
secondary condensation faded. Numerous streaks and rays were observed within the shell,
some radiating from the nucleus, while others were more disorganized striae. Although many
of these features appeared to be remnants of the ejected dust cloud, long-term monitoring
revealed at least one jet that remained continuously active and varied periodically (Moreno
et al., 2008; Trigo-Rodriguez et al., 2008). This outburst may then provide an example of a
process (though arguably an extreme one) that could produce new active regions. Moreno
et al. (2008) modeled the jet activity to derive an axis orientation «=39°, 6=+35° (obliquity
90°), with the jet’s source near the south pole. With this orientation, the pole would have
been pointed toward the sun at the time of the outburst, however, given the size of the
outburst and the amount of material ejected, the rotational state could have been changed
during the event. Furthermore, it is also possible that the nucleus is in a state of excited
rotation, thus violating the assumption of simple rotation that was made in modeling the
jet features.

After reports of the outburst, comet 17P/Holmes was extensively observed to investigate
this unique event. Most of the data has yet to be fully analyzed, promising many interesting
results are still forthcoming. The comet will also be of intense interest on its next few
apparitions, to determine, among other things, if the jet observed after the outburst continues
to remain active (to determine if a long-lived active region was uncovered) and if the nucleus
exhibits excited rotation (possibly setting limits on the relaxation time). Observers will also
be watching to see if any outburst activity is repeated.

6.9 Comet 22P/Kopff

There was little evidence for coma structures in comet 22P/Kopff between its discovery
in 1906 and 1977, but strong nongravitational effects implied the presence of non-isotropic
emission. Not only were the nongravitational forces strong, but the transverse component,
which was positive around the time of the comet’s discovery, reversed its sign around 1950
(Sekanina, 1984). This is generally agreed to be caused by a gradual drift or precession
in the nucleus’s rotation, and several studies have been done to model the variations and
characterize the forces involved (Sekanina, 1984; Rickman et al., 1987; Yeomans and Chodas,
1989; Sitarski, 1994). Results from these studies differ depending on the assumptions that
are made regarding the distribution of the activity that produces the jet forces.

After showing no morphology for so many of its early apparitions, in 1983 22P /Kopff began
to exhibit structure in its coma. Beginning in 1983, Sekanina (1984) noted an asymmetric
coma, while Cochran (1986) found the comet to have seasonal effects, showing higher activity
before perihelion than after. After perihelion of the 1990 apparition, Farnham et al. (1996)
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observed a broad fan pointed to the south of the orbital plane. The fan’s 18 month persistence
allowed the great circle technique to be used to compute a pole orientation in the vicinity
of a=150°, §=+85° (obliquity ~25°). The comet has continued to exhibit a southern fan on
subsequent passes, as reported by Cremonese and Rembor (1996) and Lamy et al. (2002)
during the 1996 apparition and Miura et al. (2007) in 2003. The position of the fan in 2003
is inconsistent with that predicted by the Farnham et al. pole solution, which may indicate
that the pole continues to precess.

6.10 Comet 67P/Churyumov-Gerasimenko

In 2014, the Rosetta spacecraft will rendezvous with the nucleus of comet 67P/Churyumov-
Gerasimenko (67P/C-G), and will collect long-term, in situ observations while the comet
approaches and recedes from the Sun. The extensive amount of data that will be obtained
will make 67P/C-G the best test case for studies of come morphology (and virtually all
other observational techniques). In preparation for the Rosetta rendezvous, ground-based
observations are being obtained to characterize the behavior of the comet Unfortunately,
67P/C-G was selected as the Rosetta target well after the comet had passed perihelion in
2002, so observations from that apparition are limited. The 2009 perihelion passage, on the
other hand, promises to provide extensive observations in support of the mission, and coma
morphology will undoubtedly play a role in the analyses.

The active fraction of 67P/C-G is only about 6% (Kidger, 2003; Lamy et al., 2003) and the
activity exhibits seasonal variations, with the OH and dust production peaking roughly a
month after perihelion (Hanner et al., 1985; Kidger, 2004). Furthermore, the nongravitational
forces are significant and appear to be consistent with the activity levels relative to perihelion
(Chesley, 2004; Davidsson and Gutiérrez, 2005). These factors all suggest that the surface
is highly mantled, with only a few small active areas. The observations from the spring of
2003 do indeed show several straight jet structures (Lamy et al., 2003; Schulz et al., 2004;
Weiler et al., 2004; Lara et al., 2005), but by the time of the observations, they are small
and not well defined. The morphology remains fairly constant throughout the observations,
prompting the suggestion that the straight structures are the edges of a cone swept out
by a narrow jet, but because the viewing geometry only changed by ~15°, the great circle
solution provides little constraint on the direction of the spin axis. Several pole solutions
and limits have been dervived using different techniques, including two that involve the
coma morphology (Chesley, 2004; Schleicher, 2006). Although neither of these solutions is
tightly constrained, they are fairly consistent, falling within 18° of each other. They also both
fall within the ranges of constraints from other techniques (Weiler et al., 2004; Davidsson
and Gutiérrez, 2005; Lamy et al., 2006). Measurements of the coma’s radial gradient show
that it has a slope near the canonical value of —1, though it is not always constant with
distance (Schulz et al., 2004; Lara et al., 2005; Lamy et al., 2006).
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6.11 Comet 73P/Schwassmann-Wachmann 3

The series of nuclear fragmentation events experienced by comet 73P/Schwassmann-Wach-
mann 3 (73P/S-W3) offer the opportunity to explore many different aspects of cometary
physics. The first signs of a nucleus breakup were seen in September 1995 (Crovisier et al.,
1995; Bohnhardt et al., 1995), with four fragments ultimately detected. Fragments were again
seen in 2000, though there was no evidence for continued breakup. The 2006,/2007 apparition
was particularly favorable, however, because the comet approached to within 0.08 AU of
the Earth when it was near perihelion. During this encounter, the comet was observed to
experience multiple cascading fragmentation events (Sekanina, 2007), which were observed
by numerous observers worldwide. These observations will provide useful information about
the exposure of fresh material, as well as providing constraints on the size distribution of
the cometesimals that comprised the nucleus, and the dynamics involved in their breakup.
Studies of 73P/S-W3 and other fragmented JFCs are addressed more fully by Ferndndez
(2008).

Both dust and gas features were seen in the coma around a number of the fragments (e.g.,
Bonev et al., 2008) indicating that fresh ices are being exposed. The most widely observed
fragments were C, which has apparently remained stable since the 1995 splitting, and B,
which continued to breakup through the 2006 apparition. (In keeping with well-observed
framentation events, two pairs of arclets were reported in fragment B (Lara et al., 2007)).
Comparative studies of these two pieces will help our understanding of how fragments evolve
after a breakup. Storm et al. (2006) are using high spatial resolution images of CN features
to study the rotation state of fragment C, which seems to be in a state of simple rotation.
Fragment B is undoubtedly in a state of complex rotation due to changes in its moment
of inertia during the 2006 series of breakups, so future measurements of its spin state will
provide constraints on the relaxation times for the excitation of the nucleus.

Polarization measurements and color maps of the different fragments also show that there
are, not surprisingly, large dust grains that continue to fragment into smaller particles (Bonev
et al., 2008; Ramos-Larios et al., 2008).

6.12 Comet 103P/Hartley 2

Comet 103P /Hartley 2 is different from most other JFCs, in that it appears to be active over
a large fraction of its surface. Where most objects have an active fraction of less than 10%,
measurements of 103P /Hartley 2 using various techniques have found active fractions ranging
from 35% to greater than 100% (Groussin et al., 2004, and references therein). Because of
the high active fraction, features are rarely detected in the coma of Hartley 2, though Suzuki
et al. (1993) reported seeing CN and C, jets during the 1991 apparition, and models of
the dust emission by Epifani et al. (2001) suggest that there is nonisotropic emission. More
observations are clearly needed to fully characterize this comet’s behavior.
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It was recently announced that 103P/Hartley 2 is the new target for the Deep Impact Ex-
tended Investigation (DIXI), with an encounter currently scheduled for November 4, 2010.
This is a fortunate development, in that it is an opportunity to obtain unprecedented obser-
vations of a comet with a large active fraction, which will provide important new information
regarding mantle formation. The geometric conditions are favorable for Earth-based obser-
vations in the months before the encounter, with up to 10 hours of visibility per night, and a
close approach to the Earth (0.12 AU) on October 21. Under these circumstances, the coma
can be extensively monitored for months prior to the spacecraft flyby. Furthermore, the
encounter will occur when the comet is only 0.15 AU from Earth, allowing high-resolution
images of the coma to be obtained from Earth, maximizing the likelihood that features seen
in the Earth-based observations can be linked to those in the spacecraft images.

7 Discussion

Jupiter family comets as a population present unique opportunities for detailed cometary
studies. They represent a broad range of ages and evolutionary states, from young members
that are relatively new to the inner solar system, to the oldest members that have seen
thousands of perihelion passages. Because they have short orbital periods, they are more
accessible than other classes of comet and can be observed on multiple apparitions (or even
throughout an entire orbit). Not only does this allow for follow-up investigations to build
upon previous discoveries, but new and better techniques can always be brought to bear to
improve our understanding of the comet’s behavior. The accessibility of JFCs also makes
them logical choices for in situ spacecraft missions. Five of the six comets already visited
by spacecraft, and all three targets of currently active missions are JFCs. These factors all
contribute to the fact that members of the Jupiter family class are the most widely studied
of comets.

Spacecraft observations provide the best constraints on cometary models and studies, but
they are necessarily limited as to the number of objects that can be visited. Thus, one of the
most valuable roles of these in situ measurements is to act as test data for calibrating and
evaluating remote sensing techniques that can be applied to other comets. The techniques
that use coma morphology to derive nucleus rotational properties have now been tested on
three different JFCs (19P/Borrelly, 81P/Wild 2 and 9P/Tempel 1). In each case, the col-
limated jet models were highly successful in deriving rotational parameters consistent with
the results determined from the spacecraft measurements. This imparts confidence that the
techniques are valid for use in these studies and supports the presumption that they can reli-
ably derive the properties of other comets. A list of JFCs, along with their derived rotational
properties is given in Table 1. In each case, coma morphology played a role in determination
of those rotation properties.

With rotational parameters being reliably measured, other techniques that utilize coma mor-
phology should now be improved. Currently, radial gradient profiles, color maps, polarization
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Table 1
JFC Rotation States Derived or Constrained by Coma Morphology

Comet R.A.' Dec.! Obl2 Period? Source
¢ 6 ¢ (hr)

2P /Encke 205 +2 70 Sekanina, 1988a
198 0 75 Festou and Barale, 2000
218 +9 58 11.07+£0.01 Woodney et al., 2007

4P /Faye 215 +10 70 Lamy et al., 1996

7P /Pons-Winnecke 87  +54 60 Sekanina, 1989

8P /Tuttle 5.7£0.04  Schleicher and Woodney, 2007b

9P /Tempel 1 294 473 12 40.83+0.33 A’Hearn et al., 2005

10P /Tempel 2 147 +55 54 Sekanina, 1987b

17P /Holmes 39 +35 90 Moreno et al., 2008

19P /Borrelly 214 -9 102 Farnham and Cochran, 2002
221 -7 99 Samarasinha and Mueller, 2002
214 —6 103 Schleicher et al., 2003

22P /Kopft 120 +85 26 Farnham et al., 1996

67P /Churyumov- 90 475 43 Chesley, 2004

Gerasimenko 223 —65 134 Schleicher, 2006

81P/Wild 2 298 -5 75 Sekanina, 2003
297 —10 80 Vasundhara and Chakraborty, 2004
281 +13 56 Farnham and Schleicher, 2005

I Right ascension and declination of the rotation pole.
2 Obliquity of the rotation axis relative to the orbital momentum vector.
3 Rotation period of the nucleus.

maps, albedo maps and other spatial variations are used to differentiate features and regions
in the coma, with general descriptions put forth to explain the observations. As they currently
exist, these techniques seem to work well as qualitative analysis tools, in that they tend to
be self-consistent between themselves and in conjunction with spacecraft results (e.g., almost
all lines of evidence suggest that grains fragment as they recede from the nucleus). However,
future studies (including theoretical and laboratory investigations) should be developed to
quantify the effects of the processes that bring about these coma variations, so that observed
phenomena will lead to more concrete results regarding the properties of the dust and gas
escaping from the comet. Studies involving polarization have been underway for some time,
and the field has progressed to the point that measurements of the shape and degree of
polarization can often be used to make specific conclusions about the dust characteristics.
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Similarly, work is underway to model the evolutionary effects of the dust grains, to quantify
their effects on the coma’s radial gradient profiles. These studies are in their early stages,
but could provide a basis for using observations of the coma shape to specify what processes
are acting on the dust grains.

A final question that needs addressed is what produces the well-defined features detected
in the gas images. If these are truly the result of highly collimated jets emerging from the
nucleus, then what mechanism is producing the collimation? Alternately, if the features are
produced by secondary emission from small dust grains, then what are the properties of
these grains, and how might they relate to the CHON particles detected in the coma of
comet 1P /Halley? Unfortunately, the resolution of this issue is not likely to be derived from
ground-based observations, and, as with many other unanswered questions, must await the
arrival of the Rosetta spacecraft at comet 67P/Churyumov-Gerasimenko.
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