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Our ability to describe the physical state of the expanding coma affects fundamental areas
of cometary study both directly and indirectly. In order to convert measured abundances of gas
species in the coma to gas production rates, models for the distribution and kinematics of gas
species in the coma are required. Conversely, many different types of observations, together with
laboratory data and theory, are still required to determine coma model attributes and parameters.
Accurate relative and absolute gas production rates and their variations with time and from comet
to comet are crucial to our basic understanding of the composition and structure of cometary
nuclei and their place in the solar system. We review the gas dynamics and kinetics of cometary
comae from both theoretical and observational perspectives, which are important for understand-
ing the wide variety of physical conditions that are encountered.

1. INTRODUCTION

Gases, primarily water, and entrained dust are liberated
from the icy nucleus by solar heating when a comet is
within a few astronomical units (AU) of the Sun and form
an outflowing cometary atmosphere. The cometary atmo-
sphere, or coma, expands to distances many orders of mag-
nitude larger than the size of the nucleus itself. Because of
the ultimate expansion into vacuum and the very weak grav-
ity that affects only the largest dust particles, a Knudsen
layer of a fraction to a few meters in thickness (a few times
the molecular collision mean free path) forms near the sur-
face where the gas organizes itself into a transient stationary
thermal layer. The initiation of regular flow transforms this
thermal layer into a rapid transonic dusty-gas flow with a
typical scale length of 10—100 m. Expansion and nearly adi-
abatic cooling dominates the flow out to scales of ~100 km
where the dust becomes decoupled collisionally from the
gas. Here the gas flows with a speed of ~700 m s-! and has
a cool temperature of <30 K. The energetic photochemical
products of solar UV photodissociation then begin to heat
the gas faster than it can cool by adiabatic expansion or IR
radiational cooling, and the gas kinetic temperature and
ultimately the outflow speed increase. Photoionization and
charge impact ionization (~5-10% of the photodissociation
rate) forms a cometary ionosphere on scales of 103-104 km,
which ultimately interacts with the magnetized plasma of
the solar wind forming an ion tail on scales of 105-107 km.
Also, at large scales of 100—107 km, the neutral coma is
broken down into its atomic constituents, such as O, H, C,

and N. This description is most applicable for a typical
comet observed in the range of a few tenths to about 2 AU
from the Sun. For comets much farther away, temperatures
and velocities are smaller and reaction length scales are
larger. And for comets much closer (Sun-grazers), tempera-
tures and velocities are much larger and reaction length
scales are smaller.

Our understanding of the conditions within a few times
the radius of the nucleus results largely from model pre-
dictions that are only constrained by the gas fluxes and
velocities hundreds of nucleus-radii from the nucleus, and
are determined both by in situ and remote observations.
There are not many direct observations about the conditions
near the surface, beyond the images of 1P/Halley from the
Giotto and Vega spacecrafts and those of 19P/Borrelly from
the Deep Space 1 spacecraft, which show only the dust dis-
tribution. This region is described in detail in Crifo et al.
(2004). The photodissociation, photoionization and fast ion-
neutral chemical reactions involving ultimately ~100 spe-
cies and thousands of reactions forms a complex atmos-
phere/ionosphere that is described in detail in Rodgers et
al. (2004).

The region of the coma accessible by remote ground-
based and Earth-orbit-based observations and by direct in
situ sampling by spacecraft instrumentations (mostly by
neutral gas and plasma mass spectrometers) for detailed
study generally covers distances larger than a few hundred
kilometers from the nucleus. Remote imaging observations
of this region have provided information about the projected
line-of-sight-integrated distribution of neutral gas and ion
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species in two spatial dimensions on the sky plane and
sometimes the line-of-sight velocity distribution. Thus re-
mote sensing provides somewhat convoluted, nonunique,
global views of the coma, whereas in situ measurements
have provided some detailed information about neutral gas
and ion densities, velocities, and temperatures, but only for
a few fleeting threads along a few spacecraft trajectories.
Information about kinetic and rotational temperatures has
been obtained by both remote observations and in situ meas-
urements. The spectroscopic measurements are discussed
in detail in Bockelée-Morvan et al. (2004) (for parent spe-
cies) and Feldman et al. (2004) (for nonparent species).

It is important to understand the physical state of the
coma and its variations because it is largely from analyses
of observations of various species in the coma that we de-
termine the composition of the larger population of com-
ets. Although in the last 20 years IR and radio astronomy
have opened the possibility of directly observing parent gas
species in comets, interpreting these observations is com-
plicated by difficult excitation mechanisms, atmospheric
extinction (in the IR), and generally weaker signal-to-noise
when compared with visible and near-UV measurements of
daughter species. The interpretations of measurements of
daughter species have their own sets of complicating issues
regarding production models and kinematics. However,
routine observations of daughter species in the visible re-
mains critically important for the foreseeable future because
they are more sensitive for weak comets and especially for
those at large heliocentric distances. This is the only prac-
tical way to characterize the composition and activity of the
entire population of comets and to compare with the large
base of existent data. Observations of daughter species in
the visible should also be made and interpreted side-by-side
with IR and radio observations of parent species for brighter
comets and those at generally smaller heliocentric distances
to enable the entire complex picture to be unraveled.

In this chapter we concentrate on those aspects of photo-
chemistry and dynamics that are important for understanding
the overall physical state of the coma, and their variations
from comet to comet, with changing heliocentric and com-
etocentric distance, and, most importantly, in the region
sampled by observations, i.e., outside a few hundred kilo-
meters from the nucleus. We also discuss quantitative mod-
els of the coma beginning with the original fountain model
of Eddington (1910), which started the heuristic approach
continued by Haser’s (1957) model that in turn later treated
the coma as a free expansion problem including produc-
tion and loss processes. From there we move to physics-
based models that treat the energy budget, dynamics, and
chemistry, leading to hydrodynamics, kinetic and hybrid
models. These models provide the basis for interpreting and
linking together multiple diagnostic observations of com-
ets that are becoming increasingly precise. Care must be
taken in interpreting observations either using complex
models with too many free (and especially unconstrained)
parameters, or using simple models with mathematically
constrained parameters, where their direct physical mean-
ing may be simplistic or inaccurate.

2. FREE-EXPANSION MODELS

2.1. Eddington to Wallace and Miller
Fountain Models

In Eddington’s fountain model the comet is assumed to
be a uniform and isotropic point source of emitters of light
such that their density (e.g., gas or dust) would fall as the
inverse square of the distance from the source, except the
emitters are also subject to a uniform acceleration that
pushes on them from a given direction (presumably from
the Sun’s direction). Eddington showed that such a model
defines a paraboloid of revolution along a line parallel to
the acceleration and passing through the point source (the
nucleus of the comet) such that

)(2+y2:2zv—2+ﬁ (1)

a a2

where the acceleration, a, is directed in the +z direction, X
and y complete the righthanded Cartesian coordinates, and
v is the initial uniform outflow speed of the emitting par-
ticles. In this case the density, n, of emitting particles is
determined by two trajectories that cross any given point
within the paraboloid. Later work by Mocknatsche (1938),
which was independently rediscovered by Fokker (1953)
and later described by Wallace and Miller (1958), showed
that the column density, which is what would be observed
by a remote observer through an optically thin paraboloid
of such particles, N, can be calculated after some algebraic
manipulation for any line-of-sight that passes within the
projected paraboloid for any angle between the Sun, comet,
and observer to simply be

- Q )
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where Q is the global particle production rate and R is the
projected distance on the “sky” plane from the source (i.e.,
the nucleus). Interestingly, this is the same result as for a
point source without the acceleration. The projected shape
of the paraboloid, of course, depends on the viewing geom-
etry. Such a model is still used to understand many basic
properties of the observed dust distribution in comets.

2.2. Haser (1957) Model

Most radiative emissions of gaseous species in comets
in visible light are caused by fluorescence with sunlight
through an otherwise practically optically thin medium.
Early quantitative observations of gas species in the com-
etary coma indicated that the spatial variation of the ob-
served brightness of some emissions (e.g., C,, CN, etc.)
deviated from the simple inverse distance relation of a
simple fountain model. It was also realized that most of the
gas species observed and identified through visible range
spectroscopy were not stable molecules but unstable radi-
cals that could be stored in an otherwise icy nucleus but
were more likely produced in the photodissociation of par-
ent molecules by solar UV radiation. In order to describe
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the kind of expected distribution of an observed gaseous
species in the coma of a comet, one needs to account (po-
tentially) for the creation of that species from a parent spe-
cies and its destruction into some simpler species. An
example would be the production of observed OH by photo-
dissociation of H,O and the subsequent photodissociation
of the OH into O + H.

The quantitative description of this was put forth by
Haser (1957) in a now classic formulation that is still widely
used today. Haser considered the distribution of a second-
ary species (like some cometary radical) being produced by
the photodissociation of some parent molecule and in turn
being destroyed by some photodestruction process. If the
coma is considered to be a spherically symmetric point
source of uniformly outflowing parent molecules, where an
exponential lifetime describes its destruction, then the den-
sity, n,,, of parents at some distance from the point source,
1, iS given by

Q

0, (1) = —=— (/%)
P 4y

The density, ny, of a daughter species created by the de-
struction of these parents is given by

’Y—d(e—r/yp — e—f/Yd) (3)
A2y Y, — Vg

ny(r) =

where r is the distance from the nucleus, and 7y, and v, are
the parent and daughter scale lengths given by the product
of the radial outflow speed, v, and exponential lifetimes of
the parent of the observed species, T,, and that of the ob-
served daughter species, T4, itself, respectively. The model
is most often used with observed intensity spatial profiles,
which are typically proportional to the column density pro-
file of the emitting species. Therefore, normally equation (3)
is integrated along the line-of-sight. This can either be per-
formed numerically or written in the form of modified Bes-
sel function as done originally by Haser, which yields

%D %d
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where p is the projected distance from the nucleus through
which the line-of-sight integration is performed and K(y)
is the modified Bessel function of the first kind.

Figure 1 (Combi and Fink, 1997) shows the range of
the family of column density spatial profiles possible with
Haser’s model. An interesting, but little mentioned, attribute
of this equation is that the spatial profile shape is the same
if the parent and daughter scale lengths are interchanged,
yielding simply an extra factor of the ratio of the two scale
lengths. This means that it is not possible to say whether
the parent or daughter scale length is the smaller based only
on an observation of the daughter spatial profile.
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Fig. 1. Family of Haser model profiles of daughter species col-

umn densities for different values of the ratio of the scale lengths
plotted as a function of projected distance in units of the daugh-
ter scale length. Note that a scale length ratio of infinity (e) cor-
responds to a parent molecule distribution.

2.3. Models with Secondary Product Velocities

Of the several simplifying assumptions of Haser’s model
as most often used, which include spherical symmetry,
constant outflow velocity, and steady-state gas production,
one of the basic assumptions is that both the parent and
daughter products undergo purely radial motion. Early re-
sults of UV observations of comets indicated that H and
OH were produced by photodissociation of water and that
this would lead to nonnegligible excess energy, which would
be distributed in the form of superthermal velocities for the
daughter products. The large speeds of the H atoms imply
velocities for the heavier products in the photodissociation
network, namely O and OH, in the range of 1-2 km s-1.
These are generally larger than the outflow speed of the
parent molecules in the coma itself and therefore posed a
serious violation of the assumption of radial outflow for
daughter species in Haser’s model. However, the use of
Haser’s model for interpreting spatial profiles of column
density derived from brightness observations already re-
quired either integrals of modified Bessel functions (equa-
tion (4)) or direct numerical integration of the density
function (equation (3)) itself. The addition of nonradial ejec-
tion of daughter species yields a nonanalytical integral for
the density function itself.

Festou (1981a) and Combi and Delsemme (1980) ad-
dressed solving this problem in two different ways. Festou
(1981a) introduced the vectorial model, which represented
a numerical approach to directly solving for the density and
column density distribution. Combi and Delsemme (1980)
introduced Monte Carlo techniques, developed originally
for nuclear reactor particle transport and radiative transfer
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calculations, to simulate the expansion. In their more mod-
ern versions, the vectorial model is faster computationally,
but the Monte Carlo technique is directly applicable to even
more general problems, such as variable outflow velocity,
aspherical comae, and radiation pressure acceleration of the
daughter species.

The main effect of the ejection of daughter species on
observed spatial profiles is that profiles produced are not
related to those using Haser’s model with scale lengths sim-
ply given by the velocities x the lifetimes. These more com-
plicated models did, however, account for the fact that most
prospective parent molecule lifetimes were actually longer
than the Haser model parent scale length would indicate,
given a reasonable assumption for the parent velocity.

Combi and Delsemme (1980) also introduced what
started as a heuristic geometrical argument for relating the
given velocities and lifetimes that would give a realistic
spatial profile with the vectorial model (or Monte Carlo
simulation) to a Haser model with some set of Haser scale
lengths. This so-called “average random walk model” speci-
fies transformations from the actual parent and daughter
velocities and lifetimes to the equivalent Haser-model scale
lengths. Also, like the typically used vectorial model and
first Monte Carlo models, this assumes the coma is colli-
sionless for the daughter products. In the case of a highly
collisional coma, the ejection velocity will be collisionally
quenched; however, in this case, another simplification of
the Haser model, a constant radial outflow speed, will most
certainly be violated. Such was the case for C/1995 Ol
Hale-Bopp (Combi, 2002). If v, and v, are the parent out-
flow and daughter ejection velocities, respectively, and T,
and 1,4 are the parent and daughter lifetimes, respectively,
then the Haser equivalent parent and daughter scale lengths,
Ypou and Ygy, can be calculated from the following set of
relationships. If we make the definitions that

tané‘)zh uzy_p HHEYP—H

Ve Yd YaH

where ¥, = v, T, and ¥4 = vTy, vq = (V3 + v2)I2 and v, is the
isotropic ejection velocity of the daughter upon production
with respect to the original center-of-mass of the parent. The
equations (5)—(7) can be used to go back and forth between
the vectorial values and the Haser equivalent scale lengths
for a given ratio of the parent outflow to daughter ejection
velocity.

Yi— %= You — Yiu )
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or equivalently
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In order to complete the substitution in the density or col-
umn density expressions for Haser’s model, the effective
radial velocity, v, in the denominators in the first terms on
the righthand sides of equations (3) and (4) must be the
Haser equivalent daughter expansion velocity vy, given as

VaH = Vde_H (8)
4

2.4. Three-Generation Haser-like and
Monte Carlo Models

Observations of spatial profiles of cometary C, have
often had some difficulty in being interpreted either with a
simple two-generation Haser model or with a model ac-
counting for secondary product ejection velocities (see
Feldman et al., 2004). The problem is that the innermost
part of the profile has often been seen to be even flatter than
is possible to be reproduced using any Haser model. A
Haser model that has the flattest inner profile (see Fig. 1)
is one in which the parent and daughter scale lengths are
equal. Models that allow for secondary product velocities
actually exacerbate the problem, because the effect of iso-
tropic ejection of daughters makes the radial parent scale
length seem to be shorter, thus making the profile look like
Haser models with unequal scale lengths.

Observations of C, in Comet Halley (O’Dell et al., 1988;
Wyckoff et al., 1988; Fink et al., 1991) were noteworthy in
showing the flattening of the inner profile. Fink et al. (1991)
chose to use the standard two-generation Haser model but
fitted models with equal parent and daughter scale lengths.
Wyckoff et al. (1988) suggested that either C, was produced
as a granddaughter species or by grains instead of simple
photodissociation. These had been suggested much earlier
by both Jackson (1976) and Cochran (1985). O’Dell et al.
(1988) pursued the granddaughter species idea by perform-
ing model calculations for a three-generation Haser-type
model, generalizing the earlier work of Yamamoto (1981)
and Festou (1981a), who applied a three-generation Haser-
type model to comet-centered, circular aperture observa-
tions.

The three-generation Haser-type model yields an expres-
sion for the column density profile that was given by O’Dell
et al. (1988) as

N(p) = %[AH(B@ +BH(B,p) + CHB;p)]  (9)
TV3p

where Q, is the global production rate of the observed
(granddaughter) species; Vj is its radial expansion velocity;
and B, B,, and B, are the inverse scale lengths of the original
parent, the intermediate daughter, and the observed grand-
daughter species, respectively. The quantities A, B, and C are
given as

BiBs

A= g “AG-By
[(By = B)(B) — B)]

(B>—Bs)




Combi et al.: Gas Dynamics and Kinetics in the Cometary Coma

B =By
The function H(x) is given by

C= _B(Bl - BZ)

HOo =7 - [ Ko)ay

where K(y) is again the zero-order modified Bessel function
of the second kind.

One of the simplifications of this model is the same as
in the two-generation model of Haser (1957), i.e., that at
each step the daughter and granddaughter species are as-
sumed to continue to travel in a purely radial direction.
Combi and Fink (1997) addressed this by using Monte
Carlo techniques to explore models that include ejection
velocities for the dissociation product at either or both dis-
sociation steps. This was done for the purpose of putting
limits on prospective original parents of observed C,, but
would also explain the flat inner profile. Figure 2 shows one
of their figures showing comparisons of four otherwise
comparable models: (1) a two-generation Haser model
where the parent and daughter scale lengths are equal (this
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Fig. 2. Haser and three-generation model spatial profiles with
non-zero daughter ejection speeds. Case 1 from Combi and Fink
(1997) compares a general three-generation dissociation model
with ejection speeds at each dissociation. The two ejection speeds
are equal to each other and either equal to the parent outflow
speed, v, or to half of it. The three-generation radial model is
one where there is zero ejection speed for the photodissociation
products at either step. The “Best Haser Model” is one where the
daughter and parent scale lengths are equal, which results in the
flattest inner profile that is most like the observed inner profile
of C, in Comet 1P/Halley. When the daughter ejection speed is
nonnegligible, a three-generation model does not produce a flat
inner profile.
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one gives the flattest possible inner profile); (2) a Monte
Carlo simulation of a three-generation model that is other-
wise similar to that which could be produced using equa-
tion (12) of O’Dell et al. (1988) and could, as they showed,
give a reasonable reproduction of the spatial profile of C, in
Comet 1P/Halley, (3) a Monte Carlo simulation of a three-
generation model where the ejection velocity of the prod-
uct at each dissociation equals half of the parent outflow
velocity; and (4) a similar model but where both ejection
velocities are equal to the parent velocity. They also pro-
vided other sets of comparisons. The result was that the
addition of daughter and granddaughter ejection velocities
causes three-generation models to be unable to produce flat
inner profiles, and makes them essentially similar to some
two-generation Haser or vectorial model with different
parameters. Conversely for C,, the results implied that if
C, is a third-generation species, then the total of the ejec-
tion velocities for each dissociation step had to be less than
about half the parent outflow velocity. In typical photodisso-
ciations there are 2-4 eV of excess energy that would im-
part an ejection velocity of 1 km s~ or more to the heavier
dissociation product that would contain C,, or C, itself.

2.5. Grains as Gas Sources

Volatile grains have been suggested as possible sources
for observed species in comets for a long time (see review
by Festou, 1999). The idea regained new interest with the
discovery of CN and C, jets in Comet 1P/Halley (A’Hearn
et al., 1986) and extended sources for CO and H,CO (Eber-
hardt et al., 1987, Meier et al., 1993; DiSanti et al., 2001),
and from observations of a substantial distributed icy grain
source from C/1996 B2 (Hyakutake) (Harris et al., 1997,
Harmon et al., 1997). Delsemme and Miller (1971) pre-
sented a model calculation for the production of an observed
gas from grains, analogous to the two-generation model of
Haser (1957), except where evaporating grains serve as the
parent of the observed species rather than photodissociat-
ing parent molecules.

This model, however, suffers from the same limitation
as Haser’s model, which is that the observed daughter spe-
cies is restricted to perfectly radial motion. Clearly mole-
cules released from evaporating grains would have some
nonnegligible velocity owing to the temperature of the
grains. The effect would be even more important if the
grains were dark organic-rich CHON grains, which are ex-
pected to reach and sublimate at temperatures higher than
the blackbody temperature for some given distance from
the Sun (Lamy and Perrin, 1988). This temperature would
generally be much higher than the sublimation temperature
of water for heliocentric distances less than about 3 AU.
Combi and Fink (1997) introduced a CHON grain halo
model for gas species that generalizes the icy grain halo
model of Delsemme and Miller (1971) in the same way as
the vectorial (Festou, 1981a) and Monte Carlo (Combi and
Delsemme, 1980) models generalized Haser’s model, i.e.,
by allowing for isotropic ejection of the daughter species
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TABLE 1. Photochemical branching and exothermic velocities for H,O vapor.
Photodestruction Rate* (10-¢ s-1)
Solar Ultraviolet Product [Branching Ratio]
Wavelength Range Reaction Exothermic Velocities (km s-1) (Quiet Sun) (Active Sun)
1357-1860 A H,O0 + hv — H + OH(X2I1) 18.5 (H)* 1.09 (OH)* 4.84 [0.465] 5.36 [0.380]
— H, + O('D) <13.7 (Hy) <1.71 (O) 0.05 [0.005] 0.05 [0.004]
1216 A H,O + hv — H + OH(X2II) 17.2 (H)t 1.01 (OH)* 3.02 [0.291] 4.53 [0.321]
— H + OH(A2X+) 5 (H)% 0.3 (OH)* 0.35 [0.033] 0.52 [0.037]
— H, + O('D) <15 (H,)* <1.8 (0O)* 0.43 [0.042] 0.65 [0.046]
—-H+O0O+H <7.4 2H)3 <0.87 (0)8 0.52 [0.050] 0.78 [0.055]
984-1357 A H,O0 + hv — H + OH(X2II) <3727 )T <2.2-1.6 (OH)T** 0.30 [0.028] 0.45 [0.032]
(excluding 1216 A) — H + OH(AZX+) <25-0 (H)** <1.5-0 (OH)** 0.03 [0.003] 0.05 [0.004]
— H, + O('D) <22-14 (Hy*™ <2.7-1.7 (O)** 0.04 [0.004] 0.07 [0.005]
—-H+O0O+H <17-0 (2H)** <2.0-0 (0)** 0.05 [0.005] 0.08 [0.005]
<984 A H,O + hv — neutral products — — 0.25 [0.024] 0.41 [0.029]
— ionization products — — 0.52 [0.050] 1.16 [0.082]
Total: 10.40 [1.000] 14.11 [1.000]

* From S. A. Budzien (personal communication, 2003); updated and slightly different than Budzien et al. (1994).
* Average velocity from Crovisier (1989) and similar to Wu and Chen (1993).

* Average velocity from Festou (1981b).

§ Determined using the excess energy of 13 kcal mole-! from Slanger and Black (1982).
1 Similar to the values of 35-25 (H) and 2.0-1.2 (OH) from Festou (1981Db).
*#* Upper limits determined for the bounding lower and higher (or threshold) wavelengths.

from the radially outflowing parent grains (in this case). The
flat inner profiles of cometary C, have been the main sub-
jects of three-generation and grain-halo models, and can be
reproduced by either three-generation or grain-source mod-
els with appropriate parameters (Combi and Fink, 1997).

3. WATER-DOMINATED OUTFLOW

Water dominates up to ~90% of the volatile species that
outflow from the cometary nucleus within ~3-4 AU from
the Sun. During this outflow, the H,O parent molecule is
destroyed primarily through photodissociation, and to a
much smaller extent, through photoionization and also dis-
sociation and ionization interactions with solar wind ions
and electrons. The destruction of H,O creates secondary or
daughter molecular products, OH and H,, atomic products,
O and H, and various ion species in the inner and outer
comet coma. The neutral product species are detected re-
motely through solar resonance fluorescence for OH and
H and also through dissociative excitation for O. The disso-
ciation rates of H,O, OH, and H, and the imparted exother-
mic energy to their daughter products are of fundamental
importance in determining the spatial decay rates of these
parent and daughter species in the coma and in determin-
ing the basic background density and temperature structure
for all species in the coma. The photodestruction rates of
H,0, OH, and H, are variable and depend upon the helio-

centric distance and radial velocity of the comet as well as
the wavelength-dependent short-term modulations and
longer-term 11-year periodic variations in solar radiation.
3.1. Water Photochemistry

The photochemistry and photochemical kinetics for H,O
in comets have been studied in detail by a number of in-
vestigators (Huebner and Carpenter, 1979; Openheimer and
Downey, 1980; Festou, 1981a,b; Huebner, 1985; Krasno-
polsky et al., 1986a,b; Allen et al., 1987; Crovisier, 1989;
Huebner et al., 1992; Wu and Chen, 1993; Cochran and
Schleicher, 1993; Budzien et al., 1994). The calculated
photodestruction rates for different products have become
more accurately determined with time because of improve-
ments in cross sections and in the description of the solar
flux spectrum and its time variations, although a number of
uncertainties still remain. A summary of the relevant photo-
destruction reactions, product exothermic velocities, reac-
tion rates, and branching ratios for H,O is given in Table 1
and is divided into four wavelength ranges.

The first wavelength range is bounded above by the ef-
fective onset wavelength at 1860 A for a nonzero photo-
absorption cross section, and below by the threshold wave-
length at 1357 A for which OH can be produced in excited
electronic states. In this first wavelength range, the mea-
sured relative branching ratios of the rates for the first and
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second reaction are 0.99 and 0.01 respectively (Stief et al.,
1975), where in the second reaction O(!D) is produced since
the production of O(3P) is spin forbidden.

The second wavelength range is only for the large
Lyman-o. peak at 1216 A in the solar spectrum. For the
Lyman-a peak, the measured relative branching ratios of
the rates for the four reactions are 0.70, 0.08, 0.1, and 0.12
respectively (Slanger and Black, 1982), where the geom-
etry and mechanisms for the three-body dissociation in the
fourth reaction are not known (see Wu and Chen, 1993).

The third wavelength range is from 1357 A to the thresh-
old wavelength at 984 A for ionization of water and ex-
cludes the solar spectrum contribution of the Lyman-o peak.
In the third wavelength range, the relative branching ratios
for the four reactions are not well known and are assumed
in Table 1 to be the same as for the Lyman-o. wavelength.

The fourth wavelength range is below the ionization
threshold at 984 A and includes a contribution from a disso-
ciation cross section with unknown neutral products and a
contribution from an ionization cross section with a mix of
ionized and not-well-defined neutral products. The cross
section for photoionization becomes more important than
that for photodissociation below ~875 A (see Wu and Chen,
1993).

The H,O photodestruction rates for the four wavelength
ranges depend upon an accurate specification of the appro-
priate wavelength-dependent cross sections and the variable
solar flux. The photodestruction rates adopted in Table 1 are
for the most recent calculations of S. A. Budzien (personal
communication, 2003), which are based upon updated in-
formation for the photodissociation cross section in the first
wavelength range and the solar flux at 1 AU and provide
improved rates that differ only slightly from those calcu-
lated earlier by Budzien et al. (1994). Depending upon quiet
and active Sun conditions, the first wavelength range con-
tributes ~47.0-38.4% of the total photodestruction rate, the
Lyman-a solar spectra peak contributes ~41.6—45.9%, the
third wavelength range contributes 4.0-4.6%, and the fourth
wavelength range contributes 7.4—11.1%. The correspond-
ing branching ratios for the individual reactions in the four
wavelength intervals are also given and are determined by
the relative branching ratios discussed earlier. The total
photodestruction rate of H,O has a value in Table 1 for quiet
and active Sun conditions, respectively, of 1.04 + 0.123 x
10-5 s (lifetime ~0.96 x 105 s) and 1.411 £ 0.175 x 105!
(lifetime ~0.71 x 105 s).

For the different wavelength ranges in Table 1, the prod-
uct exothermic velocities depend upon the details of the
photochemical kinetics and are distributed nonuniformly in
discrete velocity groups that are constrained between 0 and
2.7 km s-! for O, between 0 and 2.2 km s-! for OH, between
0 and 22 km s~! for H,, and between O and 37 km s~! for
H. The product exothermic velocities and their correspond-
ing velocity distributions are generally not well known
because of the lack of cross sectional information as a func-
tion of wavelength for the internal energy of the molecular
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products [OH(X2[T), OH(AZZ*), and H,] that determines the
available excess kinetic energies for the products. Only
upper limits are therefore given for many of the product
exothermic velocities in Table 1. For different assumptions
regarding the product abundances and the configuration of
the internal energy of OH, examples are given in Wu and
Chen (1993) for the velocity distributions of H and OH that
bound their behaviors.
3.2. Ion and Electron Impact Water Chemistry

The solar wind plays a minor role in the destruction of
water compared to photochemistry but plays an important
role in the ion chemistry of the coma, which also involves
many other atomic and molecular ions (Hdberli et al.,
1997). A summary of the most relevant solar wind proton
and electron reactions with H,O and the values of the cor-
responding destruction rates is given in Table 2 for a nomi-
nal solar wind flux of 3 x 108 cm2 s-! at 1 AU as reported
by Budzien et al. (1994). The largest water destruction rate
is for charge exchange with protons, followed by electron
impact ionization, proton impact ionization, proton impact
dissociation, and electron impact dissociation. At 1 AU, the
charge exchange rate is comparable to the photoionization
rate of ~4.1 x 10-7 s-! for quiet Sun conditions, but is smaller
than the photoionization rate of ~1.04 x 10-6 s-! for active
Sun conditions (Huebner et al., 1992). These destruction
rates are not well established due to uncertainties in cross
sections and furthermore vary significantly due to chang-
ing solar wind conditions upstream of the comet bow shock
and to spatially changing properties of the ion and electron
distributions in the cometosheath, outer coma, inner coma,
and ion tail. The electron impact rate of 3 x 107 s-! in
Table 2 is, for example, a typical value for solar wind elec-
trons in the outer coma, but may be considerably larger,
~1 x 10-6s-1, for electrons heated in the cometosheath,
where it may be comparable to the active Sun water pho-
toionization rate, and even larger in the inner coma where
stagnation flow and photoelectrons are also present (Cra-
vens et al., 1987). The total water destruction rate for the
nominal values in Table 2 is 1.08 x 10-¢ s-1. Since this total
solar wind destruction rate varies throughout the coma, it is

TABLE 2. Solar wind destruction for H,O vapor.

Destruction
Reaction Rate (107 s71)
H* + H,0 - H + H,0* 5.7
— H*+ H,0* + e 0.75
— dissociated neutral products 0.27

e+H,0 - HO"+e+e ~3 (variable)
— dissociated neutral products 1.1

Destruction rates for a nominal solar wind flux of 3 x 108 cm2 s-!
from Budzien et al. (1994).
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TABLE 3.

Photochemical branching and exothermic velocities for OH.

OH Predissociation

Product Exothermic Photodestruction Rate (10-6 s-1)

Wavelength State Reaction Velocities* (km s-!) (Quiet Sun) (Active Sun)
2160 A AZE+ (V' =2) OH+hv—>0O(CP)+H 8 (H) 0.5 (0) 3.0-6.1T 2.5-5.6f 3.0-6.17 2.5-5.6%
2450 A AZZ+ (v'=3) OH+hv—>O(CP)+H 11 (H) 0.7 (O) 0.57 0.5f
1400-1800 A 122 OH+hv—>O0(CP)+H 22-26 (H) 1.4-1.6 (O) 1.4% 1.48 2.37 1.588
1216 A 12A OH + hv >0 (ID)+ H 26.3 (H) 1.6 (O) 0.3% 0.38% 0.757"  0.578
1216 A B2X OH+hv—>O0(S)+H 17.1 (H) 1.1 (O) 0.057  0.05% 0.137  0.08%
1216 A 22011-3211 OH + hv—> 0O (ID)+H 26.3 (H) 1.6 (O) 0.107  0.248 0.257  0.398
<1200 A D2X OH+hv—O0(CP)+H 22 (H) 1.4 (O) <0.01*f — <0.017 —
<958 A OH + hv — ionized products — — 0.25% 0.478

* Product exothermic velocities from van Dishoeck and Dalgarno (1984) with slight updates from Combi (1996).

T Rates from van Dishoeck and Dalgarno (1984).

¥ Combined A2X+ (v' =2 and v' = 3) rate from Schileicher and A’Hearn (1988).

§ Rates from Budzien et al. (1994).

therefore likely to alter the overall water lifetime by some-
what less than 10%.

3.3. Daughter Product Energetics and
Branching Ratios in the Coma

The photochemistry and photochemical kinetics for OH
have been studied in detail by a number of investigators
(Schleicher and A’Hearn, 1982, 1988; van Dishoeck and
Dalgarno, 1984; Huebner et al., 1992; Budzien et al., 1994).
A summary of the relevant OH predissociation states and
their corresponding dissociation reactions, product exother-
mic velocities, and dissociation rates, as well as OH pho-
toionization rate, is given in Table 3 and is divided into
individual contributions for various wavelengths. For the
first two wavelengths at 2160 A and 2450 A, OH dissoci-
ates from the A2X+ state after absorption of solar radiation
during the fluorescence process. The dissociation rates for
these two wavelengths do not vary between quiet and ac-
tive solar conditions because at these longer wavelengths
the solar flux is highly stable. These two contributions to
the rate, however, vary with heliocentric radial velocity, with
the major contribution from the A2X+ (v' = 2) predissocia-
tion state. For the combined A2X+ (v' = 2 and V' = 3) rates,
this variation is about a factor of 2 with a calculated value
of 3.5-6.6 x 106 s~! and of 2.5-5.6 x 10-0 s-1, respectively,
determined earlier by van Dishoeck and Dalgarno (1984)
and more recently by Schleicher and A’Hearn (1988). This
variation is caused because the dissociation that occurs at
discrete energy levels above the dissociation threshold is
produced by absorption of solar radiation, which has a solar
radiation-pumping rate that varies with heliocentric radial
velocity through the Swings effect (Jackson, 1980).

The dissociation rates for the next five wavelength en-
tries are produced through direct photodissociation of OH
in the 12X, 12A, B2, 22T1-32[1, and D2 repulsive states.
These photodissociation rates, as well as that for the <958-A
wavelength entry for photoionization of OH, are listed for
quiet and active Sun conditions, since the UV and extreme

UV solar flux for these lower wavelengths varies signifi-
cantly with solar cycle. The product exothermic velocities
are distributed nonuniformly between 8 and 26.3 km s-! for
H and between 0.5 and 1.6 km s-! for O. By adding together
the second column entries in Table 3 for the newer rates and
the last row entry rate, the total OH photodestruction rate
then varies with heliocentric velocity from 4.82 to 7.92 x
10-6 s-1 (lifetime of 1.26-2.05 x 105 s) for quiet Sun con-
ditions with more typical values of ~5.2-6.3 x 10-6 s-! (life-
time of ~1.6-1.9 x 105 s) and from 5.59 to 8.69 x 10-6 s-!
(lifetime of 1.15-1.79 x 105 s) for active Sun conditions
with more typical values of ~6.0-7.1 x 10-6 s-! (lifetime of
~1.4-1.7 x 105 s). The OH photodestruction rate (lifetime)
is then about a factor of 2 smaller (larger) than the photo-
destruction rate (lifetime) for water.

The photochemistry and photochemical kinetics for H,,
a minor dissociative species (5.1-5.5%) of water in Table 1,
are summarized in Table 4, as given by Huebner et al.
(1992). A little more than half the H, destruction produces
two hydrogen atoms with exothermic velocities of 28 km s
and 6.3-6.5 km s-1, about one-third produces H;, and some-
what less than 10% produces H + H*. The total H, photo-
destruction rate for all the reactions in Table 4 is 0.146 x
10-6 s-1 for quiet Sun conditions and 0.33 x 10-¢ s-! for ac-
tive Sun conditions.

3.4. Solar Activity Variations

The primary time variability in the dissociation and ion-
ization rates for water and its daughter products noted above
arises from changes that occur in the extreme UV (A <
1000 A) and far UV (1000 A < A < 2000 A) fluxes from
the Sun. These time variations occur during the 11-year
periodic solar cycle because of the variation in the number
of sunspots that create enhanced extreme UV and far UV
fluxes from the Sun. The distribution of sunspots on the
rotating solar disk also introduces short-term 27-day modu-
lations of the solar flux, which can be significant compared
to quiet Sun conditions. The photochemistry rates sum-
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TABLE 4. Photochemical data for H,.

Product Exothermic

Photodestruction Rate (10-6s-1)

Reaction Velocities (km s-1) (Quiet Sun) (Active Sun)
H, + hv — H(1s) + H(1s) 28 (2H) 0.048 0.11
H, + hv — H(1s) + H(2s,2p) 6.3-6.5 (2H) 0.034 0.082
H, +hv — H} + ¢ — 0.054 0.11
H,+hv > H+H*+e — 0.0095 0.028

Product exothermic velocities and rates from Huebner et al. (1992).

marized in Tables 1, 3, and 4 only characterize the basic
changes between the quiet and active Sun conditions and
thus provide only a basic picture that may be altered sig-
nificantly by short-term time variations of the solar radia-
tion that are poorly known for observations of particular
comets, except for those rare cases where the Sun-comet
line crosses near one of the solar spectrum monitors [e.g.,
the Solar and Heliospheric Observatory (SOHO) or Solar
Ultraviolet Spectral Irradiance Monitor (SUSIM)].

For convenience, the formulae are given here from Bud-
zien et al. (1994) for the total water photodestruction rate
(Ti5,0) ! and the total OH photodestruction rate (t¢j;)~! as a
function of solar activity indices F,, (the 10.7-cm flux),
its 81-day average, (F,, ), in solar flux units 10-22 W m-2,
the solar He 1 110830 equivalent width in mA, the solar
wind flux (nv),, in cm2s-!, and the heliocentric velocity
dependent predissociation rate given in tabular and graphical
form by Schleicher and A’Hearn (1988), [‘ltporf[diss(f)]*1

5.868 x 106 + 1.49 x 109 F,;
+2.08 x 109 (Fy) + 9.587 x 10-8 W50
+ 4.1 x 10715 {nv),, (in s1)

(i)' =

TS = 1479 x 106 + 5.8 x 10-10 F,
+8.1 % 1010 (F, ) + 1.678 x 10-8 W,gg50

+ 3.7 x 10715 (nv); + [TRRdiss(i)]-! (in s-1)
4. PHYSICS-BASED MODELS

4.1. Collisional Boltzmann Equation
for Rarefied Gases

The appropriate description for the physical state of any
one of up to s species, p, in a multispecies dilute gas can
be described by the Boltzmann equation (Gombosi, 1994),
which is given as

d 2 L9
S )+ G S (B +F oo (h) =

- i (10)
J _[ (F2f = i )CepOpg 12,
—co ()

q=1

where fp = fp(f,é,t) and f; = f,(t ,¢,t) are the full phase space

velocity distribution functions for spegies pand q, ¢y is the
velocity, r is the spatial coordinate, F represents external
forces, ¢, 1s the magnitude of the relative velocity between
particle p and q, Q is the solid angle, the asterisks (*) indi-
cate postcollision particles, the 1q subscript refers to the
scattering target particles, and G, is the total collision cross
section between species p and q (which can in general be
velocity dependent). In the collision integral on the right-
hand side of the equation, f* represents additions of par-
ticles, scattered into the region of velocity space in question,
i.e., between ¢ and ¢ + dc¢, whereas f without the asterisk
represents scattering out of that region.

The Boltzmann equation makes neither assumptions nor
any restrictions as to the form of the distribution functions.
Various velocity moment expansions of the integrals over
the distribution functions yield equations of conservation
of mass, momentum, and energy. The assumption of local
thermodynamic equilibrium (LTE) and the resulting Max-
well-Boltzmann distribution functions yield the Euler equa-
tions for fluid dynamics. The Chapman-Enskog theory is a
perturbation from the Maxwell-Boltzmann distribution,
which yields the Navier-Stokes equations with viscosity and
heat flux. For the intended purpose of studying tenuous
atmospheres and transitions from an LTE fluid to free-flow,
the basic assumptions for these approximations are inher-
ently violated, and therefore a potentially arbitrary form for
the distribution functions remains to be considered.

Direct analytical or even numerical solutions for the
Boltzmann equation have been done for numbers of ideal-
ized simple problems (Fahr and Shizgal, 1981), for reduced
spatial or velocity dimensions, or for specific analytical
forms of the collision integral [see the textbook by Gombosi
(1994) for an up-to-date treatment of gaskinetic theory].
Even one-dimensional flow problems yield three-dimen-
sional distribution functions, one spatial and two velocity.
For similar reasons the Direct Simulation Monte Carlo
(DSMC) method has also been adopted to treat multidimen-
sional, multispecies gas flows for tenuous planetary appli-
cations. In the computational fluid dynamics community,
DSMC is the method of choice for validating such fluid
approaches, such as solution of the Navier-Stokes equations
(Bird, 1994). For example, the modelers of shock structures
in one-dimension have typically “resorted” to Monte Carlo
simulation for numerical experiments.
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4.2. Time-Dependent Hydrodynamics

If one multiplies the Boltzmann equation, alternatively,
by 1, v, and v2 (where v is the gas velocity) and then inte-
grates the resulting equations over the vector velocity, the
resulting equations correspond to conservation laws of mass
continuity, momentum, and energy (Gombosi et al., 1986).
These equations can be closed and combined with the ideal
gas law to provide a useful way to understand the trans-
port and energy of the gas in the coma. The energy and mo-
mentum equations obtained can be manipulated to yield an
equation for gas pressure instead of energy. Dust-gas phys-
ics can be added in the form of dust continuity and momen-
tum equations with standard collisional coupling terms that
assume the gas mean free path is much larger than the dust
size and that gas molecules accommodate to the dust sur-
face temperature upon a collision. Since there is no random
internal energy component for dust particles, no pressure/
energy equation is required. For detailed derivations see the
papers, for example, by Gombosi et al. (1986) and Crifo et
al. (1995). The coupled system for a single-fluid gas and
multicomponent dust (i.e., dust size distribution) can be
written as

ap dp
—+V- == 11
5 (pw) 5 (11)
Ju
pa+p(u-V)u+Vp=—F (12)
1 dp 1
T
(13)
Y_Llp(v'“):_di*Qph_QlR
ap; dp
—+V-(pu)=—+ i=1,..,N 14
P + V- (piwy) 5 (14)
v, .
pi—== +pi(v; - VIivy=F, i=..,N (15)

ot

where p is the gas mass density, u is the gas velocity, p is
the gas pressure, and v; and p; are the velocity and mass
density for dust particles of radius a;. The righthand sides of
all the equations contain the various source terms. The term

dp
ot

is the gas production source rate, and

9p;

1

ot

is the dust production source rate for particles of radius, a;.
F is the gas-dust drag force, which is related to the forces

on the individual particle size populations as

N
F=—ZFi

i-1
where the size dependent force is given by

F,= —PipCps,
4a;py;
where
u-—-v

S = ——
" J2kT/m

k is the Boltzmann constant, T is the gas temperature and
m is the gas mean molecular mass. The accommodation of
gas via collisions with hotter dust yields the dust-gas heat

exchange rate Q,q, Which is given as

+1 <
Qui= YTpCpuz (T —T,)St! (16)

i=1

Here C, is the gas heat capacity at constant pressure and
the rest of the coefficients can be defined under the assump-
tion of diffusive reflection such that
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Finally, p, is the bulk mass density of dust particles of
radius a;, T is the gas temperature, and T, is the dust tem-
perature, assumed in equilibrium with solar radiation. A
temperature-dependent value can be used for C; to account
for some of the effects of divergence from LTE, especially
at low temperature, where all internal degrees of freedom
are not available. Otherwise the other intermediate quanti-
ties are s;, the relative Mach number between gas and dust;
C), the dust-gas drag coefficient; T, the recovery tempera-
ture; R;, the heat transfer function; and St, the Stanton
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number. Most of the dust-gas drag physics comes from the
formulation by Finson and Probstein (1968) with later cor-
rections discussed by Wallis (1982), Kitamura (1986), and
Korosmezey and Gombosi (1990).

4.3. One-Dimensional Spherical
Steady-State Equations

The general three-dimensional time-dependent Euler equa-
tions of hydrodynamics can be reduced to a steady-state
one-dimensional version, which is very useful for under-
standing the basic physical state of the outflowing coma.
Again, a detailed description of the derivation was given
in the review paper by Gombosi et al. (1986). These are

_ Qm Q1)

4mur?

du dp
——-_r_F 22
pu dr dr 22)

dv,

v.—1L = F. 23
pl 1 dr 1 ( )

1d u? Y p
——|pu2| — + —E [|=S-L+ 24
rz dr\‘pur [2 '\{_lpJ} di ( )

Assuming the normal ideal gas law

piT
m

the above system of equations can be solved from an initial
boundary condition, e.g., at or near the surface of the nu-
cleus. The main difficulty in implementing the steady-state
version of the hydrodynamic equations is if one specifies the
inner boundary at or so close to the surface of the (spheri-
cal) nucleus that the gas is subsonic, in which case the tran-
sonic transition is an undefined point. This has been ad-
dressed either using a shooting method (Marconi and Mendis,
1983), or by using the approach of Gombosi et al. (1985),
which solves explicitly for the conditions at or just above
the sonic point, normally only meters above the surface of
a spherical nucleus with radius of typically a few kilometers.
In this case F; is purely radial and the same dust-gas drag
force as used in the time-dependent equations (11)—(15).
In this case, Q in equation (21) is the simple molecular
gas production rate, u is the radial gas velocity, S is the
photochemical heating rate, L is the IR cooling rate. Other
variables are consistent with the definitions in the previous
section of this chapter. The IR cooling rate has been esti-
mated a number of ways over the last three decades, first
heuristically by Shimizu (1976) and then more explicitly by
Crovisier (1984, 1989), Crifo et al. (1989), and Combi
(1996). Complicating effects are that water densities are
large enough in the inner coma for the IR radiation to be
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optically thick in some lines, and that the rotational tem-
perature comes out of equilibrium with the gas kinetic tem-
perature with increasing distance from the nucleus. The
optical depth is normally handled with an escape probabil-
ity based on the estimate of Huebner and Keady (1983).
An approximate kinetic to rotational energy transfer rate has
been incorporated into effective cooling rates by Crovisier
(1984, 1989). The kinetic simulations by Combi (1996) ex-
plicitly include a microphysical description of internal rota-
tion energy, which indicates that the earlier approximations
are generally reasonable.

4.4. Hybrid Kinetic/Fluid Models

For typical comets over a wide range of gas production
rates and heliocentric distances, the photochemical heating
rate is not simple to calculate because the coma gas is not
in local thermodynamic equilibrium. As discussed in detail
in a previous section of this chapter, water photodissocia-
tion reactions provide the bulk of excess energy for the
coma, with the main dissociation branch

H,O0 + hv = H + OH + Energy (25)
providing most of the energy. Because there is excess en-
ergy after overcoming the chemical bond energy on the
order of 2 eV for this reaction and the products H and OH
must conserve both energy and momentum, so 17/18 of the
energy is imparted to the H atom, producing it with an
excess velocity of ~17.5 km s-!. The OH radical, on the
other hand, has an excess velocity of 1.05 km s-!. Typically
in modeling energy balance and transport in a planetary
atmosphere, the gas densities are large enough that one can
normally assume that all the photodissociative heating en-
ergy happens locally, so the heating rate is just given as the
sum of the products of the local species gas density, the
excess energy per dissociation, and the dissociation rate. In
a comet coma the region where the gas density is large
enough for local photochemical heating efficiency to be
100% depends on the overall gas production rate and the
expansion velocity of the coma. In addition, because of the
dominant ~1/r2 fall-off of the density, the decrease of photo-
chemical heating efficiency is gradual compared to a plane-
tary atmosphere with an exponential scale height variation in
density. It therefore is not possible to define, strictly speak-
ing, a collision zone size for the heating caused by hot
superthermal H atoms.

Ip (1983) first addressed the issue of photochemical
heating efficiency for the superthermal H atoms and derived
an analytical estimate. Huebner and Keady (1983) devel-
oped an escape probability formalism to treat the escaping
superthermal H atoms, and Marconi and Mendis (1983)
treated two populations of H atoms: a superthermal com-
ponent and a thermal one to deal with the photochemical
heating efficiency. Combi (1987) and Bockelée-Morvan and
Crovisier (1987) performed Monte Carlo calculations for
individual superthermal H atoms and modified the photo-
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chemical heating rate using the accumulated collisional
energy transfer. Generally the heating efficiency increases
with larger gas production rates (Fig. 3) because of in-
creased gas densities and at smaller heliocentric distance
(Figs. 4 and 5) because of increased photodissociation rates.
Figure 6 shows results by Ip (1989) for hybrid kinetic/fluid
calculations of outflow speeds in Comet 1P/Halleycompared
with measurements of propagating CN shells. These results
are consistent with otherwise similar comparisons of differ-
ent datasets by Combi (1989).

The complementary part of this approach is to predict
the distribution of observed daughter species given a real-
istic physical description of the inner “parent” coma and
the nonequilibrium collisional processes that alter the ve-
locity distribution function of the daughter species. This was
first done by Kitamura et al. (1985) for hydrogen assum-
ing a constant velocity point source parent coma. A gen-
eral time-dependent, three-dimensional approach was taken
by Combi and Smyth (1988a,b), whereby the parent coma
was described by a time-variable hybrid/kinetic calculation
and applied to explain the type of empirical H-atom veloc-
ity distribution found by Meier et al. (1976) for observa-
tions of the shape of the Lyman-o. coma of Comet Kohoutek
for two very different sets of conditions. It has been suc-
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Fig. 3. The effect of coma gas production rate on radial veloc-
ity and kinetic temperature in the coma. Model calculations by
Bockelée-Morvan and Crovisier (1987) from top to bottom for gas
production rates of 1027, 1028, 1029, and 1030 s-1. The dashed
portions of the lines correspond to the outer nonfluid region of
the coma.
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Fig. 4. Radial velocity and gas kinetic temperatures in Comet
1996 B2 (Hyakutake) from models by Combi et al. (1999a). Helio-
centric distance varies from 0.94 to 0.71 AU. The production rates
for the dates beginning with March 30 are 2.0, 2.2, 2.7, and 4.0 x
102 571,

cessfully applied to a number of comets since then, includ-
ing 1P/Halley by Smyth et al. (1991) and the very extreme
case of C/1995 O1 (Hale-Bopp) by Combi et al. (2000). As
shown in Feldman et al. (2004), in addition to being able
to reproduce the spatial morphology of the coma, which is
sensitive to the velocity distribution because of the large
solar radiation pressure acceleration on H atoms, it was
applied directly to Goddard High Resolution Spectrograph
(GHRS)/Hubble Space Telescope (HST)-measured Doppler
line profiles of H Lyman-o in Comet C/1996 B2 (Hyaku-
take) by Combi et al. (1998) and subsequently included in a
full-wavelength-dependent radiative transfer calculation by
Richter et al. (2000). The approach was also generalized
for heavy species and applied to OH by Combi et al. (1993);
O('D) and NH, by Smyth et al. (1995); C,, CN, NH,, and
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Fig. 5. Model radial velocity and gas kinetic temperatures in
Comet Kohoutek by Combi and Smyth (1988b) for large produc-
tion rate and small heliocentric distance.
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Fig. 6. Model-data comparison of expansion velocity of CN
shells in Comet 1P/Halley by Ip (1989).

O(!D) by Combi et al. (1999a); and then to NH, by Tegler
et al. (1992) and Kawakita and Watanabe (1998).

4.5. Kinetic Models

The first fully kinetic model for the water-dominated
cometary coma that included a fairly complete description
of the physics was presented by Hodges (1990). This cal-
culation was of the test particle (TP) type. It starts with an
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initial assumed description for the distribution function of
the gas that serves as a background for test particles of the
same gases. In this particular case water molecules are
emitted from the model nucleus and dissociation products
(OH, H, O, etc.) are produced in a random but physically
fair fashion. Collision probabilities are calculated between
the test particles and current version of the background
distribution functions for all species, and the test particles
are scattered as necessary. A new background distribution
is accumulated (or partially accumulated) from the state of
the test particles in each iteration, which then serves as a
new background. The premise is that once the background
distribution and the test particle distribution converge to the
same state, then that state describes the steady-state solu-
tion for the gas. Xie and Mumma (1996a,b) updated some of
the statistical algorithms from the original model of Hodges,
improving the sampling of velocities for collision pairs and
including a more accurate description of the IR rotational
cooling by water molecules.

A DSMC model proceeds by following the detailed mol-
ecular motions of many molecules (thousands to millions)
simultaneously, including their responses to imposed fields
(e.g., gravity, or E and B fields in the case of charged parti-
cles), binary collisions, and chemistry. The assumption of bi-
nary collisions is quite good for a dilute gas and basically re-
quires that the gas density be such that the distance between
molecules is much larger than the molecular size. Quite
dense gases, for instance, the standard density at the surface
of Earth, which is in the realm of hydrodynamics, easily
satisfy this condition.

A DSMC model is inherently time dependent and can
address a wider range of problems than TP methods. Steady-
state situations are achieved by running a simulation for a
long enough time given steady-state initial and boundary
conditions. Therefore, the final state does not depend per se
on the initial state provided the system is given an adequate
time to relax. The initial state could start at some given state,
or a vacuum. In terms of computational resources the inher-
ently steady-state iterative TP approach requires less mem-
ory than a steady-state version of a DSMC; however, both
must sample a similar number of individual particles over
a similar time with similar time steps in order to model a
real physical system with similar statistical accuracy. There-
fore, the total number of computations between the two
methods should be roughly equivalent.

A DSMC model begins by setting the initial state of a
certain number of molecules of all species in question
throughout the simulation volume. Various boundary con-
ditions from which new particles are introduced into the
simulation volume must be defined and characterized. The
simulation is divided into small time steps, Atg, which must
be small enough so that only a small fraction (<0.1) of
particles in any volume of space will collide over that time,
and so that the forces (accelerations) yield small enough
velocity changes, thereby allowing some finite-difference
formulation to follow the particle trajectories. Higher-order
schemes can also be used for this purpose if the timescale
for trajectory variations owing to outside forces (e.g., grav-
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ity, or electromagnetic) is much smaller than the collision
timescale. Furthermore, each spatial cell can have its own
collision time step, so that useless collision testing need not
be performed when the densities are quite low. This clearly
occurs high enough in an atmosphere or far enough away
from the nucleus in a cometary coma, and means that col-
lisions that occur more frequently in regions of high den-
sity can be sampled as often as necessary.

There are clear advantages to kinetic DSMC methods in
being able to treat a whole range of non-LTE processes as
well as multiple species. At the same time there are serious
computational penalties, so particle kinetic methods are not
meant to be substitutes for all other modeling techniques
in all applications: Clearly simple models such as Haser
or vectorial and hydrodynamics approaches, such as Euler
and Navier-Stokes, are highly useful.

A very useful application of DSMC to an expanding
comet atmosphere was to understand the time-dependent
effects of the dynamics of the expanding atmosphere of
Comet 1P/Halley (Combi, 1996). Figure 7 shows a plot of
the measured outflow speed of the heavy molecules in the
coma as measured by the neutral mass spectrometer on the
Giotto spacecraft (Ladmmerzahl et al., 1987) compared with
time-dependent DSMC model calculations. Shown are the
time variations of the dependence of the radial outflow
speed on distance from the nucleus owing to the variation
in the water production rate at the nucleus. The model uses
a time-variable production rate at the nucleus derived from
the photometric lightcurve of Schleicher et al. (1990) us-
ing an analysis of spatial profiles of a number of species
by Combi and Fink (1993), which is also shown. When the
production rate is large, the gas densities are high and col-
lisional thermalization of the superthermal H atoms is effi-
cient. This causes an increase in the photochemical heating
that drives an increase in the outflow speeds. Therefore, the
radial outflow speeds corresponding to peaks in the light-
curve are noticeably larger than those during the troughs.
For the factor of 3—4 in production rate variation in Halley,
this turned out to be a fairly sensitive change, especially
when the timescale for large production rate changes is
comparable to the timescale of transit of gas across the
coma. As shown by the appropriate lightcurve for the phase
of the Giotto measurements, the model predicts the meas-
ured velocities. As shown, if the comet had been at a dif-
ferent phase of the variation (only a day or so earlier or
later), a measurably different velocity profile would have
been obtained.

Skorov and collaborators have used DSMC to explore
the Knudsen layer at the nucleus surface/coma boundary
(Skorov and Rickman, 1998; Markiewicz et al., 1998) and
the porous upper layers of the surface of the nucleus itself
(Skorov et al., 2001). More recently, Crifo and collabora-
tors (Crifo et al., 2002, 2003) have been comparing calcu-
lations using DSMC and solutions of the Euler equations
and Navier-Stokes equations formulation of hydrodynam-
ics for a dusty-gas coma in the vicinity of the nucleus. They
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Fig. 7. Time-dependent DSMC model calculation for Comet 1P/
Halley around the time of the Giotfo encounter. In the top plot
results are shown for maximum, minimum, and Giotto flyby
phases of the lightcurve. Time variations were adopted from the
photometry of Schleicher et al. (1990), and are shown in the plot
below. The seven-day periodic gas production variation leads to
25% variations of the outflow speed.

find that outside the most collisionally thick region of the
coma, where the Euler equations are valid, there is a re-
gion where the Navier-Stokes equations provide a reason-
able calculation of the coma density and velocity flow field,
as verified in numerical experiments with DSMC. However,
as mentioned above, the very near-nucleus region is dis-
cussed in Crifo et al. (2004). In the larger “observable”
coma, which we address in this chapter, not only are the
Euler equations not valid, but also DSMC is very useful to
model simultaneously multiple species, including photo-
chemical products that are far from any Maxwellian or
slightly skewed Maxwellian distribution assumed for Navier
Stokes. Here, DSMC is the only currently developed viable
alternative.
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4.6. A CO-Dominated Coma

The observed examples of CO-dominated comae are for
comets at large heliocentric distances, like Comets 29P/
Schwassmann-Wachmann 1 and 1995 O1 (Hale-Bopp).
Biver et al. (1999a) found that the coma of Comet Hale-
Bopp underwent a transition from CO-dominated to H,O-
dominated at a heliocentric distance of about 3 AU both
before and after perihelion. There were velocity resolved
millimeter-radio observations of CO, CH;OH, and H,CO
in Hale-Bopp when the comet was at a heliocentric distance
of 6 AU (Jewitt et al., 1996; Womack et al., 1997) and the
coma was CO-dominated. The CO emission indicates pri-
marily sunward-directed velocities of 0.3—0.4 km s-! that
are much larger than would be expected for an exposed
sublimated CO-ice surface, which is 25 K when emitted into
a vacuum (Yamamota, 1985). On the other hand, emissions
from CH;0H and H,CO indicate a more isotropic ejection
that possibly points to an extended source by photodisso-
ciation of parent molecules and/or sublimation from icy
grains. The most reasonable explanation is that CO is likely
released from the dayside of the nucleus when the subsur-
face thermal wave causes the dominant H,O ice to undergo
a phase transition from crystalline to amorphous ice, which
happens at about 125 K (Prialnik et al., 2004). At such a
temperature, CO would be released from the ice below the
surface and could diffuse through porous upper layers of
the nucleus surface. A temperature of 125 K is consistent
with the observed velocity.

There has been little theoretical work done on the pos-
sible conditions in the coma of a comet that is dominated
by CO. Ip (1983) computed a photochemical/hydrodynamic
model for a CO-dominated comet at a heliocentric distance
of 1 AU, conditions which, we know now in hindsight, are
unlikely to occur. Observations of comets to date would
indicate that any comet at a heliocentric distance of 1 AU
would be water-dominated. The model assumes that the gas
is released from the surface at the vapor-pressure-equilib-
rium sublimation temperature of CO ice, which is 40 K. The
photochemical heating effects of CO at 6 AU are negligible
compared with the model at 1 AU because of the increase
of the CO lifetime by a factor of 36, and this is compounded
by a production rate for Hale-Bopp that was only a few x
1028 molecules s-!, and the fact that CO is a reasonably
efficient at cooling in the IR (Chin and Weaver, 1984). This
would result in any energetic photodissociation products
(hot superthermal C and O atoms) to be emitted well out-
side the collision zone for this comet.

More recently, Crifo et al. (1999) presented results of
aspherical models for CO-dominated comae of Comets 29P/
Schwassmann-Wachmann 1 and 46P/Wirtanen. They as-
sumed that CO diffuses through the surface of a comet at a
heliocentric distance of 3 AU, which reaches the local equilib-
rium temperature of a blackbody with values ranging from
230 K at the subsolar point to 41-73 K on the nightside de-
pending on the value of a surface recondensation param-

eter. Such large temperatures lead to large outflow veloci-
ties at a few nucleus-radii in the range of 0.65-0.75 km s-!
or more. Accounting for the expected temperature differ-
ences between 3 and 6 AU does not explain the factor-of-2
smaller observed speed in Hale-Bopp. So, at least for the
case of Hale-Bopp, their surface temperature model is too
hot, but the basic physics of the flow velocity is otherwise
reasonable. Clearly, the CO reservoir temperature from Hale-
Bopp was less than the expected surface temperature. This
either says something important about the surface tempera-
ture for these comets at 6 AU or more likely about the tem-
perature accommodation for CO gas effusing through the
upper porous layers.

5. SPATIAL AND VELOCITY
MEASUREMENTS: OBSERVATIONAL
TECHNIQUES AND MODELS

The methods used to study the composition and struc-
ture of comet comae are beginning to reach the point where
gas production rates, energy balance, chemistry, velocity
structures, radial distributions, temporal-spatial variability,
and the interaction of the coma with solar wind are all ac-
cessible at some level with remote sensing, although the
inversion of data to physical parameters continues to require
model interpretation and coordinated complementary ob-
servations. Maturation of these techniques has been both
technical and physical. The widespread use of linear, high-
dynamic-range detectors has improved sensitivity and pho-
tometric accuracy in the visible, while advances in digital
quantum efficiency and array size have combined with
larger telescope apertures to increase the absolute sensitiv-
ity limit and angular scale over which comets are studied.
Substantial improvements in UV, IR, and radio instrument
capabilities have made accessible many minor species, ther-
mal diagnostic bands, and faint or previously undetectable
emissions from parent species and their atomic end states,
while new developments in interferometric, high-resolution,
and integral-field (multipoint) spectroscopic techniques
have opened up the study of fine structure and the low-
velocity (<1 km/s) characteristics in different regions of the
coma. Finally, our ability to monitor the variable elements
of the solar UV spectrum that drive photochemistry has
improved our ability to validate theoretical rate calculations
and to separate the linked variables of velocity and lifetime
in expansion models.

To take full advantage of these improved observational
capabilities requires corresponding improvements in our
understanding of how photolysis, branching ratios, and fluo-
rescence efficiencies of a chemical species affect its role
and evolution in the coma, and of how the detailed struc-
ture of the coma affects the convergence of measurement,
models, and their relationship to actual conditions. In this
section we describe the most widely used techniques for
remote sensing of the evolution of the H,O coma, with an
emphasis on spatial distributions, photometric measure-
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ments, and spectroscopic study of line shapes and Doppler
shifts [see Feldman et al. (2004) for an expanded discus-
sion of spectroscopy]. We emphasize observation and mod-
eling of the evolution of water and its daughters in the
applied examples; however, it should be clear how these
techniques and their limitations are applicable to other coma
species. Each of these techniques is specialized to the de-
sired feature (radial distribution, velocity profile, total pro-
duction rate) or spatial scale (inner vs. outer coma) under
study, or is either instrumentally [e.g., Far Ultraviolet Spec-
troscopic Explorer (FUSE)] or physically (e.g., quenched
radio or metastable emissions) limited to specific regions
of the coma. Such focus means that a detailed understand-
ing is rarely achieved with an isolated observation, and we
discuss the value and challenges of a synergistic, coordi-
nated observational approach for modeling the full dynamic
and photochemical evolution of the coma.

5.1. Remote Sensing of the Spatial, Thermal,
and Velocity Properties of Cometary Water

The observational strategies used to study the H,O coma
spatially, photometrically, and in velocity space can be bro-
ken down into five areas: (1) aperture summation (wide and
narrow field); (2) one- and two-dimensional mapping (nar-
row bandpass imaging, spectro-imaging, multiplexed spec-
troscopy); (3) velocity-resolved imaging (interferometric
data cube studies); (4) aperture-summed line-shape mea-
surements (high-resolution/étendue spectroscopy); and
(5) temperature sensing. Each of these techniques provide a
distinct diagnostic of a given species such as total produc-
tion rate, spatial distribution, temporal variance, tempera-
ture, or velocity distribution, all on spatial scales ranging
from the extreme inner coma (102-103 km) to the diffuse
outer coma and ion tail (105-107 km). The results neces-
sarily reflect the target diagnostic of the observation in the
coma/tail region where the information is sought, which
limits the scope of a model interpretation.

5.1.1. Aperture summation. Being essentially the case
of zero-dimensional imaging, aperture summation is used
to detect faint or low surface brightness features, multiple
lines of a single molecular band, and/or to provide the high-
est possible photometric accuracy on a single coma com-
ponent. The measurements are done either with a combina-
tion of narrow bandpass target-continuum filter image sub-
traction (Schleicher et al., 1998; Kiselev and Velichko, 1999;
Griin et al., 2001) or spectrophotometrically (Schultz et al.,
1993; Oliversen et al., 2002). In addition to providing high
photometric accuracy, aperture summation is a useful tool
for obtaining production rates. This is particularly power-
ful for the case of wide-field measurements that sample the
entire scale length of a given species. For fluorescence, such
measurements invert directly to production rate requiring
only knowledge of the transition g-factor and lifetime via

Q, = 109, QA%/(g,T,) (26)

where Q is the solid angle of the field of view (FOV) in

radians; A is the geocentric distance (cm); T, is the photo-
chemical lifetime of species X in seconds; I is the field-
averaged brightness in Rayleighs; and g, is the fluorescence
efficiency (photons s-1). In a model inversion of resonance
line photometric data we are limited by the precision of our
knowledge of lifetime and fluorescence efficiency. In the
case of metastable prompt emissions, a single photon is
produced, which simplifies the relationship such that the
production rate follows directly from the brightness (Schultz
et al.,, 1993)

Q, =4nAZQI, 27
with the parent production rate following from the chemi-
cal branching ratio to the metastable species. The accuracy
of metastable photometry is similarly limited, in this case
by our knowledge of the formation rate from its parent(s)
and the contribution of loss/production mechanisms that are
important in the inner coma. Neither relationship accounts
for potential complications such as collisional or chemical
quenching, opacity to solar photolyzing or scattering radia-
tion, or Swings/Greenstein g-factor variation (irrelevant for
metastable emissions), all of which introduce uncertainties
that must be addressed in the model interpretation. Even
when these ancillary factors are correctly addressed, the
resulting photometric measurement will represent a time-
averaged production rate for the period of travel across the
aperture for the slowest-velocity component of the target
species.

To derive production rates when the FOV is less than
the diameter of the scale length, the above relationships
must be adjusted by an aperture correction (AC) term that
accounts for emission beyond the edge of the aperture. The
value of AC is determinable using model estimates of the
scale lengths (y, ~ v,T,) of the species under study and its
parent using either simple spherical expansion (Haser-type)
or streaming particle (vectorial or Monte Carlo) models, or
observationally by comparing the models to the total sig-
nal obtained by moving apertures (Oliversen et al., 2002)
to different locations in the coma or using apertures of dif-
ferent angular sizes. Coarse scale-length estimates are rela-
tively straightforward for species (e.g., OH) in simple radial
outflow assuming a static, symmetric quasithermal veloc-
ity relationship such as the v, ~ 0.85 R;>> (where v, and
Ry, are the outflow velocity and heliocentric distance) of
Budzien et al. (1994). However, a precise scale-length meas-
urement is far more complicated if there are substantial non-
thermal components, e.g., for H (Richter et al., 2000), if
there is significant acceleration across the coma (Harris et
al., 2002; Combi et al., 1999b; Bockelée-Morvan et al.,
1990), temporal variability in gas production, or an ex-
tended source region. At the low end of aperture size, where
only the inner coma is sampled [e.g., FUSE (Feldman et
al., 2002) or the CSHELL spectrometer on the IRTF (Dello
Russo et al., 2000)], the above complications become more
significant, while other unresolvable factors, including
quenching, collisional chemistry (Komitov, 1989), accelera-
tions, and/or asymmetries (spatial and temporal) in gas pro-
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duction further confuse the interpretation. For observations
of parent species with apertures that are small compared
with the molecular scale length, one can use the relation
that is identical to equation (2) where the number of mol-
ecules can be extracted knowing only the outflow velocity.

5.1.2. One- and two-dimensional spatial imaging. Spa-
tial maps of the coma are obtained using interferometric
imaging in the radio, spectroscopic imaging in the visible,
fiberoptically multiplexed or image-sliced spectral tech-
niques, long-slit imaging spectroscopy (low to high reso-
lution), and narrow bandpass filter images targeting specific
neutral species, ions, and dust continuum points (see Schlei-
cher and Farnham, 2004). After the removal of sky, con-
tinuum, and detector background the resulting data provides
a snapshot of the radial, azimuthal, and temporal structure
of a coma species. Spatial data cube spectroimages of dif-
ferent lines in thermally diagnostic molecular rotational
bands can also be used to track the evolving thermal prop-
erties of the coma. Such two-dimensional measurements are
of immense value for model analysis as they contain records
of gas production variability, extended source distributions,
radial column density profiles, scale-length information, and
local temperature, although they do come at the expense
of photometric accuracy in the lower surface brightness
outer coma.

Long-slit spectra provide single-dimensional spatial maps
of brightness with radial distance from the nucleus. These
spectra are most useful for measuring radial profiles of sev-
eral species at low spectral resolution and providing velocity
dispersion, Doppler shifts, and line ratios in a single mole-
cule at medium/high resolution. As with two-dimensional
imaging, slit spectroscopy is less effective in the outer coma
where the surface brightness of the emissions is low. To ex-
tract radial information from the faint, diffuse outer coma,
a spatial summing technique can be applied to a two-di-
mensional image that collapses the azimuthal dimension of
a spectrally filtered image into a single averaged profile of
brightness as a function of distance from the nucleus (i.e., a
ring sum). Azimuthally averaged data provides much greater
sensitivity to the radial profile in the outer coma, where the
shape is strongly dependent on the outflow velocity distribu-
tion. However, averaging blurs spatial and temporal structure
in azimuthal averages and leaves the resulting profile under-
constrained, which can make it difficult to obtain a unique or
consistent model interpretation. Ideally, a hybrid approach
to spectroimaging data is applied, where spatial information
on the underlying structures of the coma, including diurnal
variances, temporal changes in overall production, vectored
flows, jets, temperature, and secondary sources, are retained
in the high surface brightness regions of the coma, while the
more diffuse regions are summed to increase signal to noise.
This greatly increases the amount of information available
for model analysis, resulting in a more detailed picture of
coma structure.

Inversion of a one-dimensional or two-dimensional spa-
tial dataset to production rate can be achieved in two ways,
either by summing all the photons in the FOV as an effec-
tive aperture and using equations (26) and (27), or by mod-
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eling the radial shape with spherical expansion or stream-
ing particle models that require some additional knowledge
of the outflow velocity distribution and/or chemical lifetime.
In the case where the detectable dynamic range of the im-
age extends from the inner coma to the edge of the target
species scale length, a photometrically derived production
rate can be combined with radial data to put constraints on
the production rate and velocity distribution (Harris et al.,
2002) and hence constrain the uniqueness of the model fit.
However, if the usable (above detection threshold) FOV is
less than the scale length of the species under study, a com-
bination of photometry and model is required. Since spatial
mapping does not provide velocity information (fiber-op-
tically multiplexed and image sliced spectral maps are an
exception), the same limitations on velocity estimates hold
for imaging studies that are encountered in aperture pho-
tometry and the accuracy of the production rate will depend
on the precision of the estimate.

5.1.3. Velocity-resolved aperture photometry. An accu-
rate measurement of the velocity distribution for a coma
species is critical to a detailed understanding of its spatial
distribution, chemistry, temperature, and evolution, particu-
larly when using detailed models that are capable of ad-
dressing multiple component, accelerating, and/or nonradial
line profiles (e.g., DSMC or hydrodynamic models). Me-
dium resolution enables the detection of Doppler-broadened
or -shifted components of emission lines (e.g., Larson et
al., 1987), but it is generally not sufficient for resolving the
expansion velocities (1-10 km/s) of most coma species. The
very high spectral resolution (R > 10°) needed to detect low-
velocity flows is problematic for narrow-aperture grating-
type spectrographs, because the required combination of
high signal to noise and high spectral resolution is difficult
to achieve for the low surface brightness emissions that de-
scribe the coma and ion tail beyond the immediate vicinity
of the nucleus. Aperture-summation techniques provide far
greater étendue and thus sensitivity to diffuse emissions such
as those in comet comae, and radio frequency measurements
of OH and other molecular radicals (e.g., CO, HCN, H,0)
have emerged as an effective technique for detection of out-
flow velocity signatures as small as 0.1-1 km/s (Bockelée
Morvan et al., 1990; Biver et al., 1999a; Colom et al., 1999).
Fabry-Pérot and spatial heterodyne spectroscopic (SHS)
interferometers have been used to study expansions from
atomic species, primarily H (Morgenthaler et al., 2002) and
O(ID) (Smyth et al., 1995) at velocity resolutions of up to
1 km/s. H Lyman-o absorption cells (Bertaux et al., 1984)
have also proven effective for measuring the velocity struc-
ture of coma hydrogen at subkilometer-per-second resolu-
tions, albeit with substantial temporal averaging as the comet
velocity must change with respect to the instrument to sam-
ple the full line shape. These observations all share the com-
mon limitation that they average velocities over large areas
of the coma.

As a precision photometric technique, velocity-resolved
aperture summation is directly invertible to production rate,
subject to the same caveats described above. Because these
measurements average all the velocity structures that are
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detectable in the aperture, acceleration in active comets
(Colom et al., 1999) or changes in the velocity distribution
due to radial-distance dependent photochemistry (i.e., H)
(Richter et al., 2000; Combi et al., 1998; Morgenthaler et
al., 2002) are mixed both azimuthally and radially in the
measured line profile and can only be partially separated
with model analysis. An additional complication arises in
the form of quenching in the inner coma that can render
the velocity structure inner coma undetectable for some
water daughter species, including OH (Schloerb, 1988) and
O(ID) (Festou and Feldman, 1981; Smyth et al., 1995; Mor-
genthaler et al., 2001). While the effect of quenching on
the inversion to production rate can be compensated for with
correction factors, the measured velocities are isolated to
the regions beyond the quenching radius. This is not a prob-
lem for weak comets where the aperture is much larger than
the quenching radius and the OH velocity is largely invari-
ant, but can be severe for very active comets such as Hale-
Bopp where substantial acceleration occurs in the quenched
regions (Colom et al., 1999, Harris et al., 2002).

5.1.4. Velocity-resolved spectroimaging. ~ Spatially dis-
crete velocity data can be obtained from velocity-resolved
interferometric (data cube) imaging, one dimensional spatial
SHS, or long-slit or spatially multiplexed echelle spectros-
copy. Long-slit [e.g., Combi et al. (1999a) at R = 200,000]
and SHS [e.g., Harlander et al. (2002) at R = 40,000] tech-
niques are both limited to a single dimension, but have
demonstrated the very high intrinsic resolution necessary
to resolve the low expansion velocity coma neutrals. Of the
two, SHS offers much higher intrinsic étendue, can be tuned
to very high (R > 10°) resolution, and is better suited for
observations of the outer coma or very diffuse emissions,
due to the fact that the instrument collapses the dimension
orthogonal to the spatial direction into the interferogram.
This single-dimensional summing improves s/n as with
aperture summation, but spatially averaging only one di-
mension, leaving radial data in the other. Echelle spectra
sample smaller regions and thus probe the velocity struc-
ture at discrete locations where the surface brightness of the
emission is high. This offers a more constrained measure-
ment for model analysis, but at the expense of s/n. Echelles
are more easily tuned than SHS instruments, and they have
much greater flexibility in the selection of bandpass, often
covering broad ranges of wavelength.

Data cube images are typically obtained interferometri-
cally (such as a Fabry-Pérot) using a tunable filter bandpass
and stepped in wavelength across a target emission feature
or features (Morgenthaler et al., 2001). The resulting im-
age arrays have the velocity or line ratio distribution for
every spatial element (radial and azimuthal) in the FOV and
are very useful for identifying vectored flows, temperature
variations, acceleration, and signatures of secondary or
extended sources. Their limitation comes from the fact that
they collapse the full free spectral range of the interferom-
eter into image space, and they are generally much lower
in spectral resolution (R < 104) in this mode than if the same
instrument is used as a line-resolved aperture photometer.

This makes it useful only for species with substantial non-
thermal velocity components (e.g., H,O* or H) or where mul-
tiple, spectrally separated lines must be ratioed (e.g., for
temperature or equilibrium-state measurements).

Multiplexed spectroscopy is a powerful, hybrid technique
that combines the spectral range, resolution, and étendue
limitation of an echelle spectrograph with the two-dimen-
sional coverage of an interferometric image. Tunable multi-
plexing spectrometers place multiple (~100) feeds at differ-
ent locations over the FOV (Anderson, 1999), providing
maps of velocity at discrete points over a wide area of the
coma. Fixed multiplex arrays consist of multiple feeds cover-
ing a single FOV. In each case, the separate feeds are di-
rected to points along a long-slit axis of an imaging echelle
spectrograph. The inputs tend to be small (approximately
few arcseconds in diameter) and cannot be co-added easily.
This limits their sensitivity to low surface brightness emis-
sions in the coma. Their resolution depends on the configu-
ration of the bench spectrograph used (103 < R < 10%).

5.1.5. Thermal measurements in the coma. A meas-
ured temperature in the coma depends on the species ob-
served, its formation pathway, and the collision rate both
in the inner coma and at the location where the measure-
ment is taken. Such measurements thus provide an impor-
tant constraint on gas-kinetic models and a link from them
to the physical properties of the nucleus and surrounding
volatile-rich material. Remote sensing measurements are
able to provide kinetic temperatures for a number of coma
species, including the primary parent species CO (e.g.,
DiSanti et al., 2001; Biver et al., 2002; Feldman et al., 2002;
Brooke et al., 2003) and H,O (e.g., Mumma et al., 1986;
Crovisier et al., 1997). Owing to the absence of molecular
bands for these species in the visible, the bulk of thermal
remote sensing is done in the IR and at radio frequencies,
although Feldman et al. (2002) have recently demonstrated
that the kinetic temperature of CO can be obtained with
FUSE observations of the 0-0 band at 1080 A.

Mumma et al. (1986) first reported on measurements of
the spin temperature of water in the coma of 1P/Halley,
obtaining a value of ~40 K from the ortho-para (O-P) ratio
of lines, which are assumed to be fixed at the long-term
average solid-state temperature before evaporation, in the
V5 band at 2.65 ym. Similar measurements of the H,O ki-
netic temperature have been performed since, using the same
and different bands (e.g., Crovisier et al., 1997) as well as
for O-P ratio of different coma species [e.g., NH; (Kawakita
et al., 2001)] with comparable results.

Rotational diagram derivations similar to those made in
the interstellar medium have also been used to derive kinetic
temperatures in comets by looking at the ratios of different
rovibrational lines in a diagnostic band. These derivations
produce results similar to the O-P measurements where they
have been compared directly [e.g., H,O from 1P/Halley by
Bockelée-Morvan (1987)] and have proven effective for ob-
taining temperatures from several species including CH;OH
(Bockelée-Morvan et al., 1994), H,S (Biver et al., 2002),
and CO (Biver et al., 2002; Feldman et al., 2002). In par-
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ticular, Biver et al. (2002) reported a combined study of
all three of these as a function of heliocentric distance for
Comet C/1995 O1 (Hale-Bopp). In addition to demonstrat-
ing consistent thermal properties between these species,
they show results extending from 1 to 8 AU. While Hale-
Bopp was an extreme high case for comet activity, their
results demonstrate that temperature measurements are pos-
sible for many comets over the full range of their activity
cycle, which will enable more detailed study of the gas ki-
netic evolution of the coma.

5.2. Measurements of Water and its
Photochemical Products

Water itself has no visible band signature and is diffi-
cult to observe in general. Even as new techniques evolved
that enable direct mapping of the water coma in the IR
(Mumma et al., 1986; Crovisier et al., 1997; Dello Russo
et al., 2000) and radio (Lecacheaux et al., 2003), the most
common method of study continues to be observing the
evolution of the daughter and granddaughter species of its
photochemistry. The primary channels of this are given in
Tables 1 and 2 above, with the distributions of H, H,, meta-
stable O(!D), OH, and H,O* being the major products of
interest. Each species provides different elements of the
water evolution picture that depend on the observational and
modeling methods (described above) that are used to ex-
amine them. Here we describe most common observational
approaches to each water daughter and discuss where they
are useful for characterizing the coma with respect to vari-
ous model approaches.

5.2.1. OH diagnostics. OH is the most commonly stud-
ied of the water daughters, with ground-detectable signatures
in the NUV [the 0—0 band is the highest contrast emission
feature on groundbased spectra; see Fig. 1 in Feldman et al.
(2004)], radio (18 cm), and IR (Crovisier et al., 1997) that
contain complementary information about its production
rate, velocity structure, and spatial distribution in the coma.
OH is formed almost exclusively from water dissociation,
which makes it the most easily inverted back to a parent
(water) production rate. Indeed, given the single formation
path of OH and the relative difficulty of observing water
directly (see Bockelée-Morvan et al., 2004), OH has gen-
erally been the most effective proxy for water production
with the least ambiguity in its interpretation, especially for
comets that are not productive and in the range of 1 AU
(or less) from the Sun. For this reason the large database
of International Ultraviolet Explorer (IUE) and HST obser-
vations (see Feldman et al., 2004) is particularly useful for
a hard calibration for the water production rate in comets.

The complexities of OH photochemistry and interpreta-
tion are described in more detail above and in Feldman et al.
(2004); however, to summarize, the primary issues are a
lack of knowledge of basic characteristics and observational
difficulties. OH is difficult to isolate in a laboratory setting
(e.g., Nee and Lee, 1985), which requires a somewhat cir-
cular study of this species where the properties of the mole-

cule must be derived or verified by using a comet as an
astrophysical laboratory. In addition, the primary observ-
ing factors that complicate the use of its NUV emission
features as a diagnostic include variable atmospheric attenu-
ation of ~2.2 magnitudes/airmass (Farnham et al., 2000)
when observed from the ground, and a complex Swings-
Greenstein sensitivity in the g-factors of individual lines of
the unresolved 0-0 band (Schleicher and A’Hearn, 1988).
The 18-cm OH radio emissions are strongly quenched
(Schloerb, 1988), which restricts the sensitivity of the mea-
surement to the outer coma, an effect that becomes acute
for active comets such as Hale-Bopp where the quenching
region exceeded 105 km (Schloerb et al., 1999; Colom et
al., 1999). Finally, there is strong photochemical sensitiv-
ity to variable UV emissions in the solar spectrum in its
production and loss rates and its excitation from OH. Con-
siderable effort has been expended toward addressing all
these complicating factors, which has greatly improved the
convergence between the different techniques used to study
this species.

OH is observed using a combination of aperture photom-
etry, both for radio and NUV emissions, velocity-resolved
measurements (Fig. 8) in the radio (Colom et al., 1999;
Bockelée-Morvan et al., 1990; Crovisier et al., 2002), and
spatial maps in the NUV (Harris et al., 1997, 2002). OH
has been also observed in the IR by way of fluorescent and
prompt emissions in the 3-um region (Brooke et al., 1996;
Crovisier et al., 1997; Mumma et al., 2001). Both the 0-0
band and the 1-0 band at 2850 A are also observed from
spacebased platforms (Weaver et al., 1999). However, sys-
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Fig. 8. OH emission at 18 cm from Comet 1P/Halley obtained
with the Nangay radio telescope (3.5 x 19 arcmin beam) and us-
ing aperture summation is fit using the trapezoid method to de-
termine the outflow velocity of the coma (from Bockelée-Morvan
et al., 1990). In the lower left image, the sharp peak of the fitted
line is indicative of a case where Vy,en ~ Vejeciion ~ 1000 m sL.
The upper two profiles are matched with flat-topped fits consis-
tent with expansion of ~500 m/s, while in the lower right a higher,
asymmetric expansion rate is obtained.
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tematic spacebased observations of OH ended with the
deactivation of the IUE in 1996. Following the work of
Scheicher and A’Hearn (1988) it has been possible to correct
for g-factor and scale-length variability for the NUV fluores-
cent bands. The inversions of photometric and spectrophoto-
metric measurements of OH to obtain water production
rates with the use of spherical expansion models for the
radial distribution (Schleicher et al., 1998; Kupperman,
1999; Harris et al., 2002) are generally consistent with other
estimates of water production. Schloerb (1988) has devel-
oped a formulism for addressing quenching of radio emis-
sions that is comparably robust, while Bockelée-Morvan et
al. (1990) have developed a line-fitting technique (the “trap-
ezoid method”; Fig. 8) for determining the average radial
outflow velocity in radio-band OH emissions from beyond
the edge of the quenching region. This also puts some con-
straints on the OH ejection velocity, which is sometimes
slightly discrepant with that expected from photochemical
analysis (Table 1). However, these might be explained by
uncertainties in the photochemical data as well as simplifi-
cations in the models, which treat the coma as spherically
symmetric, collisionless flow and having a constant uniform
outflow velocity for parent species.

The major limiting factor with remote sensing of OH is
the relatively large number of independent unknowns that
must be relied upon to model an isolated observation, with
each technique requiring different approximations (azi-
muthal-temporal averaging, reduced outer or inner coma
sensitivity, lack of velocity data, etc.). As a result it is dif-
ficult to reconcile model results from different measure-
ments to within the relative precision of the measurements
(Schleicher et al., 1998). This nonconvergence is most ef-
fectively dealt with through the use of coordinated measure-
ments (see below) that act to constrain the individual uncer-
tainties of each observation, such as a lack of velocity data
in NUV images/photometry and a lack of spatial informa-
tion and the inner coma distribution in radio observations
(Harris et al., 2002; Colom et al., 1999). Future technical
developments in high étendue/spectral resolution measure-
ments of diffuse emissions in the outer coma (Harlander
et al., 2002) and long-slit echelle spectroscopy of the indi-
vidual lines of the 0—0 band (Combi et al., 1999a) will
improve the accuracy of the interpretation. It should be
noted, however, that the divergence of techniques is small
relative to other species, and that Q. rarely varies by more
than 50% between them unless there is considerable unde-
tected (by one measurement relative to another, e.g., narrow
vs. wide field) spatial and/or temporal variation in gas pro-
duction, or a difference in the underlying assumptions (e.g.,
outflow velocity or g-factor) used.

5.2.2. Hydrogen diagnostics. Hydrogen arguably pro-
vides the greatest physical information on the chemistry of
water, the structure of the coma, and temporal variability
in gas production; however, its long scale length necessi-
tates multiple observations on different spatial scales to fully
characterize its evolution. Atomic H is derived largely from
water and OH dissociation, which makes it possible to de-
rive a production rate directly, assuming the branching ra-

tios to the multiple formation pathways are known for the
conditions of the observation. The H coma is the most ex-
tended structure in comets, with observable emissions out
to more than 107 km from the nucleus (Combi et al., 2000).

Compared to the other water daughters, the H velocity
distribution is completely dominated by its nonthermal ele-
ments, with H,O and OH photochemistry contributing from
4 to 24 km/s in excess velocity. The bulk velocity distribu-
tion of H is also affected by collisions, which partially ther-
malize the energetic neutral H population in the inner coma,
especially in very active comets (Morgenthaler et al., 2001).
In addition, radiation pressure modifies the distribution with
an antisunward acceleration that becomes significant in the
outer coma. The net result is that the velocity distribution is
highly dependent on the region of the coma being sampled,
the optical depth of the inner coma to solar UV radiation
(both for photochemistry and resonance scattering), the total
gas production rate, any short-term gas production rate vari-
ability, and the comet heliocentric velocity (for both Swings
and Greenstein effects). Modeling of the distribution from
the inner coma of several comets (Combi and Smyth,
1988a,b; Smyth et al., 1991; Combi et al., 1998; Richter et
al., 2000) nominally verifies the theoretical estimates of the
velocity and its variation with heliocentric and cometocen-
tric distances for a variety of activity level comets.

The observational challenges to the study of H in com-
ets include the requirement for observations above the at-
mosphere to detect H Lyman-o or H Lyman-J3, the need for
measurements over multiple FOV, and strong telluric and
galactic backgrounds at Ha.. The primary diagnostics are
resonantly scattered H Lyman-o; at 1216 A and cascade Hot
emission at 6562 A. Detection of both dates back to the C/
1973 E1 (Kohoutek) apparition, with a dataset that includes
most active comets since then (Huppler et al., 1975; Keller
et al., 1975; Drake et al., 1976; Scherb, 1981). In recent
years and until the introduction of the SOHO/SWAN in-
strument, H observations of comets were mainly accom-
plished using variable width and line-resolved aperture
photometry with interference techniques on medium to large
spatial scale (Morgenthaler et al., 2002) or echelle spec-
troscopy near the nucleus (Richter et al., 2000; Feldman et
al., 2004). SOHO/SWAN has added the ability to image the
full H coma (Fig. 9) and even the shadow cast by the coma
on the background interplanetary medium. Because of the
high energies and velocities involved in the formation of
H, the contributions from the various dissociation pathways
can be seen in the H Lyman-o: line shape with intermediate
(R > 104) resolution instruments, which increases the range
of techniques and available instrumentation for the study
of this feature.

H line-profiles can be compared with detailed models,
albeit typically as azimuthal and radial averages over the
instrument FOV, to determine the contributions from dif-
ferent dissociation pathways both as a function of location
in the coma and as a function of overall gas production.
Figure 9 compares the model simulations of the velocity
distribution for Comet Hale-Bopp (Combi et al., 2000) when
the comet was at its most active near perihelion (0.9 AU),



Combi et al.: Gas Dynamics and Kinetics in the Cometary Coma 543

0.10 T T

(@)l

f(v)

0.04 - B

0.02 —

0.00 L .
0 10 20 30

v (km/s)

4)(107 T T T { T T T { T T T { T T T
2 %107 ' -
o |
_2x107 |- 4
I ]
[ &? PN /%: b
_4)(107 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1
4 x107 2 x 107 0 -2 x107 -4 x107

Distance from the Nucleus (km)

Fig. 9. Model for the SOHO SWAN observations of the H
Lyman-o coma of Comet 1995 O1 (Hale-Bopp); (a) and (b) show
the H-atom velocity distribution upon photochemical production
(thin) and after Monte Carlo model calculation (thick) of thermal-
ization in an expanding water-dominated coma. (a) Conditions on
the day of perihelion (April 1, 1997) when the comet was at a
heliocentric distance of 0.91 AU and the water production rate was
1.02 x 103! s-1. (b) Conditions on January 1, 1997 when these
values were 1.75 AU and 2.2 x 1030 s-! respectively. (¢) The
model-data comparison for the H coma at perihelion on April 1
when collisional thermalization was the largest and the resulting
coma is the most distorted from spherical symmetry. The shape
of the coma is formed by the balance between solar radiation
pressure acceleration and the velocity distribution function.

and three months earlier (1.7 AU), when the production rate
was much lower and the dissociation rates much lower. Near
perihelion a large fraction of the highest-speed H atoms are
thermalized to much lower velocities than at 1.7 AU where
the distribution was not changed much. The effects of ther-
malization are directly evident in the perihelion Hot line-
profile measurements of Morgenthaler et al. (2002). As
discussed earlier, this slowing of the H atoms in Hale-Bopp
is matched by a corresponding increase in the outflow speed
of the heavy species, to which the kinetic energy is being
transferred. Both Harris et al. (2002) and Colom et al.
(1999) see clear evidence of this effect in the velocity struc-
ture of OH near Hale-Bopp’s perihelion. The shape of the
coma at perihelion, as shown in Fig. 9c and as observed
with the SWAN instrument on SOHO, is also sensitive to
the velocity distribution as first pointed out by Keller and
Meier (1976).

The calculation of the water production rates (or any
species for that matter), from either fast species like H or
slower heavier species like OH or water, is very sensitive
to our knowledge of the velocity distribution, unless the full
scale length is observed (see equation (26)). This compli-
cation is substantially magnified by the multiple, radially
dependent components of the H velocity distribution and
by the large spatial extent of the H coma. At present we
are able to sample spectrally only small, discrete subsets
of the coma in the UV (H Lyman-c) or large azimuthally
and radially averaged areas at moderate signal to noise
(Morgenthaler et al., 2002). Improvements in interferomet-
ric instrument capabilities in the FUV (Stephan et al., 2001)
and visible offer the promise of additional spatial informa-
tion and increased spectral resolution for future comets.
Other new diagnostics, including observations in the deep
FUV (H Lyman-B) from FUSE (Feldman et al., 2002),
measurements of HP} emission from Comet C/1996 B2
(Hyakutake) (Scherb et al., 1996), and the planned STE-
REO (SOHO follow-up) mission, suggest a greater capa-
bility to map the structure of the H coma in future comets.

5.2.3. O('D) diagnostics. Oxygen in the metastable D
state is a byproduct of H,O, OH, and CO photochemistry
that is produced at different rates across the coma. Relax-
ation of O(!D) produces a single photon ~110 s after its
formation, meaning that its brightness inverts directly to its
combined parent production rate without any supplemen-
tal knowledge of g-factors via equation (27) above. Only
the various parent lifetimes and chemical branching ratios
are required to complete the inversion, and, if the full O
coma is sampled, the lifetime dependence disappears as
well. Its short lifetime of the metastable state offers an
additional advantage, because the locations of formation
and emission are nearly co-local. Thus, the radial distribu-
tion of O(!D) is a radial map of the site of photochemistry
in the coma that is useful for detailed modeling of chemi-
cal rates, source distributions, and the relative density ratio
of H,0 and CO.

Observations of O('D) do have significant complications
as a proxy for H,O and OH photochemistry that are addres-
sable to a large degree. Observationally, these complications
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Fig. 10. Two types of multiport spectroscopy and their application to Comet Hale-Bopp are shown (from Morgenthaler et al., 2001).
At left is a sample distribution using the Hydra spectrograph on the WIYN telescope. Here a set of 100 fibers are placed at pro-
grammed positions over a 1° FOV with a minimum separation of 40 arcsec. The array design shown is optimized for the study of
radially distributed emission, with the individual fibers feeding a bench spectrograph mounted below the telescope pier. At center is a
schematic of DensePak, a tight grouping of 100 fibers covering a region equal the minimum spacing in the Hydra array. At right is an
example of observation of O(!D) from Hale-Bopp using DensePak in the inner coma and Hydra for more remote locations.
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Fig. 11. A single 1° field image slice of the O(!D) coma of Hale-
Bopp is shown after subtraction of continuum. This image was ob-
tained using the WHoM instrument at Kitt Peak (from Morgen-
thaler et al., 2001). Overlaid is the location of fiber rings from
the Hydra instrument using the array shown in Fig. 8.

include substantial telluric O('D) nightglow, spectral sepa-
ration of OT and nearby NH, and H,O* coma lines (see
Feldman et al., 2004), and the low contrast of the emission
over bright dust scattered continuum emission. Physical
complications include an unknown contribution from CO

photochemistry that can be partially correctable with obser-
vations of C(ID) (see below) (Oliversen et al., 2002), un-
certainty in the branching ratios from OH under different
levels of solar activity (van Dishoeck et al., 1984; Huebner
et al., 1992; Morgenthaler et al., 2001), UV opacity effects
on chemical rates, and the role of collisional quenching and
chemistry of O(!D) in the inner coma (Glinsky et al., 2003;
Komitov, 1989). To compensate for the observational effects,
O(!D) is now routinely observed using high-spectral-reso-
lution (R > 15000) techniques including long-slit echelle
spectroscopy (Fink and Hicks, 1996), multiplexed echelle
spectroscopy (Fig. 10) (Anderson, 1999), interferometric
data cube imaging (Fig. 11), and aperture summed line
measurements (Fig. 12). The recent detection of fluores-
cence of metastable O 1 (D!-D') by FUSE (Feldman et al.,
2002) offers a potential new diagnostic that is comparable
to the C(!D) line (see below).

As noted above, the integrated brightness of O(!D) is
invertable to a production rate with equation (27) and from
there to Qy, from the branching ratios of OH and H,0
photochemistry. The radial and azimuthal distribution of the
emission traces both the expansion of the coma and the rate
of collisional and chemical quenching in the inner coma.
Because it maps directly to chemistry, O('D) images also
reveal extended sources and regions of increased velocity
(Morgenthaler et al., 2002). The O(!D) outflow velocity
retains the value of its parents (~1-2 km/s) plus fixed iso-
tropic speed component of about 1.6 or 1.5 km/s from the
photochemical excess energy from H,O and OH, respec-
tively. This requires high resolution (R < 105) to detect. This
was achieved for 1P/Halley in 1986, with a Fabry-Pérot
interferometer tuned to R = 1.9 x 105 (Fig. 12), although it
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Fig. 12. Aperture-summed O(!D) emission from 1P/Halley is
displayed at the top showing the clean separation of comet and
airglow O('D) signatures from each other and cometary NH,
emission. These were obtained using a Fabry-Pérot interferom-
eter in ring mode. Inspection of the comet and telluric line shapes
shows the broadening in the Halley outflow. The lower panels
show that this broadening is consistent with the magnitude of
coma outflow predicted by model calculations to be broader at
smaller (middle panel) heliocentric distances and more narrow at
larger (bottom panel) distances (Smyth et al., 1995).

required the averaging of a substantial FOV to obtain ac-
ceptable s/n on the line-shape. The Halley profiles were fit
successfully using the Monte-Carlo particle trajectory model
of Combi et al. (1993) and were used to validate the model-
predicted magnitude of expansion velocity and its increase
with increasing gas production (Smyth et al., 1995). Obser-
vations of a similar resolution were made of the inner coma
O(!D) distribution with a high-resolution echelle spectrom-
eter of Comet C/1996 B2 (Hyakutake). These were also in
agreement with model predictions for conditions interme-
diate between the two Halley cases (Combi et al., 1999a).
Continued development of very-high-resolution interfero-
metric techniques and sensitive high-resolution echelle in-
struments will make such observational programs routine
for comets of moderate to high activity, while the further
development of FUSE band technology may provide a com-
plementary diagnostic that will provide useful results for
weaker comets.

5.2.4. Infrared and radio observations of H,0. A miss-
ing key to the observational study of water dynamical and
photochemical evolution is measurement of the properties
of the parent species. This has been historically difficult both
because of the lack of transitions in the FUV-visible band
and because of strong attenuation of IR and radio bands
by telluric water. Over the past two decades considerable
progress has been made in finding ways around the tellu-
ric problem by moving to spacebased observatories or by
observing within the various windows where atmospheric
absorption is not so severe. Comets can sometimes be ob-
served at large enough geocentric velocity in order to Dop-
pler shift the cometary feature away from terrestrial absorp-
tion features. These improvements offer considerable prom-
ise that spacebased aperture photometry of water in the
radio will become routine, while IR measurements (both
ground- and spacebased) will contribute both the tempera-
ture and radial distribution of water. Together they will fill
an important observational niche in our study of coma ki-
netics. The issue of observations of H,O, and parent mole-
cules in general, is covered in detail in Bockelée-Morvan
et al. (2004).

Unambiguous detection of water in the inner coma first
came from 1P/Halley via the Kuiper Airborne Observatory
(KAO) (Mumma et al., 1986) and the IKS instrument on
the Vega spacecraft (Combes et al., 1986), both of which
directly detected emission lines from the v; band near
2.65 um. In addition to providing a direct measurement of
H,0, the KAO data were used to derive both the nuclear
spin temperature (Tspin) (Mumma et al., 1987) and the ro-
tational temperature (T, ) (Bockelée-Morvan and Crovisier,
1987) of the lines, which sample the formation history and
the current state of water in the coma respectively. The spin
temperature derived from the ortho-para ratio on the dif-
ferent detected lines of the v; band is set at the creation of
the H,O molecule by either photochemistry or direct evapo-
ration from ice on the nucleus and thus directly ties to that
event. The results from 1P/Halley (N4o/N. .., = 2.66 + 0.13

para
indicating T . = 32 K 45, —-2) were consistent with the

spin
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predicted temperature at the surface of Halley’s nucleus at
aphelion. Inversion of rotational state population to tem-
perature is less straightforward because the H,O molecules
are IR pumped and strongly non-LTE, with a varying rate
of neutral-neutral and neutral-electron collisions playing a
significant role in the level population. Within these limi-
tations, the rotational temperatures derived (T, ~60 K for
the March 1986 KAO data) suggest that the kinetic tem-
perature, as also reproduced in hybrid/gas-dynamic mod-
els (Combi, 1989), is also similarly low in the region of the
coma sampled.

An area where considerable progress has been made is
in the inversion of H,O brightness to Qy, and its spatial
and temporal variance. Weaver et al. (1987) derived QHZO
from the same v; KAO data used to derive T, and T,
obtaining results similar to OH, but with far greater vari-
ability on both short and long timescales. They attributed
the short-term effects to a parent species sensitivity to
nucleus activity that had previously been identified in CS
(McFadden et al., 1987), but could not fully account for
the longer-term discrepancies. Finally, while they lacked the
spectral resolution to sample the velocity structure of the
Vv, lines directly, Larson et al. (1987) showed that gas pro-
duction asymmetry provides a signature of outflow in the
form of a Doppler term in the lines. Their post-perihelion
measurements showed considerable variation from canoni-
cal assumptions of water outflow consistent with collisional
heating in active comets that was subsequently shown more
dramatically in C/1995 O1 (Hale-Bopp) (Harris et al., 2002).

Subsequent observations of water production and tem-
perature using this v, band and rotational lines near 180 pm
have been made with the Infrared Space Observatory (ISO)
satellite (Crovisier et al., 1997) with results similar to those
of the KAO and IKS IR spectrometer onboard in the Giotto
spacecraft. In addition, Dello Russo et al. (2000) has used
the CSHELL instrument at NASA IRTF to demonstrate a
method for groundbased detection of water in nonresonance
fluorescence “hot-bands” that are not absorbed by the atmos-
phere. These were first confirmed in Comet 1P/Halley (e.g.,
Weaver et al., 1987.) Unlike other studies, the CSHELL
measurements are spatially resolved over the small aper-
ture of the instrument, providing the first radial maps of the
inner coma water distribution and an opportunity to apply
production models to identify both collisional effects and
the presence of an extended source.

Progress in the study of line-resolved aperture photom-
etry of the water band at 557 GHz, which are available only
from space platforms, has proven very useful for deriving
Qp,0 and Vy  from the line shape. This emission was first
detected from Comet C/1991 H1 (Lee) using the Submilli-
meter Wave Astronomy Satellite (SWAS) (Neufeld et al.,
2000), and subsequently from Comets C/2001 A2 (LIN-
EAR), 19P/Borrelly, C/2000 WM1 (LINEAR), and 153P/
2002 C1 (Ikeya-Zhang) with the Odin satellite. The radio
measurements suffer from the same large area summation
as those used to examine other species; however, they share
their primary strength, velocity sensitivity. The Odin instru-
mental resolution is sufficiently high (80 m/s) to fully re-

solve the ~1 km s~1 bulk flow of water, which can now be
compared with similar measurements of other water daugh-
ters (H and OH) over similar FOV and used to model the
complex kinetics of the coma in the active comets detect-
able with these techniques.

5.3. Water Diagnostics in the Far-Ultraviolet (Far
Ultraviolet Spectroscopic Explorer) Bandpass

The launch of FUSE opened a new chapter in comet
studies by enabling direct observation of new diagnostics
of water production and chemistry in the FUV. To date,
FUSE has been used to observe long-period Comets C/
1999 T1 (McNaught-Hartley), C/2000 WM1 (LINEAR),
and C/2001 A2 (LINEAR) (Feldman et al., 2002; Weaver
et al., 2002). In addition to putting new limits on the abun-
dance fraction of highly volatile species such as Ar (Weaver
et al., 2002) and CO (Feldman et al., 2002), several diag-
nostic features identified with water photochemistry have
been observed. These include the H, Lyman band lines at
1071.6, 1118.6, and 1166.8 A, H Lyman-B and other lines of
the Lyman series, O T multiplets at 989, 1027, and 1040 A,
fluorescence from the metastable O I(!D) state at 1152 A
[analogous to the more commonly studied C(!D) emission
line at 1931 A (Tozzi et al., 1998)] (Feldman et al., 2002),
and the possible detection of charge exchange (between
coma neutrals and the high ionization state component of the
solar wind) cascade lines of O 1v at 1031.93 and 1037.62 A
(Weaver et al., 2002).

The utility of these new diagnostics is still being evalu-
ated; however, it is promising that the two objects observed
to date have been intrinsically weak gas producers that
would yield poor results with many of the other techniques
described above. Detection of H, is significant in that it
provides a new diagnostic of the poorly studied branching
rate to that daughter from water. H, is also produced with
a substantial excess velocity (Table 2) and has a long life-
time against photodissociation (Table 4), a combination that
means that, while H, is a minor inner coma constituent, it
is a dominant molecule in the outer coma. Feldman et al.
(2002) suggest that the O(!D-9D) resonance is being stimu-
lated by an unknown process rather than fluorescing in the
comet inner coma. This result is somewhat enigmatic, con-
sidering that fluorescence is the dominant source of C(1D)
in the coma despite having a lower energy of transition than
O(ID). Whether the O(!D) results for the three comets stud-
ied is typical or an anomaly brought about by the unique
circumstances of the FUSE observations (e.g., aperture,
solar cycle, low intrinsic production rates) will require a
larger dataset and close theoretical scrutiny to determine.

The major limitations for working in the FUV bandpass
are the availability of observing time, only moderately high
spectral resolution, high sky background noise, the rela-
tively low level of solar FUV flux, and the 30" x 30" angu-
lar extent of its aperture, which combine to limit observa-
tions to the inner coma. In this regard FUSE has similar
limitations to IUE in the 1980s and 1990s. As in this earlier
case, the advent of larger aperture and more flexible instru-
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ments will improve our ability to monitor these important
new features.

5.4. The Relationship of Other
Coma Species to Water

Water is the dominant volatile component of comet nu-
clei, and therefore its state and evolution are both relevant
to developing an understanding of other coma species, some
of which have reciprocal effects on the water coma. The
above descriptions reveal several weaknesses in the diag-
nostics suite used to determine the characteristics of the
water coma, and one technique to address this is to com-
bine studies of water with other coma constituents that fill
these observational voids. The detailed physics of the other
coma species is dealt with in other chapters of this book,
and our goal here is to illustrate only how a coordinated
observing-modeling approach between them and water will
increase our understanding of each. While coordinated
observations of multiple species provide benefits for under-
standing many other properties of the coma, including its
thermal properties and the interaction of the solar wind, we
will briefly touch here on two examples (the velocity struc-
ture of the inner coma and the role of secondary sources
of water daughter species) where the above techniques pro-
vide an incomplete picture and observational solutions us-
ing other species have been identified.

5.4.1. Velocity structure. The low velocity of most
coma constituents (in particular, H,O, OH, and O for water)
requires extremely high spectral resolution (R > 10°) to
measure. Unfortunately, the most common technique used to
achieve such high resolution in the visible and UV (echelle
spectroscopy) has a correspondingly small étendue that
samples only small regions with fairly low sensitivity. Inter-
ferometric techniques (Stephan et al., 2001; Watchorn et al.,
2001; Morgenthaler et al., 2002) that co-add large FOV at
high spectral resolution in the visible and UV have consider-
able future promise in this area; however, the most mature
techniques exist in the radio. Unfortunately, the primary
water diagnostic in the radio (OH at 18 cm) is strongly
quenched in the inner coma, which is its the most dynami-
cally active region for active comets. To get around this
problem it is possible to use other, less-quenched OH [e.g.,
IR (Crovisier et al., 1997)] emission features or other spe-
cies to study this region and combine the results to com-
plete the dynamical picture. Several such features exist and
are in common use to determine the velocity within ~103-
10* km of the nucleus (Biver et al., 1999b). One commonly
observed emission that is useful for such comparative work
is the J = 1-0 line of HCN (Schloerb et al., 1987; Biver et
al., 1999b), which is detectable close to the nucleus at
subkilometers per second velocity resolution and therefore
useful in coordination with OH to measure velocity in the
inner and outer coma. Models of the outflow (Combi, 1989)
similar to those shown in Figs. 3—6 reproduced the secular
variation (with heliocentric distance) of the HCN line width
seen by Schloerb et al. (1987). Harris et al. (2002) com-
bined published measurements of the outer coma OH ve-

locity (Colom et al., 1999) and inner coma HCN velocity
(Biver et al., 1999a) with the radial distribution of emis-
sion from OH to map out the acceleration across the coma
of C/1995 O1 (Hale-Bopp). The magnitude and variation
of these velocity measurements, both with distance from
the nucleus and overall with heliocentric distance, are also
in reasonable agreement with models for the expansion of
the coma (Combi et al., 1999b), even for the extreme physi-
cal state of Hale-Bopp.

5.4.2. Characterization secondary sources. Of the pri-
mary neutral water species only H,O itself and OH have
no significant contribution from other sources. Of the oth-
ers, O T has the largest nonwater component, in this case
from a combination of CO and CO,. The precision of model
interpretation of O(!D) will depend on the precision by
which the CO- and H,0O-derived components are separated
or by our knowledge of the CO/H,O ratio, which varies
substantially among comets and with heliocentric distance.
The size of the CO/CO, contribution can be dominant in the
outer solar system, where water outgassing is suppressed,
but even where water dominates, the addition of CO/CO,-
derived O [particularly O(!D)] is significant. The role of
CO/CO, is further complicated by the fact that the rate of
formation of O(!D) differs between the two species and with
respect to both pathways in water. Indeed, O(!D), derived
from CO (as a daughter) and CO, (as a granddaughter),
most likely dominates over the OH contribution in the outer
coma due to the longer lifetime of CO (Tozzi et al., 1998;
Harris et al., 1999). This would be even further compli-
cated by a substantial fraction of CO coming from an ex-
tended source of another parent like H,CO (DiSanti et al.,
2001). Moreover, the ratios of CO : CO,, CO/H,0, and
CO, : H,O vary substantially between comets, with no ob-
vious predictive trend yet identified (Weaver et al., 1994;
Feldman et al., 1997; see also Bockelée-Morvan et al.,
2004). Thus, to account for the contribution of these spe-
cies to the O(!D) brightness and spatial distribution, it is
necessary to study diagnostics of both CO and CO, chem-
istry. The most direct method is to study C(!D), the meta-
stable analog to O(!D) that is formed in the same process
from CO (Huebner et al., 1992; Tozzi et al., 1998). From
Q (D) it is possible to separate the CO and OH contributions
directly over any simultaneously observed FOV.

There are two diagnostics for C(ID): fluorescence from
the D state at 1931 A and direct detection of the C(ID)
decay at 9828/9850 A. The former is accessible only from
space and has typically been studied only over small FOV
(Feldman et al., 1997), which limits its usefulness for a full
coma correction. Direct observation of the NIR decay lines
holds more promise, because it is both directly analogous
to the O 1 visible line and observable from the ground. This
feature is faint compared to O(!D), has high background
contamination, and falls near a telluric OH absorption. It
has only been detected in two comets, first an unpublished
detection from 1P/Halley by Miinch et al. (1986), and more
recently from Fabry-Pérot interferometric observations of
C/1995 O1 Hale-Bopp (Oliversen et al., 2002). The Hale-
Bopp detection provides the first quantitative estimates of
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the role of C(!D) in the inner and outer coma and identi-
fies how future development of the interferometric tech-
nique will improve our ability to study this diagnostic.

6. OUTSTANDING ISSUES AND FUTURE
STUDIES OF COMA STRUCTURE
AND EXPANSION

There is currently no single diagnostic signature of wa-
ter that provides a complete description of its spatial, ve-
locity, temporal, and production rate evolution in the coma.
Inferring such detail from any one observation therefore
requires either an estimate or approximation of the unknown
quantities (usually from observed characteristics of earlier
comets) or model derivation of them. As the quality of re-
mote sensing data has improved, the limiting factor in in-
terpretation has shifted from the instrumental regime to the
degree to which we know (1) underlying physical param-
eters such as g-factors and rate constants; (2) internal fac-
tors including quenching, temperature, solar wind density
and velocity, collision rates, optical depth, and source dis-
tribution; (3) incoming solar spectral intensity in the UV;
(4) parent species’ contributions and branching ratios; and
(5) the two-dimensional and temporal structure of the coma
and how it effects observations taken over different spatial
scales or at different times.

To the extent that these parameters are known for each
case, the modeling techniques discussed here each provide
a consistent picture of water evolution from the observa-
tions. However, one effect of this shift is that the precision
of measurements now often greatly exceeds the accuracy
of the inverted result (Schleicher et al., 1998). In many cases
the divergence between different methods stems more from
the failure to fully account for this in the determination of
uncertainty than from the validity of the approach, and can
give the impression of nonconvergence when isolated ob-
servations are compared directly. Another major effect is
the inversion or synthetic reproduction of data with spheri-
cal and/or steady-state models. Not accounting for such
complicating effects can result in erroneously attributing
features in the data to those free parameters that are left in
the model. Finally, in the absence of simultaneous in situ
data from multiple spacecraft, we are always left with the
projection of all information (spatial, velocity, and tempera-
ture) along the line of sight that again can result in similar
misinterpretations.

A clear improvement of the model fits is obtained when
multiple diagnostics with synergistic results and unknowns
are combined, particularly if they are obtained nearly simul-
taneously and can account for temporal and spatial vari-
ances. For example, the combination of wide-field (produc-
tion rate) and velocity-resolved (outflow and nonthermal
components) aperture photometry of a species with two-
dimensional spatial imaging (parent-daughter scale lengths,
azimuthal structure, propagating temporal activity changes)
provides a set of reciprocal boundary values for the indi-
vidual uncertainties in each observation. Where this ap-
proach has been applied, it has significantly reduced the

allowed parameter space of the converged model for the
coma (Combi et al., 2000; Morgenthaler et al., 2001; Har-
ris et al., 2002). The caveat to this is that the capability to
perform the required observations is widely distributed and
is typically organized only for high-profile apparitions (e.g.,
1P/Halley, C/1995 O1 Hale-Bopp, C/1996 B2 Hyakutake).
The results of these campaigns suggest that an improvement
in our understanding of both the role of water in the coma
and in the physical parameters that describe its evolution
would result from a consistent organized effort targeting a
larger sample of comets covering a wider range of activity
and evolution.
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