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A variety of physical and chemical processes are important in the comae of active comets
near the Sun. We review the principal physical processes occurring in the outflowing gas and
dust and their effects on thermodynamics of the coma. We describe the coupling between the
physics and the chemistry and emphasize that any accurate model of the coma must include
both. Chemically, there are a number of mechanisms capable of altering the initial chemical
composition of the gas escaping from the nucleus surface. We assess the importance of these
chemical processes, and discuss several recent models that follow the chemical evolution of
the coma gas. The ultimate aim of most coma studies is to understand the nature of the icy
nucleus, and we briefly review the major obstacles in using coma observations to infer the
nucleus properties.

1. INTRODUCTION

Our knowledge of the composition and structure of com-
ets has come primarily from studies of their comae. Astro-
nomical observations of the coma can be made directly
because small dust grains in the coma scatter and reflect
light much more efficiently than the dark nucleus, and be-
cause the outgassing molecules emit distinct spectral lines
at specific frequencies. Although several space missions
have been sent to investigate comets, they have only probed
the nucleus indirectly via photographic imaging and low-
resolution spectroscopy. Not until the Rosetta mission sends
a lander to the nucleus of a comet will we be able to directly
access the material that resides in the nucleus. In contrast,
there exists over a century of data pertaining to observa-
tions of cometary comae. It is also interesting to study the
coma for its own sake — it provides an environment im-
possible to duplicate on Earth, and can be used as a labo-
ratory to test theories of gas and plasma dynamics and
photochemistry. Finally, the interaction of the coma with
the solar wind can provide information on the properties
of the solar wind and the interplanetary medium; in fact,
the existence of the solar wind was first discovered via its
interaction with cometary comae (Biermann, 1951).

1.1. Structure of the Coma

The coma is the cloud of dust and gas that surrounds
the cometary nucleus. A schematic view of the coma struc-
ture is shown in Fig. 1. The size of the coma depends on
how one defines it; for the purposes of this chapter, where
we are discussing physical and chemical processes, we are

concerned chiefly with the collisional coma, i.e., the inner
region where particle collisions affect thermodynamics and
chemistry of the gas. A rough estimate of the size of the
collisional coma can be obtained by finding the cometo-
centric distance, r, at which the particle mean free path, Λ,
equals r. For a Halley-type comet at 1 AU from the Sun,
this distance is typically several thousand kilometers for
neutral-neutral collisions, and up to an order of magnitude
larger for ion-molecule collisions, due to the enhanced
cross-sections for ion-neutral interactions. The size of the
collisional region is proportional to the total gas production
rate, and so will increase as the comet approaches the Sun.

One can also loosely define a “molecular coma” within
which most molecules survive against photodissociation.
Strictly speaking, the size of this region will vary for differ-
ent molecules, since all species have different photodissocia-
tion lifetimes. For water (and many other species as well),
the lifetime in the solar radiation field at 1 AU is ≈105 s,
and so for a typical outflow velocity, v, of 1 km s–1 the mo-
lecular coma will be ~105 km in size. For species such as
ammonia and formaldehyde that are destroyed more rapidly,
the coma will be an order of magnitude smaller, whereas
more-stable species such as CO and CO2 will survive out to
106 km or further. Photodissociation rates are proportional to
the strength of the radiation field, and so molecular comae
will shrink as the comet nears the Sun.

It is important to stress that the coma gas is not gravita-
tionally bound to the nucleus, and so the coma is a transient
phenomenon. Because sublimation from the nucleus sur-
face is constantly replenishing the outflowing gas, the coma
can often appear stable and unchanging. However, sudden
changes in coma brightness and structure are common, with
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features changing rapidly over timescales of several hours.
Spatial structures are also seen in many comae, often in both
the gas and dust components (although the structure in both
may not be the same). Further discussions of these phenom-
ena appear in Schleicher and Farnham (2004) and Combi
et al. (2004).

The interaction of the solar wind with the coma results
in complex structures in the plasma and magnetic fields (see
Neubauer, 1991; Cravens, 1991; Ip, 2004; Lisse et al., 2004).
A bow shock develops in the solar wind on the sunward
side of the comet; within this region the solar wind “picks
up” slow-moving coma species via charge exchange reac-
tions. Eventually, as the wind encounters the denser gas in
the inner coma it is decelerated, and at the cometopause it
is diverted laterally around the inner coma. The interplane-
tary magnetic field also wraps around the comet, which re-
sults in a magnetic-field-free cavity surrounding the nucleus.
The existence of this cavity in Comet Halley was demon-
strated by Neubauer et al. (1986).

1.2. Physical and Chemical Processes in the Coma

Most of the processes that occur in the coma are initi-
ated by the solar radiation field. Photons at ultraviolet (UV)
wavelengths photodissociate and ionize the original parent
molecules, producing “second-generation” reactive radicals,
ions, and electrons. These ions and radicals can subse-
quently react with other species to form “third-generation”
species. Examples include many of the protonated ions de-
tected by the ion mass spectrometer on the Giotto probe in
the coma of Comet Halley (Geiss et al., 1991). These pro-
cesses are highly exoergic, and so can lead to species in
excited states not normally populated at the low tempera-
tures in the coma (T ≈ 10–200 K), as can direct absorption
of solar photons (fluorescent pumping). Figure 2 illustrates
the most important processes occurring in the coma.

The densities in the inner coma are sufficiently large that
it is reasonable to consider the gaseous coma as a fluid, or
more accurately as a mixture of several fluids (neutrals, ions,
electrons, as well as different populations of dust grains,
and suprathermal photodissociation products; although these
latter components are not strictly fluids they can typically
be described in terms of hydrodynamic variables, i.e., veloc-
ity and temperature). Hence, thermodynamic properties of
the coma can be calculated from integration of the standard
equations of fluid flow, assuming that the initial conditions
at the nucleus surface are known (or can be estimated with
some degree of accuracy). As the density decreases and Λ
increases, the fluid description becomes less applicable, and
a transition to free molecular flow occurs. In this region,
processes that affect a particular molecule cannot be as-
sumed to affect the gas as a whole, and the properties of the
outflowing gas are “frozen in” from the earlier collisional
regime [see Crifo (1991) for a thorough discussion].

The coma gas also interacts with the entrained dust, and
this affects both the dynamics and chemistry of the coma.
For example, gas-dust drag in the very inner coma decel-
erates the outflowing gas to subsonic speeds (Marconi and
Mendis, 1983). Chemically, dust grains may account for the
“extended sources” of some coma molecules, where obser-
vations require that these molecules are injected into the
coma, rather than released directly from the nucleus (e.g.,
Festou, 1999). This may result either from delayed subli-
mation of low-volatility material from the hotter grains, or
from the actual breakup of the grains themselves. From
measurements of the elementary dust composition in Comet
Halley it is known that a significant fraction of refractory
particles consist of organic (CHON) matter (Kissel et al.,
1986). A variety of complex organics have been proposed
to account for this material (Huebner and Boice, 1997). In
particular, Huebner (1987) proposed that polyoxymethylene
(POM, the –CH2O– polymer) could account for the ex-

Fig. 1. Schematic illustration of the coma structure and its major physical regions for a moderate production rate at about 1 AU.
Note the logarithmic distance scale.
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tended source of formaldehyde in Comet Halley. Other
macromolecules proposed to be potentially important in the
coma include hexamethylenetetramine [HMT, C6H12N4
(Bernstein et al., 1995)] and polyaminocyanomethylene
[PACM, a –C(CN)(NH2)– polymer (Rettig et al., 1992)].

1.3. Brief History of Coma Modeling

Prior to the middle of the twentieth century, many spec-
troscopic observations of cometary comae revealed the pres-
ence of molecular radicals such as C2, C3, CH, CN, NH,
NH2, OH, and a few ions, including CH+, CO+, CO2

+, and
OH+ (e.g., Swings, 1943). In spite of its high abundance,
H2O had not been detected but it was postulated to be pres-
ent together with CH4, CO2, NH3, and C2N2, consistent with
the list of observed radicals and ions. Subsequently, Whipple
(1950, 1951) postulated the icy conglomerate model for the
comet nucleus based on observations of Comet Encke.

The first simple analytical model of molecular distribu-
tions in the coma was published by Haser (1957), who
considered only photodissociation of parent molecules to
form daughter and granddaughter molecules. However, as
the importance of chemical reactions began to be appreci-
ated in other astrophysical contexts, so it became clear that
the high-density conditions in the inner coma (n ~ 1013 cm–3

at the nucleus surface) meant that they were also likely to
be important in comets. Such considerations, together with
the advent of more powerful computers, led to the develop-
ment of detailed chemical models (e.g., Oppenheimer, 1975;
Giguere and Huebner, 1978; Huebner and Giguere, 1980;
Mitchell et al., 1981; Biermann et al., 1982).

These early models had many simplifying assumptions,
such as constant temperature and velocity profiles. The mod-
els confirmed that ion-molecule reactions were important
in the inner coma, particularly proton transfer reactions
followed by dissociative recombination. These models also

Fig. 2. The major radiative, physical, chemical, and thermodynamic processes comets, their coupling, and their interaction between
the various cometary components: nucleus, coma gas, plasma, and dust (Huebner and Benkhoff, 1999).
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showed that the inner region of the coma is opaque to the
solar UV field, and so accurate chemical models must in-
clude optical depth calculations. Later models included
additional reactions such as radiative association, electron
impact ionization and dissociation, and photodissociative
ionization (e.g., Schmidt et al., 1988). Models have also been
developed to account for the extended sources of CO and
H2CO following the breakup of POM in the coma (Boice
et al., 1990; Cottin et al., 2001).

Subsequent hydrodynamical models of the coma dem-
onstrated that the assumptions of constant velocity and tem-
perature were highly unrealistic (e.g., Marconi and Mendis,
1982, 1983, 1986; Gombosi et al., 1985, 1986; Combi and
Smyth, 1988). In particular, adiabatic cooling of the gas as
it initially expands away from the nucleus can lead to the

temperature in the inner coma dropping to around 10 K.
Further out, as photodissociation and photoionization reac-
tions become important, the temperatures rise, particularly
that of the electrons. It was thus realized that the physics
and chemistry are intimately coupled. For example, proton
transfer reactions are the principal heat source for ions in
the inner coma, and the rate of electron recombination re-
actions is greatly reduced in the outer coma when the elec-
trons become extremely hot. This led to the development
of combined hydrodynamic-chemical models (Huebner,
1985; Körösmezey et al., 1987; Wegmann et al., 1987;
Rodgers and Charnley, 2002). The agreement between the
various models is rather good; Fig. 3 presents the tempera-
ture profiles calculated by a number of different models.
In the remainder of this chapter we shall concentrate on

Fig. 3. Comparison of coma temperature profiles predicted by a variety of models. The upper panels show models for which a single
fluid is considered, whereas the bottom panels show results for multifluid models that also include the effects of coma chemistry. In
(a) and (b) the different lines correspond to different assumptions regarding the heating and cooling rates; (c) shows the difference
between the results of hydrodynamic calculations (upper line) compared with Monte Carlo simulations (lower line). In the lower pan-
els Tn, Ti, and Te refer to the temperatures of the neutral, ion, and electron fluids respectively. The different Te profiles in (d) refer to
different assumptions regarding heat transfer from “hot” photoelectrons. In (e), u, N, µ, and B are the velocity (km s–1), number
density (cm–3), mean molecular weight (amu), and magnetic field strength (nT), respectively. References: (a) Marconi and Mendis
(1982); (b) Crovisier (1984); (c) Combi and Smyth (1988); (d) Körösmezey et al. (1987); (e) Schmidt et al. (1988); (f) Rodgers and
Charnley (2002).
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coma chemistry in the hydrodynamic picture, for the MHD
and Monte Carlo treatments the reader is directed to Ip
(2004) and Combi et al. (2004).

2. OBSERVING THE COMA

2.1. Spectroscopy

The great majority of cometary data is gathered via spec-
troscopy of the coma, and comes from all accessible regions
of the electromagnetic spectrum. Molecular observations of
coma composition are discussed in detail by Crovisier
(2004), Feldman et al. (2004), and Bockelée-Morvan et al.
(2004). For the purposes of this chapter we note that ob-
servations of spectral lines give a single globally averaged
column density for the number of molecules in a particu-
lar energy level; interpreting this number requires a model
of the coma. Specifically, one needs to know both n(r) and
fε(r), where n is the number density and fε is the fraction of
molecules in energy level ε at cometocentric distance r. This
distribution must then be convolved with the telescope beam
profile for the appropriate Earth-comet distance. For parent
species, it is usually sufficient to assume a Haser distribu-
tion for the density, i.e., n ∝ r –2 exp{–r/rphot}, where rphot
is the photodissociation scale-length at the appropriate he-
liocentric distance. For species formed in the coma the prob-
lem is more complicated; photodaughters in the outer coma
can be modeled using the vectorial model of Festou (1981),
or from the results of Monte Carlo calculations (see Combi
et al., 2004). Molecules formed via coma chemistry require
detailed chemical models to compute their radial density
profiles.

The factor fε is much more difficult to calculate, since it
depends on a number of excitation and deexcitation mecha-
nisms that operate simultaneously. In the inner coma colli-
sions will dominate, and fε will approach the local thermo-
dynamic equilibrium (LTE) value. Further out, collisions
remain important, but may be too slow to depopulate photo-
daughters produced in highly excited states. As the elec-
tron temperature decouples from the neutrals, the collisional
excitation will be higher for those species with large dipole
moments that collide more rapidly with electrons (Xie and
Mumma, 1992; Biver et al., 1999). Eventually, as all colli-
sions become unimportant, the excitation will be determined
by the balance between radiative pumping and fluorescent
decay (Bockelée-Morvan and Crovisier, 1987). For lines that
are optically thick, an extra layer of complication is added,
in that a full radiative transfer model of the coma must be
employed. If several lines of the same molecule from dif-
ferent energy levels can be observed, an estimate of the
globally averaged coma temperature can be obtained (Biver
et al., 1999). At radio wavelengths, the spectroscopic reso-
lution is sufficiently narrow that expansion velocities can
be obtained from line profiles (Bockelée-Morvan et al.,
1990). Again, this value is a global average over the whole
of the coma.

2.2. In Situ Measurement

Several space missions were sent to rendezvous with
Comet Halley, and mass spectrometry of the coma was
performed by the Giotto and Vega 1 and 2 probes (e.g.,
Krankowsky et al., 1986). Most recently, in situ analysis of
a second comet occurred during the Deep Space 1 flyby of
Comet Borrelly (e.g., Nordholt et al., 2003). Such measure-
ments differ from spectroscopic data in that they give infor-
mation that is local and instantaneous. This has the advan-
tage of allowing the structure of the coma to be probed on
small scales. For example, the extended sources of CO and
H2CO in Comet Halley were discovered by mass spectrom-
etry (Eberhardt et al., 1987; Meier et al., 1993). However,
because the data only yield a single “snapshot” of the state
of the coma, one potential pitfall in interpreting these meas-
urements is that it is difficult to decide whether any anoma-
lies represent previously undiscovered permanent coma fea-
tures, or if they are due to transient phenomena.

In situ measurements give radial profiles of molecular
and ionic abundances and gas properties such as density and
temperature. Thus, these measurements represent the most
stringent tests of chemical and dynamical models. For ex-
ample, the importance of proton transfer reactions in the
inner coma was proved by the results of the Giotto ion mass
spectrometer (Geiss et al., 1991). The global properties of
the coma as a whole are best obtained from spectroscopic
measurements. In order to obtain the most understanding
of the coma, a combination of in situ and global measure-
ments are required, together with detailed modeling.

3. COMA-NUCLEUS BOUNDARY

A key region is in the vicinity of the nuclear surface,
where the initial chemical and dynamical conditions of the
outflowing coma are determined. In practice, given the
extreme difficulties in accurately calculating the physics and
chemistry in this region, most models of the coma simply
assume some set of initial conditions as parameters to be
input into the model. By comparing the model output with
observations it is hoped that, in addition to understanding
the processes occurring in the coma, the initial conditions
can also be constrained with some degree of accuracy.
However, because of the complexity of the boundary re-
gion, it is naive to assume that the conditions in the very
inner coma can be easily related to the properties of the
nucleus.

For example, although the initial chemical composition
of the gas is similar to the composition of the nucleus ice,
for some volatile molecules an additional contribution from
subsurface sublimation fronts may also be important. A
thorough discussion of the chemical differentiation and
stratification in the nucleus appears in Prialnik et al. (2004).
The total surface sublimation rate is controlled by the equa-
tion of energy balance at the nucleus surface, together with
a Clausius-Clapeyron-type equation of state of the surface



510 Comets II

ices. For typical cometary parameters, the gas (primarily
water) production rate is on the order of 1017 mols cm–2 s–1

at 1 AU (Whipple and Huebner, 1976).
The dynamics of the circumnuclear boundary region are

also extremely complicated, since the nucleus is likely to
be heterogeneous on small scales. Sophisticated time-de-
pendent three-dimensional models are required in order to
calculate the gas and dust flow in this region, and are dis-
cussed further in Crifo et al. (2004). These models predict
many interesting features, such as lateral flows and standing
shocks. The possible chemical effects of these features have
not yet been investigated, so it is not known whether or not
they may play a role in generating new species. In the re-
mainder of this chapter we will discuss the chemistry that
occurs beyond the boundary region, where the gas flow is
relatively smooth and almost spherically symmetric. We
mention the possible chemical processing in the boundary
layer simply to stress, again, that inferring the properties
of the nucleus from coma observations is not a simple task.

The thickness of the boundary layer depends on the gas
production rate. At large heliocentric distances the rate of
gas production is small and the thickness of the boundary
layer can be very large. In the extreme case, when the mean
free path for collisions between gas molecules approaches
infinity, a Maxwellian velocity distribution will never be
established and the gas remains in free molecular flow. For a
comet at 1 AU with a gas production rate of ≈1017 cm–2 s–1 and
T ≈ 100 K, Λ is on the order of 20 cm. Thus, the boundary
layer is on the order of tens of meters on the subsolar side
of the nucleus, and will be much larger on the nightside.

4. DYNAMICAL-CHEMICAL
MODELS OF THE COMA

4.1. Model Classification

We begin with a brief review of the different types of
models that have been used to model the coma. This is in no
way meant to be an exhaustive list or rigid taxonomy of all
models, but rather to give an idea of the strengths and weak-
nesses of different approaches, and what level of complexity
is feasible and/or necessary.

The simplest hydrodynamical models of the coma are
steady, spherically symmetric, single-fluid models that cal-
culate radial profiles of v and T. Such models were first used
to investigate the principal heating and cooling mechanisms
operating in the coma, and showed that T can vary signifi-
cantly throughout the coma (e.g., Marconi and Mendis,
1982; Crovisier, 1984; Huebner, 1985) (see Fig. 3). Such
models also serve as the foundation for more complex cal-
culations, such as models that are multidimensional (Kita-
mura, 1986), time-dependent (Gombosi et al., 1985), or
include several fluids (Marconi and Mendis, 1986). In the
case of multidimensional or time-dependent models, the
computational demands can be very large, because these
calculations involve simultaneously solving large sets of
coupled partial differential equations (PDEs), as opposed
to a relatively small number of ordinary differential equa-

tions (ODEs) for one-dimensional, steady models. Models
that considered separate neutral, ion, and electron fluids
found that chemical reactions in the inner coma were an
important heat source, especially for the ions (Körösmezey
et al., 1987).

Chemically, the simplest models ignore the dynamics,
and assume constant outflow velocities and temperatures
(Giguere and Huebner, 1978). Other models take the gas
physics into account in some basic fashion, for example,
by assuming a sudden jump in the electron temperature at
some arbitrarily chosen radius (Lovell et al., 1999). How-
ever, because chemical reaction rates depend on the gas
temperature and density, accurately calculating the chem-
istry requires an accurate description of the coma dynam-
ics. In addition, as discussed above, an accurate dynamical
model should include the effect of chemical reactions.
Therefore, the coma chemistry and physics should be solved
simultaneously, and a multifluid, dynamical-chemical model
is the minimum necessary to study coma chemistry. Such
models were first developed by Körösmezey et al. (1987)
(albeit with a limited chemistry) and Schmidt et al. (1988).
In the following section we describe the basic components
of such a model.

A separate category of coma models calculate the gas
properties via Monte Carlo techniques (Combi and Smyth,
1988; Hodges, 1990). These models represent the most
accurate descriptions of the coma, since they neglect the
assumption, common to all hydrodynamic models, that the
gas behaves as a fluid. However, these models are also
extremely computationally demanding. Including a detailed
chemistry in these models would be prohibitive. Given the
fairly good agreement between Monte Carlo models and
fluid-dynamic treatments in the inner collisional coma, it is
not necessary to use such models when modeling the coma
chemistry.

4.2. Simple Multifluid Hydrodynamic Models

Simple, spherically symmetric models, appropriate for
a steady flow, have previously been employed to investi-
gate the chemistry of the collisional inner coma (e.g., Hueb-
ner, 1985; Wegmann et al., 1987; Schmidt et al., 1988; Konno
et al., 1993; Canaves et al., 2002), and we now describe the
key ingredients of such a model; a more detailed descrip-
tion is given in Rodgers and Charnley (2002). In reality, as
we have discussed, cometary comae are not symmetric, and
rapid temporal variations are observed. Despite this, such
models remain useful since (1) pressure differences in the
very inner coma tend to even out rapidly, leading to fairly
symmetric spherical outflows in the gas coma (Crifo, 1991);
and (2) the time taken for a particular parcel of gas to reach
a distance of 4 × 103 km — roughly corresponding to the
edge of the collisional regime where bimolecular physical
and chemical processes cease to significantly affect the
gas — is around 1 h. The most important deviations from
this model occur for the ions and electrons at large cometo-
centric distances, where the interaction with the solar wind
becomes important. In this case, multidimensional models
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are necessary (Schmidt et al., 1988). Nonetheless, because
magnetic fields are excluded from the inner coma where
most of the chemistry occurs, the plasma flow in these re-
gions will trace the near-spherical neutral gas outflow. For
a chemically reacting multicomponent flow we have to
consider the interaction of the predominately neutral gas and
the charged plasma of ions and electrons, and the relatively
massive dust grains. We also need to treat the suprathermal
photoproduced hydrogen atoms as an individual component
(see section 4.3.3). Here we specifically describe the gas-
plasma coupling. Assuming a steady, spherically symmet-
ric flow, and neglecting gravitational and magnetic fields,
the hydrodynamic conservation equations for particle num-
ber, mass, momentum, and energy for the neutral gas are

(r2nv) = N
drr2

d1 (1)

(r2ρv) = M
drr2

d1 (2)

= F+
dr
dP

(r2ρv2)
drr2

d1 (3)

= G + Fv −
γ − 1

γ+ρv2
Mv2

2

1
P

2
r2v

drr2

d1 (4)

where n is the number density, ρ is the mass density, v is
the velocity, P is the pressure, and γ is the ratio of specific
heats. The source terms N, M, F, and G represent, respec-
tively, the net generation rate per unit volume of particles,
mass, momentum, and thermal energy (heat). It is assumed
that the fluid behaves as an ideal gas. Equation (1) can be
rearranged to give

−−=
r

2ns

dr
dv

v

ns

v

Ns

dr

dns (5)

where the subscript s represents a particular chemical spe-
cies. Similarly, the mass conservation equation becomes

ρ−ρ−=ρ
r

2

dr

dv

vv

M

dr

d
(6)

After some algebra, one can derive equations for the radial
derivatives for the velocity and temperature of the neutral gas

ρv2 − γP
=

r

2γPv
Fv − (γ − 1)G − Mv2 +1

dr

dv
(7)

+= (nkT − ρv2)
dr

dv
Fv − Mv2 − NkT +

nkv

1

r

2T

dr

dT
(8)

Each of the three fluids in the coma (neutrals, ion, elec-
trons) has a distinct temperature, and similar equations can

be derived for dTi/dr and dTe/dr, as well as for the mass
density gradient of the plasma. For the plasma, a slight com-
plication arises, since charge conservation and the strength of
the Coulomb force ensures that ne = ni and ve = vi through-
out the coma. Therefore, one must solve for the plasma
velocity dve/dr by considering the total contributions from
both ions and electrons. Once the hydrodynamic source
terms have been defined, and the fluid properties at the
comet surface prescribed, it is possible to numerically inte-
grate the resulting system of differential equations to obtain
the coma physical and chemical structure.

In practice, for steady flows such as these there can exist
mathematical singularities where a fluid encounters a tran-
sonic point, since at these points the denominator in equa-
tion (7) becomes zero. When a dust component is included,
such a 0/0 singularity is encountered close to the nucleus,
as the expanding neutral gas then has to undergo a subsonic-
supersonic transition. Similarly, further out in the coma,
where the electron temperature becomes very high, the
plasma sound speed increases to the point that the plasma
undergoes a supersonic-subsonic transition. For time-depen-
dent flows, where a system of PDEs is solved, singularities
do not occur (e.g., Körösmezey et al., 1987; Körösmezey
and Gombosi, 1990). In the case of steady flows, special
numerical techniques, or simplifying approximations, are
needed to treat such 0/0 singularities (e.g., Marconi and
Mendis, 1983, 1986; Gail and Sedlmayr, 1985). It should
be emphasized that, although “simple” by the standards of
recent coma dynamics models (e.g., Combi et al., 2004;
Crifo et al., 2004), even steady flow models require a higher
level of sophistication relative to other areas of astrochemical
modeling (as in interstellar clouds or circumstellar enve-
lopes, for example). Model temperature distributions ob-
tained for a comet similar to Hyakutake at 1 AU are shown
in Fig. 3f.

4.3. Heating and Cooling Mechanisms

4.3.1. Elastic scattering. Elastic collisions transfer
momentum and energy between the three fluids. For ion-
neutral collisions, if the scattering is assumed to be isotropic
in the center-of-mass frame, the mean amount of thermal
energy imparted to the neutrals per collisions can be cal-
culated via

2

(vn − ve)2
K(Ti − Tn) + mi2

3
2mnmi(mn + mi)2

Gn(i − n, elastic) =ˆ

(9)

where mn and mi are the masses of the particles involved.
A similar expression holds for the ion fluid heat source term
per collision. The total thermal energy source term due to
elastic scattering is obtained by summing equation (9) over
all collisions. This can be done either by assuming a ge-
neric value for the mean mass of each fluid, or by actively
summing the contributions of the most frequent collisions,
which will involve the ions H3O+, CH3OH2

+, and NH4
+ collid-



512 Comets II

TA
B

L
E

1.
T

he
rm

al
 e

ne
rg

y 
so

ur
ce

 t
er

m
s 

pe
r 

re
ac

tio
n,

 G
, 

fo
r 

ne
ut

ra
l, 

io
n,

 a
nd

 e
le

ct
ro

n 
fl

ui
ds

 f
or

 d
if

fe
re

nt
 c

la
ss

es
 o

f 
re

ac
tio

ns
.

R
ea

ct
io

n 
Ty

pe
E

xa
m

pl
e

G
n

G
i

G
e

R
ad

ia
tiv

e 
as

so
ci

at
io

n 
of

 n
eu

tr
al

s
C

O
 +

 S
 →

 O
C

S
–

Θ
n

0
0

R
ad

ia
tiv

e 
as

so
ci

at
io

n 
of

 i
on

s 
an

d 
ne

ut
ra

ls
H

2O
 +

 H
C

O
+  

→
 H

C
O

O
H

2+
–

Θ
n

(m
1v

2 en
 +

 Θ
n 

− 
Θ

i)
m

3

m
1

0

N
eu

tr
al

-n
eu

tr
al

C
H

4 
+

 C
N

 →
 H

C
N

 +
 C

H
3

∆E
0

0

Io
n-

ne
ut

ra
l

N
H

3 
+

 H
3O

+  
→

 H
2O

 +
 N

H
4+

m
T

m
4

M
(m

2v
2 en

 +
 Θ

i −
 Θ

n)
 +

∆E
m

T

m
3

M
(m

1v
2 en

 −
 Θ

i +
 Θ

n)
 +

∆E
0

R
ad

ia
tiv

e 
re

co
m

bi
na

tio
n

C
+
 +

 e
 →

 C
 +

 h
ν

m
1v

2 en
 +

 Θ
i

–Θ
i

–
Θ

e

D
is

so
ci

at
iv

e 
re

co
m

bi
na

tio
n

H
3C

O
+
 +

 e
 →

 H
C

O
 +

 2
H

m
1v

2 en
 +

 Θ
i 
+ 

Θ
e 

+
 ∆

E
–Θ

i
–

Θ
e

P
ho

to
io

ni
za

ti
on

O
H

 +
 h

ν 
→

 O
H

+  
+

 e
–

Θ
n

m
1v

2 en
 +

 Θ
n

∆E

Ph
ot

od
is

so
ci

at
io

n 
of

 n
eu

tr
al

s
C

O
2 

+
 h

ν 
→

 C
O

 +
 O

∆E
0

0

Ph
ot

od
is

so
ci

at
io

n 
of

 i
on

s
H

2O
+
 +

 h
ν 

→
 O

H
+  

+
 H

m
1

m
3

m
1

m
4

Θ
i

∆E
 +

 m
3v

2 en
 +

(∆
E

 −
 Θ

i)
m

1

m
3

0

Ph
ot

od
is

so
ci

at
iv

e 
io

ni
za

tio
n 

(P
D

I)
H

2O
 +

 h
ν 

→
 O

H
+
 +

 H
 +

 e
m

1

m
3

Θ
n

−
m

3

m
1

m
3v

2 en
 +

Θ
n

∆E

E
le

ct
ro

n 
im

pa
ct

 i
on

iz
at

io
n 

(E
II

)
C

H
4 

+
 e

 →
 C

H
4+  

+
 2

e
–

Θ
n

m
1v

2 en
 +

 Θ
n

–∆
E

E
le

ct
ro

n 
im

pa
ct

 d
is

so
ci

at
io

n 
(E

ID
)

C
H

4 
+

 e
 →

 C
H

3 
+

 H
 +

 e
0

0
–∆

E

m
 i

s 
th

e 
m

as
s 

of
 a

 s
pe

ci
es

, a
nd

 s
ub

sc
ri

pt
s 

1–
4 

re
fe

r 
to

 t
ho

se
 s

pe
ci

es
 i

n 
th

e 
ex

am
pl

e 
re

ac
tio

ns
. m

T
 i

s 
th

e 
to

ta
l 

m
as

s 
of

 t
he

 r
ea

ct
an

ts
, a

nd
 M

 i
s 

a 
re

du
ce

d 
m

as
s 

ra
tio

 e
qu

al
 t

o 
(m

1m
4 

+
 m

2m
3)

/
m

T2 .
 Θ

n 
≡ 

3k
T

n/
2,

 Θ
i ≡

 3
kT

i/2
, 

Θ
e 

≡ 
kT

e,
 v

2 en
 ≡

 (
v n

 –
 v

e)
2 /

2.
 ∆

E
 r

ep
re

se
nt

s 
th

e 
m

ea
n 

ex
o-

/e
nd

ot
he

rm
ic

it
y 

of
 e

ac
h 

re
ac

ti
on

.



Rodgers et al.: Physical and Chemical Processes in Cometary Comae 513

ing with H2O, CO, and CO2. In either case, the rate coeffi-
cient for the collisions must be known; a value equal to the
Langevin value, ~10–9 cm3 s–1, is typically assumed. Note
that the source term in equation (9) can be considered as a
simplified form of the general expression for reactive ion-
molecule collisions (see line 4 in Table 1).

For electron-neutral elastic scattering, the most impor-
tant collision partner is water. Collision rates for e-H2O
mixtures were measured by Pack et al. (1962; see also
Körösmezey et al., 1987), and the mean heat transfer per
collision can be obtained from equation (9) with the addi-
tional assumption that the electron mass can be neglected.
Also, because the cross section declines with electron tem-
perature, one finds that the mean thermal energy of a col-
liding electron is kTe, not 3kTe/2 (Draine, 1986). The rate
of energy transfer between ions and electrons was calcu-
lated by Draine (1980).

4.3.2. Inelastic scattering. Inelastic collisions can lead
to molecules in highly excited states. These will then decay
with the emission of a photon, and if this photon is able to
escape from the coma without being reabsorbed, the energy
is lost. Inelastic collisions involving H2O are the most im-
portant; water molecules can be excited by collisions with
other H2O molecules or with electrons. A semiempirical for-
mula for the energy loss due to the former was derived by
Shimizu (1976). However, radiation trapping in the inner
coma means that the effective cooling rate is much less
(Crovisier, 1984). This can be roughly accounted for by in-
troducing an optical depth factor (Schmidt et al., 1988). The
energy removed by inelastic e-H2O collisions was calcu-
lated by Cravens and Körösmezey (1986). Again, accurate
calculations must include the effects of radiation trapping
in the inner coma.

4.3.3. Thermalization of energetic photoproducts. The
majority of photolytic reactions result in the production of
either atomic or molecular hydrogen, and due to their low
masses these products also have the largest share of the
excess energy of the reaction. Hence, the dominant heat-
ing mechanism in the coma is thermalization of fast H and
H2 particles. It was realized by Ip (1983) that in the outer
coma many of these particles will escape from the coma
before thermalization, thus removing an important energy
source for the neutral fluid. A variety of calculations of this
effect have been performed (e.g., Huebner and Keady, 1984;
Combi and Smyth, 1988). Although the results are qualita-
tively similar, the radius at which escape becomes impor-
tant can vary by almost an order of magnitude in different
models (Crifo, 1991).

The most important reaction forming fast H atoms (here-
after denoted Hf) is photodissociations of water

H2O + hν → OH + Hf (10)

The mean excess energy of reaction (10) is 3.4 eV, but as
pointed out by Crovisier (1989), a large fraction of this
energy may go into ro-vibrational excitation of the OH radi-
cal. Laboratory experiments on water photodissociation have
shown that OH radicals with rotational energy levels of J >

50 can be formed (e.g., Harich et al., 2001). Therefore, the
kinetic energy of the Hf atom is likely to be in the range
1–2 eV, implying a velocity of ≈15–20 km s–1. This has been
confirmed by observations of numerous comets (Festou et
al., 1983; McCoy et al., 1992). In addition to being the princi-
pal heating mechanism in the inner coma, these suprather-
mal atoms may also drive high-energy chemical reactions
in this region. This will be discussed in section 5.4.

4.3.4. Chemical reactions. The hydrodynamic source
terms due to chemical reactions depends on the reaction type
and the masses and temperatures of the species involved.
In order to accurately calculate the effects of chemistry on
thermodynamics it is necessary to compute the source term
due to each individual reaction and then multiply this by
the total reaction rate (i.e., reactions cm–3 s–1), and then sum
the total for all reactions. Mass source terms are trivial to
calculate; e.g., the ionization of water increases the ion fluid
mass by 18 amu, and decreases the neutral fluid mass by
the same amount. Source terms for momentum and energy
transfer are not so simple, however. Draine (1986) derived
the expressions appropriate for several of the most common
reaction types occurring in a multifluid flow and this meth-
odology can be extended to include all reaction types that
occur in the coma (Rodgers and Charnley, 2002). The result-
ing heat source terms per reaction, G, are listed in Table 1.

A comparison of the effectiveness of each of the heat-
ing and cooling mechanisms discussed in this section is
shown in Fig. 4.

4.4. Gas-Dust Coupling

The drag force exerted by the gas on a dust particle de-
pends on the relative drift velocity between gas and dust,
vdrift = vg – vd, and can be written

v2
drift2

CDFdrag = ndσdρg (11)

where nd and σd are the number density and cross section of
the dust grains. CD is the drag coefficient, which accounts
for the sticking of the molecules on the dust particles, the
viscosity of the gas, and the shape of the particle. It also
depends on the density of the gas. The drag coefficient is
usually expressed in terms of the Reynolds number, Re =
2rdρgvdrift/µ, where µ is the viscosity of the gas. For low
Reynolds numbers, the drag coefficient reduces to the Stokes
value, CD = 24/Re. A good fit to the drag coefficient over a
wide range of Reynolds number was provided by Putnam
(1961)

(12)+      (Re < 1200)
6

Re2/3
1

Re
24

CD =

(1200 < Re < 1200)CD = 0 (13)

The above discussion applies to gases that can be treated
as a continuous medium, i.e., Λ is much smaller than the size
of the dust particle. If this is not the case, Knudsen flow ap-
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plies and a correction must be applied to the drag coeffi-
cient by dividing it by a factor [1 + Kn(2.492 + 0.84exp{–1.74/
Kn})] ( Friedlander, 1977), where Kn is the Knudsen num-
ber (the ratio of Λ to the particle size). For a typical comet
at 1 AU, Λ ~ 20 cm (see section 3), and so Knudsen flow

dominates for typical dust particles in cometary comae and
dust tails. For larger dust particles, the deceleration due to
gravity must also be taken into account. Equating the drag
force given by equation (11) with the gravitational force
gives the size of the largest particles that can be carried away
by the sublimating gas.

Gas-dust collisions can also heat or cool the colliding
gas particles. The temperature of dust grains is determined
by the energy balance between solar heating, gas-drag heat-
ing, and cooling by reradiation. For a steady flow, the evo-
lution of the dust temperature can be calculated from

= Eabs + Edrag − Eraddr

dTdvdCd (14)

where Cd is the heat capacity and the terms on the righthand
side refer to the energy sources/sinks mentioned above. In
general, these terms will depend on the shape, size, and
mineralogy of the grains. For example, small grains are
hotter than large grains, and, since they are more absorp-
tive, Fe-bearing silicate grains tend to be hotter than Mg-
rich ones (Harker et al., 2002). The energy transfer between
the gas and dust, Edrag, also affects the gas flow. In general,
this term is calculated from an expression of the form

Edrag = ngσdCH(Tg − Td) (15)

where CH is the thermal accommodation coefficient. Be-
cause collisions between dust grains are rare, dust grains
are coupled to the gas but not to each other. Therefore, an
accurate description of the dusty coma requires the use of
numerous dust components, each corresponding to a dif-
ferent population of grains with particular properties (e.g.,
size, shape, chemical composition). The acceleration of each
component is obtained from equation (11) and the tempera-
ture from equation (14).

5. COMA CHEMISTRY

5.1. Photochemistry

The principal chemical processes occurring in the coma
are photodissociation and ionization of the parent mol-
ecules. Accurate photodissociation rates are essential in
order to model the coma and to interpret observational data.
Huebner et al. (1992) compiled laboratory and theoretical
data on a large number of important coma species; integrat-
ing over the solar spectrum yields photorates appropriate
for both “quiet” and “active” solar photon fluxes. Despite
the gargantuan nature of this undertaking, however, many
gaps in our knowledge remain. Only a handful of species
have been measured over a large range of wavelengths;
many important radicals are unstable under laboratory con-
ditions and so are extremely difficult to investigate. In many
experiments, although the rates are well determined, the
branching ratios among different sets of possible products

Fig. 4. Comparison of different heating and cooling mechanisms
for the neutral (n), ion (i), and electron (e) fluids (from Rodgers
and Charnley, 2002). For each process, the total heat source term,
G (erg cm–3 s–1), is shown; solid and dashed lines represent heat-
ing and cooling respectively. Processes considered include chemi-
cal reactions (this also includes photochemistry), loss of fast
hydrogen atoms and molecules, elastic collisions between e-n, i-n,
and i-e (Coulomb scattering) fluids, and inelastic water-water and
electron-water collisions.



Rodgers et al.: Physical and Chemical Processes in Cometary Comae 515

are not well constrained. Thus, laboratory experiments are
vital in order to further our understanding of coma chem-
istry (e.g., Jackson et al., 2002).

As the most important species in the coma, the photo-
chemistry of water is of key importance. Due to its impor-
tance in atmospheric chemistry, water has been studied
extensively in the lab. Details of all the possible product
channels are discussed in Feldman et al. (2004). Here, we
note a couple of important points. First, the dominant dis-
sociation channel results in OH + H. Studies of OH are
therefore an excellent proxy for determining the cometary
water production rate (as long as the OH excitation mecha-
nisms are fully understood). The Hf atoms produced in this
reaction are the principal source of heating in the inner
coma, and may also drive a suprathermal chemistry. Second,
the ionization of water occurs at a rate of ≈3 × 10–7 s–1 at
1 AU. Hence, for an outflow velocity of 1 km s–1, the frac-
tional ionization in the coma increases as ne/n(H2O) ~ (r/
km) × 3 × 10–7. This gives a rough estimate of the amount
of material that can potentially be affected by ion-molecule
reactions.

5.2. Ion-Molecule Reactions

For molecules with permanent dipole moments, the di-
pole-charge interaction results in an extra attractive force
between the reactants. In this case the rate coefficient can
be calculated from the average-dipole-orientation theory of
Su and Bowers (1973). Eberhardt and Krankowsky (1995)

showed that the resulting rate coefficients can be param-
eterized in the form

− 1
Tin

300
1 + βk(Tin) = k(300) (16)

where β depends on the dipole moment, µ, polarizability, α,
and a “locking constant.” Tin is a mass-weighted mean ki-
netic temperature of the reactants. β can be calculated from
the expression β = µ/(µ + α), with µ measured in Debye and
α in Å3 (Rodgers and Charnley, 2002).

In many ways the chemistry in the coma is analogous
to the chemistry that occurs in interstellar hot cores. A “pro-
ton cascade” transfers protons from species with low pro-
ton affinity, i.e., OH (H2O+), to species with larger proton
affinities, i.e., NH3 (NH4

+). Detailed chemical models are
necessary to calculate how the ionization is apportioned
among different ions, which is essential when interpreting
in situ ion mass spectrometry data (Geiss et al., 1991).
Many interstellar chemical schemes are lacking in a num-
ber of important proton transfer reactions, most notably
from methanol to ammonia (Rodgers and Charnley, 2001a).
The inclusion of a full set of such reactions is a prerequi-
site for an accurate calculation of ionic abundances. Fig-
ure 5 shows the degree of ionization and the abundances
of different families of ions in the coma, together with vari-
ous parameters affecting the plasma chemistry.

Fig. 5. Coma ion chemistry (Schmidt et al., 1988). (a) Relative densities of ionized species in the coma. (b) Cometocentric varia-
tions of important quantities in ion-molecule chemistry. Effective rate coefficients and average surplus energy for photoprocesses [σph
(10–6 s–1) and eph (102 eV)]; effective rate coefficient for electron recombination and effective cross-section for ion-neutral elastic col-
lisions [αrec (10–6 cm3 s–1) and Qcol (10–14 cm2)].
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As discussed earlier, the chemistry and hydrodynamics
of the coma are intimately coupled. For example, proton
transfer reactions are exothermic by typically a few electron
volts (eV). Therefore, the ions formed via these reactions
will have significant energies, and this effect keeps the ions
in the inner coma at a warmer temperature than the neutral
fluid (Körösmezey et al., 1987). Also, the rates of many
chemical reactions are temperature dependent. This is most
important for dissociative recombination reactions of ions
and electrons; when the value of Te reaches extremely large
values in the outer coma, such reactions effectively switch
off, resulting in a larger ionization fraction (see Lovell et al.,
1999; Bockelée-Morvan et al., 2004, Fig. 1).

Despite the importance of ion-molecule reactions in de-
termining ionic abundances, it turns out that these reactions
are not an efficient source of new, stable neutral molecules.
For example, Irvine et al. (1998) proposed that proton trans-
fer to HCN followed by recombination could account for
the HNC seen in Comet Hale-Bopp. However, models that
include a comprehensive ion-molecule chemistry (i.e., in-
volving CH3OH and NH3) show that the amount of HNC
actually produced is almost 100 times less than observed
(Rodgers and Charnley, 1998, 2001a). This is illustrated in
Fig. 6. Similar calculations on the formation of large organ-
ics also show that these species are produced only in small
abundances (Rodgers and Charnley, 2001b). A corollary of
this is that one can show that the HCOOH, CH3OCHO, and
CH3CN observed in Hale-Bopp (Bockelée-Morvan et al.,
2000) cannot be formed by chemical reactions in the coma.

5.3. Neutral-Neutral Reactions

An alternative source of new species in the coma may
be provided by neutral-neutral reactions. Because photodis-
sociation occurs around 100 times faster than photoioniza-
tion, the abundances of reactive radicals are much larger
than those of ions. However, many of the subsequent reac-
tions will be destructive, with radicals reacting to break
apart parent species they collide with. For example, OH can
react with NH3 and CH4 to reform water and produce NH2
and CH3 respectively. A possible exception is the reaction
of CN with hydrocarbons; these reactions typically result in
the replacement of a H atom with the –CN group (Balucani
et al., 2000). In particular, the reaction with acetylene (C2H2)
will lead to cyanoacetylene (HC3N). Again, however, mod-
eling shows that the resulting HC3N yields are far less than
observed in many comets (Rodgers and Charnley, 2001b).
Neutral-neutral reactions do appear to be important in com-
etary sulfur chemistry. Based on our understanding of in-
terstellar chemistry, S-bearing molecules take part in a pre-
dominately neutral chemistry. Canaves et al. (2002, 2004)
have investigated the coma production of several S-bear-
ing molecules, including NS and CS. They found very good
agreement with the observed NS abundance in Comet Hale-
Bopp and that the CS abundance should be approximately
constant with cometocentric distance.

5.4. Nonthermal Chemistry

It has long been recognized that the energetic fragments
produced in photodissociation reactions have the potential
to drive a “suprathermal” chemistry in the coma (e.g., Hueb-
ner et al., 1991; Kissel et al., 1997). However, it was origi-
nally assumed that, in general, these reactions would be
destructive. For example, Hf atoms can react with water to
form H2 and OH. Hence the net effect of such reactions is
simply to increase the quantum yield of OH atoms produced
from photodestruction of water: In addition to the primary
OH daughter, secondary OH radicals will also be produced.

More recent work has focused on the potential of supra-
thermal reactions to affect the coma chemistry in more in-
teresting ways. Rodgers and Charnley (1998, 2001c) looked
at the possibility that Hf atoms could isomerize HCN into
its isomer HNC, thus accounting for the puzzling HNC/
HCN increase seen in several comets as they approach the
Sun (e.g., Irvine et al., 1999; Biver et al., 2002; Rodgers et
al., 2003). They showed that such reactions may be viable
in large, active comets such as Hale-Bopp, but some other
mechanism must account for the HNC production in smaller
comets such as Hyakutake and Ikeya-Zhang (see Fig. 6).
Pierce and A’Hearn (2003) examined the possibility that
the reaction of Hf atoms with CO2 could account for the
extended source of CO seen in many comets. However, they
conclude that this mechanism is an order of magnitude
slower than direct photodissociation of CO2 into CO. It is
possible that the coma chemistry of sulfur could be strongly
affected by Hf atoms since these should readily abstract H

Fig. 6. HNC/HCN ratios for a variety of HNC formation mecha-
nisms (Rodgers and Charnley, 2001c). (1) Ion-molecule chemis-
try (curves a–e result from altering model parameters, such as the
initial HCN abundance, recombination branching ratios, etc.).
(2) Isomerization of HCN by Hf atoms. (3) Photodestruction of
an unknown parent. (4) As for (3), but assuming the parent of
HNC also has an extended source.
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atoms from the major parent, H2S. Similarly, more abun-
dant coma molecules like H2CO and CH3OH could also be
destroyed by Hf atoms. The general applicability of these
processes to coma composition remains to be investigated.

Other work has looked at the possibility of atoms pro-
duced in excited metastable states driving suprathermal
reactions. For example, A’Hearn et al. (2000) suggested that
S2 may be formed in the coma by the reaction of OCS with
atomic sulfur produced in the singlet-D state. More recently,
Glinski et al. (2003) showed that the reaction of O(3P) with
OH may lead to significant O2 abundances in the inner coma.
Another class of suprathermal reactions that are likely to
be important are electron impact reactions. Although pre-
vious schemes have included these reactions (Boice et al.,
1986), accurately calculating the rate at which they occur
requires a detailed model of the hot electron energy distribu-
tion in the coma (e.g., Wegmann et al., 1999).

5.5. Dust Fragmentation/Degradation
and Extended Sources

The inability of gas phase chemical reactions to gener-
ate sufficient quantities of particular molecules in the coma
means that some other mechanism must be responsible for
the extended sources of these molecules (Festou, 1999).
Huebner (1987) proposed that destruction of POM in the
coma could account for the formaldehyde source, and this
was modeled by Boice et al. (1990). Based on their labo-
ratory studies of POM degradation, Cottin et al. (2000)
developed a more detailed model of thermal and photo-
degradation of POM in the coma. Matthews and Ludicky
(1986) suggested that HCN polymers may be present in
comets; degradation of these compounds may be an addi-
tional source of many small coma molecules (Rettig et al.,
1992; Huebner and Boice, 1997), including HNC (Rodgers
and Charnley, 2001c). Of course, in all these models there
are a number of free parameters, and it is always possible to
fit the observed abundances if one adjusts the initial abun-
dance and/or the destruction rate of the mystery parent.
Nevertheless, the models require abundances and destruc-
tion rates that are in agreement with rough theoretical esti-
mates and laboratory measurements. Therefore, although
these models do not prove that dust destruction is respon-
sible for injection of H2CO and HNC into the coma, they
certainly show that it is plausible.

5.6. Isotopic Fractionation and
Nuclear Spin Ratios

Deuterium/hydrogen ratios have been observed in two
coma species (HDO and DCN), 15N/14N ratios in CN and
HCN, and 13C/12C ratios in C2, CN, and HCN; see Table 3
in Bockelée-Morvan et al. (2004) for a complete list. In the
interstellar medium, proton transfer reactions are efficient
in scrambling the D/H ratios among different species (e.g.,
Roberts and Millar, 2000). Hence, we might also expect
some degree of mixing to occur in the coma. However, as

discussed in section 5.2, ion-molecule chemistry cannot
significantly alter the initial abundances of parent molecules
sublimating from the nucleus, and detailed modeling shows
that parent isotopic ratios are also unaffected (Rodgers and
Charnley, 2002). An important consequence of this result
is that measurements of isotope ratios can be used to test
putative parent-daughter relationships. For example, al-
though HCN undoubtedly accounts for some fraction of the
CN observed in the coma, it has long been debated whether
it can account for all the CN (Festou, 1999). Recent obser-
vations of C15N in Comets LINEAR WM1 and Hale-Bopp
by Arpigny et al. (2003) demonstrate that CN is significantly
enhanced in 15N, by around a factor of 2, as compared with
HCN. Thus, HCN cannot be the sole parent of CN, and if
HCN contributes about half the CN, the 15N ratio in the
additional parent of CN must be even higher. If this parent
is the same one that accounts for the extended source of
HNC in comets, then one would also expect to see signifi-
cant 15N enhancements in HNC. Similar observations of
13C-bearing isotopomers of C2, C3, and simple carbon-chain
molecules (acetylene, ethene, ethane, cyanoacetylene) may
also help to resolve the origin of these radicals.

As with molecular D/H ratios, the nuclear spin ratios of
cometary species reflect the temperatures at which they
originated, and can be altered in the coma only marginally
by proton transfer reactions. Ortho:para ratios (OPRs) have
been observed in water in several comets (see Bockelée-
Morvan et al., 2004). Recently, Kawakita et al. (2002) have
measured the OPR in NH2; since strict selection rules con-
strain the OPR in photodaughters as a function of the OPR
in their parents, these observations can be used to probe the
OPR in ammonia. Alternatively, one can turn this argument
on its head and say that, if the OPR ratios in NH3 can be
measured directly, the question of whether NH3 is the sole
parent of NH2 can be answered. A similar investigation of
the OPR in cometary formaldehyde may provide insights
into the nature of its extended source.

6. SUMMARY

6.1. Coma Physicochemistry

In the inner regions of the coma, the outflowing gas
behaves as a fluid, and fluid equations can be used to ob-
tain a reasonable description of the flow. The gas initially
cools as it expands adiabatically, but is eventually heated
by thermalization of energetic photofragments. The ions are
also heated by exoergic proton transfer reactions. The hy-
drodynamic approximation loses validity in the outer coma,
where the density decreases, and many hot photoproducts
are not thermalized. This is particularly important for elec-
trons, and a very hot electron population exists in the outer
coma. The chemistry and the physics are intimately coupled,
and detailed models should include both. The chemistry is
initiated by the solar radiation field, which produces reac-
tive radicals and ions. Subsequent reactions in the coma,
especially proton transfer reactions, result in the production
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of new coma species. However, although chemical reactions
are extremely important in determining the relative abun-
dances of different ions, they are unable to synthesize signi-
ficant quantities of stable, neutral species. Therefore, unless
an observed species is an obvious photodaughter, it is prob-
able that it is present in the nuclear ice. Degradation of com-
plex organic material is likely to contribute to the extended
sources of some molecules, and studies of extended sources
of molecules may provide insight into the nature of comet-
ary CHON material. The energetic photodissociation prod-
ucts in the coma may drive a suprathermal chemistry. Studies
of such processes are currently in their infancy.

6.2. From Coma Measurements to
Nucleus Properties

Although almost all our information on comets comes
from studies of the coma, what we really want to know is
the nature of the cometary nucleus. As stressed in this chap-
ter, detailed models of the coma are essential in order to
calculate the density profiles and excitation states of coma
molecules. However, even with these models, it is usually
only possible to derive globally averaged properties in the
extended coma. In terms of molecular production rates, this
means that we can derive accurate values for the total gas
release rates from the nucleus. However, when using these
values to understand nucleus properties we encounter two
important impediments. First, it is now known that gas is
released not only from the nucleus surface, but also from
subsurface layers (see Prialnik et al., 2004). Therefore, coma
abundance ratios do not necessarily equal those in the icy
nucleus, and models of the evolution of the cometary interior
are required. Second, the nucleus is likely to be heterogene-
ous on small scales, and the gas production rate may vary
dramatically with position (see Crifo et al., 2004). Hence,
the total gas production rate will depend on the sum over the
surface of many different regions, so it is not possible to
simply derive “average” surface properties from the global
gas production. Again, highly detailed modeling is essential
to elucidate these issues.

6.3. Open Questions and Future Directions

The gas temperatures and velocities measured in situ in
Comet Halley were in good agreement with coma models.
It therefore appears that we have a relatively secure under-
standing of the physics in the coma. Chemically, the pro-
files and velocities of most parent molecules, as well as of
many simple radicals and atoms, are in broad agreement
with photodissociation models; nevertheless, many uncer-
tainties remain. We briefly review several of the outstand-
ing problems.

As discussed in section 3, the gas flow immediately
above the nucleus surface is extremely complex. The gas
is not in LTE, and interacts strongly with the entrained dust.
Small-scale topography and heterogeneity of the nucleus
can lead to steep spatial gradients in gas pressure and chemi-

cal composition. Interaction of gas jets may result in stand-
ing shocks, and the divergence of chemically distinct jets
may lead to chemical heterogeneity in the outer coma. A
full understanding of the near-nucleus coma is vital if we
are to use observations of the outer coma to infer the prop-
erties of the nucleus. These issues can only be resolved using
extremely detailed three-dimensional gas-kinetic models;
some results of the most up-to-date codes are presented in
Crifo et al. (2004).

It appears that ion-molecule chemistry, of the kind that
generates the diversity of molecules seen in the interstellar
medium, is too slow to produce significant amounts of new
species in the coma. However, the presence of highly ener-
getic photodissociation products in the coma may allow a
suprathermal chemistry to occur. Currently, only a small
number of such reactions have been considered. Fast hy-
drogen atoms could play an important role here. For ex-
ample, many sulfuretted molecules were detected for the
first time in Comet Hale-Bopp, and it is known that the most
important reactions in interstellar sulfur chemistry are neu-
tral-neutral processes. Hydrogen abstraction from H2S by Hf
could drive some reactions deep in the inner coma, gener-
ating new sulfuretted molecules. Clearly, there may exist
many other possible reactions, not included in typical astro-
chemical networks, that can proceed efficiently in the coma.
In particular, the global consequences of nonthermalized
electrons in driving electron impact reactions has not been
studied in sufficient depth.

The origin of the extended sources of certain molecules
are not well known. Fragmentation of dust particles and/or
macromolecules has been invoked to account for the addi-
tional sources of some molecules, such as CO, formalde-
hyde, and several small radicals. Encouragingly, laboratory
measurements of the properties of the proposed macromole-
cules appear to support this hypothesis (Cottin et al., 2000).
More laboratory work on other possible CHON components
is needed. Despite the fact that they have been seen in com-
ets for decades, the origins of radicals such as C2, C3, and
CN are still uncertain. However, measurements of isotopic
ratios in these species and their putative parents may finally
help to resolve this issue. Measurements of the OPR in for-
maldehyde may also help to constrain its source. Interfero-
metric mapping of the coma of Hale-Bopp also appeared
to reveal additional extended sources of molecules usually
thought to be solely parent species, such as HCN and
CH3OH (Blake et al., 1999; Kuan et al., 2003, 2004). The
existence of such sources for other parent species would
provide evidence that sublimation of volatiles from dust
grains is occurring throughout the coma.

Given the rate of discovery (Bockelée-Morvan et al.,
2004), it is likely that many more molecules will be dis-
covered in future cometary apparitions, or through the re-
analysis of archival data [e.g., the recent detection of ethyl-
ene glycol in Comet Hale-Bopp (Crovisier et al., 2004)].
Coma chemistry modeling will be necessary to identify the
precise source of these molecules. Also, once the relevant
laboratory data is available, future molecule discoveries will
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surely come from the existing large database of unidenti-
fied cometary lines (Feldman et al., 2004). It is also probable
that many more isotopomers of the principal parent mole-
cules will soon be detected. The resulting isotopic ratios will
contain important clues about the origins of comets.

We have stressed in this chapter the coupling between
the physics and chemistry in the coma. The chemistry and
dynamics also strongly influence the excitation of coma
molecules, particularly daughter molecules that will be pro-
duced in excited states, as well as polar molecules that can
be excited by collisions with the hot electrons in the outer
coma. Therefore, in order to fully understand the observed
energy level distributions, combined dynamic-chemistry-
excitation models are required. For example, Reylé and
Boice (2003) developed such a model for the S2 excitation
in the coma. Accurate calculations of the excitation, and its
spatial variation, are particularly important when interpret-
ing interferometric maps of the coma.

In the final analysis, coma chemistry models are only
as good as the kinetic data they employ. As discussed in
section 5.1, there are large uncertainties in some of the
photodissociation and ionization rates used in these mod-
els. Rate coefficients for bimolecular reactions are typically
taken from databases developed for modeling interstellar
clouds [e.g., the UMIST ratefile (Le Teuff et al., 2000)].
Although many of the most important reactions in these
schemes have been measured, there are many others for
which experimental data is lacking. For the ion-molecule
chemistry in the coma the most important reactions are exo-
thermic proton transfer reactions; fortunately, many of these
have been measured, or can safely be assumed to occur at
the Langevin collisional rate. Regarding the possible supra-
thermal chemistry that may occur in the coma, however,
very few reactions have been measured, and it is likely that
there are many reactions currently omitted from interstellar
reaction schemes that may be important in the coma. With
the exception of POM, the product yields from photodegra-
dation of proposed CHON constituents are also unknown.
Finally, very few of the rates for collisional excitation have
been measured; most values are simply estimates.
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