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‘A concise but educated introduction to the physiEs of

the gas and dust environment of comets is given.
Emphasis is placed on the fact that, while the gas and
dust give birth to very differing, cometary forms
they are nonetheless governed by closely related
processes. An effort is made to formulate these
procesess with the help of the well established
terminology and equations of celestial mechanics and
physical gasdynamics. In doing so, we hope to
convince the reader that comets, however fascinating
strange objects they may appear to be, arc none-
theless very orthodox solar system memebers,
susceptible to be best understood by the standard
methods of planatery aeronomy.
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Introduction: The strange world of comets

Before discussing cometary aeronomy, a few words on
comets in general may be in order. Excellent (but thick!)
books covering.all aspects of cometary physics have
appeared in the wake of this return of comet P/Halley:
the interested reader will want to consult, in particular:
Grewing et al.!, Mason?, Bailey ef al.3 and Newburn et
al?. A more concise and very commendable tutorial
account of cometary physics has been written just before
the P/Halley flyby missions of 1986 by Mendis et al.’.
Here, only a representative choice of topics will be
discussed, and llustrated by a few references which will
guide the reader to the relevant literature.

As far as we know, the definition of a “comet’ is rather
flexible: it is any fast moving celestial object with
changing appearance. In general, comets are observable
only over a small part of their orbit. Those with orbital
period 7> 200 years are termed ‘long period’ comets
(LPC), the others ‘short period’ comets (SPC) - or.
currently but abusively, just ‘periodic comets’ (with the
symbol P/preceding the name of the SPC). By (988,
there were 644 known LPCs and about 115 SPCs. LPCs
are discovered at rate 3.3 per ycar, and SPCs at ratc
0.25 per year. Cometary orbits arc generally changing
with time, duc to the perturbing cffects of the giant
planets. Somctimes the change i1s so imporiant that ihe
comet is lost from the inner solar system: therefore.
some of the newly discovered comets must aclually be
“new’ comets, to balance the preceding loss.
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Far from the Sun, most comets are point-like, and their
brightness is interpreted in terms of cross-section of a
solid-object, the “nucleus’. Assuming a visible albedo of
0.03 for the nucleus, the range of observed comet
nucleus photometric radii is 1.25<R,<12.5 km, but

two larger objects are known: P/Schwassmann—
Wachmann (R, =~ 20 km) and Chiron (R, = 100 km).

The total number of comets ‘present’ (i.e. having
momentarily an orbit with low perihelion) in the mner
Solar System can only be guessed, since many ‘small’
comets, and many comets with unfavourable orbits
(from the point of view of visibility) certainly escape
detection. It has been estimated that, in the precedingly
mentioned nucleus size range, there probably exist
=~ 350 SPC with perihelion within the orbit of Jupiter,
about 1/3 of which only have already been discovered:
the corresponding esttmate for the LPC family is five
times greater!5

Closer to the Sun, comets assume a fuzzy appearance
(the ‘coma’), due to the apparition of dust and gas
around the nucleus; 33 comets have been observed with
a coma beyond 5 AU (see note 1), four of which still
having one at 10 AU?; but, in general, the coma
develops near 3 AU, and it 1s also in general at this
distance that appears a group of molecular emission
bands from the coma; in the visible, the most

conspicuous ones are, bizarrely enough, due to the
carbon clusters C, and C; and to the radical CN! Also

currently observed are bands of NH, and the forbidden
red lines from O (D).

Figure L. Lhe two tals of comet Kohoutch {coustess > Koeutchinn g
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Table 1. A hisk of identified cometary gas-phase species In no comet has the full list been detected, and the
indicated abundances are representative only (howevee, there 1s no objection aganst the presence of ail these
spECICs 11 any comct) We have omitted from the Table the many metals and metallic 1ons seliably observed in
Sun-grazing comets (e g Na, K. Ca, Ca* Fe ..} and molecules for which only one wdentification has been
published (¢ g S,. CO, ) The year s that of first defirunive idensification, not that of first observation Most
values of P, are subject 1o a large uncertaty, for H, By 1s neghgible with respect to the sofar wind destruction
rate By which 1s of order 7 1077 at | AU

M

Atomic Stable Radical Molec Radical Typical Bph (1 AU) Year
mass molccule 10N ton abundarnce s~

) H - 731078 1970

12 C 0102 41107 1974

C* 1676

13 CH 0 607 121072 1940

CH* 1941

15 NH 0 0002 2.5 10°° 1941

16 NH, 0 003 30107 1943

0 ~ 7.1 1677 1974

17 OH - 90 10° 194 ]

QH™ — 1930

t8 H,O 08 12007 1986

H,O" - 1974

19 H,O" — 1984

24 C, 0 003 10107 1882

26 CN 0 003 4010 1882

CN? 1980

27 HCN g 001 15107 1974

28 CO 01 671077 1976

Co” 1910

N7 0 0002 1910

30) HCHO 0 003 201079 1986

32 CH,0OH 00] 13107 1991

S 0 0f 1980

34 11,8 0 602 3010°° 1991

36 C, 0 0002 10107 1954

44 CS 0 001 20107 1976

44 CO, 1950

At varying distapces from the Sun, most comets
develop several (one to three) types of tails (see Figure
1). The ign ta:d is a straight narrow beam of molecular
ions, the emission bands of which give it distinct
colours: it is nearly exactly antisolar, and is the seat of
many dynamical processes: fast (= 10? km /s) motions of
denser regions, and sometimes spectacular tail breakup.
The Just taif 1s broad. fan-shaped and only roughly
antisolar: it has the solar colour characteristic of dust
scattering. On rare occasions, the dust tail is observed
edge-on and projects itself on the sky both behind and in
front of the comet: the resulting apparent sunward spike
has long improperly been believed to constitute a third
type of tail, The typical size of a dust tail at 1 AU 1s
107 bin. The visible (dust) coma extends typically to
104 km, and the extent of the gas coma dcpends upon
which species is observed: the greatest one is that of
atoimic hydrogen {1, typically 0% km: the targest object
in the Solar System!

T

At this time (mid-1991), 27 wolecules, radicals and
jons have been reliably identified in comas using
observations at visible, UV, IR and radio wavelengths
(see Table 1). There is all evidence that such a list 1s
incomplete, as shown by P/Halley 7 sitw mass specira,
by the existence of unidentified spectral bands, and by
theoretical chemical modelling; however, the most
abundant species are probably all in the table. Among
the most frequently suggested unobserved (minor)
species are CO;, Ny, NH;, CS,, and a wealth of organic
molecules.

Consideration of the list of species identified by 1950,
and cosmic abundance arguments, led Whipple® to
suggest that comet nuclei were ‘a matrix of meteoritic
material ... mixed together with frozen gases [which,
furthermore} constitute an important, 1f not a
oredominant fraction of the mass’. The cometary
activity would then be driven by solar light-induced
sublimation of these ices (see note 2). The sublimation
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of the least volatile of these ices, H,0 ice, satisfactorily

provides an activity onset near 3 AU, and 1t was thus
presumed to be the dominant ice. This conjecture was
spectacularly enforced by the discovery of the huge
atomic H coma, and, much later, by that of H,O itself as
the dominant coma molecule: this was achieved in 1986,
on P/Halley, (i) from the Earth by high resolution IR
spectroscopy”®, (ii) in situ by the neutral mass
spectrometer of the ‘Giotto’ spacecraft!?, and (iii) from
the comet vicinity by the infrared spectrometer of the

Soviet Vega spacecraft!!. However, direct detection of

ice itself is still missing. In any case, ice sublimation

cannot explain the activity of many comets far outside of

3 AU, and there is evidence that comet nuclel are quite
inhomogeneous: Whipple’s model does not tell us
everything about comet nuclei!

The gas production rates (J, of observed comets at
I AU from the Sun are in the range 3.1027 < 0, < 10%
mol/s’2. If H,O production is a consequence of ice
sublimation, it should vary in proportion to the solar
flux, i.e. as #;* for r, the heliocentric distance, smaller
than =3 AU (see note 3). This dependence secems
roughty verified for r, <2 AU but the issue is unclear
beyond this distance'?,

The guestion of how much dust is emitted is not easy
to answer. Dust is observed via scattering in the visible,
and via thermal emission in the infrared. In both cases,
the brightness peaks at wavelengths comparable to the
crain size. Therefore, one currently measures the loss
rate in small grains only (say with typical size 0.1 to
20 um). This represents typically 0.5% to 50% of the
water mass loss'?. Various lines of evidence, and in the
first place the fn-situ results from the European 1986
P/Halley flyby spacecraft Giofto, suggest that much
higher mass loss occurs via large grains (up to decimeter
S1Z€).

In spite of these rather well characterized general
properties, every comet has i1ts own history and
peculiarities, involving sometimes such hectic events as
strong outbursts (over 12 comets), fading and dis-
appearance of the comet before perihelion, and nucleus
splittings {21 comets} (sce Hughes??) (sce note 4).
Nonetheless, there is no compclling evidence against
considering all comets as members of a homogencous

physicochemical group (aside from surface modi-
fications resulting from their solar irradiation near
penthelion).

The understanding of cometary nucler 15 the vltimate
coal of the study of comets, because they are small
bodies spending most of therr fife in very cold places:
therefore, they may carry unaltered information on the
remote past of the Solar System, otherwise obliterated in

targe and/or in hot bodies by inlernal reprocessing

(‘differcntiation’). Mowever, the prospects for {uture
dirgct  experimentation  on  comet nuclel are  npot
encouraging: for at least a decade, only the coma will
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remain observable. At the present time, practicaily all
data on comas refer to regions with distance to the
nucleus in excess of 1000 km (this being true even in the
case of the 1986 (flybys of P/Halley!). Future
improvements of the spatial resolution of ground-based
observations, and even close rendezvous with a periodic
comet (ESA Project ‘ROSETTA’) will hopeftully
provide access to much closer distances to the surface.
This context legitimates the patient development of
state-of-the art models of the comas, that would be
comparable to what 15 achieved for planetary
atmospheres. But, there are also other strong incentives
for the construction of comprehensive coma models: (i)
such a taskis a challenge to theoretical Rarefied Gas-
Dynamics, because it implies consideration of all flow
regimes from inviscid to free-molecular; (1) # 15 a
fascinating exercise in comparative aeronomy, because
it involves solid bodies with sizes from km to hundred
km; (iit) it is a challenging task for physical chemists as
well because it involves the properties of molecules
under cold and non-equilibrium conditions. Here, after a
brief summmary of the presently meagre knowledge of
comet nuclei, we will devote about equal space to the
physics and chemistry of the nner, little observed coma,
and to the physics of the currently observed outer
collisionless coma. Emphasis will be placed on the
dynamical processes, more than on the radiative
emission processes, because the former are more
essential to the wunderstanding of the cometary
atmospheres. Unfortunately, we will almost completely
omit discussion of the most interesting plasma
processes, because this would have duplicated, at the
least, the length of this study.

Physical properties of Comet nuclei

The only direct obscrvation of a cometary nucleus
consists in multicolour pictures of P/Halley nucleus
taken from the 1986 f{lyby spacecraits. P/Halley s
historically famous because in an attempt to verity
Newton’s conjecture ihat all Solar System bodies
including comets move on conic scctions, E. Halley
1705 pointed out probable past observations of this
comet, and predicted its return for the end of 17380 1l
unfortunately died before this prediction was specta-
cularly confirmed.

PP/ Halley is a somewhat unusuat SPC, retrograde; veny
active, and with a tong period of 76 years: 1t wus newr
0.9 AU from the Sun during the 1986 1laby
observations. Figure 2 stmmarizes the appearance of its
nucleus, and also indicates the probable divection of the
spin avis 8 and angular momentum avint? M Agcording
to reference 14, the comet spins around S in 2.84 days,
and § precesses around At 3.69 days Lhese rates e
typical of the few comets for which & spin rate can b
cuessed. Incidentally, the authors note that ' Haley s
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Figure 2. P/Haliey's nucleus (after Keller es a/°", and Belton et
af ). The Sun duection is 1o the left, 27° above the honzontal, and
}5° behand the drawing plane The mawn directions of ermission or
dust are 1pdicated by dashed hines The M and § axis are related to
the nucleus rotation (see¢ text) The arrow distinguishes the area
presumably responsible for the CN features in the coma

spin state is not the minimum allowed for its angular
momentum: this may indicate that many minor splittings
and /or one large splitting occurred in the recent past of
this comet.

The dust apparently issues very unevenly from this
nucleus as indicated in Figure 2: only a total area
Aer= 3.4 101t cm?, representing about 10% only of its

external surface is dust-emitting. As regards the gas,
only inferences c¢an be made: the radial distribution of
the most abundant molecules H,O0 and CO beyond

1000 km sugeests spherically symmetric emission, but
consideration of the balance between solar energy and
sublimation latent heat suggests emission from an active
area similar in extent to the dust-emitting area. The
existence of well-defined periodic fluctuations in the
production of C;, C; and OH also suggests discrete

production sites, as does the observation of spiral
structures in the distribution of the radical CN; the
attempt of Belton er al.l! at providing a consistent
account of these effects led them to the assumption of
five discrete emitting areas with differing chemical
properties, one of them only being responsible for the
CN spiral features (see Figure 2).

The visible and [R spectrophotometry of the nucleus
performed from the flyby spacecrafts revealed that, on
the average, the nucleus 1s very dark (albedo of a
few %) and hot (350 K). This is clearly incompatible

86

with a dominantly icy surface, but does not exclude the
presence of ice in the active regions.

To our knowledge, there is just no information of
any kind concerning the chemical composition of
P/Halley’s nucleus: all one can say for sure is that it
stores under some form the material observed in the
coma!

Finally, it is important to figure out what a nucleus
mass M, (or average density p,) may be. Here again,
P/Halley offers the most reliable case for an estimate.
[ts observed nucleus volume is = 550 km?, corres-
ponding to an effective radius (see note 5) R, = 5.1 km.
For p,, an unbiased assessment yielded the large un-
certainty 0.03<p0,<49gcm3 (ref. 15). In the
following, we take M, = 3.10"" g,

From ali this, we may retain that P/Halley’s nucleus
has a complex shape, and is physically and chemically
inhomogeneous. Similar conclusions based on the
morphology of dust emissions have been arrived at for
several other comet nuclei by Sekanina'®. One may also
assume this nucleus to be well representative, including
in size, since it is about at the middle of the range of
measured nucleus sizes.

Finally, let us indicate that there 1s a vast literature on
what we could call ‘possible properties of comet nucler’,
and even costly laboratory projects aimed at
reproducing these possible properties, We refer the
interested reader to Newburn et al. 4,

Physical conditions in cometary atmospheres

The word ‘atmosphere’ itself refers to the flud
environment of a solid body. For planets and stars, the
confinement of the atmosphere against vacuum outflow
is ensured by body forces {gravity and/or magnetic
fields). Such atmospheres are essentially static, with
first-order dynamical effects. In comets, gas molecules
quit the nucleus with thermal velocities at nucleus
surface temperatures in the range 30-300 K. For simple
molecules, these velocities V are in the range 0.1 to
| km/s, much 1n excess of typical nucleus escape
velocities V.., = (2GM,/R,)2=7.5 "% R,(p.)'?2, which are

of a few m/s. Thus, gravitational confinement is totally
excluded. It would be surprising also to discover a
strong magnetic field around such a small and cold
object as a comet nucleus; indeed, the Giorro spacecraft
has set an upper limit of 1 nT to the magnetic field
within a cavity of = 5000km around P/Halley’s
nucleus. Therefore, no sratic neutral or ionized
atmosphere can exist around a comet nucleus (see note
6). At best, a stationary atmosphere in steady outflow
can be maintained for periods of time where the nucleus
gmission is stationary. Limits on the duration of
stationary conditions are set by the rate of change ot the
heliocentric distance and by the nucleus rotation rate:
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observation reveals that comas are nonetheless currently
quasi-stationary. Here, we will not discuss the transient
phenomena (outbursts, etc.).

The most complete description of an atmosphere is
provided by the phase space densities, or distribution
functions (d.f.), £, = dN,/df, of all its constituents (1):

dN, 1s the number of particles per elementary phase
space volume d7,. The d.f, are governed by Boltzman’s
equations, which, in general, cannot be solved. An
exception is the collisionless case. Most observations of
comets indeed concern the outer regions of the
atmosphere, the observable coma, in which collisions,
are rare or absent. But the in-depth understanding of
these observations, that is their extrapolation in terms of
nucleus properties, requires the detailed modelling of
the unobserved inner regions, where collisions play a
dominant role.

In a collision-dominated atmosphere, the deter-
mination of the f,’s must be abandoned in favour of that
of a restricted number of their velocity space moments
(mass density, flow wvelocity, temperature,...). The
number of moments to consider depends upon the extent
to which the collisions keep the d.f. in a state not too far
from the thermal equilibrium Maxwell-Boltzman form.
This question has been studied in very great detail in the
Rarefied Gas Dynamic context. The key parameter to
consider is the *Knudsen number’ K, = A/R, where A 1s
the gas mean-free path, and R the smallest scale over
where the properties of the atmosphere vary. It is now
well established (see e.g. chapter 15 of McCourt et al.V’?
that (i) one can use, for XK, < 0.1 the inviscid {or ‘five
moment*) Euler equations; (ii) for 0.1 < K; £ 10 (the so-
called transition regime) the Navier—Stokes equations

and/or a choice of approximate but manageable
Boltzman  equations; and  (iii) for K, 210
the collisionless Boltzman equation (or Liouville

equation).

[n a static atmosphere, hydrostatic equilibrium
prevails, whereby the density decreases about exponen-
tially with radial distance ». Therefore, the transition
between fluid and collisionless regions is abrupt (a few
atmospheric scale heights), and one can ignore the
transition regime and define a ‘collisionopause’
separating the inviscid region from the collisionless
region. In the case of a spherically outflowing atmos-
phere, however, the density n, decrease follows about an
inverse square law; the characteristic flow scaie,
R=nJldn,/dr|=#r/2 and A o< l/ngocré, so that
K, oc r: the transition regime affects a much farger coma
volume than the inviscid region, and it is not possible to
define any ‘collisionopause” in the preceding schse.

As a numerical example, we may choose P/ilalley s
coma at the time of the flyby observations. Water was
emitted at a rate (), = 7.107° mol/s from A assuming
an imitial radial velocity = 0.3 km/s an initial flow
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scaling length RI® =( A4, /n)V2=3.3 km and the H,O
‘effective hard-sphere cross-section’ given in Crifo!8:

Ci1,0(T) =166 10-15(T/300)-06 cm? (1)

one gets Ko =5.10"° (see note -7). With an inverse
square decrease of the gas density, the inviscid region
thus extends out to = 500 km, and the transition regime
region out to =~5000 km. It i3 interesting to compare this
with the result from the direct Monte-Carlo simulation
of this coma by Hodges!®, reproduced in Figure 3: one
sees that the H,O0 d.f. starts to depart fygom its
equilibrium form at 10*km. The large difference
between this result and the preceding estimate is perhaps
due to the fact that Hodges uses for H,0-H,0 collisions

a potential which is not consistent with the empirical
cross-section (1).

The collisional coma

The preceding considerations are applicable to a
homogeneous fluid. A mixture of differing constituents
constitutes a single fluid to th& extent that mutual
equilibrium prevails among them, i.e. that they share a
common temperature and flow velocity and comply with
the laws of chemical, radiative, and interphase
equilibrium. Tt is then possible to compute the
hydrodynamic evolution of the fluid in terms of
‘effective’ physical properties (e.g. specific heats)
derived from mixing rules. The surface erosion of a
comet nucleus, however, is a violent event, which most
probably does not produce a mixture of gas and solids in
mutual equilibrium. Furthermore, the solar illumi-
nation is a source of disequilibrium, by, for instance,
introducing temperature differences between grains, and
seeding the gas phase with chemically reactive and
dynamically fast radicals. An example of this is visible
in Figure 3: the daughter molecules H and OH not only
cease to be in equilibrium with H,O beyond 10* km, but
they also cease to attain internal thermal equilibrium
beyond this distance.

Under such circumstances, it may happen that no fluid
approach is possible at all, leaving Monte-Carlo
simulations as the only modelling tool. However, it may
also happen that some constitucnts or subsets of consti-
tuents have mutual interactions (collisions or long-range
interactions) sufficiently efficient to heep them in or not
too far from partial thermal equilibrium: that is, their
d.f. will be not too far from a dJrifiing Maxwelhan. In
such a case, one can consider these constituents s
forming a single 1luid with its own femperature and
velocity. The other constituents may be fully out ot
equilibrium, or may also form {luids with distinct
velocity and temperature: one comes out with a
‘multifluid’ description of the medium. Of course, these
ffuids are not fully isolated from one another
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Temperature {K)

Radius (km}

higare 3. Full Monwe-Carlo sunulauion of P/lialley’s coma'” Ihe
simulated species velocity distnbution 15 approximated by a dnift-
ing ellipsoidal distnbulion, with axts aligned on the vertical to
the nucleus the heavy lines show the corresponding
parallel temperature, and the thin lines the perpendicular tempe-

faturc

interactions exist between the constiluents of differing
fluids, so that, if sufficient time were available, global
equilibrium would finally be reached. Therefore, the
equations governing the different fluids will be coupled
via terms allowing for the dynamical and/or chemical
interactions between the fluids.

The basis for the construction of a multifluid
description is the systematic evaluation (not always

: d . -
easy!) of the time constants 1/ for attainment of equili-

brium between the degree of freedom (d,} of constituent
(/) and the degree of freedom (d,) of constituent ().
Some application of this method in the case of a coma is
done in Mendis et al.® At the present time, however, no
canonical multifluid description of a coma has yet
emerged. Depending upon the context in which a model
is developed, the approach differs (see Crifo®®). The list
of the fluids which have been constdered {not all in the
same model) is: (1) H,O pure or mixed with other
neutrals and/or ions; (2) ‘thermal’” H atoms; (3) ‘fast” H
atoms; (4) neutral water clusters (H,0),,; {5) dust grains;
(6) electrons (see note 8); (7) ions.

it follows from the preceding discussion that the
definition of ‘the’ fluid region in a coma depends upon
which subset of constituents is considered, since at the
same point can possibly coexist fluids in inviscid,
transition, and collistonless regume (see note 9). Here,
we define the fluid region as the region where K, < 10

for the most abundant species, H,0. The present coma

observations yield only very limited information on the
physics and chemistry of this region, H,0 itself is

588

observed only under exceptional conditions. Thus one
has up to now evaluated the dominant processes on the
basis of simplified models only. In the first place, the
geometry of flow (so difficulr to treat, from a numerical
analysis viewpoint) is oversimplified: most generally,
spherical outflow from a spherical nucleus is assumed
(see note 10).

[n zero-order approximation (the so-called adiabatic
approximation), the vacuum expansion of a fluid is
characterized by an increase of the radial gas velocity
{due to the pressure gradient), therefore by a decrease in
gas temperature (for energy conservation) down {0
negligibly small values. Accordingly, the distant
expansion is supersonic. The distance from the source at
which the sonic point is crossed depends upon the
expansion geometry: for instance, In a converging—
diverging nozzle this occurs at the throat; for strong
adiabatic sublimation, this occurs within a few mean-
free paths from the surface of the ice.

in the next order of approximation, one needs to
consider a wealth of non-adiabatic effects: (i) energy
can be lost by thermal emission or gained by absorption
of external radiation in the regions where the fluid is
rarefied enough to become optically thin in certain
regions of the spectrum; (ii) the fluid can be heated by
chemical processes which occur inside 1t; (iii) if the
fluid is part of a multifiuid flow, interactions with the
other fluids generally lead to net energy exchanges: for
instance, in the case of the inner coma, gas and dust
energy exchanges must be considered. If one aliows for
these three effects, he obtains for spherically symmetric
outflow of cometary H,O an *S’ shaped vertical profile

with a pronounced minimum in the 10 K region, follo-
wed by a strong maximum (== 300 K or more)> 2324,
The flow starts sonically from the surface, except if
there is a large fraction of fine dust, 1 which case the
sonic point is reached at a small distance from %3,

The preceding list of adiabatic effects 1s however
incomplete: it does not allow for the fact that water 1s a
condensible vapour — the most classical example of a
condensible vapour! Strong cooling of water vapour
never leads to the obtention of very cold vapour, but to
a ‘fog’, that s, to a mixture of vapour and droplets {or
of vapour and snowflakes). The main consequence is a
drastic alteration of the temperature profile of the coma,
including, possibly, the establishment of a stationary
recondensation shock, followed by a second sonic
transition.

In the following, we give first, a general description of
the transport equations that govern the evolution of the
coma fluids, and then give some indications on the main
rate equations that govern the evolution of the fluids’
internal degrees of freedom. We discuss only neutral (or
weakly ionized) fluids, which can be considered to
expand in a vacuum. The case of charged coma fluids 1s
much more complicated, for two reasons at least: (1)
their fluid behaviour is preserved to any distance of

CURRENT SCIENCE, VOL. 66, NOS 7 & &, 10 & 25 APRIL 1994



INNER PLANETS

interest, 1.e. out to within the plasma tail; (ii) these
fluids do not expand 1n a vacuum, but within another
supersonic fluid, the Solar Wind: a wealth of
discontinuity surfaces structures their interaction with it.
For an introduction to this problem, see Mendis er al.’,
and for a recent review see Cravens2.

General multifluid equations

For the sake of generality, we write the full Navier—
Stokes equations which express the budget of mass,
momentum and energy of a fluid element undergoing
spherically symmetric flow:

c?p, I a
P A4 EM @)

0 |, s?p;
E(pip;)+r29r(r2p’y) ar

_3 a{aV+2V) F,

P ,

— nu' + (ﬂu +M-'..;Vf )’ (3)

0 1 ¢ g 7T
_?{p!éf‘)'f‘ 2(?}‘{ (pf +J£?:)V —3—- 3

s _2-.,

4 <V, oV, [dV

+3’u’4rc?rd[3r) LY
.

r

=E,, + Y (E, +11,,V,+M, V2/2), (4)

/

where p, is the mass density, e, the specific energy
density, u, the shear viscosity, x, the heat conductivity
coefficient, F, a macroscopic force term, and where the
dotted quantities at the r.h.s. are non-conservative terms

representing the budget of mass (M), momentum (I1)
and energy (E) exchanges with radiation — subscript
(i, ¥) — and with the other fluids — subscript (4, j)} —, or of
internal processes within the {luid itself — subscript
(i, i)

Eor a ‘perfect gas of polyatomic molecules with
molecule mass m, and an intermolecular intcraction

potential o< r "’ one has:

po=pkg T Imy e =n (G, =OkyT Im)+V,2 12,

(5)
p, =5C (v YT (m kT /)2, (6)
K, =(75/4)C(v YT kg (kT /(0 m )Y2, (7)
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in which 7, is the ratio of specific heats, k3 Boltzman’s

constant, and C(v) a constant obtained by a proper
collision integral.

The evaluation of the r.h.s terms M, I and £
requires solving not only the preceding hydrodynamic
equations for all fluids, but, in addition, the so-called
rate equations which govern the evolution of the
internal degrees of freedom of each fluid: examples of
such internal degrees of freedom are; the mole fraction
of chemical species, the populations of rotational and
vibrational levels of the molecules, the dust grain
internal temperature. Rate equations may be avoided
onfy for those degrees of freedom which achieve
sufficiently fast equilibration at the fluid temperature.

Radiative processes

Detalled modelling of the emission and absorption of
radiation by cometary molecules i1s needed to fit high
spectral resolution data, and to evaluate the £, , terms.

in the collisionless coma, one deals with pure fluore-
scent excitation, and the coma is generally optically thin
to all wavelengths of interest. In the fluid region,
however, collisional excitation and de-excitation (quen-
ching) compete with fluorescent excitation. and
optically thick conditions may prevail. If the rates of
collisionally induced ftransitions exceed all other
absorption and emission rates, local thermal equili-
brium (LTE) bolds. This may happen in the innermost
coma, but it is clear that as the density decreases, this
will cease to hold. The modeliing of the excitation of
cometary molecules thus requires a Kinetic approach,.
The relative population P, of any energy level (/) of any

internal degree of freedom (i) (e.g. rotational) of a
molecule in a fluid, obeys the equation:

3;:’ zdr(rZP*V) Z[K’* (7) P, - ’ﬂ;*(?}”};]

+2 P;'Aj“f "“z”}' Ajj"*'Z(Bi‘; Pp -8y P;)“(AH*}‘

F- P, 1'#)

(3)

where K;,'is the rate of collistonally induced
transition (f—j"), A,, and B8;, the Linstein
coelficients for spontancous and induced emission, A,
the wavelength of the transition, and u (A) the coma
radiation density. These equations must be coupled 1o
radiation transfer cquations for w, insofar as the nner
coma is not’ necessarily  optically  thin to all
wavelengths®, This theory has been apphied to cometary
11,0 by Bochelee-Morvan ef «f. who suceeeded in hithaog
remarhably well the rotational spectrwn of P/Hall
water obtained by an aisborne intetferometer by Weaver
el al® (see Figure 4). A similar theory has been

LAY
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tigure 4. Rotational emussion of H,0 in P/Halley, from Bockelée Morvan and Crovisier’'. Crosses indicate the 1ine posiions and relative
mmensities of the observations of the v, band of water of Weaver ef al®, and the contimuous line s a model emission spectrum based on an

excitation model The hatched region was not observable.

developed for other presumably ‘primary’ molecules,
e.g. CO (ref. 27).

Due to the collisional excitations and de-excitations,
and to the small optical thickness of the coma, kinetic
energy can be transformed into internal molecular
excitation energy (rotatjonal, vibrational, ...} and vice-
versa. The effect is represented fully by inserting in
equation (5) the value v, = (9, + 3)/{4, + 3), with ¢, the
number of internal degrees of freedom in LTE, and by
setting in equation (4)

£, = b S Ky~ B K ket B, ()

f, 1>

where the first sum extends only over those degrees of
freedom (4,) of the fluid (i) which are nor in LTE.

Chemical processes

As was the case for the radiative modelling, detailed
chemical modelling is needed for two distinct reasons:
(i) to interpret observations {€.g. mass spectra), and (ii)
to ascertain the influence of the chemical processes on
the coma hydrodynamics. If a reaction involves species
belonging to distinet fluids, it will have to be
represented by r.h.s. terms in the governing equations of
these tluids: an example would be ion—electron
recombination reactions in models where ions and
electrons make-up separate fluids (see note L) In the
innermost coma, however, it 1s possible to group most
reactive species into the main fluid (H,O with trace
molecules). The conservation equation for the
concentration n, of a species (s) taking part in Np

reactions involving N, other products of the same fluid
3.

590

dn, 1 d
dt +r2 dr

N

2: m._. m m,.
(sz?&f/:): (V.u' Kﬂ'(r:)”lﬁnfﬂrnpﬂﬁfﬁ J

r=1]

(10)

in which v,.. is the stoichiometric coefficient (positive or
negative), K,,r the reaction rate, and m.=
sup{v,,, 0y the reaction order. The photodesiructive
reactions which trigger the chemical reactivity can be
cast into the preceding form, but with rates which
depend upon position r, owing to the strong UV
absorption of the coma.

A chemical model suitable for a pure H,O coma
requires consideration of about 100 reactions involving
about 20 chemicai species, for which the reaction rates
are usually (but not always) known. It predicts the
gradual enrichment of the coma in H, OH, H;, O, and
Q,, and the gradual development of an ionosphere n
which the dominant ion is initially H;0%, as verified by
the in-situ ion mass spectrometer of the Giofro probe.

Insofar as the hydrodynamics of the coma is
concerned, the pure H,O model is probably sufficient to
represent properly the effect of the coma chemistry,
since the addition of trace species can probably not
change the mass, momentum and energy perturbations of
the main fluid. Even so, a severe difficulty appears when
trying 10  ascertain the ebergy  perturbation,

Ea = Eﬂlgiﬁlg cantext: a large fraction of E‘Lh s due to
excess energy appearing during the photodestruction of
H,O under the form of kinetic energy of H atoms. The
heating of the fluid (at rate E. ) is thus essentially due

to the thermalization of these fast H atoms. It can be
shown (e.g2. Mendis ef al.) that the mean-free path for
thermalization of these atoms rapidly exceeds the main
fluid characteristic length, as distance to the nucleus
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Table 2. Model computations of P/Halley primary molecule abundances. <*S1988°7 refers to the model of
Schmidt ez al.?® and ““G1991°" 10 that of Geiss ef af #*. The numbers indicate the best-fit assumed
composition of the gas mixture released by the nucleus, normalized €0 100 for H,O. The first group of
molecules is common to the two models, the two last groups are specific to one model.

-

Modet H,0 CO  CH, CO, C,H, H,CO  NH, HCN N,
G1991 100 5 1 P ] 38 .5 0.1 0.1
51583 100 10 2.5 3.73 0.84 2.5 2.5 0.07 0.08

C,H, C,H, CH,OH NO H,$

G1991 0.3 0.3 0.8 0.2 0.1

51988 — — - _ —

G199] - - — - -

S1988 125 0.06 0.37 0.2 0.1

increases. Thus the H atoms cannot be included tnto the
H,O fluid. But they do not make-up c¢ither a normal
fluid to the extent that the free path for H-H
equilibration is also Jarger than the H density decrease
scale. This problem has been solved by various means,
with poorly agreeing results (see quick review in
Crifo?9). Perhaps the only safe approach 1s the direct
Monte-Carlo simulation, but the only development along
these lines (H?dges”, see Figure 3) did unfortu-

nately not include an evaluation of Ech (see note 12).
If one wants to account for the chemistry of H,0 plus

trace species, the modelling becomes formidable. One
has to introduce arbitrarily C-bearing, N-bearing, and S-
bearing unobserved species as hypothetical pro-
cenitors of the strange (thus possibly not significant)
subset of observed species of Table 1 and/or of the
chemically unidentified species contributing to in-situ
mass spectra. The most elaborate model is probably that
of Schmidt et al.?8, with =950 reactions involving 59
neutral and 76 ionized species. Figure 5 shows an
example of its capabilities: the best fit shown
corresponds to the postulated primary gas composition
shown in Table 2. Another interprctation of the same
data was made independently by Geiss er al.??, using a
different network with 21 neutral and 40 ionized
species. Their best fit postulated primary composition is
also shown in Table 2, The comparison of these two
results suggests that this kind of endcavour cannot
reliably predict the presence of any primary molecule at
a predicted abundance of order of 1% or smaller: for
instance one cannot distinguish between €S, and H,S as

the dominant S-bearing molecule. Even, the prescnce
or absence of the identified species CHOH s

imndifferent!

CURRINT SCH.NCIL, VOL. 66, NOS 7 & 8,10 & 25 APRIL 1994

3

™

L]

§ 2

(7 ]

[

O

:l

=

3 I‘
- 10 20 30 40 50 60

Motecular Mass [amu]

Figure §. Model fit to P/Halley ion mass spectrum® The thin fies
show the ion mass spectrum obtained at 1500 km from the nucleus
by the HIS ion spectrometer of the Grorfo spacecrafl, and the heavy
lines the best fit obtained with the assumed miature of primary

molecules of Table 2.

Gas—dust interactions

A strong impetus for detailed modelling of the gas -dust
interaction has been the determination of the dust gramn
‘cjection velocity law’ ¥y (my), Le. of the velocity Fy
attained by grains with mass my far enough from the
nucleus that their interaction with the gas has become
negligible, The knowledge of this ‘law” is ¢ssential to
the understanding of the formation of the dust tais, to
the assessment of the future of the grains afier thewr
ejection (escape from the solar system? incorporation
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ticure 6. Dust gran velocrty and temperature for P Halley The left panel (from Crifo? ) shows, as a tuncuion of distance to the nucleus, the
cvolution of the temperature of dust grains with differing sizes (equispaced by factors of 14 wm mass} The right panel compares the
corresponding computed mass dependence of the terminal velocity of the grains (dashed hine) with several indirect experimental

determinations of dust velocitzes obtained from dust tast studies™,

into the zodiacal cloud? Into meteor streams?), and also
to the evaluation of comet dust mass loss rates. As
recgards the last point, observations typically provide
grain number densities, and to convert these into mass
loss rate, one needs to know grain velocities.

The Giotto P/Halley flyby mission results have de-
monstrated that dust grains from fractions of a ym up to
at least several mm in size were present in the coma’.
An estimate of the rates of grain momentum changes due
to grain—grain collisions and to gas—grain coliisions can
be obtained from scaling considerations, and reveals
that, for the preceding grain size range, the latter effect
i1s quite dominant. Therefore. the dust grains do not
make-up a single fluid, but follow the gas flow {as in a
dust storm). Each subset of grains with a common size
obeys its own collisionless Boltzman equation with
nucleus gravity and gas drag as external forces. One can
as well use the moment equations (2)—(4) for each gain
size, setting (in view of the absence of grain—grain
collisions) p=T=p=M=0, where T is the grain
kirzetic temperature T~ not to be confused with the grain
internal temperature to be discussed later. Accordingly,

equation (4) degenerates into the integral of equation
(3), in which the grain—gas momentum exchange term

(or drag term) [1, ; remains to be computed.
Aside from the Fg(my), one must compute the

evolution of the dust grain internal degrees of freedom,

here the dust grain infernal temperature 74 (my). This is
needed for the computation of the grain-gas
‘convective’ energy exchange term Egﬁ* and to fit the
experimental thermal IR spectra of the dust; 7, is set by
the balance between (i) the rate of absorption of solar

energy, E... (r) (see note 13), (ii) the rate of grain

Ok

thermal energy emission, £, and (ii1) the gas—grain

exchange term E, 4.

J 77T _ : ,

(11)

For a numerical evaluation of these terms, the utterly
simplifying assumption that grains are spherical and
homogeneous is made. The radiative terms are then easy
to compute in terms of the solar flux and of Planck’s law
at the grain internal temperature, using the Mie
absorption cross-sections O, (g, 4).

The terms E,4 and Tl,4 depend upon the hydro-
dynamic regime of flow of the gas past the dust. The
precedingly indicated interval of grain sizes is well
below typical values of the gas mean-free path A — even
at the surface of an active nucleus: accardingly, the flow
of the gas past the grains is free-molecular: 1Tl 4 and
E.d are given by classical analytic expressions which
involve the velocities and temperatures of the two
partners (see, e.2. Mendis ef a/.%).

Finally, the non-adiabatic perturbation of the gas
outflow induced by the presence of dust 1s represented,
in the gas equations, by the terms:

ﬁ(LH — _J”g*d (”fd )n (i'??d )d”id . E{l g = _'.[Eg“dn (ﬂfd )d H?{i
(12)

in which n(my) is the normalized dust mass distribution.

Because observable grains (from the Earth) have sizes
comparable to visible and IR wavelengths, it also has
long been assumed that these sizes were dominant in the
comet emission, so that single size dust modcls were
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first developed® 2> (note 14). Recently, motre realistic
models using a large number of size classes have been

developed; an example of computed spherical dust grain
temperatures and velocities is shown in Figure 6.

Although such computed velocities are accepted at
large, they are not in particularly good agreement with
the indirect information that has been extracted from the
modelling of dust tails, as shown by the figure: this is
probably a consequence of the assumption of grain
sphericity: spherical grains, far from having typical
hydrodynamic properties, have indeed very atypical
propetties (linked to the fact that their external-area-to-
volume ratio is minimal): this difficulty persists even
though the grains are spinning (see Crifo?!: 3% for a more
detailed discussion).

Water recondensation

The net result of the spherical vacuum eutflow of a
water-dominated fluid subject to the non-adiabatic
processes considered above is, first, a net cooling down
to temperatures of order 10 K (e.g. Mendis es al’).
However, the decrease of the vapour pressure p. (T) of

H,O with decreasing temperature 1S so great that at such
temperatures the supersaturation S = p/p, would attain

huge values (much in excess of 106!}, Such out-of-
equilibrium states of a vapour, if indeed reached, would
be extremely unstable versus decomposition into a
mixture of vapour plus liquid drops (or vapour plus
solid flakes). The temperature of the vapour increases as
a consequence of this phase separation (or ‘partial
recondensation’), due to the release of latent heat, and
its pressure decreases, due to the condensation, so that S
returns to ‘reasonable’ values in the vicinity of the
equilibrium value § = 1. The effect can be witnessed mn
ordinary life (aircraft trails, automobile exhausts,...)
and is in frequent use at the laboratory (study of water
clusters). Yamamoto and Ashihara’? were the first to
draw attention to it in the case of a comet.

According to the theory of phase separation (initiated
by Gibbs at the end of‘the 19th century, the process
occurs via a chain of cluster-forming reactions:

X (H;0), + (H,0) = X (H,0)y (j20) (13)
in which X is 2 ‘condensation center’, consisting in a
(cold) dust grain, a foreign molecule, an ion, or H,0

itself. Therefore, the modelling of coma water recon-
densation can be considered as an extension of the
modeliing of the ‘classical’ chemical reactivity (se¢ note
15). For large (> 1000) values of j, the clusiers are
indeed ice {lakes (sece note 16).

The first step in the modelling of the effect i1s the
determination of the most efficient condensation
centre(s}), X. In a coma, dust is an unlikely candidate,
because its temperature is raised above that of the gas
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Figure 7. Predicted water recondensation wn P/Halley. 1he ficure
(from Crifo*?) shows, as a function of distance to the nucleus
surface, the distribution of watgr and its photodestruction products,
plus that of some of the water clusters formed by homogencous
recondensation: the dimer, trimer, and the ‘supercritical’ clusters
(H,0),. For the latter, # increases from 7 at the origin, to a peak
value of = 300 at =~ 75 km from the surface, and decreases beyond
this point down to 1 at the point of cluster disappearance, at about
1100 km from the surface.

by solar illumination (see Figure 6). Ions are excellent
candidates, but, in the immediate vicinity of the nucleus,
the ion density is small, in view of the coma opacity to
UV light. Thus, molecules should be considered first,
and, in first place, H,O itself: in such a case, the

recondensatton is called ‘homogeneous’.

The assessment of homogeneous recondensation
reaction rates for small values of j is a most difficult
task. We refer to Crifo3? and references therein for the
[atest developments applied to cometary water: it can be
shown that, to a satisfactory approximation, the net
budget of the chain of reactions (13) for X' = H,0 is the
sudden apparition at r = r,,, very close to the nucleus
surface of a concentration »m, of clusters with initial
small size j, = 7 (see Figure 7). These clusters first
grow, up to a distance r, (of order 100 km for P/Halley
flyby conditions), and beyond this poiat they are
resublimated following their heating by solar light. All
clusters disappear complctely at r,,,, of order 1000 km
in the above example. The peak depletion of water
occurs at r=r, and is small (= 15%), but the most
important effect is to buffer the coma temperature
everywhere above =70 K.

In view of the fact that the recondensation effect s
computed to be restricted to the inpermost coma
(r < 1000 km), its experimental detection 1s preseatly
impossible. There is, however, little doubt concerning
its occurrence via one or another channel (1.e. one or
another X): Crifo®® has also knvestigated the proton
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Figure 8. Energy budget of P/Halley’s coma™ Shown as a tunction
of distance to the nucleus surface are the non-adiabatic changes in
watef e¢nergy content due to dust, to radiative etfects, to
photodissociation, and to recondensation One sces that cach of these
effects plays a dormnant role during some fraction of the history of
an cutflowing fluid element

hydrates’ recondensation channel, for which X' = H,OT,

and found that, in the case where the homogeneous
channel would not be as efficient as predicted, this
proton hydrate route would become an efficient
recondensation route.

Conclusion

Comparison between cometary observations and models
is currently done on the basis of ‘partial’ models that put
emphasis on one or a few specific effects (e.g.
chemistry, radiation,...). However, fully convincing
conclusions could only come from a global model. Just
as an example, we show in Figure 8 the relative
importance of the non-adiabatic energy inputs into a
spherical pure water coma. One sees that any one of the
effects considered precedingly is dominant during some
period of the history of an outflowing fluid element, so
that the observable coma will bear imprints from all of
them.

A comprehensive and self-consistent standard model
of the fluid region of a comet is far from having
appeared yet, even under utterly simplified geometrical
assumptions. However, observations that could provide
the necessary boundary conditions and use its results
also will not appear before the end of this century.
Ample time is thus available to bring the existing partial
models into forms that will make them usable for a
global model. One probably will have to develop
approximate analytic forms for the r.h.s. terms of
equations (2) to (4) as obtainable from the partial

models.

594

The distribution of collisionless species

Prior to the middle of this century, only trace radicals
(C,, C;, CN) and dust were known (se¢ Table 1). It was
assumed that stable molecules (e.g. C,;N;) were
outgassed — not sublimated — by the nucleus and
subsequently photodissociated into these radicals. The

corresponding estimated outgassing rates were smaller
than the presently known H,O sublimation rate by at

least three orders of magnitude (see’ Table 1). Therefore,
collisions were considered to be totally negligible in the
observable ‘radical' coma (//R,> 10°). Thus, cometary

observations were first interpreted using a collisionless
formalism and, because habits are so hard to eradicate,
sometimes continue to be so under circumstances where
this is unphysical (as acknowledged by, e.g. Spinrad’”,
and by Jewitt®®). In many cases, however, the outermost
gas coma of all comets is indeed collision-free, and so
are the dust tail and, almost always, the dust coma.’

The collisionless effusion of particles (molecules or
grains) emitted from a point source in a counstant force
field (as liquid water in a fountain) has been modelied
by Bessel and applied first by him to cometary dust in
1836: it is now in this case c¢alled the *tountain model’;
it has been applied to gas much later {in the 1960s) and
is referred to in this case as the *Haser model’. This
theoretical field is presently very active, with both
analytic and Monte-Carlo approaches being used.

The first step in computing the density of a collision-
less population consists in finding the trajectories
(usually two) which connect the observational point r),

to previous cometary orbital positions 1§ (a so-called

Lambert problem) and in computing the corresponding
initial velocities V§{x) of particles which follow these

trajectories; the d.f. at r; is just the sum of the contri-
butions from each of these families of particles:

fr)=) frg)e™ (14)

in which 7 allows for possible destructive effects during

the particle travels and is related to the particle radial
velocity V,' and destruction rate B, by:

", r
T":j.’ ﬁph( )dr* (]5)
r Lif(f’)
and where the J,’s are the Jacobians
JJZQ(r,,V_:l‘ (16)
3(r{]: {])

Values of ., (r=1 AU) for gas species are given in
Table 1 (see note 17). For inert dust, 5, =0 (see
note 18).
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The computation af J is the second and most difficult
task of the problem. A few indications on 1ts
computation will be given below.

Neutral particles are submitted in interplanetary space

to the solar gravity field g:
gﬁ=GMh/Fh2 (17)

with G the gravitational constant, M, the Sun mass, and
to the solar radiation pressure repulsive force (see note

19) FP', For molecules and atoms (isotropic scatterers)
one has:

(18)

2
pr Te e
Fo(n,V)=Y» — f, —

in which the v ’s are the frequencies of the optical
absorbing transitions, the f’s their oscillator strengths,
and L, the sun fuminosity at v, (erg cm™ s~'); Doppler

shifts have been Introduced because of the presence of
strong lines in the solar spectrum. For spherical dust
grains (see note 20) one has:

r 2 (a,v) L, (v) Eo(r)

pr_ . 2 | XP o 2 o\

FV =m a j pr— dv =7 a’{Q  (a)) ~
(19)

in which 0, is the Mie radiation pressure efficiency, a

the grain radius, E, the total solar energy flux, ¢ the
speed of light, and ( )} denotes the solar flux-weighted

average.
Thus, in a solar-centered reference frame, molecules

and grains move on conical sections in an apparent solar
oravity field usually denoted (after Bessel) by

pmg, or by (1 = By mgs,
For a spherical solid with specific mass g,, one

obtains, using equations {17) and (19)

(@, (a)) E ()
ﬁpr (a, Pd)*—"% Qﬂpp; Ol

= 595 10-3 (Qor? (20)
GM, ¢ ap,;
(Q,,» varies considerably with grain radius and grain
composition. Typical values are < 0.1 for grains
< 0.1 pm, and = | for grains > 0.lpm,.

For molecules and atoms, B, is generally negligible:
for instance. it is =10% for O, =10 for C, and
~1 17 102 for Ol It is however nearly equal to 1 1n the

case of H (see note 21).
fn the vicinity of the nucleus, the comet gravily field

g. must also be considered. In view of the completely

non-spherical shape of the nuclcus, it varies from point
1o point on the surface, and is non-central. One has:

{3 3

GAf, 3G
g (r)=—5=+—1 zh ~31(r) |+
re 2r 15 )

(21)
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where the [,’s are the three principal moments of inertia

of the nucleus, and J7(r) its moment of inertia about the
direction r. Finally, the grains are submitted to the
gasdynamic force imparted by the escaping gas 8% one
has approximatetly:

F* = P, /g = (1/2)(Cy)(4) P (V= VY (V, V)
(22)

in which {(Cq) and {A4,) are the spin-averaged grain drag
coefficient and cross-section, and p, and V, the gas
density and velocity (see note 22). In writing equation
(22), we have assumed that the gas-dynamic spin-up of
the grains is fast and that the transverse (lift) force is
negligible with respect to the drag. For a spherical
outflow at a constant vefocity V@ of molecules with
molecular mass A, sublimated from an effective sphere

of radius R of ice with latent heat L, and visible
albedo A, one has:

2
eff
Fo o= (Cd>ﬂ:a2_?l_g V;(I"ﬂ"ﬁ) Lol By | (23
2 . '3

If we call r, and r? the particle and nucleus position
(Sun-centered frame), and r =1, —r? the comet-centered

particle position, one has for a particle of mass m the
comet-centered general equation of motion:

atr Fgas(r)+Fpr(r }
2 = En (rh)“gh (r}?)+gc (I‘)-i' .
d¢ m

(24)

One can expand the r,-dependent 1erms in powers of r
around r? as:

d2y F&(r)
_._.-:gg(r)-}- 1 - ﬁprgh(rt?)

dr?
+(] - ﬁpr)r:vl’lgh (rl?)-ik'“

(25)

The two first terms represent forces which operate in
the vicinity of the nucleus and decay with characteristic
scales R, and RET: they can be dominant only in the so-
called circumnuclear region. The third and fourth terms
are due to solar gravity and radiation pressure. The
fourth term is of order (r/18) and is therefore mrportant
only at very large distances from the comel (dust tail
and H coma). The third term - a untform field — 1s
daminant at intermediate distances, te. in the dust and
radical coma. except for those species which have &

negligibly smalt £,

The circumnuclear region

In this region, by definition, the gas-dynamic foree and
nucleus gravity are dominant.  The dy namics  of
(collisionfess) molecules and  of grains are quite
different because of their didfering mauss.
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The gas molecules quit the nucleus with velocities
much greater than the nucleus escape velocities:
therefore, collisionless molecules follow straight lines,

Dust grains assume at the surface of the nucleus
thermal velocities which are negligible with respect to
the escape velocity. They however are accelerated by
molecular impacts (see¢ note 23). The ratio of the
nucleus gravity 1o the gas-dynamic force they undergo 1s
initially independent from r. This ratio is unity at a size
amac £iven, from equations (21) and (23) by*:

—-ﬂ-v )E{a(rh) (R;:ﬁ)z
L, GM_

n

(26)

(1
G (7 ) P = 2(Co) Ay ¥

For P/Halley, this is, in g cm~2 = 28/5Z, with r, in AU
(see note 24). Grains much larger than a,,x cannot leave

the surface. Jt is easy to compute that grains much

smaller than a,,, are accelerated beyond ¥V, within a

fraction of R, from the surface; beyond this point, they
follow the gas streamlines (if any) until they uncouple
from it; their velocity can possibly reach the local gas
velocity (very fine dust), but in general levels off at only
a fraction of it (see Figure 6).

What happens to grains with a = ag,, 1s complex,
because in this case the non-sphericity of the nucleus
and of the grains, the nucleus rotation, and the Jocalized
nature of the gas production must be carefully taken nto
account3®_ A preliminary numerical investigation of their
behaviour has been made by Banaszkiewicz et al37. It
has revealed the existence of tightly spiralling
trajectories for which the grains reside for very long
times (weeks at r, = 1 AU) in the vicinity (r < 80 km)
of the nucleus. Conceivably, then, a comet recessing
from the Sun can be surrounded by a halo of initially
very large grains (boulders!) gradually enriched in
smaller and smaller solids.

What happens at large heliocentric distances
(r;, > 10 AU) has not yet been studied. For large grains,

in equation (25) only the first and last term (with
B =0) will be significant. Long-lived orbits are
possible within the distance »y,; at which these two
terms become comparable. One obtains:

1/3 13-
M
Tt =70 | 5 = R, < -
2M, 2p, | R,

in which g, is the Sun specific mass (1.41 g cm™3).
Since the solar radius R, equals 17215 AU, ry/R, 1s
about equal to 200 ry, if ry is expressed in AU. This

means that distant comets can be surrounded by a rather
large cloud of grains. Indeed, at least one comet of this
kind has been observed (comet Bowell 1980b).

(27)
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The dust coma

In this region, the dominant force is the solar radiation
pressure which can be approximated by a constant field,
the third term of equation (25). Its outer extension is at
most a fraction of AU, say 0.1 AU.

The inner limit of this region is the outer limit of the
circumnuclear coma. Combining e¢quattons (19) and
(23), one sees that the gasdynamic force dominates the
radiation pressure force up to a distance r .. given by:

eif (Cd) ﬂBcV;
"V2g, L

=70 RS (Cq? . (28)
(0, (a))

Surprisingly, r.. 1s independent from heliocentric
distance! Only grains smaller than a,,, travel in this
region. Let us call V(a) the ‘terminal’ velocity of such
a gain: formally speaking, it is its velocity are r,, but
numerical ‘integration of the gas acceleration mdicates

that it is essentially attained much closer to the surface
(say within a few R from it. Therefore, one can

consider that, for a given g, the grain trajectories are
those of particles emitted at constant velocity (see note
25) from a point source and in a constant field of force,
i.e. .parabolas (see Figure 9). One can show (see e.g,
Mendis et al.”) that the envelope of the parabolas i1s also
a parabola with apex on the comet-to-Sun axis at a
distance L,/2 given by:

r...~R

Qre

— (rthﬂ (ﬂ', pd !rh ))2
2ﬁp,(ﬂ= Pq)&n (1)

Lpf(ﬂ'l pdirh)

34a 04 (Vdﬂ (a.n, ))1
(0, (@)

=71 10 (rﬂ‘U)z.

(29)

For the observable dust coma (grains in the micron
size range) L, is in the range 10% to 10° km at 1 AU.
The sunward oblate shape of these envelopes is
responsible for the current appearance of the dust coma
on the solar side of the comet.

The dust density is zero outside of the parabolic
envelope; inside, it must be obtained from equations
(14) and (16). It can be shown that for any given VJ any
point within the parabolic envelope corresponding to
VP can be reached by grains travelling along fwo
distinct parabolic trajectories (see Figure 9). one
parabola (defined by the angles 6% and ¢ 0 at the
origin) corresponds to direct access, and the other
parabola (80 and ¢ 9) to access after turn-back of the
particle by the radiation pressure {quite like for water
drops in a fountain). The distribution function at the
origin can be written as:
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Figure 9. Trajectories of single-size dust grains in a coma. The left
and right halves of the figure show dust gram trajoctories
corresponding to the same grain mass, but to differing ejection
velocities ¥ : for each V9§, one sees that the same point M can be
reached along two trajectories as Jong as M lies within the envelope

corresponding to V3 (dashed curve).

v =2 2u00,0,4), (30)
d

where # (cm™' s steradian-?) is the nucleus-averaged
dispersion in dust velocity and surface emission rate
(resulting from nucleus inhomogeneity and grain shape
dispersion), and Q¢ the rate of emission (grain/
second/cm?). The Jacobians J, and J_ corresponding {o

the two trajectories are given by3%:
1/2p

J]i -2x’-p’2|1fl ——x'Ef]l -—2x'—-:p"1j
(31)

in which p is the distance of the point to the comet-Sun
axis, and x the abscissa of the point measured along this
axis, and x'=x/L,, p'=plL,. Finally, the dust

number density is given by:

Ji(a: p! x):

ng (a, p,x)= J‘Qd;/(a)(J+u(V,€+,¢+)+J_H(V,9_,¢_))dlf
(32)

In primitive models, one assumes isotropic production
and neglects ejection velocity dispersion: u has then the

degenerate form 5(V =V 3/ 4rn which makes the inte-
grations equations in (32) trivial:

Oy o I—x'
— J +J = o "
g (e P ¥) 4n Vd“( v 41§ Z‘fl—z:u:"—,:::'2

CURRENT SCIENCE, VOL. 66, NOS 7& 8, i0 & 25 APRIL 1994

However, such a degeneracy induces a divergence in f at
the dust envelope. Therefore, it is more convenient to

replace the o function by a Gaussian velocity dispersion

with adjustable width AV,> when f is to be computed
near the envelope (see Beard?®).

Finally, let us indicate that, if the dust i1s sublimating
or condensing, the preceding ' expressions must be
amended: as a changes, the trajectories are not any more
parabolas, This problem has been investigated by
Schwehm and Kneissel®® and by Crifo and Emerich*®
ind will not be discussed here.

The collisionless gas coma

The distribution of collisionless molecules can be
treated as that of dust, except that photodestructive
effects must be introduced. Therefore, in equation (32)

one must perform the substitution @4 — G, V>V

and Jy — J, e Pwls in which ¢, and ¢ are the easily
cm*ﬂpl.ltalzvlE:38 transit times along the two parabolas.
Furthermore, u is now a Maxwell-Boltzman function at
the nucleus temperature 7, (see note 26). However, the
use of equation (32) is unnecessary, because, for most
molecules emitted from the nucleus, the range against
photodissociation, Lph,‘is much smaller than L. It 1s

easy to show that, in this case:

p p
n?(r)= < e/t = 2 ™'t (34)

2
dmriy? P2 J8nkgT, I m’

On the other hand, most long-lived species are
produced in the photodissociation of one or several
parent molecules, and in such a case the preceding
formalism must be abandoned (see note 27). An
elementary expression for the density #% of daughter
species can be easily derived?® in the ideal case where
(i) there is only one mother molecule, (ii) this mother
molecule is released from the nucleus, (iii) the daughter
molecule preserves the velocity vector of the parent
molecule, and (iv) the parent and daughter destruction

scale lengths LY, and LS, are much smaller than the

. d 5.
Cﬂrrespﬂndlng LET ﬂnd Lpr ’S:

d
QP Lph (e— I"J"[.::h —ﬂ‘ HI’ph ) (35)

nd (r)=

This expression is still, often used (0 fit coma
isophotes and derive scale lengths. However, the
resulting lengths lack any meaning, not only when the
coma is collisional, but also when any of the preceding
assumptions does not hold. This is commonty the case,
because the dissociation product receives am EXCeSS
kinetic energy (often comparable to, or greates than, the
parent kinetic energy) under the form of a more or less
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Table 3. Simphfied photodestruction scheme of H,0O, after Crovisier®? and Schmidt et af 2%,
The excess encrey 1s shared between vibrational and (less significantly) rotational excitation of
OH (and presumably of H, ¥, electronic excstation of O, H and OH", and kinctic energy of the
products {predonunantly of the lightest ones” H and €7} The rates are for Quiet Sun conditions,
at 1 AU, and outside of the coma, they of course are affected by differential absorption inside the

COMma
Wavelength Rate Products Excess
(A) (107% sec™) energy (eV)
1450~1860 (*1st band") 6 71 H+ OH (X’
007 H,+ O ('D) 35
1216 (Lyman &) 366 H+ OH (XD
0.46 H+ OH (4 *Z*) 34
042 H, + 0 ('D) 35
0 04 H, + 0 ('S)
< 1450 (“2nd band") 072 H + OH (X *IT)
009 H+ OH (4%2%) 34
009 H,+ 0 ('D) 35
0 09 H+H+0 (P
< 980 033 H,0" + e 12 3
0013 H*+OH+¢” 24 9
0 055 H+ OH' + ¢ 185
Hy +O+¢”
0 006 H,+0" +¢e” 363

isotropic velocity increase, W. Furthermore, W is
usually spread in magnitude according to some

probability distribution ¢ (W). Festou*! has derived an
exact expression for n% in such a case, valid for a
spherically symmetric distribution #":

N2 2
nd(r)= 8% m[f;] nP(r’)@(W)(%) eV

xsin ¢ d ¢ dr'—q;r- (36)

in which:

.$=,[J""3+1r'2 —2rr'cos¢

5
W= V2 +(VP)2 —2VVP cose

sin €= (r/5) sin ¢.

These expressions constitute part of the so-called
vectorial model (see note 28). In practice, of course,
¢ (W) must sum the contributions of each of the
competing photodestructive paths leading from the
parent to the daughter. It is also possible, in principle, to
sum the contributions from several parent molecules.
One of the essential difficulties 1s to find or to guess the
corresponding molecular data. The best (yet far from
fully) understood and most important case is the
photodestruction network of H,O which we summarize

in Table 3.
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Sophisticated models of the emissions from the H and
from the OH coma have been constructed, from which
most of our knowledge of the H,O production rate 1s

derived. For OH, these models are based either on the
vectorial model, or on Monte-Carlo simulations of the
distribution of the daughter species®’. We give some
consideration to the case of the H coma in the next
subsection. The emissions from more exofic species, in
particular CN, C,, NH; , have also been investigated in

detail; for such cases, the emphasis 1s placed on the
molecular physics of the emission more than on the
dynamics of the species, because the origin of these
species is uncertain. A spectacular example of
successful interpretation of the high-resolution spectrum
of a minor species in nearly pure fluorescent equilibrium
is the recent work of Gredel ef al.4* on C; .

The artomic H coma and the dust rail

Atomic hydrogen resuits from the photodissociation of
H,O and its daughter OH; owing to its small mass, tt
carries away most of the excess kinetic energy of the

dissociation, its excess velocity being in the range
Vg = (1 to 25) km/s. Combined with its small

destruction rate fqy (Table 1) (see note 29}, this gives

survival distances LY = (0.15 to 3) 10® km (or 0.1 to
2 AUY).

The dust grains are not photodestructed, therefore they
travel across a large f{raction of the Solar System
indeed, typical dust tail lengths are of order of fractions
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of AU (see note 30). In the context of the present
oversimplified dust models, dust grains are spherical
and leave the nucleus with a mass-dependent velocity ¥y
(114} smaller than the gas velocity, ie. of order of
fractions of km/s.

Thus, the dynamics of the H coma and of the dust tail
bear close similarities. Their modelling requires the full
use of equations (14), (15) and (16}). One must first
understand why the former make-up a nearly spherical
coma, whtle the latter make-up a tail.

We now consider an ecliptic coordinate system, and
take the collisional coma as a point source, considering
the characteristic dimension of the present problem. A
typical cometary nucleus velocity (within 1 AU) is
V. =~ 50 km/s, not much greater than ¥V, but much

greater than Fg. Therefore, the dust grains initial
velocity distribution is nearly &(V —V,); consider all
the grains ejected at a given time {,. they describe
Kepler orbits all situated in the comet orbital plane, all
initially tangent to V, (1), but gradually divergent from
one another because of the mass dependence of the force
Umg, (equations (17) to (19)). At a later time, ¢z, the
erains which have differing masses are separated from
one another: the locus of their positions defines a curve
called a synchrone. As exemplified in Figure 10, the

dust distribution formed by the successive synchrones
corresponding to successive times fy within a certain

interval Aty of peak dust emission (say, the vicimity of

the perihelion) has the roughly antisolar fan-like

appearance characteristic of dust tails.
If, on the other hand, the size distribution of the

observable grains is narrow, the synchrones are only a
narrow segment: the tail resembles more the so-called

syndyne (or syndyname), which 1s the locus, at a given
instant t, of the positions of the grains of a given mass
that left the comet at ¢/f earlier times (see Figure 10).
For a detailed fit of tail images, it 1s necessary to allow
for the spread in grain trajectories introduced by the
grain ejection velocity V2. This was done in first-order
approximation by Finson and Probstein?>: they assumed
that all grains of a given mass ny, and emitted at the

same time f,, instead of being at a later time f at the
same position ry (myg, 1y, £), a5 if VP (mg) =0, 1n reality
are distributed over a sphere centered at this point, and
with radius A =¥® (my) (t—1y). The synchrones and
syndynes, accordingly, become ‘pencils’ with radius A.
fn this way, the Lambert problem 1Is avolded, but the

accuracy of the assumption is uncertain.
in the case of the I1 atoms it is not at all possible to

represent  the initdal velocity by a & function: I
orientation, it is not very different from isotropy (it has
only a ‘bump’ in the direction of V, ); and in absolute
value, it has a broad width rescmbling the sum of
Maxwellians (each dominant path in Table 3 giving one
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Figurc 10, Syndynes and synchrones for a comet The situation 1
represented at time £, where the comet is at C (¢). The trajectones (1.
2, 3) of grains with three differing masses »r, (1 =, 2, 3), having left
the comet at times £, (@ = A, B, C) are shown, togcther with the
positions of these nine grains at time ¢ (big dots). The synchrones €,
(left) connect the positions of the grains with a common emission
time {_, and the syndines D, (right) connect those of the grains with

4 commaorn mass m, .

term of the sum). Thus, the comet-orbital plane and
direction of motion do not play a dominant role in
shaping the distribution of H. Furthermore, there 1S ho
mass-dispersion effect. 1f we neglect the complication
that i/ is time and velocity dependent, the synchrones
are now not any more pencils, but large surfaces
resembling spheroids. The syndyne concept, although
sometimes used, i3 of little interest because. now,
strictly speaking, the syndyng¢ is ... a volume (the full T
comal) (see note 31},

The mathematical modelling of dust tails and H comas
based on exaet particle trajectories 1s in full
development presently (1991). Two dillering approg-
ches are used, both aimed at the evaluation of gqquation
(14). The first approach consists i first solving
numerically the Lambert problem, and then ¢computing
analytically the Jacobian (equation (16)). [t was deve-
loped for the H coma by Ashihara?® and for the dust tail
by Richter and Keller*. The second approach iy Q
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Monte-Carlo simulation developed, for the H coma, by
Kitamura et al.47 and Combi*®, and for the dust coma by
the Trieste group (see Fulle er al*’ and references
therein). In both cases, one of the main difficulties yet to
be solved is the derivation of reliable initial velocity
distributions: in the case of the dust, this 1s tied to the
uncertain validity of the simplifying assumptions intro-
duced to solve the gas—dust interaction (see Crifo?%); in
the case of the H atoms, it is linked to the multiplicity of
the water destruction paths and to the incomplete
thermalization of the H atoms.

Conclusion

No quantitative model fit of the atmosphere of any
comet has ever been achieved. However, it is clear from
the numerous successful partial fits of specific cometary
phenomena that the processes which govern the
aergnomy of comets are now well understood: the
absence of global model is due to the absence of
appropriate input boundary conditions, 1.e. to the lack of
knowledge of the properties of the nucleus. Certainly,
the methods developed to model coma processes do not
resemble much classical planetary aeronomy tools. But
the basic physics, the basic chemistry, the dominant
chemical species, and even the current physical
conditions in a coma are very familiar. What then is the
ultimate reason for the ‘strangeness’ of comets which is
so evident for the observer as well as for the model
builder? It would seem that this is simply the complete
dominance of solar heating over nucleus gravitational
binding. Thinking about comets should therefore induce
us into thinking also about the fragility of planetary
atmospheres close to a star, and, as a specially important
case, about the fragile evolutionary sequence that, in the
early times of the Solar System, has allowed the
formation of our terrestrial atmosphere.

Note added in proof (January 1994). Comets are really
never disappointing: in July 1992 an unknown comet
passing by lupiter was tidally disrupted into a string of
at least 20 separate pieces forming a spectacular object
now called comet Shoemaker-Levy. This strange object
(s presently orbiting Jupiter, and expected to rush into
the planet by July 1994, forming a series of gigantic
explosions. See papers by Chapman, Narure, 1993, 363,
492 and by Melosh and Schenk, Nature, 1993, 365, 731.

ity

| Grewing, M., Praderie, F. and Retnhardt, R (eds), The
Fxploration of Halley's Comet, Springer, Berlin 1987, (first
prinied as Astron Astrophys , Vol. 187)

2. Mason, § W, (ed), Comet Halley: Investigations, Results,
Interpreiations, Elhis Horwood, New York, 1990, 2 volumes

—

3 Baley, M E, Clube, S V. and Napier, W. M., The Origin of

Comets, Pergamon, 1990

600

4. Newburn, R, L. Jr, Neugebauer, M. and Rahe, J (eds), Comets
trt the Post-Halley Era, Kluwer, Dordrecht, 2 volumes, 1991

5. Mendis, D. A, Boupis, L. F. and Marcom, M L., Fundam
Cosmic Phys , 1985, 10, 1-380.
6. Schoemaker, E. M. and Wolfe, R. F., (n Sartellites of Jupiter (ed
Morrison, D ), Umiv. of Arizona Press, 1982 pp 277-339
7. Meech, K. J., Phystcal Aging in Comets (ref 4), 1991, vol 1
pp 629-669
8. Whipple, F. S, Astrophys, J., 1950, 111, 375-394
8a. Whupple, F. S., Nature, 1976, 203, 3649
9 Weaver, H. A, Mumma, M. J. and Larson, H P, Infrared
Investigations of Water in Comet P/Halley (ref 1), 1987, 411-
418,
10. Krankowski, D. and 11 co-authors, Nature, 19856, 312 326-329
I11. Moroz, V. and 16 co-authors, The Detection of Pdrent
Molecules im Comet P/Halley with the IKS Vega Experiment
(ref 1), 1987, pp. 513-518.

12 Newburn, R L. Jr and Spinrad, H, 4stron J, 1989, 97, 552~
569

13, Hughes, D. W, Possible Mechanisms for Cometary Qutbursts
(ref. 4), 1991, pp 825-851

14, Beiton, M. J S, Juhan, W H., Anderson, A. J and Mueller, B
E. A, Icarus, 1991, 93, 183-193

15. Peale, 8. ), Icarus, 1989, 82, 36-49.

16. Sekanina, Z., Cometary Activity, Discrete Outgassing Areas,
and Dust Jet Formation (ref 4), 1991, pp 769823,

17. McCourt, F. R. W_, Beenakker, J. J M, Kohler, W E and
Kuscer, 1., Nonegquilibrium Phenomena in Polyatomic Gases,
Clarendon Press, Oxford, 1990.

18. Cnifo, ). F., Astrorn Astrophys , 1989, 223 365-363.

19 Hodges, R. R, Jearus, 1990, 83, 410-433

20. Cnfo, ). F., Hydrodynamic Models of the Collisional Coma (ref -
4), 1991, pp 937-989

21 Korésmezey, A, and Gombosi, T I, fcarus, 1990, 84, 118-153

22. Kitamura, Y., fearus, 1990, 86, 455475

23. Shimizu, M., Astrophysics. Space Sci., 1976, 40, 149-158.

24. Crovisier, J | Astron. Astrophys , 1984, 130, 361-372.

25. Finson, M L. and Probstein, R. F., dstrophys J., 1968, 154,
327-380.

26. Cravens, T. E., Plasma Processes in the Inner Coma of Comets
(ref 4), 1991, pp. 11211255

27. Chin, G and Weaver, J. A, Astrophys J., 1984, 285, 858-869

28 Schaudt, H U., Wegmann, R., Huebner, W F. and Bowe, D C,
Comp Phys Comm., 1988, 49, 17-59

29. Geiss, J. and 8 co-authors, Asfron Astrophys., 1991, 247, 226—-
234,

30 « McDonnell, J A M., Lamy, P. L. and Pankiewicz, G. §,
Physical Properties of Cometary Dust (ref 4), 1991, pp. 1043-
1074.

31. Salo, H, fcarus, 1988, 76, 253-269.

32, Yamamoto, T. and Ashahara, T, Astron Astrophys | 1985, 152,
LI7-L20

33 Cnfo, ). F, Astrophys J, 1992, 391, 336-352

34 Spimmard, H, Am Rev. Ast Astrophysics, 1987, 25, 231-269

35, Jewtt, V) , Cometary Photometry (ref 4), 1991, pp 19-65

36. Cnifo, J F, In-situ Doppler Velocimetry of very large grans,
ESA report SP-328, Panis, 1992, pp 65, 70

37. Banaszkiewicz, M., Marconi, M, Kémle, N | and Ip, W H,
MPAE preprint, Linday (RFA), 1989.

38. Beard, D. B, Astrophys J., 1981, 245, 743-752

39. Schwehm, G and Kneissel, B, Optical and Physical and
Dynamical Properties of Dust Grains, ESA report SP-174, Pans,
1981, pp 77-84.

40. Cuafo, 1. F. and Emerich, C, in fces in the Soiar System (eds
Klinger, I et af ), D. Rewdel, Dordrecht, 1985, pp 429442

40a. Haser, L, Bull. Acad R Beigrque, 1957, 43, 740

41, Festou, M , Astron. 4dstrophys , 1981, 95, 69-79

42. Crovisier, J., Astron Astrophys , 1989, 213, 459-464

43 Bockelée-Morvan, D, Crovisier, J. and Gerard, E, Astron
Astrophys., 1990, 23, 382-400.

-

CURRENT SCIENCE, VOL. 66, NOS 7 & ¢, 10 & 25 APRIL 1994



INNER PLANETS

—

44

46

47.

18

49.

Gredel, R., van Dischoek, E. F. and Black, J. H., Astrophys. J.,
1989, 338, 10471070,

Ashihara, Q., A theoretical determination of the density at a
travelling source that emits particles, ISAS RN, 351, Tokyo,
1986,

Richter, K. and Keller, H U., Astron Astrophys, 1987, 171,
317-326

Kitarnura, Y , Ashihara, O and Yamamoto, T., fcarirs, 1985, 61,
278-2935,

Combi. M R, Astrophys. J.. 1988, 327, 1026-1043 and 1043-
1059,

Fulle, M . Cremonese, G, Jockers. K. and Rauer, H, Astron.
Astrophys. 1992, 253, 615-624

Keller, H U, and 21 co-avthors, Comet P/Halley’s Nucleus and
s Activuy (ref 1), 1987, pp 807-823,

Bocheléde-Morvan, D and Crovisier, 3., The 2 7 m Warer Band of
Comet P/Halley (ref. 1), 1987, pp. 425—-430

Wegmann, R., Shmidt, H. U., Hucbner, W. F and Boice, D. C.,
Cometary MHD and Cherusstry (ref. 1), 1987, pp. 339-350,

Notes

Lt

14

{1

12

13

14

. In the following, ‘x AU’ means ‘at an helhocentric distance of x

times the mean Sun—Earth distance of =~ 1.510* km°
As noted by Whippie™ himself, this idea had been advanced
earlier, but he was the first to consider it senously.

. Beyond this distance. most of the solar energy is reradeated

under the form of nucleus wnfrared thermal emission.

. 11 is aimost certain that the group of the 16 so-called Kreuz Sun-

grazing comets were formed in the disintegration of a mother
comet with nucleus size = 100 km; several other comefs are
also constdered as having common progenitors, A most
recent splitting event is that of comet P/Chernykh 1n mid-Apni!
1991

Although confusion 1n this respect 1s frequent in the hiterature, if
ane wants to introduce an ‘effective’ spherical radius for a
(highly nonspherical) comet nucieus, one must give it differing
numcrical values depending on whether one wants to represent
the gravity, the active area size, or any other property.

The gravitational trapping of a cloud of dust 1s 1n principle
nossible but in absence of gas crnission {see *The circumnuclear
regton seclion)

It 15 perhaps useful to recall that the correct expression for A in

terms of the gas number density n, 15 1/(n,0, v32).

As }I atoms. electrons are produced with velooity excesses. and
therr incorporalion into a single fluid is not necessarily a good
approximation |
Thereafter, we assume that the constituents which are pot
cquilibrium are however not too far from 11, so that they
comstitute a “transition regime’ fluid This may howcever not be
apphicable to 11w the mndermiediate comid.

We can only mention here the proneering 2-dimenstonal and 3-
dimenstonal modeds of the circumnuciear region of Korbsmezey,
A apd Gombosi, T.1 1 and of Kitamura®

The assessment of feaclion rates between specics not m thermal
cquilibriam 1s i ths case. a source of ditfreully

The problem of modelling the distnibulion of the I atoms azrses
also an the context of mterpretmg e Lyman of emivsaons Trom
the Huge H coma we give a buel overview of ¢t sechon " The
atonic 1 comy and the dust tad’

£, depends wpan ron the viomudy of he nucleus, due to the

BIRE

attenuabian of solae Dight by the dust grains themselves

cffect 1y wsually notvery stiong see Saly™!
These authors dernve the pas velooily and e dust welocity

Vatug. ry F) for a sphencal aucdeus eitlisg spndde aize sphencal

grans with radius ¢, and responsible for o fraction rg ol he
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18,

20.

21.

22.

23

24.

25.

26
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total comet loss. Their solutions have been subsequently used -
improperly — to represent the dust velocily dispersion 10 the case
where r4 4 is due to a large interval of dust radii.

The “classical” chemistry 15 due to the establishment of covalent
or ionic bonds, whereas the formatron of molecular clusters 1s
due to ‘Van der Waals™ bonds — for water, H-bonds,

{ce flakes form below the triple pont, 273.1 K -for-water- and
lequd drops above it

B, 1s generally due to UV light and is therefore time-dependent.
The values given generally refer to Quiet Sun condrlions
Furthermore, the contributton of discrete solar emission lines,
especially Lyman &, is often dominant, so that Bph can become
velocity-dependent, due to Doppler shifts. For H atoms, the
leading destruciive effect is the interaction with the Solar Wind,
not the photodestruction.

The case of “aclive’ dust {ie., subhimating or pvrolizing hot
dust, but aiso possibly accreting cold rcy grains) s more
complex: in this case, a changes with position, therefore, mstead
of a B, . one must define a rate of mass change
Z{my={(V/m)|dmidr}.

Other forces of radiative origin, e g the Poinnng-Robertson drag
and the Yarkovski effect are negligible on the uwme scale of
cometary studies; such 15 not necessarsly the case of the
electromagnetic forces resulting from photoetectric charging of
dust grains, but we omit them here.

By ‘grain’ we mean any solid from submicron to decimeter size!
There is no reason why they should be spherical However.
because they are expected ta be randomly spinming in general,
their average optical properties are ctose to those of “effccing’

spheres with radins g = 1/{Aﬁ,)f:rr where (4,) 1S the onentation-
averaged cross-sectton.
For H, p and ﬁpr furthermore vary wilh solar activity because

the radiation pressure is due predonmunantly to UV transttions for
whheh L, vanes with time.

Equation (22) holds irrespective of whether the gas 1s n tree-
molecular of in colhision-dominated regime, but the numerncal

value of (C,) depends upon it

One has here {o assume that the fraction of molccoles scattered
by collisions on dust is neglhigtble with respect to those wheeh

escape freely.
This estimate corresponds to 4,1 and w0 & frec-malecular

drag coclficient for spheres {C,) =3 A dispersion o grai
shape would result in a tremendous dispersion i g, vilues (see

Crifo’® ).
Here, we follow the simpie approach imtally itroduced by
Bessel and developed by Uddmgton I graras were sphenead

indced, 1§ would mdeed be function of @ alone Bul tos
aspherical grains, the gram shape 15 an essenbial tactor also (e
Crifo*) One can allow for this by mtroducing a velooy
dispersion parameter .hl'dﬁ.

At a local pomnt of the puclous sarlace, ¥ 18/ df yuioe
Mavwellian, a1 a distance 7 > R the seloaity » ahyned onte

the direction from the pocteus, amd ity dispersion s prce b d
Mavaellan at 7, tf ~ mote teadnaliv - there iy & tomperatury
varatton on the nuckeus sotlace, @ will sany wath ¢ aad
throwpl T,

Hhe case of Howidl be discussed sepacately betow

The ull model mduades i addihon Bewdinsgie
mtended o uwllow lor the existenee of a cedlisnor Jyrsitatod

remon tor 1he patent molecnte

alavrithins

Bla s due o clection pmpact tontzabon and o proton chiaty

exthanee Sty apeahing, the latter chicot s ahan teoscatbuen
mode than o destiuefeen, bug the cuwboti HE alonn are sy Ll
that theit fesoiatee T yman o ustoi iy Doppier-shfied asa

from the Sebar hing

gaitl



SPECIAL ISSUE ON

30 The “tail length’ ts a purely observational concepl the tal 31 Authors wsually stll define a syndyne curve as the locus of H

brightness decreases with dust number density, but also with atoms emitted with V; =0 This does not rcpresent a useful
distantce to the Sun and to the Earth, and scattering phase angle. Part approximation to realistic ¥, , but provides a rough estimate of
of the dust can sometimes even escape from the Solar System the ‘position’ of the K coma
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