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PHYSICS OF COMETARY NUCLEI

Whipple's paper "A Speculation about Comets and the Earth, " presented at the
Twentieth Lidge International Astrophysical Colloguium at Lidge, Belgium, on June 19,
1975, has appeared as Center for Astrophysics Preprint No. 370. It was presented at
the PPPI meeting at Flagstaff and will eventually be published in the volume of the
Lidge Colloquium. Work on this intriguing subject is postponed because of other

research and writing commitments, some mentioned below.

With Walter F. Huebner, Whipple has completed 2 ¢ aapter entitled "The Physics
of Comets" for Reviews of Astronomy and Astrophysics, 1976, which has appeared as
Center for Astrophysics Preprint No. 413 (Attachment 1).

His earlier reported paper on "Criteria for the Identity of Comet Orbits" with
M. Lecar is being revised and will first appear as a Center for Astrophysics Preprint.

Whipple's research on split comets continues and will probably soon be presented
in a three-part series of papers featuring:

A. A report on the study of the phenomena of split comets, which shows that
gravitationally double comets are an unlikely cause for those not tidally disrupted and
that jet-action "spin-up" appears to be the most likely of the intrinsic splitting mech-

anisms.

B. A report on a search for real pairs of comets among the orbits of parabolic
and very long-period comets with inclinations in the range 70-110°.

C. An analysis of E. J. Opik's comprehensive study "Comet Families and Trans-
neptunian Planets" (Irish Astr. J., 10, 35-92, 1971) has been completed and 2 copy is
aftached: "The Reality of Comet Groups and Pairs' (Attachment 2). It will be published

o~



ag a Center for Astrophysics Preprint as soon as a journal for publication has been
selected. The results of this study were presented briefly at the PPPI meeting at
Flagstaff, Arizona, in March. By statistical methods Opik proves to his satisfaction ~--
that most very-long period comets occur in a number of orbitally associated groups
that must have involved either multiple comet splitting or large original cohesive
groups in the Opik-Oort eloud. Whipple finds by the Monte~Carlo method of statistics
and by probability theory that the groups containing more than two comets are statis~
tically unreal. Possibly some of the pairs are real, a maiter that will be investigated
under B ahove.

Whipple has written a long chapter entitled "Comeis" for a Wiley book on Cosmic
Dust (not a part of the project). In the course of this efforf he has found a new applica-
tion of nongravitational solar-radial forces as a measure of comet nucleus dimensions
and activity. An extension of this work will be pursued during the next months. Very
old comet nuclei behave in the expected fashion for dirty-ice models but some long-
period comets (e.g., C/Bemett, 1970 II) show an unexpectedly large solar repulsive
acceleration. An explanation for this phenomenon should provide valuable new informa -
tion about the nature of comet nuclei.

F. L. Whipple
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ORBITAL CALCULATIONS

Marsden and Sekanina have continued to improve the orbits of long-period comets.
Tt is expected that much of this work and a complete revision of the tabulation of
noriginal" reciprocal semimajor axes will be prepared for publication during the next
few months.

Marsden has also improved the orbits of the nine new short-period comets dis-
covered since late 1972 and has continued his work on nongravitational effecis. He
attempted to link the two apparitions of P/Brorsen-Metealf (1847 and 1919) but ran
into problems similar to those previously experienced with P/Wesiphal. Both comets
have revolution periods of 60-70 years, and although P/Brorsen-Metealf did not show
the curious physical behavior exhibited by P/Westphal at its 1913 veturn, it seems
probable that the problems have some physical, rather than mathematical, cause.

B. G. Marsden

by
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EMISSION OF LARGE PARTICLES FROM COMETARY NUCLEIL

Sekanina has completed his study of anomalous fails of comets chserved in the
past near the "edge-on" projection, i.e., near the time of the earth's passage through
the comet orbit plane, This paper has appeared as Center for Astrophysics Preprint
No, 445. The abstract of the sindy is attached (Atiachment 3).

Work is currently in progress on Part I of the study, which elaborates on pros-
pects for chserving anomalous fails in the future returns of the short-period comets.
When this research is completed — within a few months from now — the whole study
will be submitted for publication, probably — because of its length ~ in a journal's
supplementary series.

OTHER ACTIVITY

Sekanina's paper on the probability theory of encounter with inferstellar comets,
completed in the previous period, has now been published [Icarus, vol. 27 (1976},
pPp. 123-133].

Significant progress has been made in the study of the band structures in dust
tails of comets. Additional photographs, showing the structures in Comet Mrkos 1957
V, were acquired courtesy of Dr. A. R. Klemola, ldick Observatory. Work has
advanced on the photographs obiained by A. MeClure (cf. Semiannual Progress Report
No. 2). Most importantly, a digital processing routine has been developed in the Los
Alamos Scientific Lakoratory, Los Alamos, New Mexico, aimed at enhancing the
details of the band structures. The work has been done at the request of Dr. J. A.
Farrell, who furnished some of the pholographs of Comet 1957 V and who is actively
collaborating with Sekanina on the problem. The cemputer technique, developed at
absolutely no cost to the present NASA grant, will shortly be applied — also free of
charge — to all gathered photographs of comets 1957 V and 1910 1.

Z. Sekanina
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PHYSICAL PROCESSES IN COMETS

F. L. Whipple1

Center for Astrophysics, Harvard College Observatory and
Smithsonian Astrophysical Observatory, Cambridge, Massa-
chusetts 02138 .

W. F. Huebner2

Theoretical Division, Los Alamos Scientific Laboratory,

Los Alamos, New Mexico 87544

1. INTRODUCTION

Comets are intrinsically of interest as unique and often spec-
tacular members of near space. They are even more important as
representing the most primitive material of the solar system,
eventually available for direct study by space probes. They
are now providing important information as to the chemistry,

physics and processes involved in the formation of the solar

'system and probably represent boundary conditions for general

theories of star formation. Comets provide the major contribu-
tion to the interplanetary complex, possibly including some small
asteroids, The shape of the cometary Lo isophotes can be used
to measure the solar La flux. Comets may well have spread a
coating of volatiles on the Earth, essential to the origin of
life, Coﬁets may yield clues about interstellar molecules, They
are useful as space probes, especially if they develop ion tails
at ldrge heliocentric distances or if their orbits place them
well out of the ecliptic plane or lead through the solar corona.
Possibly comets play a role in galactic chemistry (Tinsley and
Cameron, 1974 and.Whipple, 1975). Thus the study of comets is

desirable for a variety of reasoms.

1This research was partially supported by Grant No., NSG 7082
from the National Aeronautics and Space Administration

2Work performed under the auspices of the U.S. Energy Research

and Development Administration.
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We assume that the nucleus of a comet consists of ices,
clathrates (molecules or atoms bonded in ice such as ”20 particu-
larly) and grains of rocky (mcteoroidal) material intimately
mixed with the ices and clathrates. Under the activation of
solar radiation -- redsueed by reflection, attenuation near the surface,
heat conduction into the surface, and reradiation -- the rate of sublimation
determin2s the loss of gases directly and the loss of icy-rocky
grains carried away by the gases. Rotation of the nucleus is a
perturbation on the process, exposing most of the nucleus period-
ically to sunlight and producing a mean vector of ejection that
deviates from the solar direction. The net jet component of this
force on the nucleus produces the observed non-gravitational motions
observed in practically all comets where orbital data are suffi-
ciently accurate.

The activity of the nucleus is highly dependent upon the
intensity of solar radiation and therefore upon solar distance,
being extremely sensitive to the vapor pressure--i.e. heat of
vaporization--of the ices present, as well as to their physical
and chemical association with the refractory solids. These circum-
stances are weakly inferred from the observations. Note that the
material must be extremely weak structurally and highly inhomo-
geneous for the weak forces of sublimation to destroy the surface.
Even at great solar distances, r>4 AU, most observable comets

appear fuzzy, the unresolvable nucleus being surrounded by a coma.

F THE
BE?RODUCE%LHY’O
ORIGINAL PAGE IS POOR
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For comets with large periheclion distance, q, the coma grows at
the time of cometary outbursts. The spcctravare continuous,
implying the ejection of dust, which probably consists mostly
of icy grains.

Thus the true nucleus of a comet is rarely, if ever, ob-
served. The observable phenomena are purely transient, being
activated by solar radiation and the solar wind (see Fig. 1).

The gases and meteoroids are lost forever from the comet. At
r32.5 AU, ices more volatile than HZO ice are active, while
below ra2.0 AU 1,0 ice appears to have a major influence on

the cometary sublimation and ejection processes. For most comets
fluorescent bands of molecules appear: first the (0-0) band of
and NH

CN at r~3-2.5 AU, then C bands at about 2 AU, C, (Swan

3 2
bands) at ~1.8 AU, the Na D-lines at ~0.7 AU and other atomic

lines closer to the Sun (sec Table I). For a few comets a con-
tinuous spectrum-arising from direct reflection by particles in
the coma predominates even at small solar distances, but the major
radiation, optical and UV, is usually in the molecular bands of
radicals by fluorescence. In the far ultraviolet, the La line

of hydrogen overwhelms the spectrum, while in tﬁe infrared,
scattering and radiation from solid particles prevails. Radia-
tion pumping may play an important role for several radio transi-

tions., Absorption of solar radiation occurs in discrete ground

or metastable levels of the radicals and atoms, the observed

AT S PR T
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spectra depending upon the specific configurations 6f higher
molecular and atomic levels. Band structures are distorted by
irregularities in the solar spectrum that affect the transitions
in the critical wavelengths absorbed, depending on the Doppler
effects of radial velocity with respect to the Sun and of gas
motions within the coma.

Thus within the central coma, the physical processes in-
volve the radial forces from the nucleus and from the Sun
(radiation pressure and the solar wind) affecting the motions
of the gases and grains, gas-phase chemistry very near the
nucleus of large comets near the Sun, sublimation from the grains,
dissociation of mother molecules into radicals and radicals into
atoms, charge exchange with solar-wind protons, excitation by
sunlight resulting in fluorescent radiation, ionization by solar
radiation and by collision, and finally, the scattering of sun-
light by all types of particles. Light pressure on the smaller
solid particles ﬁropels them into dust tails 'visible in most
bright comets, lagging many degrees behind the antisolar direction
because of the conservation of orbital angular velocity.

Both solar radiation and the solar wind ionize radicals and
atomns in the coma. The ions are then susceptible to forces from
the solar wind via chaotic magnetic fields generated in the mix-
ing zone behind the bow wave as the solar wind interacts with the

coma gases. At a solar wind expansion velocity of some 350 km/sec
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the solar wind carries adequate momentum to accelerate the ions
away from the comet to velocities from ~10 to ~200 km/sec,
producing the great ion tails so conspicuous in bright comets.
The main axes of ion tails lie nearly in the orbital plane but
deviate from the antisolar direction by the 'aberration" angle
between the solar wind and the transverse cometary velocities.
The piasma physics involves a number of érocesses, not all
quantitatively understood as yet.

In the following sections of this paper we discuss most
of the tractable processes mentioned above, relating them to
cometary observations. Many other processes relevant to comets,
¢w.ch as the tidal splitting of sun-grazing comets, internsl .
processes of radloactivity, chemica. changes, heat transfer
and gas transfer, and external interaction with high-energy
particles such as cosmic rays will not be discussed. We will
discuss cometéry origin briefly and the relation of comets to
the Earth, to the interplansztary complex, and to the inter-
stellar medium. Finally, we will mention future desirable
observations, especially by space missions to actual comets.

Although there is no viable taxonomy of comets we shall
occasionally use the adjective "new" to designate cémets with
extremely large se. -major axes (believed to be making their

first journey to the inner solar system from the Opik-Oort

ST
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cloud) and !'old", relating to comets of short period that.have
experienced many inner-solar-system passages. This usage was

initiated by Oort and Schmidt (1851).

2.  NUCLEUS

Aside fr&mrthé directly dbsefvable phenoﬁené of comet cdmae,
‘tails, eté., we learn ébouththe nuclei by studying their contri-
butions to the interplanetary compiex. When the orbit of a
comet passes fairly close to the Earth's drbiﬁ we usually ob-
serve associated meteors and, in several cases, spectacular
streams. The meteoroids released from comets further maintain
the cloud of particles that produce sporadic meteors, the
Zodiacal Light and the Gegenschein, the latter two observed by
scattered sunlight. Some 10-30 tons per second of cometary
solids are required to maintain a quasi-stable equilibrium
(Whipple, 1967). The material of the meteoroids has roughly
solar composition ?atios for Na, Mg, Ca, and Fe (Millman, 1972)
and low densities, typically 0.8 gm/cmS, but ranging far below
this value to somewhat higher values (Verniani, 1975). They

are very friable, weak structures in the main; some, if re-
coverable, could be crushed between tke fingers. In the inter-
planetary complex the meteoroids are destroyed by collisions, most
of the mass ending up as ions, carried to interstellar space by

the solar wind.
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Thus, the solids in comcfs, studied mostly as transient meteors,
seem to be physically consistent with particles that were formed
or trapped in an icy mix, not constituting a coherent mass of
rocky solids penetrated by gas or liquids that froze to ices.
Considerable additional information about the solids comes from
studies of the dustcoma and tails and the antitails (see Sects. 4 and
7) , supporting the theory by Huebner and Weigert (1966) that
the nucleus ejects icy-grains into the coma, and consistent with
observed porous meteoroids, observed after they are "de-iced"
and degassed.

The persistence of some sun-grazing comets with perihelia
within the lowev corona or upper chromosphere prove a certain
degree of compressive strength in the nuclei, estimated at

10%-10°

-16° dyne cm™? by Opik (1966a). Very little tensile strength,
however, is required to resist the tidal disvruptive forces. On
the other hand, the parent body for the Kreutz sun-grazing

family of 7 or 8 members must surely have been split by a close
solar passage, and various members were observed to lose short-
lived pieces near perihelion. About a dozen comets have split

at varying solar distances not related to perihelion (the list
incliudes some 'new" comets) at first apparitions from the Upik-
Oort cloud (Upik, 1932; Oort, 1950). The evidence (Whipple un-

published) does not favor the occurrence of gravitationally

bound double or multiple nuclei. Presumably the non-tidal

R
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break-ups arise from too rapid rotation, i.e. spin-up induced
by non-symmetrical jet forces from the sublimation of ices.

Variations in intrinsic brightness, commonly called bursts
when exceeding a magnitude or two, are frequent among all
classes of comets. The most notable case is P/Schwassmann-
Wachmann with period P=15 yr. and q=5.4 AU, which occasionally
brightens by several magnitudes. The most violent example,
P/Tuttle-Giacobini-Kresak (P=5.6 yr, q=1.2 AU) increased by 9
magnitudes twice in 1973 (see Kresdk, 1974). Here the cause may
be a break-up or crushing of a considerable volume of friable
material exposing volatiles to sunlight induced by large-scale
inhomogeneities in the structure of the nucleus ("hot spots"”,
see Sekanina, 1972) and irregular wasting of the material, lead-
ing to cave-ins. The tendency for large bursts of small comets
to occur in pairs separated by months, pointed out by Kresik,
suggests changes in the moments of inertia of the nucleus, re-
sulting in a realignment of the rotation axis, with subsequent
internal stress changes that produce break-up. Possibly ordinary
asymmetrikal wasting by sublimation can initiate the process.
For large comets, however, inhomogeneities must be the major
cause, allowing for the possibility of very rare encounters with
small bodies (Harwit, 1967) and eaothermic reactiuns among atoms
or radicals (see Donn and Urey, 1956).

The nature of the volatiles producing comet activity and

the physical association with meteoroidal material must vary .

REPRODUCIBILITY OF TH
ORIGINAL PAGE IS POORE
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9
strikingly from comet to comet, judging by the highly individual
laws of intrinsic brightness as a function of solar distance.
This much discussed subject will be trcated only superficially
here because of lack of space. The absolute brightness (re- QJF
duced to 1 AU from the Earth) of a comet can be approximated

Dy a constant,/r". The exponent n averages around 3.3 for all e

comets but frequently ranges from <2 to »6, with exceptional

cases of negative values (fading on the way to perihelion) to

bR rates

very high positive values. Nor is n constant for a given

comet, someiimes changing abruptly, often near perihelion.

2o e AN e

The evidence suggests that for old periodic comets, sublima- ;

tion activity is often confined to small areas of the nucleus,

varying with time, and that volatiles of low vapor pressure
such as HZO ice are major constituents. For new comets at
their first apparition (C/Kohoutek, 1973 XII, for example),
the outer surfaces appear to contain compounds much more
volatile than HZO-ice, producing activity at great solar dis-
tances, nearly to Jupiter's distance.

One‘might expect the dimensions of cometary nuclei to be
deducible from their reflected sunlight when inéctive at great 7 &

solar distances. For this only three assumptions are needed:

albedo, A, corrections for phase angle, and inactivity; these,

]
i
i
i

coupled with observed magnitudes at known distances, should be

adequate. Roemer (1966) presents nuclear radii for 29 comets,




10
but questions the assumption of inactivity or complete lack of
coma even for star-like images in a large reflector. The
measures give radii in the range 0.1 km (A=0.7) for the faintest
to 40 km (A=0.02) for the largest. The mean radius (A=0.7)
is 1.0 km for 19 periodic comets and 2.4 km for 10 nearly

1/2 for other assumed values of

parabolic, varying as (0.7/A)
the albedo. These values can be taken as upper limits in view
of Sekanina's (1974@ strong arguments that distant comets may

rarely be devoid of comae.

III. COMA: GAS PRODUCTION RATES
Direct studies of the nucleus must await observations from space
missions to comets. Until then observations of the coma yield
the richest information from which deductions can be made about
the structure and composition of the nucleus.

Solar radiation incident on the nucleus is in part reflected
by the surface, in part absorbed by the thermal surface layer
and some possibly transmitted to a small depth. Most of the
absorbed radiation is either reemitted in the infrared or used
to sublimate frozen gases from the nucleus. For "old" comets
possessing an appreciable refractory crust, a significant fraction o
may be conducted deeper into the nucleus (see Sekanina, 1969),
The pattitioning of energy into the various processes depends

strongly on the material properties of the nucleus. 1Its fluffy
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structure is thought to be more akin to snow.which has quite
different properties than clear ice. The amount of reflected
solar radiation\depends on the albedo,* i.e., on the result of
multiple scattering of light by the grainy structure of the
Qurface ice. The aibedo therefore depends also on the angle
of incidence of the light. Investigations of the albedo of
antarctic snow and ice carried out by Barkstrom (1972) may

also be quite relevant to comet nuclei. His values for

the albedo range from 0.72 £ 0.03 at cos 6§ = 0 to 0.88 ¢ O.GZ at cos 0 = 1,
and vary nearly 1inearly with cos 0; 8 is the angle between the normal
to the surface and the incident radiation. Emission in the infrared
depends strongly on temperature, chemical composition, crystal structure,
and small-scale geometry of the surface, (plane emissivity, hemispherical
emissivity, etc., see, e.g., Penner and Olfe, 1968). Sublimation depends
on the mate-ials latent heat and its temperature dependence. Heat flow
into the interior of the nucleus depends on the radiative and
properties of the substance
conductive involving its structural composition and the ratio
of meteoritic material to ices. Properties for materials that
likely exist in comets have been summérized by Pounder {1965},
Huebner (1965, 1970), Delsemme and Miller (1970}, and Lebofsky

(1975). Thermal conductivity of ice has been investigated by

Klinger and Neumaier (1969) and Klinger (1973).

*Not the Bond albedo which includes the effects of a spherical
surface.
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The steady state energy equation

{i

L2\ "E
f(fvffh)e VIL - A ®)]cos 6 av = eofz()]? + Z(GJL(Tce)) m, +x L

"
insolation = reradiation }sublimation + conduction
(1)
and a Clausius-Clapeyron type equation
% (o - 81(1(®)) /T(0)]
= - + [0 - 3
log 2(8) = log \f, Po\lmes ) 2)

must be solved simultaneously to determine the gas production rate,

Z({9) [molecules area-l timeul steradhl], for forming the coma and to
predict the steady state temperature, T(8), of the coma-nucleus inter-
face (the thermal layer). In the above equations fa is the accommodation
factor, Av(e) is the albedo; fv/ri is the solar flux at 1 AU per unit
area and per unit frequency interval diluted corresponding to helio-

centric distance r, "in AU; € is the frequency~integrated (primarily

h
infrared) emissivity; ¥ is the coefficient of heat conduction bhelow
the surface R of the nucleus; L(T) is the average latent heat of sub-

limation of the surface material; and M is the average molecular weight.

The constants o and B are

o = log {exp[L(TO)/(RoTD)]} (2a)

-
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13 ;

B = log {exp(l/Ro)] = 0.21856 , [Ro in cal deghl moleﬂll .

(2b) o

-

and Py and T, are reference points on the vapor pressure curve (e.g.,
P, is atmospheric pressure and To the boiling point) and Rb is the gas ;
constant. Equations (1) and (2) are valid for a nonrotating nucleus.

In general we also need to comsider the spin velocity of the nucleus i

and the temperature relaxation time which depends on heat capacity.

The nearly spherical appearance of the coma indicates that to first

L ggereee e mast g sepa arets

order sublimation is isotropic--probably due to the spin of the nucleus.
Solutions for some combinations of parameters have been given by Huebner
(1965, 1967) and by Delseume (1966). Solutions for four different
combinations of parameters are given in Fig. 2. ki
Early estimates of the gas production were based on partial den-
sities, such as could be obtained, e.g., from the brightness of the

comet in the light of C, transitions (Wurm, 1943, 1961). A major

2
revision upward by several powers of ten are required by the

St RIS

icy conglomerate model (Whipple, 1950, 1551) and were made by 7
Biermann and Trefftz (1964). The latter based their predictions )

on the observation of the forbidden O lines at A = 5577, 6300,

ST e

and 6364 R, visible only in the brightest comets. These re- %%;'
sults were confirmed by a second prediction based on the solu- %

tion of the energy balance and Clausius-Clapeyron equations,
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given by Huebner (1965). Analysis of the violet band of CN at
different diétances from the nucleus taking into account col-
lisional effects to excite rotational levels led Malaisc (1970)
to a third independent method for determining densities--and
therefore production rates--giving results in general aﬁreement
with the above two earlier procedures. Observation of the La

emission from the hydrogen coma provides a fourth independent

determination of the gas production rates (Keller, 1973; Keller and Lillie,

1974; Keller and Thomas, 1975). The agreement (within a factor of
about 10} of all four methods indicates that the total gas pro-
duction rates are kmown to within rather limited uncertainties
(see Sect. 5 for numerical values), and by virtue of the second
method the main features of the physical processes for produc-
ing the coma are understood. Thus the icy-conglomerate model
finds very strong support from indirect observations. Desorbed
gases from grains (once thought to be the dominant mechanism)
make only minor contributions (Levin, 1972).

Inhomogeneities of the surface layer (composition of frozen
gases with different latent heats, variations of albedo, insula-
tion by local accumulations of refractory grains, exhausFion of
the more volatile components, etc.), as noted earlier,/gigepro-
duction rates that are not uniform in space and time. To date
the observed data are insufficiently resolved so that only

average rates are considered; (however, some jets of dust and

REPRODUCIBILITY OF THI
ORIGINAL PAGE IS POUR




s s AT e, Bl

15
neutral molecules have been observed--see, e.g., Rahe et al.,
1969 ; Huebner et al., 1974, Huebner, 1975) but clearly,
the subsolar point receives a maximum of insolation and the
antisolar point a minimum. For a spinning nucleus the time

delay to affect vaporization causes an angular displace-

ment of the peak production from the solar direction. The reaction of
the escaping gas, the "pin-wheel effect", imparts a "nongravitational
force" which was the enlightening thought behind the original formulation
of the icy-conglcrerate model (Whipple, 1950, 1951), The new mass

losses associated with the gas production are of the right magnitude to
account for the nongravitational forces (Huebner, 1967). More detailed

analysis of orbits for several comets by Marsden (see, e.g., Marsden,

1972; Marsden et al., 1973; and Marsden and Sekanina, 1974) agree.

with the assumptions of the icy-conglomerate model.

4, COMA: GRAINS

Delsemme and Swings (1952) suggested that molecules, such as CH4
and 002, are stored in the form of clathrates in the nucleus. Clathrates
are solid molecular compounds, £.2., H20 ice, with a lattice structure
which encloses and bonds by Van der Waals forces other molecules or atoms

(see, e.g., Miller, 1973). Delsemme and Wenger (1970) succeeded in the

laboratory (although at higher gas pressures than might be expected
in the environment of a comet) to produce such clathrates which they
observed as mm and sub-mm sized grains. These icy grains as well as

the heavier refractory grains which are embedded in the nucleus will

g
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be dragged into the coma primarily by the more volatile sublimating
and escapling gases. An icy-grain coma was first postulated by Huebner
and Weigert (1966) to explain the outbursts and ensuing slow decay

in brightness of P/schwassmann-Wachmann (192511), Icy grains
are expected to have a long lifetime at large heliocentric

distances. The lifetime, g of the grains

Tg = - aolé = aoNO/(MZ) (3)
is determined by their rate of sublimatjon, Z. Here a, is the initial
{at time of 1ift-off) "radius" of the grain, M the mean molecular weight,
and 4 is the rate of decrease of particle radius. Delsemme and Miller
(1970, 1971) have suggested that clathrate ice grains contribute to the
comz in a more general way, even at small heliocentric distances. For
such comets only large icy grains will have a lifetime long enough to
contribute significantly to an lce-halo. At small heliocentric distances
the rate of sublimation is increased and the proportionate increase in
1ift forces can transport heavier particles into the coma. The maximum
initial radius, a s of a grain that can be lifted off the surface by the

escaping gases is

OMv Z -
m 16T pg RNOG

= 1.4 % 10 , fem] (4)

w~d
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(first given by Whipple, 1951, in a slightly diffcrent form)

where M indicates the mcan molecular weight of the gases subli-
mating from the surface of the nucleus, Z is the associated gas
produ~tion rate, vV the radial component of the thermal gas
velocity, Py the density of the grains, R the radius of the
nucleus and G is the gravitational constant. The numerical factor
is ap;ropriate for/ice-grains. Adhesion of the grains to the
nuclecr surface will reduce the value for ans while nuclear

spin vwill increase it. Refractory grains will be affected
similnsly,except their lifetimes play a role only at small heliocentric
distances and are of particular importance to sun grazing comets

and, the Na production in the tail

(Huebnrr, 1970). Important contributions to thesc effects werec

made m.:e recently by Sekanina (1973a); the work carried out by Lamy
(1974) on interplanetary grains should also bear directly on the behavior
of cor tary dust,
Sctting a =a, and assuming that the rate of sublimation from the icy
grains is the same as from the surface of the nucleus we obtain a
maximum valse for the grain lifetime from Eq. (3) and (4)
Sv

I
T

- 1/2
g 16m RG

4.6 x10° ™R, [sec] . (3a)

The proposal of adsorbed gases in an lcy-grain halo is an attempt

to explain the short lifetime of mother molecules. 0'Dell and Osterbrock
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{1962), Wurm (1963), Malaise (1966), Miller (196/), Vanysek and

Zatek (1967) and Vanysek (1969a]1969b) predicted--from analysis of
comet observations--mean lifes of mother molecules which are much
smaller than laboratory values predicted by Potter and Del Duca (1964).

Typically clathrates contain 6 to 17 H20 molecules for each other

molecule or radical occluded in a cage (Miller, 1973). Knowledge about

molecular abundance ratios in the coma is still too sparse and un-
certain to serve as indicator whether all observed radicals could be
the result of stripping from clathrates. However, Delsemme and Miller
(1971) found it necessary to assume that sublimation from the nucleus
is controlled by a more volatile component than water or clathrates in
order to increase the gas production rates so that larger grains than
indicated by Eq. (4) can be lifted off the surface. This allows forx
a longer lifetime of the grains and increases their range at which
they release their trapped radicals to be in better agreement with ob-
gerved mean life of the mother substance. A depletion of the more
volatile component not bound in clathrates will reduce the
apparentllifetime of the mother molecules, but no change in
lifetime from before to after perihelion (at the same helio-
centric distance) has been reported.

Variation of abundance of radicals with heliocentric

distance as obtained from spectroscopic data can be used to

determine the latent heat of sublimation of the mother molecule

using Eqs. (1) and (2). 1If the radical is released from a

s
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clathrate its latent heat will be larger (and the change in
brightness steeper with changing heliocentric distance) than
if it is sublimated directly from the nucleus. Spectroscopic
data for this purpose must be collected under identical conditions for
a period of time covering as large a range of heliocentric distance as
possible.

By discussing lifetimes of grains we have already indicated some
destructive mechanisms for the coma. Molecules, radicals, atoms, and
ions are also destroyed by dissociation, ionization, excitation, ox
chemical reacticns. Each of these processes destroys a radiative
property by which we can observe and identify the particle species,
thus determening their lifetime or range in the coma. Each destruction
process will, of course, give rise to one or more new particle species;

e.g., H,0, which has been detected by one of its microwave transitioms

2
(Jackson et al., 1975) will not not only dissociate into O,

but also into H which is detectable in the UV (see, e.g., Code
et :i., 1970, Beftaux and Blamont, 1970; Bless and Code, 1972Z;
Jenkins and Wingert, 1972; Bertaux et al., 1873; Carruthers et
al., 1974; Feldman et al., 1974; Opal et al., 1974; Bohlin et
al., 1975; Broadfoot et al., 1975; Page, 1975; Keller et al.
1975), and OH which has been detected in the radio (Biraud et
al., 1974; Turner, 1974),infrared (Meisel and Berg, 1974},
visible, and UV (Blamont and Festou, 1974; Feldman et al., 1974)

ranges of the spectrum. Detection depends strongly on the

T T
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oscillator strength of the transition, the excitation mechanism (e.g.,
the iIntensity of the solar spectrum iIn the wavelength range of the
transition), and on the species abundance. Some radicals may be abundant

because they are produced by several different parent or mother molecules.

The only true {material) destruction mechanism of the coma——i.e.,

- . .
. o ) o .

the limit to the approximately radial expansion of the gas and dust--
is determined by the interaction of the coma with the solar radiation

field and the solar wind which sweep the materia. into the tail,

5. COMA: STRUCTURE i

Phenomenologically the gas coma can be categorized by three major
parts that fit the observations of most comets:* (1) the inner, molecular,
chemical, or photochemical coma, (2) the visible or radical coma, and
(3) the atomic or UV coma. The absolute and relative ranges of these
depend on heliocentric distance., At 1 AU typical values are ~104 km
for the molecular coma, several times 105 km for the radical coma, and

7’km for the atomic coma. Table 2 summarizes

a maximum of ~10
the observational data of recently identified species. HMore

complete information can be found in the compilations of Woszczyk (1962a),
Richter (1963) and Arpigny (1972). The frozen gase¢s in Whipple's

icy conglomerate model of the nucleus must consist primarily of
molecules containing the elements H, C, N, and O. Sulfur com-

pounds, although not yet spectroscopically identified in the

coma are very likely to occur. Other cosmically abundant

elements such as the noble gases He and Ne, because of their

kExceptions may be veiry small or nearly depleted comets.

REPRODUCIBILITY OF THF
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low latent heuat of vaporization, have probably not been trapped
during formation of comets or have since escaped. The elements
Na through Si and K through Ni are most likely associated with
the more refractor grains. Sodium, one of the more volatile
of these elewents will receive more attention in the dis-

e

cussion on dust tails.

Some spectral lines which have been observed but not identified
are listed in Table 3, Molecules, radicals, or atoms not found in
special spectral line searches are li%ted in Table 4., If a species
has been identified in scwe other spectral region then it is not in-
cluded in this table,

Most direct deductions about the nucleus can be made from observa-
tions of the inner or molecular coma. Unfortunately several complications
exist: (1) Most observations of molecular spectra must be made in the
radio and infraredregions of the spectrum. (2) The size of the molecular
coma at 1 AU geocentric distance is only 0.5 min arc, quite difficult
for daytimeobservations with IR or radio telescopes. (3) The solar
spectrum is weak in this region aad excitation of the molecules must
occur through collisions or througn radiative pumping (see, e.g., Biraud
et al., 1974; Mies, 1974). Besides Hzo,which may be very abundant,
the only other mother molecules detected so far are HCN and CHBCN, i.e.,
molecules with the strongest line transitions (Huebner, 1971). Radio
observations of molecules were recently reviewed by Snyder (1975).

Results from infrared spectroscopy have generally been too marginal for

positive identification of any gas phase molecular transitions

L
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(U'Dell, 1971a; Barbieri et al., 1974b), but in C/Kohoutek

(1973 XII) Meisel and Berg (1974) identified CN and OH at
A = 1.1 ym, -
’ '3fhé:féﬁge of the molecular coma is determined by the mean lifetime,

T, oflthe ﬁdlecﬁiéé in the‘fiéld of solar radiation, fu’

el S w

Here o 1s the total cross section for ionizatlon and dissociation
Vv .

(inciuding predissociation and autoionization). Collisional
ilonization and dissociation would reduce the lifetime, but
these effects are usually too small (Vanﬁsek, 196%a). How-
ever, they are important for sun grazing comets (Spinrad and
Miner, 1968). From the data of Potter and Del Duca (1964)
and Stief et al. (1965), and Stief (1966), typical ranges,

TV, are 104 2

to 10~ km. These are larger than the range of
mother molecules obtained from the analysis of coma observa-
tions. Taking into account solar emission lines and pre-
dissociafion, Jackson (1975) finds better agreement with the

observed values, The range of mother molecules also approxi-

‘mately coincides with the range for which the fluid dynamical

model is valid in large comets, i.e., the range for which
molecular collisions are important. The range of radicals,
Rcoll’ in the coma at which the mean free path for collisions,
is

dcoil’ is equal to Rcoll
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2
R L4 _ 1 _ 4 v Rcoll (6)
- - = ’
coll — “eoll = n(R 1) Tegyg Q Oa11
: ' . . .n30 -1 ~ 4 -1
or, assuming a gas production yield of @ = 10 s ,v™~3x10 cms 7,
- : 4
15 2 for molecule-molecule collisions, Rcoll ~ 3 x 10" km,

and oﬁoll = 10 cm

A more refined calculation by Jackson and Donn (1966) gives an equivalent
result. Thus chemical reactions may have a strong influence on
the composition of the coma of brighter comets or those of

small q, (see, e.g., Donn and Urey, 1957; Jackson and Donn,

1968; Biermann and Diercksen, 1974).

Recently Oppenheimer (1974) has reinvestigated the gas phase
chemistry iu the coma., He finds that the reaction rates involving
charged radicals similar to the ones proposed for production of inter-

A

stellar molecules can give results consistent with observations.

detailed calculation taking into account Oppenheimer's model for the

rhemical reactions in conjunction with reactions on grain surfaces,
solar radiation, fluid dynamics, and observational comet data should
yield new clues about still undetected molecular and radical con-
stituents in the coma and the composition of the nucleus.

Expanding the models presented by Jackson and Donn (1966) and
Dolginov and Gnedin (1966), Shul'man (1969a), developed a single-com-
ponent fluid dynamic model with spherical symmetry. In a second paper

he describes the nucleus-coma boundary layer (Shul'man, 1969b). In his
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model the conservation equations for mass, momentum and energy are solved
for the adiabatlc and nonadiabatic cases and he discusses the general
solutions under various different conditions for subscnié'and"supersonic
flow and shock discontinuities., A specific solution for the nonadigbatic
case can be obtained only if the ratelfor heat input is known as.a fqng—:
tion of distance from the;nugleus. .This.was modeled by ﬁa}lis (Ié%ﬁj,;
for the case that water dominates the chemigai cqmpositiﬁn of the dqmgﬁ“_,
"He fiﬁds that the flow is SUpérsonic if the heating is uniqumith:QUghogt
the coma, but‘if collisions with dust dominate in the.inneyucoma téen‘

thé flow is subsonic going over into supersonic with ingreas;ng{distgﬁcg;;
from the nucleus. -

Hanymcﬁmfnnent fluid dynamic models were developed by-Mendis et al.,
(1972} with a nucleus as the single central source and by Ip and Mendis.
(i974) including an icy halo as an additional extended source. They
simplifiedrtheir approach by substituting a polytropic equation of state
forlthereqﬁaﬁioh of energy conservation.

_Althougﬁfﬁndéﬁééaﬁding the'@hYSEQélfprocESEes occurring in the
molecuiar coﬁa is aprerequisiféfbr mdéeling the outer par£S'of the coma
and its interédtiog;with,thg-interp1anetarynmedium_and for deducing
inﬁbrmatioﬁ a§out.the‘nucleus,‘présent models are too crude to be use-
ful'foﬁ:detaileq_p;é&iétions.'_Théy-é;e, however, a g§nd‘sta?t for
developing a model.that is internally selfconsistent,_ Tﬁe,paucity of ..
good,'fuu&amenﬁaleafpmid and“molecuiaf data places sgvereffé$tfictious‘ -

on the successful development and applicatidﬁ of coma models,

REPRODUCIRILITY Op 7wt
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The radical coma is richest in spectrogcopic data. It is here

~ and in the atomic coma that application of the microscopic material

properties are most useful., The detailed frequency dependence of the
solar spectrum, i.e., the Fraunhofer lines, play an important role

in: the radiafive transfer by coma radicals. A beautiful -illustration

of this has been given again recently by Arpigny (1972). Doppler shifts

due to the relative motion of the comet With respect to the sun (Swings,

1841) and due to the differential expansion velocity of the coma  (Greemstein,

1958) are the cause for the anomalous behavior of high resoclution rotational
1ine intensities. The resonance fluorescent character of the visual
coma‘eﬁisstns is satisfactorily explained for CN and the diatomic
hydridés'(Sﬁings, 1965; Arpigny, 1972). Tor 02 the fluorescence
mecﬁéﬁiém:iﬁvoives the 3Hu metastable state for the lower electronmic

level rather than the ground state 1}:; Wurm (1963) explained the

high temperature (2500 to 5000°K) distributim{ of vibratiopal and rotational
states of C2't$ be due to thie absence of allowed vibrational or rotational
transifidns in the eiectrnnic ground state of homonuclear molecules,
Hexrzberg (1975) has investigated the spectrum of 03 in terms of its very

low lying bendlng frequency (64 em ) in the ground state, The valldlty

of the fluorescence mechanlsm for NH2 has been demonstrated by

_Woszczyk [1962b) Note that NH2 is 1soe1ectr0n1c W1th HZO+

whlch has ‘been 1dent1f1ed in comets recently We w111 discuss

_ the spectrum of HZO w1th that of other comet Lall 1ons.  ThéV
e spectrum, whlch in the visible is not due to resonance

- fluorescence is discussed with the other,atoms_ln the coma.

T T A L S
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~ sistent with the assumption that OH and H stem from the same
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Hydroxyl is so far the only radical that has been observed
in the ultraviolet, visible, infrared, and radio range of the
spectrum. The UV observations have been reviewed recently by
Keller (1975). UV observations of several comets indicate that
the production rate of H is about twice that for OH. Deviations

from this factor of two appear to lie within the error limits of

the observations. Since OH decays further the result is con- oot

mother molecule: HZO'

The abundance ratio 12C/ISC has been deduced from the rela-

tive brightness of isotopes of C, in several comets. The ratios

'presented in Table 5 are in reasonable agreement with terrestrial

12.13

"yvalues. The C*7C A+X 1-0 transition, on which the ratios are

based, are blended with NH, lines. The value quoted for C/Ikeya
(1963 I) is probably low due to an incorrect value for the
NH, blending ratio (Owen, 1972), Because of the blending with
the NHzlines it is unlikely that the accuracy of the 12C/lsC
ratio will ever be good enough to be useful as a discriminant

for theories on the origin of comets.

- Prediction of production rates of radicals depends not only on
the adopted model for the coma but also on the lifgtimes qf the
mother molecule, Ty and its daughter (radical), Ty Because of thg
gymmetry of the two lifetimes in the equation for particle density in _

an unmodified isotropic expansion model (Maser, 1957)

T -
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D D r - R r - R o
n(r) = n(R) —(—) —— v [axp (-— )-— exp (— ‘--—17-*-)]
vp Tl T n 'y W /o Tv'n /1. i

(7) ;

no unique result can be obtained. Table 6 summarized our knowledge g
of lifetimes as determined by solar radiation at 1 AU. It is not

clear how collisions in the coma that affect dissociation, predissociation,
ionization, autoionization, charge exchange and the corresponding inverse
processes change the tabulated values. In a large, productive comet B

the radical coma falls in the intermediate range between fluid dynamic

B D S

and free particle flow. Dolginov et al, (1971) have modeled the neutral

molecule distribution taking into account dissociation lifetimes, optical

depth, temperature, and acceleration in the solar radiation field to

S PR - S S

obtain information about physical parameters near the nucleus from the é

brightness distribution of C2 and CN. i

4

The molecular and radical coma also overlap with the dust coma.
Mccdels to explain various observed properties have been developed.

The icy grain coma, discussed above, is one particular example. i

The reduction of the grain size through sublimation not only affects

sublimated (Huebner, 1970) giving rise to the atomic spectra of ele-

z?:(
the motion of the grains but also the reflection (Mie scattering) of ‘ﬂq
the solar radiation as a function of wavelength. For sun grazing !;f:
comets like Ikeya-Seki (1965 VIII } even the refractory grains are i,f

fi -
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'.f1méﬁtéfﬂé;?g¢jCﬁ '7r" Co Mn, Fe Nl, and Cu (Prcston, 1967

“'offleat exchange betwcen molecules '

Dolglnov (1967]

_ The most successful model for the dust coma w“ :eveloped by

;Probsteln (1969) He solves the conservatlon equatlons for

mass, momentum, and energy fo;vthe twqfcomponent fluld

dynanic¢ model in the adiabatic case, taking into account the momentum

and energy transfer terms in the dust-gas interaction. His solutions
are expressed in terms of two similarity parameters, one of these is

characterized by.the.partiéie size aﬁdidéﬁsity# the other by the mass

flow rates of dust and gas. anadiabatic‘éffects;Véhemical reactions,

and dust-dust collisions are neglected, Ffurther he ‘4SS UMes ‘that all

dust grains are spherical and of the same size and do not coutribute

to the pressure, nor do they sublimate. He finds that dust grains

attain their final velocity in a range of about 100 km from the nucleus. L .
The infrared continuum emission from comets was investigated by

Rrishna Swamy and Doan (1968). 'Tﬁ'eir-bapef‘al‘s’a‘ cbﬁéains@:-aibi-iéf-‘

summary of infrared comet dbservation at that" lee. *Hay asst tmE uhe T e

grains to be in radiatxve equilibrlum sc that

r, @) =F_ (a1 -“kgj;jff;__,j*jjfé““

REE@KFJUCB&IETY'CE‘SEH}A
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where for absorption

9

_ o . e Zy o .
-and’ for emlssion -
. Fem(a,f) .=f1TB(}L,T)n(a,A)4'irazdl . ~ (_'3;33

Here a is the grain particle radius, O(A) is the incident solar flux

at wavelength l n(a, A) is the absorption efficiency, and B(A,T) is

~the Planck function corresponding to the grain temperature T. Since

’Li v' 'graiﬁs:canpo; radiate effecfively for A >> g~—i.e.,,the emissivity
| i‘ v_ o n,(a,i‘)' B(?\,T) < B(A,T)-~the black body cux_:vé that best fits the

* obsérvatidns con;éspﬁnds tuAa temperature that is higher than would
be prédicted from the solar radiation at given heliocentric distance.
This is typical for comet grains (see, e.g., Becklin and

H - Westphal, 1966, Maas et al,, 1970; Kleinman et al., 1971;

Gatley et al., 1974; Ney, 1974a,b), indicating that they have

33 o a size distribution that peaks at one tenth to several tenth um, An
T ‘analysis of threé comets_by 0'Dell (197ibj}indicates that the particle

' :;radius peaks at a =~ = 0. l um and the em1351v1ty oF the gralns is about

"JO 7 and decreases in the infrared He also showed that the average

'Er hical albedo, A, can be Obtalned from the 1nfrared surface brightness,

i;d ndoptical surface brightness, (l),

A .- (A)
: , 9
1= z.X.- 1'@(}\) Sir_' R (9)
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where Ft)is the wavelength integral of FG)(A). From this he found
A~ 0,3, Ney (1974b) finds 0.1 < 2 < 1 um, and A & 0.1 to 0.2.
The work qf Ney (1974b) shows particularly clearly the onseﬁ of
the scat;ered sLu11ightat A = 2 {m and,goingAto shorter wavelengthe,
and the grain cmmissic at longer wavelengths for a numbef of helio-
centrié_ distarices between r = .15 AU a”nd ~L AU, The 10.6 im silicate

feature 1s displayed especiaily beautifully and the 18 um features

are apparent.

Barbieri et al, (1974a) have analyzed their infrared data to
estimafe the dust production. Expressed in terms of gas production
rates, they find dust production in C/Kohoutek (1973XII) is 0.1 before
perihelion and ~1 after perihelion. Noguchi et al. (1974) have
made the first infrared polarization measurements on a comet. They
find no strong wavelength dependence, the polarization is about 13
to 20% perpendicular to the tail direction and about cf the same order

of magnitude as in the optical region.

Preliminary results indicate that observations in the mm and cm
wavelength continuum (Bruston et al., 1974; Dobbs et al., 1975) will

develop into useful tools for comet research.

The basic models for free particle flow are the exospheric, iso-—
tropic expansion model and the fountain model developed by Eddington
{1910} in which the molecules are accelerated in the direction away
from the sun after isotropic ejection from the nucleus, Haser (1957)
has improved these models by including the effects caused by the
finite life of the mother and daughter molecules. His density dis-
éribution for the isotropic expansion model is given in Eq. (7)),

Wallace and Miller (1958) have shown that for the fountain wmodel with

=z i
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isotroyic; and_monokine.tic éj ection the iéophotes:. are ciréular arcs
ccntered at the nucleus indepénéeﬁt of tﬁelaqgié Qf dbéerﬁatiﬁn jusﬁ
as invthe sjmplé isptrqpic.gxpansion model; but téfminatéd on.thé |
intersection with the parabolic envelope. Wallace and Millef t1958).
also investigated the effects due to dispersion of ejection veloéities
and due to anisotropic ejection but still assuming symmetry about the
sun-comet axis. This model is appropriate for a very slowly rotating
nucleus but does not take into account asymmetries caused by the

vaporization lag expected for more rapid rotation as suggested by

Wnipple (1950). Optical depth gffecfs for strong line transitions
can be of importance in the denser regions of the coma and in the
antisolar direction of the coma where the insolation at that wave-
length has been attenuated (Arpigny, 1965). Finally the absolute
and relative Doppler shift (Swings and Greenstein effects), line
profiles, multiple scattering processes and differential effects of
gravity, radiation, and lifetimes must be considered. This has been
taken into account'in a non-steady state medel by Keller and Thomas
(1975) for their analysis of the H coma as observed by Ld ZLighi;
Their approach using syndynes, loci of particles of same
solar repulsive force ejected at different times, is akin
to the procedure used by Finson and Probstein'(igﬁsa,b) in
their analysis of dust tails. Production rates of H, based
on UV observations, depend on fhe absolute calibration of

the instrument and on the model used to interpret the

observational data.
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From the production rates we can now estimate the total

HZO mass loss for a few comets. For C/Bennett (1970I1) Keller
and L1111e {1974) observed H (Lo) and OH [UV) from OAO-2 as

the comet moved from r=0.72 to 1.25 AU. They found the pro-

duction rates varied as r 2*>, with values at 1 AU of

2951 £or OH and H, resPectively} This is

295-1

3.0x10%° and 5.4x10

consistent with HZU as the parent molecule and QH O=2.9x10
2

or an H,0 mass loss of 8.7x106 gm s’l at 1 AU. An integratio.

. . . . -2,
of this mass-loss rate over the entire orbit with r 3 law

leads to a total mass loss of 2.3x1014

r=1.5 to q to 1.5 AU, 1.7x10%% gm.

gm of HZO; or from

For C/Tago-Sato-Kosaka (19691X), Qy ~ 8x10%% 57 as reduced
to r=1 AU, which leads to a total mass loss of 1.5 times that
for C/Bennett if the same r~2.3 law is integrated.

For C/Kohoutek (1973XII) Carruthers et al. (1974)
published some beautiful isodensitometer traces of the Lo coma.
Blamont and Festou‘(1974) , Keller (1975).and Huppler et al. (1975)
observed H in Le, while Wycoff and Wehinger (1975) observed .
H20+, leading to the production rates of H,0 given in Table 75,
line 3, at the solar distances in line 2. The observed.inte;
grated brightness laws for the comet glven 1n Table 7b, llne 2

for the 1nterva15 in 1line 1 are from Jacchia's resulus (1974)

with an assumed T “2.72 law from r=0.3 AU to q and out to

r-0.3 AU, Thls assumptlon gives the comet's magnitude as +2M2
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at r=0.3 AU where the three laws converge and OmD at q=0. 142 AU
a conservatlve estlmate of the brlghtenlng.“ On the ba51s of

these’ varlatlons in productlon rates, the cvmparlson of mass

losses were made at r~0.3 AU, (Tab. 73, Tast 11ne) and the rate :

adopted as 2. Dxlbsgﬁ"é;i{“;The ag4eement among these four

measures attests to soundness of . the Lheory relatlng them

The loss rates in lable 7b, 11ne 3 are formal statements of the

adopted rate at r=0.3 AU, reduced to r=1 AU Wlth the three 1aws '

of line 2. Integrat.ons lead to the tutal HZO mass losses'

given in Table 7b, line 4 ‘for the ranges in T as 1nd1uated

The total, integrated over the entlre orblt becomﬂs 1 ﬂxlols

3
3 times that for C/Sago Sato- Kosaka.
Note that the mass loss rates of H O alone for these brlght

L With the

comets at r—l AU are the order of 1x107 gm s
complete utilization of absorbed solar radlatlon and a total

heat to vaporize of 670 cal gm "1 eor HZO the corrﬂspondlng

spherlcal radius of such a comet with albedo'¥ 0.3 becomes 2 1 km.

Sekanina and Miller (1973}, on the ba51s of the dust ta11 and =

other physical characterlstlcs derive a radlus of 3 km for: o

C/Bennett, generally con51stent with H 0 as a major coustltuentfwh

Because C/Kohoutek was con51derab1y falnter (m6 tlmes) thanlnyghhui

C/Bennett at t=1 AU on its way out, we may surmlse that the .
that of -

nucleus of C/Kohoutek was con51devab1y smaller than/C/Bennett -

s approx1mately 5 times that for C/Beanett and :

‘.: ':5:", 7
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and that before perihelion it lost material more rapidly per
unit area, This could be a consequence of a loose aggregate

of icy grains in its structure, for which there is other

evidence, or possibly the result of a composition of material

I . . [, ) S
PR ) R A MU RN N L

more volatile than H,0.
for P/Encke o
The production rate of H,O0/reduced to r=1 AU was observed "

(Keller, 1975) at QH=3x1027 s"l, some two orders of

magnitude below those for the bright comets discussed above,
consistent with a very much smaller sublimating area for an
1ntr1n51cally much falnter old comet.

The OH bands (0-0 at 3090 A and 1-1 at 3142 A) yielded

.prdduct;on,rates of QOH 2y leozg_ l_for C/Bennett and ~1x10%8 571

for C[Kbhouﬁek, reduced to 1 AU‘(Keller,,lg?S)._ In addition
'tb_thé QH»lin§§%Qpa;_efal. (1974) and Feldman et al. (1974) o
| alsdfideﬁtified é.t;:mic ¢ at 1657 and 1561 A and O at 1304 and A
1356 R They flnd the productlon rates of C and 0 to be com-

mensurate w1th that for HZO in C/Kohoutek “Reduced to rh—l AU,

27 -1 28 _-1

'QC~6x10 and Qo 2. 4x10 s ~. Large pxoductiqn rates of .

0 were already predlcted by Blermann and Trefftz (1964) on the ;;

ba51s of the observed forbldden tran51t10ns in the optical. These

authors concluded that the exc1tat10n for the forbidden lines

must occur durzng pthOdlSSOClatlon in formlng atomic oxygen.
Thusvthere.now exists very_strpng evidence that water ice ,?

is a major constituent of comets: H,0 has been detected in a

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POQR
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1dent1fled 1n several comet spectra, H and OH are very abundant

in constltuents 1n several comets and about 1n the ratlo 2 1

Delsemme and Rud (1973) argue that HZO is so. abundant that it
controls the productlon mechanlsms for the coma. However, lt
is well o keep in mlnd that there Stlll ex1st a number of

factors whlch need to be ascertalned more prec1se1y before one.

- comes to the_concluslpn that HZO is the predominant const;tuent.

As Fig. ZvindiCates, a volatile ice caﬁ.under certain condi-
tions with appropriate albedo and optical depth,_e.g,gudébris,
give reiative changeS'in production rates which will be very
dlfflcult to dlstlngulsh from those of water 1ce. As noted _
earller (Sect 2), the determlnatlon of the area x albedo of the
nucleus for distant comets may not be possible if they are
surrounded by s reflecting‘ise or dust coma. Atomic oxygen

was about fwice as abundant as OH in C/Kohoutek., Atomic carbon

unobserved

was nearly as abuidant as OH. The upper limits of some of the/

molecules listed in Table 4 are rather high because their transi-

tion probabilities are low.
Tf it turns out that H,0 is indecd the predominant con-
stituent of comets, we would possess a very important clue

about the chemistry and formation of comets.
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6. STREAMERS AND ION TAILS

Ehch”ﬁrogress has been made on comet talls since the review b}
o Bﬁéﬁdt’(I?G&j;‘ We have already mentiored interactions of solar radiation
and solar wind plasma with coma constituents. When the interaction with
a pértigula:'cqhstituent is sufficiently strong so that the corresponding
acceleration; ﬁ;'resulté in a velocity, v = ¥T, (within the lifetime,
f; of the cbﬁstiiuégt) that is comparable to its radial streaming velocity
in thé coma, then the constituent's elongation in the coma becomes so
large that it assumes a tail-like structure. interactions between the
solary wind and ions formed in the coma may also result in streamers.
Streamers are the whisker-like structures emanating from the vicinity
of the head; they are shorter than the tails and make acute angies with

the tail axis.

Structures in ion tails have been interpreted
as ion concentrations which are formed by fluctuations of the gas pro-
duction, of the lonization rate, or of the solar wind. The structures
can be observed moviné outward in the tail with accelerations that cannot
be broughtAinto agreement with interaction due to radiation pressure.

This led Biermann (1951) to predict the solar wind, years befare any
space probe was launched. Ion talls are still used as probes to gain
information about the solar wind f£lux (e.g., Biermann, 1966: Biermann
and List, 1966; Brandt and Hardorp, 1970; Brandt and

Heise, 1970; Brandt et al;, 1972, 1973) and are of particular

value when observed out of the ecliptic and at very

R
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small and very large heliocentric distances where it is difficult and
expensive to utilize man-made space probes (Bicrmann, 1965).

The study of formation of streamers ana- lon tails through inter-

- action with the solar wind has been carried out primarily by the Munich

group for many years (Biermaﬁn et al,, 1967, 19l74;

Brosowski and Schmidt, 1967; Brosowski and Wegmann, 1973;
Schmidt, 1975). | ' The penetration of the solar ' |
wind into the coma is controlled by ionization processes. The area of .
interaction is approximately determined from the balance of mass flow,

... of the solar wind and, m,, of the coma
SW C

L 2 o B
By = RgyVay T (MSW/NO} B Qﬂ.No . (10)

Here Doy i ‘101 cm—3 is the particle density in the solar wind,
f

~ 7

VSW~ 3.10

molecular weight; Q =. 10

cm s.—l» is its velocity, and Mg, = 0.5 is its mean
30 s"l is the molecular production rate of the
comet, and M = 18is the mean molecular weight cf the coma gas.

N, is Avogadro's number. The area of interaction will then
have a radius of r = 106 km, which establishes the size of the
flow pattern. Biermann and coworkers solve the hydz.-odynamic

model taking into account the change in composition of the
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plasma; this requires separate equations for the consérvation
of mass and particle number. The interaction of the solar
wind with tﬁé'coma produces two bouﬁdaries; the outer<b6ﬁndary
.is a weak shock front at about 106 km from the
nucleus. This bow shock separates the supefsonic flow of

the solar wind from the subsonic (possibly turbulent) flow,

loaded with molecular iomns. The second boundary usually at less than

104

m is the contact surface whiclh separates the purely cometary iomns

" and stream lines from the "loaded" solar wind and the stream lines
originating in the sun. Between the two boundaries the magnetic field
tﬁat is coupled to the decelerating solar wind builds up until its
strength overcomes the pressure of the coma ions. At that point it
accelerates the coma ions into the tail. The calculational procedure

has advanced from the early one-dimensioral estimates to three-dimen-

- sional calculations (see, e.g., Biermann et al, 1967, 1974). Independent
ecalculations by Wallis (1973) are in good agreement. A recent review
emphasizing the effects due to changes in gas production rates was
presented by Schmidt {1975)., Dissociative recombination, small electron
pressure, large solar wind pressure and large assoclated magnetic fields
tend to bring the contact surface closer to the nucleus, while a large

gas production rate by the comet tends to move it out. Wallis (1975) and Schmidt
pointed out that collisional interaction between ions and electroms leads
to cooling in the inner coma up to distances of 104 km from the nucleus;

the cooling can be so rapid that the incoming plasma flow is monotonic

without a contact discontinuity.

oy
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streamers;'hnd'fiiaﬁents. The magnetic fleld needs ‘to’ be incorporated o

into the model explicitly to. make these descriptions more preclfe. o

~To elarify the physical processes. involved 1n the. creatlon of

,observations = -
the lon.structures/ln the nelghborlood of the nucleus are needed, List

. and corona
and Schmidt (1968) investigated the effects of the solar wind/pn_the

tail of C/Ikeya~Seki (1965 VIII) during periheliqn'paSSage; Ob—:.. -

servations of such sun grazing comets can yield much information about::. - w.

the solar corona if the composition of the tail is known. It .is very

1ikely that dust was vaporized, molecules dissociated aind atoms fonized,: =

but no spectra of the tail at time of perihelion are available. -

Spectroscopic (in the visual and UV range), infrared; spectro- "

photometric and polarimetric'observafioné df”t&ilé*df suﬁ:gféi;

ing comets near perihelion may resolve qtestidﬁﬁ éﬁ&ﬁﬁ*tﬁe—“

composition of the grains and about the dynamics of dust tails.
Ion tails and perturbations on them haﬁe;been 6bse£ﬁed and studied

| Biernann (1951) Lust (49&2

for many decades as, e.g., by

1967), Biermann and Lust 1966), Brandt (1968),
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"":'Burlaga at als [1973) 5 Brandt et.al, (1973), Hyder et al. (1974).
fJockers and Lu%t (1972 1973) ‘have analyzed structures in the

fftamls of C/Bennett and C/Tago Sato Kosaka and conclude that some

U.*of the obs rved events are due to changes in the solar wind
"’f{.dlrect o1, and. 1nterplanetary shock waves. They also find
that sﬁructuras moved nearly parallel to the tail axis and velocities
hiof the strucﬁuras /welgignifiéantly slower 1n _the inner parts uf the
"ftail than on the outer reglons. These observatloré afe |
cnnsistent with bulk motion of the plasma. Hyder et al, (1974) on the
other hand ‘conclude from. thair analysms of structures far out iq the tail

of €/Kohoutele - _ that the observed helix and "swan" cloud

do not represent bulk motion of plasma but are due to a wave motion with

‘phase speéd equal to the Alfvén speed of the tail plasma. Their
interpretation requires a magnetic field in the comet tail with
102Y <B S 10 v: this compares with the solar wind field of B su = 20
to 25y at the same heliocentric distance (0.5 AU).

In the ion tail CO¥ is usually the most abundant constiuent.
During observations of C/Kohoutek,Benvenuti and Wurm (1974) re-
ported two unidentified doublet umissions. Since they were visible
only in the tail direction itwas very likely that they were ion
emissions. Herbig (1973) reported three unidentified lines,
two of these agreed with those reported by Benvenuti and Wurm.
Herzberg and Lew {1974) compared the lines with the laboratory
spectrum of H20+ obtained by Lew and Heiber (1972) and on the

basis of this tentatively identified the comet emissions to be

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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due to H20+. A search in the recorded spectra of previous
comets indicated that some of these lines had also been re-

ported to occur in C/Ikeya (1963I) by Miller -(1964) and in

C/Whipple-Bernasconi-Kulin (1942IV) by Swings et al. (1943).

Observations reported by Wehinger et al. (1975) included many
more lines which positively confirmed the identification of
H20+. The identified transitions are listed in Table 2.
Discussions about intensity variations of IIZO+ have been given
by Benvenuti and Wurm (1975), Wyckoff and Wehinger (1975) and
Wehinger and Wyckoff (1975). The latter also report detection
of H,0" in C/Bradfield (1974b). Production rates of 1,0 based
on HZO+ observations agree well with those based on UV observa-
tions of H and OH. Radio observations require further analysis as

+
does the fluorescence mechanism for H,0 .

7. DUST TAILS

Dust tails are formed through interaction of solar radiation with
individual grains. Only particles within a limited size range receive
sufficlent acceleration to move far into the tail. Even then their

[compared
to the solar wind speed and the velocity of lons

velocities are small
in dom tails. The ratio of radial force due to solar radiation pressure,
Fr’ to the absolute value of force due to solar gravitational attraction,

ng], is expressed as

T
ke
s

T T

R R

P T e e

P I b Sy

pavber S e gt ST e

P B Tred e e

TR TR

TR T I
5 y -

LT

[



42

L= 5 ‘[ F_'G(J\) T n (?.. a) ma dJ\/ a pGl*IO.

n/ 3y, o
” L
IRE 15 o -
__.___@___ i o 913? X 10
e Gl ap @(?‘) n, s )dl = l FgAIn, (,a)dA

Here ?Cfl) is the wavelength depeﬁdent sdlar_flux, np(l,a) is the Mie

efficiency factor for radiation pressure, G is the gravitational constant,

and Rc)and Mc)are the solar radius and mass. The efficiency factor np
is a”functioanf the waveleng;hedependgnt refractive index of the grain
ﬁater;al'and,ﬁeqomeé very small for dielectric particles with size

' a <'ll(2w). The maximum of qa(k) is at A = 0.46 um. Thus radiationm
pressure is small for dielectric particles with a < 0.05 um. For
metallic particles np does not fall off as rapidly with a as for di-
glectrics. Thus small metallic particles will be accelerated pref-

erentially. This effect may bs observable in.comet tails, It should be
noted that 1 - p is independent of hellocentric distance, but the

maximum size of particles that can be lifted off the 1wuclear surface
by the drag forces of‘the’sublimating frozen gases (as discussed in
Sect. 4) does depend on heliocentric distance. 'Lafée'particles
are also less effigiéntly accelerated than small particles as evidenced
by the 1/a in Eq. 1].  The net éffect 1s that dust tails are made up
primarily of particles in the size range 0.1 < a < 1 ym.

Finson and Probstein (1968a,b) very sucecessfully applied the theory

of Probsteln (1969) to the analysis of comet tails in terms of syndynames
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(or'synﬁnms) -and synchrones loci of bursts of partlcles with a

1arge range in size. They concluded that the gas productlon
needed 1n the head to produce the observed dust tails is 1n _'
agreement w1th the newer hlgh values as mentloned earller
»(Sect, 3. Sekanlna and Mlller (1973) applled,blnson and
Probstéin's model also to C/Bennett. They find a sharp peak
in the sizé—density distributibn-af ap = 5;6 by 10;5 g cm'z.
(probably assuming a constant value for My = 1.5). The gas

productlon rate is consistent Wlth the newer nlgh values.

'Dell (1974) p01nts out the inaccuracies cf the ana1y51s for shall
palecles in the tail. He compares the values obtazned by Sekanlna andl
Miller;with results obtained from infrared observations and from optical
scétﬁefing (Stukgs, 1972) and cohcludes that the peak.of the.distribution

oceurs at ap/npt= 1,5 to 5 % 10*5 g cmhz.

Levinv(1964) and Spinrad and Miner (1968) point out that the

length of observed Na tails is iInconsistent with the expected mean life-

LAt L e e B, T R S 1 e e o e

time of Na. Huebner (1970) and Sekanina (1974b) suggested that Na is

chemically bound in compounds with latent heat of sublimation large

enough to cause a slow release of Na, i.e., to increase the lifetime,
Since the most likely Na compounds have a latent heat that is too small é .
to account for tﬁe observed lifetime in comets, Huebner (1970) suggested
that the Na is enclosed in the matrix of dust grains with high latent gé'
heat and it is the sublimation of thése matrix~grains that controls the ;}

slow release of Ha.
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Sekanlna (1973&, 1975 b has argued for thc ex1stence of

:‘ICY gralns to explaln the dynamlcs of observed talls of comets

"at large hellocentrlc dlSLanCGS (e g5 comets Baade 1955 VI,

'and Haro Chav1ra, 1956 I) HlS results depend very sen51t1vely

lon the assumed but not unreasonable, parameters However, the

1mportant conc1u51on~-lndependent of the composition of the

gralns--ls that comets must carry a reservoir of material

that 15 mere volatlle than water to ekplaln the observed coma

and tall at hellocentrlc dlstences larger than 4 AU, This is

"con51stent Wlth the earller conc1u51ons by Huebner and Welgert

(1966]
_ The occa51ona1 observatlon of an anti-tail--i.e,, a tall

apparently p01nt1ng in the sunward dlrectlon,uas explained by

-Bredichin (1877) and Whipple (1957) as being due to an accumu-

'1atien of cometary debris wnich.is ejected in the planc of the
comet's orblt'and nhns'becomes vieible when the earth moves
through thet plané. Sekanina (1973b) imedicted that an anti-
tail shonld be observed in C/Kohoutek; it was first observed by
Gibson (lé?&}in Sk?lab and later analyzed by Keller (1975},
'Sekanine (1974b)‘and‘Gary end.O'Dell (1974). Sekanina,
applfing the Finsen~Prohstein medel, finds a sﬁbstantial excees of

large grainsAwith siie of order 0.1 te 1 mm. He also polnts ocut that

the rate at which gralns reduce in size due to subllmatiun caused by‘

solar radiation plays an important Tole in explaining the dynamics of

PEPL ‘“IthYEI“ OF THR
uiiloin Al PAGE 18 POOR

LR i




45

the tail, Gary and 0'Dell find ap = 2 % 10_3 g cmfz, which is about

a factor 10 smaller than Sekanina's value. These large grains were
ejected from the nucleus 2 long time (from 2 to 8 months) before the
observation of the anti-tail and moved with the nucleus in the comet's
orbit. Grun, Hoffman and Kissel (1975) observed similar grains
from C/Xohoutek directly in space from HEOS 2. Ejgction ap -
pears to have occurred at r>3.8 AU, the grains having a radia-
tion pressure/solar-gravity ratio =1.0. Ney (1974b) finds
that the particles in the anti-tail do not show the silicate

features at 10.6 and 18 wm contrary to the observations

of the normal dust tail. He interprets this to large grains,

a > 10 ym in the anti-tail, versus a ¥ 0.2 to 2 um in the normal dust

tail .

8. PROBLEMS OF ORIGIN AND FUTURE STUDIES

Comets have clearly been forrmad in regions of low temperature
(< 100 X ) and have never been heated greatly, except possibly (by
radiocactivity?) in the central nuclei of very large comets. This
possibility may possibly be proven if it can be shown that some
of the near-Earth asteroids are actually the nuclei of old comects
(from space-probe studies).

Comets have been stored since their formation (when?)} at great
solar distances in the Opik-Oort cloud and may have gained an outer

coating of volatile interstellar dust. The great activity atlarge
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splar'diStqnggs by some new comets support this view. Whether
comets wg;e,originally formed in fragmented interstellar clouds
(Whipple, 1951; McCrea, 1960; Cameron, 1962) or in the region
of the outer planets (Kuiper, 1951; Whipple, 1951) may be demon-
strategd eventually by precise measurements of their elemental
abundances or by further theoretical developments. As yet theory
is not adequéte to prove that fragmented interstellar clouds can
condense into comets or that planetary and stellar perturbations
in seguence can move the comets from the outer planetary region
to the Opik-Oort cloud. Opik's (1932) original theory can be
used to support the latter alternative; more recently (1966b) he
finds it valid. Thus the outer planetary origin appeals to most
investigators. No theory of recent (<10g yr) ccmet formation
has proved acceptable as yet.

Low density material, which must consist chiefly of water
(or ice) is continuously becoming more evident in solar system
structure and history. The mean densities and structure of Uranus
and Neptune (e.g. Ramsey, 1967) suggest that they are primarily
compgsed/gie easily freezable compounds of the solar mix, that is,
comets or their near equivalent. Similarly the low densities of
Jupiter's satellites, Ganymede and Callisto, as well as probably
Saturn's Dione and Titan, attest to icy accumulation around the
major planets. The carbonaceous chondrites of type 1 contain a
significant quantity of wate:; Wetherill (1974) holds that a

late bombardment of the Moon (m4.1x109 yrs ago) many have been

o
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produced by comets or their counterparts. Whipple (1975) sug-
gests that after the solar nebula dissipated, comets perturbed
from the outer planetary region were so numerbus that a cometary
nebula formed within Jupiter's orbit, contributing a signifi-
cant coating of volatiles on the Earth,

Definitive answers to these questions can be expected
from experiments on space probes to comets. The technology for
such research is well developed while an adequate supply of
suitable comets is available. Cometary probes can give us
fundamental measures of cometary structure, chemistry and abun-
dances of elements while providing a space laboratory for plasma
physics in the coma and the ion tail.

In the meantime ground-based and satellite observations of
comets can be improved. The radio study of comets is in its
infancy, having begun with C/Kohoutek, while infrared techniques
are developing enormous power. The need for basic laboratory
data has been emphésized throughout this paper. Laboratory simu-
lations of comets as carried out, e.g., by Danielsonand Kasai
(1968) and Kaimakov and Sharkov (1969) can be very valuable experiments but
their scope needs to be greatly expanded. TFinally the physical theory of
comets can be improved enormously to match more cobservations of greater

variety and precision.
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TABLE 1

OBSERVED COMPOSITION OF COMETS*

H, C, C,, Cq» CH, CN, 12613¢ ) nen,

CH.CN, NH, NH,, 0, O, H,0, Na, K,
Ca, V, Cr, Mn, Fe, Co, Ni, Cu.
cH*, co*, coy, N, on®, 1,0%, ca’.
Continuum from pariicles including
Silicate 10- and 18-um bands in

head and tail.

*For spectra see Atlas, Swings and Haser
(no date)

uc
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Species
i

C

CH

ol

CN
H,0

HON

CH3Ch

H,0

2

3p P® + 2s

2p3s 30 2p

252p> 0% + 25%2p° P

2p3 3s 380-4 2pé 3P

2p° 35 °s° » 2p" P

2“1/2’ T=1/2,F=1+1

2H3,2, J=3/2, F=2-2, 1-1

)

Azmi+x2f'm4n

J .. =6,,+5

KK~ 16 723

J-1=0
((0,10,0-0,0,0),
(0,9,0-0,0,0)Z,
(0,9,0~0,0,0)4,

~ 3 ~ 2 (01830"0:0:0)“:

Afa +X

Table 2

Recently Identified Cometary Spectra

Transition

%5

2 3P

B
I ¢0,7,0-0,0,0z,
r0,7,0-—0,0,0)&,

(0,6,0~0,0,0)T,

 (0,5,0-0,0,0)

-

g

-

Wavelength
656.27 nm
165.7 nm
156.1
130.4 om
135.6 nmm
90 mm
180 mm
1.08 um
1.1 pm
13.5 mm
2.4 mm
2,7 mm
548-754 um

Comets

1873 XII
1973 X1t
1973 ¥1T
1973 X11
1973 XII
1973 XII1

1973 XII

(HR)
(F,0)
(F)
(F,0)
(©)
(BC)

(8,T)

1973 x17 D

1973 x11

1973 XI1

-
1963 1

1942 1V

1973 XI1

G

(BW,HL,W)
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LA

(BW)
(8C)
(B)
()
(1)
(HL)

(HR)

Table 2 (cont)

Denvenuti and Wurm (1974) (J) Jackson et al. (1975)
Black et al. {1974) ()] “Meisel and Berg k1974)
Biraud et al. (1974) (0) Opal et al. (1974)
Feldman et al. (1974) (T) Turner (1974)

Huebner et al. (1974) (1D] Ulich and Cbﬁkliu‘tIB?é)
Herzberg and Lew (1974) (W) VWehinger et al. (i§75)

Huppler et al. (19735)

e SR




Table 3

Unidentified Cometary -Microwave Spectral Lines

Frequency

8.18882 CHz

86.2471 Gz

89.0105 GH=z

Reference
Giguere and Clark (1975)
Huebner et al., (1975)

Huebner et al. (1975)



Table 4

Molecules not found in Microwave Spectral Line Searches

e ot = Tt T

Radiating Species Transition Searched Frequency L(CHz]
co J=1=+0 () 115.2712
510 v=1l, J=2+1 (1) 86.2433
UENGH Jel1-+0 (1) 90.665
X-ogen (HCOT) IT=1+0 (H) 89.189
NH 1,1 (C) 23.6945
3 3.2 (A) 22.8342
1,C0 T k..~ 1117 Yo (HS) 4.8297
HNCO Je w = bos ™ 303 (H) 87.9252
=1L g
13 “12 (H) 88.2390
HC,N J=1+0,F=2=1 (G) 9.0983
10 + 9 an 90,979
2v7, J=1-+0, F=2=>1 (G) 9.1561
CH,0H Jp = by > by (C) 24,9335
= 23,0842
CH, (CK),, JK_1K+1 16 707 (A) 3
= 85.4572
CH,C,H Jy = 55 * 4g (H)
(CH,) O J =2 +2 (mn 86.2229
37, KK, 20 "1

*
If a molecule, radical, or atom has been identified in a comet by any
spectral line, then it is not included in this table.

(A) Avery and Andrew (1974) (H) Huebner et al. (1975)
(C) Churchwell et al., (1975) (1iS) Yuebner and Snyder (1970)
(G) Giguere and Clark (1975) (5) Schroder et al. (1974)

(U) - Ulich and Conklin (1974)



Table 5

Isotope Ratio of 120/13C
Terrestrial 89
Solar system ~90
Comets
Tkeya (1963 I) 70215 )
Tago—-Sato-Kosaka (1969 IX) 100&20(0)
(D)
+30
115_20
Kohoutek (1973 XII)
(D)
135+65
—-45

7 (D) Danks et al. (1974)
(0) Owen (1973)

(8) Stawikowski and Greenstein (1964)
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Table 6

Lifetimes at r, = 1 AU

h
F3
Species T [s]
1 2.2 % 105 & “;*
1.3 x 10° &0
TS
oH 9 x 10° &)
o Tk
c, 6 x 104 (D
c 1.4 x 167 (D) **
HON 9 x 10% (D
A *' )
P(C,) 5% 105 M s
2 % 10
ETS
v
P (CN) 1% 10" ¢ )m-
KC, N > 6.5 x 107 ®)
1.3 x 10%
C.. (CN) >1 x 10° &
2 2
C.N > 92 x 10° &)
1 % 10
CH N > 3.4 x 108 ®
oH, 51 x 100 )
4 (P)
((:HZ)?_ > 1.5 % 10
(ca), > 1.5 x 10° @
5.8 % 100 &)
. 3 ()
CH..NH 3.2 x 103 ()



Table 6 (cont)

N, 1.5 x 10° ®
3 (P)

1,0, 5.8 x 10
e 7.3%10% @

£3

stands for: parent aof
Delsemme and Morgau (1973)
Jauckson {1975)

Keller (1973)

leller and Lillie (1974)
Keller and Thomas,(lQ?S)
Potter and Del Duca (1964)

Vanysek (1969)

from comet observations
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TABLE 7

a} Observed H,0 Loss for Comect Kohoutek (1970XIT)

B and F W and W Keller Adopted
Observed H, Le HZO+ HZO+ H, Lea - -
v (AU) at Obs, 0,60 out 0.90 in 0.72 out 0.43 out --
Obs. loss rate (gm s-l] 1.5x10 4.5x107 1.0x107  4.8x10’ --
#Loss (gm s°1) at 0.3 AU 1.92x10% 4.8x10®  2.5x10®  1.80x10® 2.0x10®
b) Total HZO Loss
Region (AU from Sun) w>r>0,3 0.3-q-0.3 0,.3<r<e
1/2.,-1
*H,0 Loss at 1 AU (gn s %)  1.41x10 7.6x10° 2.4x10°
Total Loss (gm) 0.15x10%° 0.80x10%°  ¢.07x10%°
Total HZO Loss entire orbit = 1.02x1013 gm

¥calculated

A ot ot o8 et 20+ s it gt bt e e e
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Figure 1. Comet Kohoutek (1973 XII). Left: normal photograph.
Right: in I, Lo, from Skylab, on samc scale same day. [Iixtent: some
miilions of kilometers. Courtesy National Aeronautics and Space

Administration.
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1; Fig. 1 .

wr

Comparison of sizes of different parts of a comet.
Isophotes recorded in Lyman o radiation (dashed lines)
indicate the extent of the hydrogen coma in comparison to
isophotes of the head and ilon tail (solid lines) observable
in visible light. Knots in the tail and streamers near the
head are not apparent in the coarse isophote presentation.
Dust tails are usually shorter and curved. The sun is to
the left,
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Fig. 2. Gas production rates, Z, vs. heliocentric distance, rh, as
obtained from Egs. (1) and (2). For all four curves: K = 0, fa = 0.9
and M = 18, Curves 1 and 2 correspond to HZO and clathrates (L = 12
keal/mole, o = 7.03) with € = 0.5 and (1 - A) exp(-t) = 0.633. Curve l
is for a rapidly rotating nucleus with incident energy uniformly dis-
tributed over the entire surface, while curve 2 is for a slowly rotating
nucleus with energy uniformly distributed over the sun-lit hemisphere
only. Curves 3 and 4 correspond to a material with latent heat between

CH, and NH3 (L = 6 keal/mole, ¢ = 3.52) with rapidly rotating nucleus.

For curve 3 the nucleus is covered with debris such that (1 - A) exp(-T) =

0.156, and € = 0.9, while for curve 4 these quantities have the same

values as for curve 1.
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THE REALITY OF COMET GROUPS AND PAIRS

Fred L. Whipple
Center for Astrophysics . A
Harvard College Observatory and Smithsonian Astrophysical Observatory
Cambridge, Massachusetts 02138

ABSTRACT

Although the common genetic origin of the Kreutz family of
sun-grazing comets has generally been accepted, there remains
uncertainty with regard to the genetic identity among other groups
of comets that have similar orbital elements. Porter has listed
a number of such groups and 6pik has made a statistical study of
the orbits of 472 comets with aphelion distance beyond Satﬁrn.

He lists 97 groups that show similarities among their three
angular elements. He calculates an overall probability of some

-39 that these similarities could have occurred by chance, and

10
thus concludes that 60% or more of such comets fall into genetic
groups containing from two to seven members,

This paper explores the statistical reality of Bpik's groups
utilizing the bMonte Carlo method of statistics as well as ordinary
probability theory. The conclusicn is reached that except for a

few pairs the groups exhibit a similarity in their orbital elements

that is no greater than might be expected by chance.
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INTRODUCTION

The subject of comet families with common genetic origin was
sparked by the recognition of the‘Kreutz (1888, 1891, 1901) sun-
grazing family. 8ix or seven certain members of the family were
discus%ed by Marsden (1967) and a more recent one has since
appeared, Comet White-Ortiz-Bolelli (1970VI). The family clearly
oviginated from the tidal disruption of a truly giant comet sev-
eral thousands of years ago, with the probable subsequent split-
ting of some of the offspring. Upik (1966) gives a good account
of the physics of the process, ‘

The splitting of comets by forces other than tidal disruption
is relatively common; perhaps the most notable case is P/Biela.
This can occur for "new" (see Oort and Schmidt), 1951, for defini-
tion) as well as for "old" comets at orbital positions far from
perihelion or from disturbing planets (Whipple and Stefanik, 1966;
Stefanik, 19266). Thus it seems natural to speculate that comets
in similar orbits may have a common parent although survival of
both components is not observed among such split comets. Porter
(1952) 1lists 18 such groups and again (18963) 15 groups, not ail

in common, based on orbital similarities. ﬁpik (1971), in an s

o

exhaustive effort, intercompares the orbits of all the comets
having aphelion beyond Saturn. By statistical methods he con-
cludes that some sixty percent or more belong to families or groups,

the largest groups containing six or seven members. The conclusion
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demarnds that many comets in orbits of extremely long periods
(millions of yéars) belong to groups with large enough member-
snips that two or more representatives come to perihelion in the
span for which we have cobtained good quality orbits. The implica-
tions with regard to the mode of origin of comets are startline
and difficult to understand. Simple splitting with survival
for both components is not adequate.

The purpose of the present paper is to explore the statis-
tical reality of comet groups and pairs, excluding the sun-grazing
family and the comets that have been observed to split. The
Monte-Carlo method as well as ordinary probability theory will be
employed and applied to the groups that Upik and Porter have

assembled.

THE MONTE CARLO METHOD APPLIED
TO COMET GRQUPS AND PAIRS

Because Upik (1971) nas made the most thorough attack on the
problem of comet groups, including most of Porter's cases im his
compilation, attention will be directed to Upik's work. His
method is to consider the orbits of 472 comets with aphelion dis-
tance Q>10 AU from the catalogue compiled by Baldet and de
Obaldia (1952) and to segregate the comets into "boxes', usually
30° wide in the angular elements inclination, i, and longitude of
the ascending node, 9, reduced to the equinox of 1950.0. Thus

there are primarily 72 boxes (6 in i: 0°-30°, 30°-60° etc.; and
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12 in @ similarly). In selecting comet groups, Upik ignores the
perihelion distance, q, on the grounds that q, next to Q, is the
element most disturbed by planetary (or stellar)} perturbations.
The generic identification by means of q is thus lost quickly.
This is true also for the eccentricity, e, and semimajor axis a,
both of which are poorlf determined or indeterminate among the : .
nominally parabolic or nearly parabolic orbits providing most of
the population considered. Upik points out that H=w+@ (w= argu-
ment of perihelion) for orbits of i<30° and @-w for i>150° is
much more stable than either w or @, which can vary enormously.

With the third phase-independent angle, d, 5pikbselects his
groups within the 72 specific boxes substituting w+e when i<30°
and Q-w when i>150°. He finds 97 such groups allowing w (or Qzw)
to spfead over two or more 30° intervals in some cases. A few
of the groups encroach on adjacent boxes. He adds "supplementary'
or 'satellite" members (labeled by S) from outside the boxes
where he concludes that the orbital similarities warrant inclusion.
Note that the arbitrary limits on the boxes would be expected to »
exclude a number of legitimate members of groups.

To assess the reality of the groups, Upik uses two types of
probability criteria; first, the Bernoulli binomial probability
of m members in a group with probability, p, individually, out of

a population of n and sccondly, @ concentration criterion based
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on apparent crowding of the group members in the boxes. On this
basis he finds an overall probability of 3x10 737 that the groups
as a whole result from random clumping of orbital elements;

These probability criteria will be analyzed and revised in later
sections of this paper as the applications are subject to some
criticism. Because, in principle, probability criteria for
groups that are selected opportunistically with somewhat variable
criteria tend to be of doubtful validity, it seemed that some
reasonably good criterion applied uniformly to a real and a
random sample would provide a comparison from which the reality
of the comet groupings could be judged. Hence the choice of a
Monte Carlo approach to the problem.

In 8pik's study there are 107 comet orbits in the inclina-
tion range 60°<i<90°, from which he finds 17 groups, C21 to C33
and c86 to c89 in his Table 19, consisting of one group each with
6 and 5 members, 2 with 4 members, 6 with 3 and 7 with 2 (see
Table 4, next section). The pairs are selected after the larger
groups have been removed from the individual box. The closure w
ranges from 0° (for a pair) to 66° (the latter for the largest
group). I selected the high-i set of orbits for a Monte-Carlo

random comparison because the planetary perturbations on the

angular elements of high-i orbits tend to be smaller than for low-i

orbits, thus abetting the discovery of real genetic groups. Also

:
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6
the Tisserand criterion for orbital identity is more sensitive
to i for such orbits.

I derived the angular elements, w, £ and 1 by random numbers
for the 107 orbits. Following the actual non-uniform distribu-
tion of the elements of the comet orbits, I doubled the probable
number of 2's in the intervals 30°<@<150° and 210°<@<300° in the
random-number routine with respect to the remaining @'s. Simi-

larly, following Opik's analysis, I set the probable number of

w's in the interval 0°<w<180° to be 0.62, vs, 0,38 for 180°<w<360°,

The attempt was only partially successful as 58 fell in the first
range versus 49 in the second, i.e. ratios of 0.54 and 0.46
instead of 0.62 and 0.38. In ascribing values of q to the simu-
lated comets, I distributed randomly the values of q for actual
comets with 60°<i<90° from Marsden's catalogue (1975). For
simplicity I conside:r . only parabolic orbits. The simulated
comet elements are listed in the next section, Tables 3a and 3b,
after having been segregated according to groups.

Within the 12 "boxes" in @ (0°-30°, 30°-60°, etc.) I selected
groups by the clustering of w over much the same ranges chosen by
ﬁpik. The goal was to find groups as large as possible within
each box and then apportion the remainder in triplets or finally
in pairs. The box score is presented in Table 1 comparing Upik's

groups with those of the simulated comets. lnder the box headings
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in @ at the top, Table 1 lists in successive lines the number, n,

in the box, the maximum number in the largest group, m the

max’
corresponding, maximum range in Aw, then the number, m, , in second
largest group, its range Aw and finally the numbers, m; , in the
ramaining groups. The simulated comets provide about the same
number of larger groups (m=4,5,6,7), 5, as the real comets, 4,
with the distribution of n among the boxes being somewhat com-
parable,

The largest group of simulated comets comprised 7, vs. 6 mem-
bers compared respectively to the real comets, both out of boxes
of 15 with a smaller Aw, 56° vs. 66°. The larger number of sm:1l
groups and possibly the larger mean value Aw for large groups
among the simulated comets appears to be a matter of selection
criteria. Real comets, however, appear to show a few extremely
close fits among the pairs. We will return to this question later.

Grossly, then, the orbits of simulated comets appear to group
in a manner similar to real comets. Let us now attempt to fine-
tune the comparison utilizing probability criteria.

THE BERNOULLI FORMULA APPLIED

In calculating a criterion for the reality of his comet groups,
Bpik applies the well-known Bernoulli formula for the probability
that among a population of n members, exactly m will form a group

for which the individual probability .- p. He corrects the formula

to include (approximately) the added chance for groups larger than m.
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His formula for Pl (2m) is
- -1 (- :nenl
Pl(am) ~m! §1 -n! N * ? (1)
) (1-a)
wvhere
T _omb @

1=+ -

The quantity Pl(zm)q* is the next term in the usual formula-
tion of the binomial expression (without the 1-g* term) so that

the factor (1-q*)_1 = 1+Q*+Q*2

+etc., approximates the remainder of
the series for small values of q®*, Also in Eq. 1 the inclusion of
the factor pm-l instead of the usual p™, allows for the fact that
the group may occur at any afbitrary point in the w circle of
360°, increasing the probability by pnl.

Because of the earlier mentioned arbitrariness in selecting
the group memberships, m, and the value of Aw for each group, such
a theory has only limited significance as a probability criterion.
But it can be used effectively to compare the significance of
observed and randomly simulated groups selected in a uniform
fashion.

In applying Eq. 1 to his cometary groups, Bpik, unfortunately,

adopts p=Aw/360°, where Aw represents the widest separation of w

in the &-1 box. In forming pairs, to begin the process of group

-w
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formation, the first o is arbitrary so that the target for the
second is 2Aw, not Aw; therefore, p=2w/360° (or for integer
degrees, 2Aw®+1° and 360p=2m°+1°):

In forming triplets or larger clusters within the range Aw,
the probabilities are linear for points around the circle. Thus
the average separation for the first pair within Aw will be Aw/2
making the average target 3Aw/2. The average value for the total
separation in the triplet will then be 3Aw/4 so that the target
areas for pairs, triplets, etc. are Aw times 1+1, 1+1/2, 1+1/4,
1+1/8, etc. with the probability p=4w°/360°, Eq. 1 being multi-

plied by the factor A, given by
m-1

A= ’ﬂ' (12l (3)
n=1

This multiplying factor will be used in subsequent calcula-

tions. Table 2 1ists numerical values for A.

When whole degrees are used in w or as in clustering of birth

dates among a group of n people, a separation of one degree or day

gives 3 possible target degrees or days for pairs and 7/3 for
triplets. For large separations the values approximate those for
the continuous case.

The term (1_P)n-m in Eq. 1 cannot be treated rigorously when

Aw is not specified in advance. A point falling near a group with

separation Aws mizht be chosen arbitvarily as a member of the group

5.
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increasing the separation. This effect is evidenced in Table 1
where the largest Aw's occur for the largest groups. On the other
hand, the effect is to increase the probability of larger groups.
Thus I adopt p=4v°/360° to be used in the (1-p)™ ™™ term of Eq. 1,
providing a slight increase in probability.

A najor question in Upik's methodology concerns secondary
groups in a box. His procedure is to eliminate the most "important
group from the box when dealing with the next "important” group etc.
For example, suppose n=14 in the box, the most "important" group
consisting of 5 members, m1=5 separated by Bwq. In calculating
the probability criterion for the second group, he would adopt
n=14-5=% and p=Am2/(360°-Am1), and progressively for successive
groups. The above procedure can be justified if the groups are
known to be physically real without "stragglers."

The Devil's Advocate (DA), however, does mot admit a priori
the conclusion of Upik's paper, viz. that the groups are real
physically. Denying this premise, the DA insists that the second
group is a random sample from a population of n=14, not population
n=9, and its expectation should be calculated independently of the
existence of the first group. In comparing the Monte-Carlo comets
with the real comets, it makes little difference which assumption
is made. We have already seen, however, no strong evidence that
the larger groups are real. Hence I choose to consider each group

in a box independently of the others in calculating the expectation.

REPRODUCIBILITY OF THE
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In summary: the expectation, E, for a group of m members

with p=4Aw/360° from a box of n will be calculated from Bq. 1 with

E= AP, (>m) (@)

where A is given by Eq. 3 and q% is obtained from Eq. 2 in which
p*=p(1+21'm) is substituted for p. The number n will not be re-
duced for any group within the box, each group being taken as an
entity entirely independent of the others. In Tables 3 and 4 to
foliow, the values of w, when small, are taken to 0°0. so that

the discrepancy in A between integral and fractional degrees is

eliminated. The actual values Of‘Aw are corrected for real comet
orbits by Upik's factors ¢q and ¢5 given in his Table 18 and for
the simulated comet orbits by the factor 1.08 for w<180° and 0.92
for w>180°, This allows for the now uniform distribution of w.

The Tisserand Criterion for ellipses is

TC = ap/a+2 a(l-—ez)/ap cosi , (5a)

and

TC = 2 "/ Zq/ap cosI , (5b)

Values of TC are included in Tables 3 and 4, where ap is the
semimajor axis of the perturbing planet (taken as Jupiter). The

relevance of ©C will be discussed in a later section.
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In Tables 3a, b and 4, the first column, Gp., identifies the
box (A2, Al) by the whole number (or letter in Table 4) and the
group by the decimal (or number in Table 4). The column, Fract.,
represents the number m in the group divided by the numbér, n, in
the box. The angular elements are given to whole degrees but
decimals were used in critical cases. The expectation, E, is
calculated from Eq. 4 zs described above. The Tisserand Criterion,
TC, is given by Eq. 4 and 5 with Jupiter as the disturbing planet.
The column ATC records the mean fractional absolute deviation
from the mean TC_ in the group ATC=£|TC-Tle/TCm. Table 3b
simply completes the record of the 107 random orbits. In Table 4,
p, h or Q in the last column stand for parabolic, hyperbolic or
oscillating aphelion distance, respectively.

Let us first discuss Table 3a to evaluate the significance of
the probability criterion or the expectation, E. A number of
pairs with large E are included in Table 3a. Within a box, E
should predict the total number of such groups with Aw less than
or equal to that listed for the group. For example, Gp. 4.4 with
Aw=23° effective, has E=9.67, meaning that 10 such pairs should
be expected in box 4, with Aws<23° for vw>180° and Aw=23x(0.92/1.08)
or Aw=19° for w<1l80°. Actually 11 si h pairs occur, 7 in Gp. 4.1,
2 in 4.2, 1 in 4.3 and 1 in 4.4.

Table S lists the pairs of high E for 10 groups in Table 3a.

The Aw 1limit observed is underlined for the ranges in w as listed.

g
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The last columns give the calculated E for the pair and the ob-
served number, Obs., in the box, respectively. The expectation
is underestimated by about 20 percent, the mean ratio E to Obs,.
being 0.81 instead of 1.0 fer a perfect theory.

For larger groups the value of E is more seriously under-
estimated. For example, group 4.1, the largest with 7 members
out of a box of 14, gives E=0.19. Correspondingly, Upik's
largest group, C21, with 6 members out of 15 gives E=0.25. His
probability criterion P_(zm) is 0.065 for this group. We may
conclude that the expectation, E, is an imperfect but useable
criterion for comparing the real and the Monte Carlo simulation
of comet orbits. 5pik’s Pl(zm) criterion severely underestimates
the probabilities of his groups, often by a factur of 10 or more
for secondary groups where the value of n has been reduced by
the "most important" group.

APPLICATION OF THE EXPECTATION E CRITERION

Let us first examine the larger groups with m>3. Table 6
lists these groups for real comets, the headings following the
pattern of earlier tables, except for AQ and 41, which are the
average differences between these elements within each group, to
be discussed in a later section. The four C groups apply to the
60°<1<90° boxes, the logarithmic mean of E being El=exp(TH§)= 0.50,

From Table 3a the four corresponding groups for random comets gives

wd
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El=0.48, practically; identical with that for the real comets.
If we now look at Spik's complete tabulation we find 17 groups
with m>3, which give a smaller value of E;=0.32:0.13.

A real problem arises in making a fair comparison of the real
and random comets because of arbitrariness in selection of groups
to be compared. Many of Bpik's groups would not have been listed
had he been using Eq. 4 for E instead of his Pl(zm). The answer
to the question centers on the fact that we are really interested
in the less probable groups because those with high expectation
are presumably the result of chance, not genetically meaningful.
So let us comnsider only groups with E<1.0. In this category
Table 3a and 4 provide 12 random groups with E1=0.37f0.08 and 9
real groups with Ei=0.13f0.10. The comparison strongly suggests
that the real groups are less probable than the random groups.
But the numbers of groups compared are clearly too small to make
the comparison definitive. Larger samples are required and em-
phasis should be placed on the less probable groups.

To provide a larger sample of Monte Carlo comets to compare
with Upik's complete compilation, I have set up 20 boxes, random
in w, with populations of n=15, 12, 10, and 6 each (860 in all),
and have searched for the group (m members) that would give the
smallest value of E in each box. The results are shown in Table 7,
vhere m, Aw and E are indicated in successive columns for each

value of n. In the boxes for n=15, the random of w's were weighted

(o)
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in favor of w<180° and‘5013m is ndt strictl? Coirélaiea‘with,ﬁ.
The distribution'of*E'from'thé'faﬁdOm'gféups isvtheh:sbmewhﬂ#;;. 3
comparable to Upik's results in Table 8 where the group with théwr
lowest value of E is listed for each of his published boxes. I
have excluded from his list several groups that wduld'ha#e given
P,(2m)>1.0 on the basis of a constant value of n in each of his .
boxes -(e.g. A5). Because of the minimum E restriction, the omit-
ted.groupé with E<l.Q are: C23, E=0.78; €29, E=G‘27§fc32, E=0,4Z;,
b84, E=0.23; €94, E-0.75. Clearly these omissions d¢ not bias.
the results negatively.‘”No box was excluded from the~Monﬁe Carlo
boxes.

Thus it 1s now possible to compare the least probable groups
directly for sizeable populations of real and random comet orbits.
This comparison appears in Table 9 where, for the groups in Col.: 1

with the number of boxes in Col. 2, the logarithmic mean,

'Ei=exp(1ﬂﬁ), of the expectation and its standard deviation, o,

are listed in Cols. 3 and 4 respectively. From inspection of
Tables 7, 8 and 9, Upik's comet groups appear to be random clusters.
The mean expectation El for .the real comets, 0.33%0.07 agrEes'
with that for the random comets, 0.28%0.04 well within the stand-
ard deviations. The comparison is a fair one in that some of
Upik's most probable groups have been excluded, while none were

excluded from the random groups.
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*‘Wlth‘thls flrst demonstratlon of the random.nature of ther

:PI'OPOS

'urthel to flnd whether
’f,fthe;conc1u51on 15 substantlated by other tests o ' :

THE COVCENTRATION OF GPOUPS IN BOXES

Uplk emphaSLZes the p01nt that hlS comet groups are concen-‘"'
“ffxtrated.WLthln,the boxes 1  the members of the groups do not

.”.xe;;flll the boxes as- fﬂlly as, would,be expected by chance.u On thls:_'

'E?fﬁfba51s he calculates a second probablllty, pz, based on the product} fo'“'

xurrs_where fOr 30 boxes r-A1/30° and 5= AQIEOQ, A1 and Aﬂ belnCr |

e,_the exxreme SPread Of.l and e for eaeh group W1th1n the boxes
fquth thlS addltlonal probablllty,;ru—rs he reduces- materlally the. T g*w
"‘~¢queotal probablllty‘of hlS comet groups '

wa the spread of values of 1 and a w1th1n the boxes- can.

fbetter be con51dered from the vantace 901nt of average dlstances

”H;Ebeuween the observed values For p01nts at dlstance X along a -
ﬁ-i;llne of unlt 1encth dlstrlbuted‘proportlonately to f(x), the aver-
i *”*f"age : _dls*.-f:‘an.ce_-' -b.etwe en points, AX, is given-by

'nx:- R .,-yv' 1-':;;-1-

o] ] ] rome

6)

-

"where_

_' .1; | :g. _._.  SR T TR - — hj&
X=J f(x)J- () dy s + J' | f(x)"[_ fy) dy dx | (62)
S =0 =0 x=0 y= -
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“in whlcn Y is taLen as a. mov1nc second p01nt within the unit length

-_"con51deled

For unlformly dlstrlbuted p01nts f(x) f(y) =1 and Eq. 6 1nte-
grates to Ax—l/S ' Usually the1 we should expect the values of @
in a group w1tn1n 30° box to have an average separatlon 20=10%0,
if the values of 2 are randomly distributed. This is the average

of all the absolute differences of the 9 values within the box,

'1 8., m(m 1)/2 dlfferences For 1nteger degree values of tne

angles, tne summatlon corre5pond1ng to Eq 6 glves Ax=9° 990 in a
30° box.

For i, particularly in the 1ntervals 0°<1<30° and 150°<i<180°,
the dlstrlbutlon function for comets is approxlmately, £(i)= 51n i.
This leads to the result, in the interval i=0 to I, from Eq. 6 and

ba.
Al=1[sinI(2+ cos I) ~ [(1+ 2 cos I)}/sinI (1-cos I)* . 0,

Evaluated for I=30°, Eq. 7 gives A71=8°4045. For the inter-
val 30°<i<150°, the sin i distribuﬁion function has no significant
effect and practically #3=10%0 in the 30° boxes. From Tables 6
and 8 for Opik's comet groups we can now evaluate the concentra-
tion within the boxes for i1 and 9. The listed values of AQ in

the tables are corrected to 30° boxes. In taking mean values of

AT for i<30° and 1>150° in Table 8, the tabulated value of A1 is

——




l‘iﬁcreaée& by the factor 10/8.49. inépéction of the B groups
'{30<iQ60°) and'the D‘croups (90°<i<120“) shows that the mean values

:of AL are con51derably smaller than 10°. Part of this effect

'arlses from the fact that the orlglnal boxes are not unlformly

"'fllled The croups derlved from these.boxes naturally give a

'spurlousl} small Value of Al. Prom actual cometary orbits I de-
termlned a correctlon to ai of 1/0.85 for the B groups and 1/0.92
.for the E groups whlch correctlons will be applied to Table 8§
'values of Al in takinc further méans

Table 10 dlsplays me an values of AG, AL and ATC with their ,ifﬂi
standard dev1at10ns from Table 8, for various combinations of
’group Slzes, m in the first column and expectaﬁion limits, E in
the second column. The number of groups, Wo., appears in the
third column.

For comparison with Table 10 I note that all of Bpik's larger
groups (m>3) from Table 6, give mean A0=1075:077 and mean
AI=10°2+0°8, completely consistent with a random selection in
which Z%=31=10%0. Upik's probability p, is therefore equal to
unity. For the larger groups we have a reaffirmation of the
earlier comparison with the random comet elements via the expecta- _. :
tion criterion. The larger groups represent'random clustering in
all respects both in Table 6 and in Table 9.

For the triple groups, m=3, the mean values of AR and AL in
 Tab1e 10 are coﬁéistent with random clustering as is the mean

‘expectation, E;=0.29:0.15 (compare Table 9).

e
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For orbits of snall i and highly retrograde i, the values of

@ have a large range. Thus a falrer comparlson mlghi leavé these

orbits out of consideration. Among the 37 croups in Table g W1th;.”

30°<i<150° £he mean value of ié random, 10 2 441° D.

For the 21 less probable'groups with EsO.Sl, there ‘is paéi
sibly a Significant decrease in mean AT, 7°8+0°8 versus the 10°0
expected from properly filled boxes. For rhe pairs‘we fin& the
first coﬁspicuods deviation from random clusfering;mthe me an
AT=5°3+1°2 for the O pairs with E<0.31. The slight reduction in
mean &4 for these pairs is not statistically significant however.
From:pure probability theory then, the data suggest that some of
the pairs may represent genetically associated comets. Let us
now look superficially into the dynamical background.

THE TISSERAND CRITERION

From the ﬁrevious data including Table 10 we find no evidence
for phy51ca1 clustering of comet arbits in groups of three or more.
It follows, therefore, that dplk’s concept of extensive clustering
is not supported by tne orbltal data. -We do not require some
extraordinary theary of huge.grouﬁéfof_comets'with‘neerly identi-

cal initial orbits ‘that, over miliioné'of'years are still suf-

‘f1c1ent1y eoncentrated to be recognlzable w1th1n the 200- year span”'

of our observations. The“statistiéal evideﬁce”poinﬁs ‘to the pos-
51b111ty that ‘& few real pairs are 1nvolved.1n ou1 sample. TﬁeSeﬁ

'mlght arise from the normal 5p11tt1nu of comets. If so, the t1me
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”iispan of conet Palr per51stence need not coveﬁ a iafée'ﬁuﬁbéfléff -
1iffrevolut10ns about the Sun. In other words the ofbltal charac{df“
:;fterlstlcs “lthln tne palrs may not have altered Greatly 51nce S
'5p11tt1nc so tnat certaln conservatlon 1aws can be applled
wSpec1f1ca11y, because Jup1te1 15 the major perturblng planet
‘“T erand's crlterlon for the 1dent;tymof'eemet_orb;ts shquld‘: l

'aapply to some emtent ;-

As noted earller, Uplk makes 7o use of tne perlhellon dlsj,_

-tance q 1n searchlnu for or analys1ng comet groups._ In fact q

s a‘modexately-.?ta‘?.le_e.lement,.requ%flng 2 rather 91-0%6? approach

to a-maier‘plgnet to chenge it much, or else a stellar perturbg—ie};
tion. rfhe_latter demands a very large aphelion distance for _‘
effective.change; unlikely because of the large_fandomlcﬁanges iﬁ
1/a produced by a passaﬁe through the inner solar system and also
becauqe nearby stellar passaces are needed when the spec1f1c
comet 15 near 1ts presumed great aphellon gassages It mlght be
Justlflable to conpare the q s, in 591& S groups. to. check thelr
reality, but. the Tlsserand crlterlon prondeS perhaps a moreA“:
smanlflcant quantlty for comparlson.__A | 7 | R
Although Tlsserand's C"lterlon 15 a speCIal statEment of the 3
Jacobi intergral in the classlcal restrlcted three—bedy problem,-

it is also a conservaelon lah app1y1ng to & close encounter of -

a small orbiting body ulth a ma551ve planet (Whlpple and Lecar,“fﬁﬁg -

in nreparatlon) The appllcablllty of the crlterlon to comet palref"”ﬁ”ﬁ"
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"iDo these unllkel) palrs actually represent genetlcally asso- 

 fe1ated comets?. ror>pa1rs a82 .and a83, 1nVo1v1ng relatlvely short—i
“ per1oducome1s the ansner to tee euestlon.would 1nvolve an ex«A
ten 1ve'ana1y515 of tne perturbatlon h;storles of the orblts, &
resk beyond the alms of thls study The'reamlqrng 51x palrs.con—i

:Varabollc orblts .and. three tnat were sllghtly hyper-E r

helng O 2L and the mean 0;49 A few of the parabollc orblts are A
‘.%:ﬁndoubtedly poorly deuermxned.and mlght allow the p0551b111ty that
_ .?,rﬁthe;cqmets‘haxejmeﬁereeveralv»butvprobably not-many,'prev1ou5y~.
..1"1fherﬁitE1krevdlutions~> ‘At least one. [IQSSVIJ of the three:. hyper-
t”;ﬁrbDllC DTbltS appears to: represent a first Perlhellon passage. :
'ifThus the Qrblts of the six nearly parabolic palrs. do not appear.
'f~f‘:fto represent very" 1dea1 cases. of spllttlng . Small initial: orbital
l-chanaes at Spllttan hould have to be followesd by large subsequent

t='cl:r.ffere~1..3.al perturbatlons 1n g but not in the angular elements

fllar perturbatlcn ) A comprehen51ve study of the possible
771Pﬂ.”urbat10n hmstorles of these pairs is needed. The resultn.w»

':hOWever would not. settle the questlon of 90551b1e genetlc rela—7

paizs can be &

..d_ln 5p1Lts 115t among the 1arger*groups (szIE

'ffthe noorl} determlned orblts _ :everal-ethﬂr-clusefhﬁVT: .

i




ek ik . cslnprmbe e g e

ﬂg3"
,:;4 remarnable case. occurs-ln hlS group c88 (supplementary) 1n which
‘lell three angular elements agree Wlthln about 1° and,the q's. W1th—
~,_:1n 0. Gla AU The flrst 178811 ha= a parabollc orblt certalnly
jnot toopwell determlped and the second lQaQVI 115 P/HeTSChel— |

: Rlcollet w1th a perlod of 155 years The Tisserand crlterla do

'5not agree. qulte so well ATC U 13 But comet 178811 is the first A

aiijobserved apparltlon of P/Herschel ngollet'-:f

__LEvThua we are left nlth the p0551b111ty, stlll not proven,

“that @ feu wenetlcajly related comet palrs Eklst amoncr the 472

'ffﬁoiblts.d1scussed by 5p1L Tne clusterlnc in larger groups is vt
g statlstlcally entlrely rdndom except for tne Yreutz group of'sup-
-i icrazers R o | | -
o COMMEVTS | |
Opln notes 1n proof’that "after 1965 and unt11 the flrst half
of 1971 tnere appeared 24 new comets accordlnc to the IAH 01rcu~
lars Of these 13 happened to Joln one of the 97 groups " He
calculaees that thlS has a probablllty of ”1/4000, or hlghly
51an1f1cant." The Monte Carlo group of lﬂ7 comets had from
| ;ﬁarsden'“icatalouue, 9 addltlons since 1966 for 6D°<1<90° Of
tnese, 7 “301ned" the groups of Table Sa and reduced the mean ex-
pectatlon E of these 7 groups by a factor of a. 46, a comblned

'probablllty of 0 004.p It appea s that real comets mlx at least

»gﬂas well thh351mulated cemets as Wlth other real ones, to be ea-

L;ISfa random phenomenon.

Booe b -k E

“E}:u .

g LR

Loy (et e gren | Tl




Iulvlew.of *he arbltraf;ness iuuceuuarlng tne real and random |
‘cuuets by means of the 51nﬁle 1east~probable group in e¢Ch box 1t
is relevant to ask'what would have resulted had for example, the
comparlson been made on the ba51s of a11 groups w1th E<1. 0?‘ Such
a comparlson adds 5 earller mentloued groups to the real comets

_3nd subtracts 10 from Table 8 leav1ng 45 groups Wthh g1Vezg._ -

_ By .
AR Lracts 16 1eav1na 93 groups whlch glve El—D 2L+D 03 Thus the com-

=0, 24+0 5. It adds 17 vroups to the 92 random comets and sub-

parlson 1n E for E<l. 0 prov1des conv1nc1nw support for the ran-:
ﬁdom clusterlng of real comets | ” |
o " Identlfylng comet palrs of COMMOn genetlc orlgln,hlf such
-]ﬁéius-exlstw wlll require con51derﬁb1e effert. The method used.by
‘0p1L 51m11ar1ty of anaular elements, and by Porter, 51m11ar1t1es
Hjiln angular elemnnus and also in the dlrectlon of the llnes of

:ap51des must be suuplemented by dlrect calculatlons of past mo-
ﬂtlonu 1n orblts of hluh quallty Varlous dynamlcal conservatlon fu;'f7'~i

1aws 1nvolv1ng q and eventually a and e as well as the anoular

_818H81t5 must be employed. The present methods are only helpful

- "1n locatlng 11ke1y candldates and even then, more exten51ve searchﬂ

metnods are requlred 1E true palrs are to be found and PTOVen.f‘“
I am arateful to Davmd Hoaglln fbr consultatlon about thls '

_paper‘and to Brlan Marsden and ZdeneL Sekanlna both for careful

‘ adV1ce and ror the use of some of thelr unuubllshed calculatlons. o

SRR s e e Eﬂﬁ“ﬁﬁ}ﬁﬂﬁﬂLﬂﬁ[(ﬂ*gﬁﬂl
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a
Interval

max.

{

0

0.
30

6

- Z

31°
2
39°

Table 1

CLUSTERING AMONG COMET ORBITS (60°<i<90°)

30 60
60 90

11 15

- 300

8 15
37
27° 56°
2. 3
5° 29°
2 2,2

80 120 150 180 210
120 150 180 Z10 240

Real Comets (ﬁpik)

13 7 3 8
3 Z
L CR i° -
3 0 - 0 -
19° - - - -
0 - - - -

AN ]

Simulated Comets

7 6 7 5 10
3 2 3 3 2
17° 5° 32° 47° 7°
2 2 2 2 2
8° 25° 5° 25° 7°
0 0 2 0 2,2

240
270

10

90

13°
2

14°
0

270
300

12

15°

24°

48°

16°
2

300
330

12

18

35°
4
14°
3,3,2

330
360

7
2
10°

28°

10

34°
3

35°
0

Total
avg

107

18°

17°

107

29°

18°




Table

2

FACTOR A

|

W o ~I O o N

S
VTN H O

200

2.
3.
3.
4,
4,
022
L0695
. 731
. 750
.759
.764
.768
.768

Lo - L L R

A

0oo
000
750
219
482




B S ...w___.'__._._h-,,,.;ll. JOSREL A

Gp. Fract.
1.1 4/6
2.1 2/8
2.2 2/8
2.3 3/8
3.1 2/7
3.2 3/7
4,1 7/15
4,2 3/15
4.% 2/15
4.4 2/15

|

176°
200
207
239

109

RANDOM COMET GROUPS

Table 3a

q(AU)

0,653
0.921

0.660
1.254

0.342
0.629

- 0.811

0.064

1.037
1.357
0.716

0.444
4.077

0.723
1.258
0.215

0.499
4.043
1,392
0.795
0.591
1.429
0.758

0.473
1,156
1.015

1.719
1,199

0.498
0.695

| b

0.20

2.24

0.63

0.95

0.18

0.19

4.43

8.86

9.67

TC

ATC

0.127
0.452

0.3490
0.468

0.201
0.266

0.491
0.145

0.066
0.466
0.024

0.350
0.465

0.464
0.027
0.162

0.429
0.783
0.452
0.228
0.200
0.338
0.525

0.185
0.290
0.137

0.705
0,621

0.125
0.029

0.33

0.14

0.54

1.01

0.14

0.75

0.34

0.28

0.06

0.62




Gp. | Fract.
5.1 2/6
5.2 2/6
6.1 3/7
6.2 - 2/7
6.3 2/7
7.1 3/5
7.2 2/5
8.1 2/10
8.2 2/10
8.3  2/10
8.4 2/10
9.1 2/7
9.2 '2/7

180°
185

306
331

75
84
107

135
140

358
21

126
140
173

312
337

30
48

101
113

259
266

301
308

61
85

275
288

|©

123°
127

145
122

166
161
176

155
176

161
171

203
196
187

199
205

210
228

229
226

220
220

240
238
259
256

240
268

Table 3a (cont)

i

71

87
82

71
61
60

85
80

78
88

61
76
73

76
82

66
85

64
86

78
70

77
61

87
80

i
3

63°

q (AU)

0.642
0.482

0.479
D.735

1.081
1.500
1.481

0.142
0.971

1.724
0.847

1.040
1.445
1.294

2.507
0.626

2,079
0.752

0.061
1.164

0.625
1,100

0.764
0.006

0.902
1.234

0.822
1.786

0.61

2.51

0.49

4.07

‘85

N

1.50

1.50

1.60

1.29

TC ATC
0.451 0.24
0.279
0.051  0.49
0.148
0.420  0.23%
0.746
0.748
0.044  0.64
0.202
0.344  0.16
0.478
0.611  0.22
0.358
0.408
0.478  0.53
0.145
0.741  0.78
0.092
0.134  0.17
0.005
0.199  0.39
0.455
0.240  0.67
0.047
0.064  0.58
0.242
0.302  ©0.17
0.429
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Gp. Fract.
10.1  2/8
10.2  3/8

10.3  2/8

11.1  2/18
11.2  5/18
11.3  4/18
11.4  2/18
11.5  2/18
12,1 4/10
12.2 3710

103°
133

175
182

186 .
314

330

56
59

85
94
105
114
120

175
181
183
189

222
234

342
352

350

12
24

281
294
316

| =

278°
289

292
297
286

285
293

318
319

313
330
317
306
312

330
302
301
315

306
315

311
325

344
346
334
333

333
334
331

Table 3a (cont}

q (AU)

1.537
0.843

0.990
1.009
0.958

0.771
0.716

0.330
0.534

0.713
0.629
0.795
1.009
0.776

1.143
0.640
1.756
0.970

1.001
1,102

0.760
0.307

1.085
3.747
1.647
4,276

0.405
0.176
1.537%

2.05

2.57

1.42

7.67

6.56

1.92

TC

ATC

0.308
0.478

0.060
0.037
0.008

0.392

0.586 .

0.180
0,098

0.292
0.189
0.286

0.165

0.044

0.425
0.202
0.322
0.204

0.461
0.411

0.262
0.288

0.259
0.992
0.781
0.215

0.254
0.258
0.531

0.21

0.51

0.20

0.29

0.38

0.30

0.06

0.05

0.58

0.35

e




Gp. Fract.
1 5/6
2 1/8
3 2/7
4 1/15°
5 2/6
8 2/10
3/7
10 1/8
11 6/18
12 3/10

260

317
134

Table 3b
NON-MEMBERS OF GROUPS

8 i a(AD)
13°  76°  6.021
21 64 0.031
26 70 1.254

. 39 75 0.801

89 88 0.894
71 60 1:127
113 62 1.702
146 60 0.503
125 63 0.838
231 80 1.171
237 64 0.420
255 66 1.313
260 89 1.628
270 88 0.676
283 67 4,051
303 70 0.749
321 87 0.668
320 65 0.602
541 63 0.707
337 67 0.960
354 64 0.293

|t

TC

0.736
0.097
0.468
0.295
0.035
0.656
0.76G
0.437
0.514
0.244
0.350
0.585
0.022
0.030
0.979
0.376
0.055
0.414
0.468
0.475
0.293

ATC




Gp.

Fract.

Comet

C21

c22

Cz4

C25

C26

C27

C238

c29

6/15

4/15

3/15
3/13
3/13

2/7
2/8
2/8

3/10

2/12

4/12

1895111
1898VII
190611
1948X
1954X1T
1959V11I

1860111
18271X
16561
19621V

181811
1879v .
188611

18631
1863VI
1888111

18501
18781
188511

1853111
188111

1774
1840111

17851
1898VI

1863111
1880V
1886VIII

18831
19031V

181911
1399V
191211
1914111

Brik COMET GROUPS (60°<i<90°)

‘Table 4

137
138

206
206

56
12
32

111
127

13
11
26
14

84°
75
73
67
75
83

86
78
72
79

72
88
69

118
106
102

94
103
o3

142
127

183
185

2606
260

251
250
259

279
294

270
273
298
271

83
80

70
70

86
61
86

78
85

&1
77
80
71

q (AU)

0.843
1.70
0.723
1.27
0.746
1.17

0.293
0,176
4.07

0.654

1.20
0.990
0.479

0.795
1.31
0.902

1.08
1.39

2.51

0.307
0.591

1.4‘3
0.748

1.14
0.626

0.629
0.660
1.48

0.760
0.297

0.342
1.79
0.716
3.75

E
0.25

. 2.66

0.03

0.59

0.003

0.27

0.33
0.20

0.185
0.18S

0.45
0.34

0.06
0.49
0.08

0.22
0.05

0.10
0.38
0.17
0.78

0.62

0.69

0.15

0.24

0.01

0.15

0.87

0.66

0.62
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Gp.

Fract.

Comet

c87

C32

€33

c88

" c89

c86

3/12

5/12

3/12

2/7

2/7

2/28

1861F1
1881111
18891V

1810
18571
1863V
19331
19591

1729
190011
1962111

1932V
1939V1

1763
1877111

18462
19351

330°
354
346

115

116
136
101

10
12
11

38
29

8%
117

13
18

|

280°
272
287

311
514
506
312
323

314
329

304

345
355

- 359

347

79%
92

Table 4 (cont)

0.031

1.04
0.75

0.498
1.01

0.664
0.811

E
1,03

0.42

0,03

1.41

3.60

6.37

P, h
TC ATC  or Q
0,19 0.36 109.4
0.52 260.6
0,52 911
0.53 0,72 )
0.02 D
0.45 P
0.05 P
0,74 D
0.51  0.52 p
0.56 h
0.08 D
0.51 0.12 85.0
0.65 57.3
0.28 C.02 754
0.29 971
0.38 0.17 35.2
0.53 185.6
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Table 5

EXPECTATION FOR SIMULATED PAIRS

ws180°
Aw

G
=]

9
8
9

N
Found

1
21
22

[ W TN
=
L]

Mean E/Obs.=0.81

pu>180°

 Aw
10

E

2.76
0.95

9.67

1.71
2.51
1.17
4,07
1.60
4,16
7.67

Obs.

[aS I

11

L LRGSO NI P A

11
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* A(R%w)
+ Q range

# @ range

Gp. Fract.
Al 4/10
Ad 7/12
C21 6/15
C22 4715
C31 4/12
C32 5/12
D39 6/13
D45 4/9
E49 4710
E56 5/12
- E68 4/9
E71 7/15
E72 5/15
e92 4710
F74 6/13
F76 4/6
F79 6/9

Table 6
OPIK'S GROUPS WITH m>3

Aw E
53% 1.89
62% 0.043
66 0.25
30 2.74
15 0.22
35 0.42
54 - 0.045
47 1.24
48 1.88
33 0.28
29 0.076
37 0.061
55 0.68
42 1.38
76% 0.48
60= 0.20
50% 0.047

= 60°
= 90°

X7}
1499
11.6%

7.7

7.2
14.0

7.4
10,7

" 11.5

12.2
6.2
11.8
6.1
6.8
11.0
10.3"
15.47
13.0"

3T
1192
10.2
10.4

6.2 i

5.5
15.4
14.7

5.0
13.2

8.2
13.2

6.9
11.4
14.3
10.6

8.7

6.7

A A el R 1

e
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B A BT
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Table 7
EXPECTATION E FOR RANDOM BOXES (Minimum E)
n=15 n=12 n=10 n=6-
m Aw E m Aw . E m Aw E m Aw E
| 7 64 0.25 6 61 0.23 5 60 0.40 4 69 0.29
7 62 0.22 5 50 0.55 5 .56 0.32 4 66 0.26
7 55 0.12 5 38 0.23 5 49 0.20 4 50 0.12
7 22 0.01 5 37 0.20 5 45 0.15. 4 14 0.003
5 57 1.50 5 36 0.19 5 44 0.14 3 48 0.82
} 5 51 1,87 5 31  0.11 4 65 2.02 3 47 0.79
e 5 36 1.31 4 25 0.40 4 47 0.95 3 41 0.62
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ABSTRACT

A cometary tail consisting of dust particles, whose dia~
meters are mostly in the submillimeter and millimeter size
ranges, is termed anomalous, when its apparent direction in
the sky diverges considerably from the projected anti-solar
direction. . In space the anomalous tail is essentially a thin
sheet of cometary debris confined to the orbit plane of the %
camet and located on the outside of the orbit and well behind
the sun-comet direction. When the earth is crossing the orbit

plane of the comet, the edge-~on projection causes the anomalous

tail to point exactly sunward and to adopt, typically, a spike-
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like appearance. The conditions of projection for observing

an anomalous téil at and around the time of crossing were for-
rmulated, and subsequently applied to list comets with favorable
circumstances for displaying such anomalous tails. Since the
production rate of dust and the partidle size distribution are
naver known beforehand, it is always only the favorable observ-
ing situation and not the actual presence of the anomalous tail
that can be predicted. An extensive search was undertaken for
reports on observations of the exvected anomalous tails, among
both the nearly-parabolic comets (revolution periods over 200
vears) and the short-period comets. It was found that of the
nearly-parabolic comets that could have been observed to exhibit
an anomaloué tail, only every.third to seventh comet was actual-

ly reported to have done so. The appearance of anomalous tails

i

of the nearly-parabolic comets correlates strongly with aphelion
distance, moderately with intrinsic brightness and spectrum, and
possibly also with some other comet characteristics. These con-
clusions clearly have ramifications in the predictiéns of anom-
alous tails for the future nearly-parabolic comets. On the
other hand, no certain observation of an anomalous tail of a
short-period comet has ever been reported, although there were

many opportunities. This finding is apparently inconsistent

with the existence of meteor streams known to be associated
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with a number of the short-pasriod comets, as particles in anom-
alous tails and meteoroids producing radio meteors are mutually

comparable in size. Although tentative explanations of the

.absence of correlation between meteor streams and anomalous

talils are offered, the most certain way to resolve this con-
troversy would be a systematic search for anomalous tails in
the future returns of the short-period comets; such a project
can be facilitated substantially by an advance comprehensive

examination of favorable projection conditions.
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