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ABSTRACT. Because there is no necessary connection between the time required to remove 
the volatile component of a cometary nucleus by solar heating (physical lifetime) and the dy­
namical lifetime of a comet, it is possible that a comet may evolve into an observable object 
of asteroidal appearance. Almost all comets have dynamical lifetimes much shorter than their 
physical lifetimes and in these cases complete loss of volatiles will not occur. Mechanisms do 
exist, however, whereby a small but significant fraction of comets will have longer dynamical 
lifetimes, permitting them to evolve first into Jupiter-family short period comets and then into 
comets with relatively safe decoupled orbits interior to Jupiter's orbit. Observed Jupiter-family 
objects of asteroidal appearance (e.g., 1983SA) are much more likely to be of cometary rather 
than asteroidal origin. "Decoupling" is facilitated by several mechanisms: perturbations by the 
terrestrial planets, perturbations by Jupiter and the other giant planets (including resonant per­
turbations) and non-gravitational orbital changes caused by the loss of gas and dust from the 
comet. The dynamical time scale for decoupling is probably 105-106 years and almost all de­
coupled comets are likely to be of asteroidal appearance. Once decoupled, the orbits of the 
resulting Apollo-Amor objects will evolve on a longer (107-108 year) time scale, and the orbital 
evidence for these objects having originally been comets rather than asteroids will nearly dis­
appear. Statistically, however, a large fraction of the bodies in deep Earth-crossing orbits with 
semi-major axes £ 2.2 AU are likely to be cometary objects in orbits that have not yet diffused 
into the steady state distribution. For plausible values of the relevant parameters, estimates can 
be made of the number of cometary Apollo-Amor "asteroids," the observed number of Earth-
crossing active and inactive short period comets, and the production rate of short period comets. 
These estimates are compatible with other theoretical and observational inferences that sug­
gest the presence of a significant population of Apollo objects that formerly were active comets. 

1. Introduction 

About 50 bodies of asteroidal appearance brighter than absolute magnitude V(1,0) = 
18 (1.05 km diameter for visual geometric albedo 0.10) have been discovered in orbits 
with perihelia interior to Earth's aphelion. These are commonly termed "Apollo objects," 
named after the first object of this kind to be discovered, 1832 Apollo. A similar number 
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of bodies (Amor objects) have been discovered in somewhat larger orbits (perihelia 1.02 
to 1.3 AU). Dynamical studies (Wetherill and Williams, 1968) have shown that as a result 
of secular perturbations and close encounters to planets, the orbits of Amor objects often 
become Earth-crossing, and similarly, Apollo objects often become Amor objects. For this 
reason, these two populations are not fundamentally distinct from one another and can 
be considered as a single population of Earth-approaching Apollo-Amor objects. Only a 
small fraction of the total number of these bodies has been discovered. The total number 
of Apollos brighter than V(1,0) = 18 has been estimated to be 800 ± 300, and the number 
of Amors to be 1500±500 (Shoemaker, 1977), whereas only about 100 of these bodies have 
been discovered so far. 

The mean dynamical lifetime of Earth-crossing bodies (107-108 years) is short in com­
parison to the age of the Solar System, and a source is required to maintain the observed 
quasi-steady state number of bodies. The most plausible source regions are those parts of 
the Solar System known to contain a large number of bodies in the size range of Apollo-
Amor objects in relatively stable orbits: the main asteroid belt and the sources of comets 
in the trans-Neptunian Solar System. 

Opik (1961, 1963) was the first to quantitatively consider the nature of the source. 
He concluded, assuming only dynamical mechanisms known at the time, that it was not 
possible to transfer enough material from the asteroid belt into Earth-crossing orbits to 
maintain the observed number of bodies in a steady state. He therefore proposed that 
these objects are the devolatilized nuclei of short period comets. Their orbits differ from 
those of most Earth-crossing short period comets in that in almost all cases their aphelia 
are well inside (<4.3 AU) the orbit of Jupiter. The existence of one active comet, P/Encke, 
in such an orbit showed that evolution of a comet into a "decoupled" orbit of this kind 
must be possible. 

Subsequently, dynamical mechanisms capable of supplying approximately the observed 
steady state number of Apollo-Amor objects from the asteroid belt were discovered 
(Williams, 1973; Wetherill and Williams, 1979; Wisdom, 1983, 1985; Wetherill, 1988). 
Although these advances eliminated the crucial need for a cometary source, they do not in 
any way argue against a contribution of comparable magnitude from inactive comets. In 
fact, a body of circumstantial evidence has been accumulating indicating that comets ex­
hibit a wide range of cometary activity, associated with the fraction of their surface that is 
active, and that at least many comets evolve into dormant or extinct states characterized 
by apparent absence of cometary activity (reviewed by Weissman et al., 1989). It seems 
likely that old comets never die, they just fade away. 

This article reviews the present state of understanding of the dynamic mechanisms 
whereby the orbits of some comets evolve into those observed for Apollo-Amor objects. It 
will be concluded that appropriate mechanisms exist, and their characteristic time scale 
is one or two orders of magnitude longer than the active physical lifetime of most comets. 
Therefore it may be expected that most of those comets that do undergo this orbital 
evolution will no longer exhibit cometary activity, except insofar as they are "rejuvenated" 
following cratering collisions, or eruptions caused by buildup of internal gas pressure. 
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2. Stages in the Orbital Evolution of Short Period Comets 

Almost all observed active comets have perihelia inside the orbit of Jupiter, and aphelia 
beyond Jupiter. In order to supply a significant number of bodies in Apollo-Amor orbits, 
it is necessary that a small but sufficient fraction of cometary aphelia evolve inward to 
values more than about 0.6 AU inside Jupiter's perihelion. Several mechanisms exist that 
are likely to contribute toward this necessary decoupling: 

(1) Close encounters to Earth and Venus, leading to random changes in the aphelion 
distance, the accumulation of which will occasionally lead to decoupling. 

(2) Non-gravitational orbital changes that are the dynamical reaction to the momentum 
loss accompanying emission of gas and dust from an active comet. 

(3) Multi-body perturbation of cometary orbits by the giant planets alone, including 
the effects of commensurability resonances. 

These processes are by no means exclusive of one another. More likely, they will interact 
in a non-linear manner, and their combined effect may therefore be greater than that of 
any one alone. Even very rough estimates of the effect of these mechanisms lead to 
the conclusion that it is extremely unlikely that decoupling directly from a long-period 
cometary orbit is possible. Therefore attention should be centered on short-period comets, 
and in particular, Jupiter-family comets (defined here as those with aphelion less than 9 
AU), for which relatively little change in aphelion is necessary to achieve decoupling. 

Taking the foregoing into consideration, the orbital evolution of Apollo-Amor objects 
derived from cometary sources can be divided into three stages: 

(1) Evolution of the original trans-Neptunian orbit into a Jupiter-family orbit. 
(2) Decoupling of the Jupiter-family orbit from Jupiter. 
(3) Evolution of the decoupled Apollo-Amor orbit on a 107-108 yr. time scale, terminated 

by transfer back into Jupiter-crossing, or by collision with a terrestrial planet. 
In reality, of course, this three-stage orbital evolution is a continuous process, and the 

theoretical studies that have been made of it are equivalent to treatment of it as such 
a process. For this reason, this division of the evolution into three stages should not 
be thought of as a "scenario" but rather as a conceptually convenient description of the 
complete and continuous orbital evolution. 

3. The First Stage: Evolution of Trans-Neptunian Comets Into Jupiter-Family 
Short Period Comets . 

The fundamental requirement for decoupling a comet into an Apollo-Amor orbit is re­
duction of its aphelion from its initial trans-Neptunian value to that of a Jupiter-family 
comet and, ultimately into a body with aphelion safely (for 107-108 years) inside the orbit 
of Jupiter. 

The process begins with perturbation of the distant cometary orbit, reduction of its 
perihelion into a Jupiter-crossing orbit, followed by orientation of its velocity vector rel­
ative to that of Jupiter in such a way that its aphelion lies not too far beyond Jupiter, 
and its perihelion well within Jupiter's orbit. Everhart (1972, 1977) and Stagg and Bailey 
(1989) have studied the capture of long period comets into short period orbits by this 
process, and concluded that although capture following a single event is improbable, an 
adequate number of captures can occur as a result of the accumulation of a large number 
of perturbations by the giant planets. 
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Problems with the orbital distribution of short period comets have been recognized for 
some time (Havnes, 1967). Recent work by Duncan et al. (1988), using a straightforward 
numerical integration approach, shows that the calculated distribution of inclinations re­
sulting from capture of long period comets is very different from the observed distribution 
of inclinations of short period and Jupiter-family comets. Eighty-three percent of the 
observed short period comets with aphelia less than 9 AU have inclinations less than 20°, 
and with one exception (60%) the maximum observed inclination of these Jupiter-family 
comets is 45°. For short period comets as a whole 68% have inclination <20°. In contrast, 
82% of the calculated short period cometary orbits captured from originally parabolic 
orbits with an isotropic distribution of inclinations have inclinations greater than 37°. 
These authors conclude that prior to capture into a Jupiter-crossing orbit these comets 
must have had an inclination distribution dominated by low inclinations (e.g., i £18°). 
They illustrate this conclusion with results for a distribution of this kind for the case of 
short period comets derived from a "Kuiper belt" of comets with initial aphelia of 50 AU 
and initial perihelia between 20 and 30 AU (Fernandez, 1980). Stagg and Bailey (1989) 
point out that the results of Duncan et al. for parabolic comets are statistically limited. 
Although capture was defined to include comets with perihelia as large as 2.5 AU, only 
12 cases were found with periods less than 200 years. Good statistics are obtained for the 
Kuiper belt case, but they point out that these results may be questioned because of the 
enhanced giant planet masses (40x) that had to be used to obtain these good statistics. 

The author has carried out Monte Carlo calculations of the capture of comets into short 
period orbits using the technique of Arnold (1965) based on the equations of Opik (1951). 
Shoemaker and Wolfe (1984), and Fernandez and Ip (1983) have also applied this technique 
to problems of cometary orbital evolution. Serious questions should be raised concerning 
the validity of this technique for the study of such problems, because the time scale for 
close approaches to planets, particularly Jupiter, is short compared with the precession 
period of the argument of the comet's perihelion, violating an assumption made in the 
derivation of Opik's equations. 

Nevertheless, it was found that use of this technique reproduced quite well the con­
clusions reported by Duncan et al. (1988) for the two cases they studied. The results of 
only a moderate extension of their initial conditions using this technique are shown in 
Figure 1. This is the calculated distribution of final inclinations of 472 Jupiter-captured 
Jupiter-family comets (aphelion <9 AU) at the time they reached perihelion in the visible 
range (<1.5 AU). The evolution of 2 x 105 initial near-parabolic orbits (aphelion = 3 
X 105 AU) was calculated, assuming Jupiter-crossing perihelia between 4 and 6 AU, a 
uniform distribution in cos i for inclinations between 0 and 180°, and no enhancement of 
masses. In agreement with the results of Duncan et al., the final inclination distribution 
is very different from that observed for Jupiter-family comets. Fifty-five percent of the 
final orbits have inclinations >37°. Sixteen percent of the bodies are in retrograde or­
bits, whereas none of the 108 observed Jupiter-family comets in Marsden (1986) are in 
retrograde orbits. 

This discrepancy is only apparently alleviated by specification of long period comets with 
initial perihelia between 20 and 30 AU, instead of Jupiter-crossing (Figure 2). Although 
the inclination distribution is more similar to that observed, the efficiency for capture of 
these bodies into Jupiter-family orbits is found to be 1000 times smaller. It is difficult to 
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Figure 1. Calculated final distribution of inclinations of 472 Jupiter-family comets 
(aphelia <9 AU, perihelia <1.5 AU) captured from 2 x 105 bodies initially in near-
parabolic orbits (aphelia = 3 X 10 AU). The initial perihelia were randomly dis­
tributed between 4 and 6 AU, and the initial inclinations were isotropically distributed. 
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Figure 2. Calculated final distribution of inclinations of 334 Jupiter family comets cap­
tured from 108 initial orbits the same as those of Figure 1, except that the initial perihelia 
were randomly distributed between 20 and 30 AU. 

https://doi.org/10.1017/S0252921100109820 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100109820


542 G. W. WETHERHi 

understand how the distribution of initial perihelia could be sufficiently concentrated to­
ward large values to allow the contribution of the bodies with larger perihelia to so dom­
inate the production of Jupiter-family comets. Extension of these calculations to a wide 
range of initial orbital distributions, including aphelia of 200, 2000, and 104 AU leads to 
the same conclusion reached by Duncan et al. (1988): agreement with the observed orbital 
distribution of short period comets seems to require a source with an initial inclination 
distribution similar to the low inclination distribution observed. The results of a Monte 
Carlo calculation with no enhancement of masses for a source identical to that of Duncan 
et al. (1988) (aphelia=50 AU) are shown in Figure 3. When combined with the earlier 
work of Duncan et al. (1987), this implies a source with aphelion < 2000 AU, because 
more distant bodies in the cometary zone may be expected to have had their inclination 
randomized by passing stars. This conclusion may be difficult to reconcile with estimates 
of the magnitude and expected number of comet showers from a massive "inner Oort 
cloud" at greater distances (Hills, 1981; Weissman, 1986). One would expect the incli­
nation distribution resulting from capture of shower comets isotropically distributed into 
short period orbits to contain many more high inclination orbits. Consideration of this 
question lies beyond the scope of this review. 

The mechanisms by which comets in the non-isotropic inner portion of the cometary re­
gion may be perturbed into Neptune-crossing are uncertain at present. Fernandez (1980) 
proposed that this was accomplished by perturbations caused by an unobserved popula­
tion of Ceres-size bodies beyond the orbit of Neptune. More recently, Torbett (1989) has 
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Figure 3. Final inclination distribution of 783 Jupiter-family comets calculated from 2500 
initial orbits with aphelia of 50 AU and perihelia between 20 and 30 AU. Initial inclinations 
were randomly distributed in cos? for inclinations between 0° and 18°. Planetary masses 
were not enhanced. This calculated distribution is similar to the observed distribution. 

https://doi.org/10.1017/S0252921100109820 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100109820


END PRODUCTS OF COMETARY EVOLUTION 543 

reported numerical calculations showing that perturbations by the major planets produce 
chaotic zones in the nearby trans-Neptunian region, out to ~100 AU or more, that may 
cause comets in this region to evolve into Neptune-crossing orbits, provided their initial 
orbits are sufficiently eccentric. These two mechanisms require a source region just beyond 
Neptune's orbit. It is also possible that comets with semi-major axes ~2000 AU may 
be perturbed into Neptune-crossing from the outermost-boundary of the non-isotropic 
region as a result of perturbations by the few most deeply penetrating passing stars. 
Such a source would exhibit major stochastic fluctuations in magnitude. Those comets 
perturbed only to Neptune-crossing would require 108-109 years to achieve perihelia less 
than 1.5 AU and become visible. Conceivably, an event of this kind could be related to 
the apparent factor of ~ 2 increase in cratering rate at 1 AU during the last ~500 million 
years (Shoemaker et al., 1979; Grieve and Dence, 1979; Weissman, 1989; Wetherill, 1989). 

4. The Second Stage: Decoupling of Jupiter-Family Comets From Jupiter 

The relatively high observed steady-state abundance of Apollo-Amor objects is the result 
of the fairly long (~ 107 to 108 year) lifetime of Earth-approaching bodies that avoid 
close approaches to Jupiter because their aphelia are well within its orbit. Compared 
with the large perturbations caused by close encounters with Jupiter, the perturbations 
caused by close approaches to the terrestrial planets and temporary residence in Jovian-
commensurability chaotic zones are small and/or infrequent, leading to these relatively 
long steady-state lifetimes. As mentioned earlier, transfer of a Jupiter-family orbit into a 
"protected" orbit of this kind can be facilitated in several known ways: by close encounters 
to the terrestrial planets, by non-gravitational acceleration associated with mass loss from 
active comets, and by the gravitational influence of Jupiter. 

A Jupiter-family comet usually develops an easily observed coma when its perihelion 
evolves inside about 1.5 AU. The same Monte Carlo calculations discussed in the previous 
section show that about 65% of the Jupiter-family comets with perihelia <1.5 evolve fur­
ther to become Earth-crossing while still in Jupiter-crossing orbits. The remainder are lost 
before their perihelion becomes Earth-crossing. When the comet is Earth-crossing, close 
approaches to Earth become possible, and in principle, a sufficiently strong perturbation 
by Earth could decouple the aphelion from Jupiter before Jupiter itself perturbs the comet 
into a hyperbolic Solar System escape orbit. This tug-of-war between Earth (or Venus) 
and Jupiter is an unfair contest. Jupiter's perturbations are so much more frequent and 
strong that Jupiter almost always wins. On the other hand, quantitative studies of the 
orbital evolution of decoupled comets shows that Earth need not win very often. A quite 
low production rate of these objects, one body with absolute nuclear magnitude brighter 
than V(1,0) = 18 in 5.7 X 104 years, is sufficient to provide half the observed Apollos 
(Wetherill, 1988). The problem is that of making a usefully quantitative estimate of how 
infrequently Jupiter loses. 

Relatively little attention has been given to this difficult but important question. The 
difficulty stems from the long time scale and the low probability of decoupling. Numerical 
integration could provide useful results only if enough long (10s—106 year) integrations 
were carried out to identify a small, but reasonable, number (e.g., five) of decoupling 
events. Almost all of these lengthy integrations would come to naught: the effect of even 
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an unusually promising "run" of terrestrial planet encounters would often be vitiated by 
a single perturbation by Jupiter. Calculations of this kind have not yet been attempted. 

Some relevant results have been obtained by use of the Opik-Arnold Monte Carlo ap­
proach to long-term orbital evolution. In this way Wetherill (1968a) estimated that about 
1 in 500 Jupiter-family comets would be decoupled. Reservations were expressed by the 
author about the reliability of this result because of an unphysical aspect of the way in 
which Jupiter perturbations were calculated. Jupiter's influence was included only for 
orbits that actually crossed the orbit of Jupiter, and the overwhelmingly dominant effect 
of Jupiter suddenly fell to zero as soon as a terrestrial planet perturbation succeeded in 
perturbing the comet's aphelion inside Jupiter's perihelion. Subsequently, the most gross 
aspect of this situation was eliminated by modification of the calculation of Jupiter pertur­
bations to gradually introduce the effect of Jupiter encounters beyond 4.30 AU (Wetherill, 
1979). Although this treatment remained quite crude, it did reproduce the results of an 
investigation of the stability of Jupiter-approaching orbits using numerical integration by 
Lecar and Franklin (1973). This modification has been used in subsequent studies of the 
orbital evolution of bodies in the inner Solar System and has been considered satisfactory 
primarily because the results of these studies were found to be very insensitive to the 
exact way in which these distant Jupiter perturbations were introduced. In fact, no major 
difference was found when they were totally ignored. 

This is not the case for the decoupling problem. Here we are concerned with the few 
cases in which Earth wins the contest, rather than the much more common one in which 
Earth loses. The outcome will certainly be dependent on the manner in which Jupiter 
perturbations are introduced. In addition, as mentioned in the previous section, one must 
question the validity of this Monte Carlo technique when the time scale between Jupiter 
encounters is short compared with the period of precession of the argument of perihelion. 
Nevertheless, it is thought that in view of the agreement that was obtained with the results 
of Duncan et al. (1988), use of this technique to illustrate some aspects of the decoupling 
problem could be of interest. 

An initial assemblage of Neptune-crossing comets with aphelion equal to 50 AU were 
used to generate 294 Jupiter-family orbits with perihelia randomly distributed between 
20 and 30 AU, and cos? randomly distributed for inclinations between 0° and 18°. This 
corresponds to the short period comet source of Duncan et al. (1988) discussed in the 
previous section. The calculation of the evolution was stopped when the perihelion became 
less than 1 AU, when the comet was ejected from the Solar System, or when the comet 
struck a planet. All of the aphelia were still Jupiter-crossing at that time. 

The orbits with perihelia less than 1 AU and inclination less than 18° were then selected 
as starting orbits for further Opik-Arnold Monte Carlo calculations. The restriction to 
low inclination was made primarily for a practical reason. At high inclinations the free 
oscillations of the secular perturbations in eccentricity become large. The effect of these 
oscillations has been included in some Monte Carlo calculations (Wetherill 1968b) and it 
was found that the oscillations had only a small effect on the outcome of the calculations 
because of the correlation between eccentricity, inclination, and argument of perihelion. 
This tends to limit the effect of the potentially important large excursions in eccentric­
ity because they occur when w is near 90° or 270°, which is when the perihelion and 
aphelion are well above or below the plane of the Solar System and marginally Earth-
crossing orbits will not actually intersect Earth's orbit. The secular resonances mapped 
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by Williams and Faulkner (1981) were found to be of much greater importance, partic­
ularly the " i V resonance that lies near 2.04 ATJ for inclinations <15°. Inclusion of free 
oscillations leads, however, to serious complications in the calculations when the effects of 
the VQ resonance are also included. For this reason, the Monte Carlo programs currently in 
use do not include the free oscillations. Only two observed Earth-crossing Jupiter-family 
comets (P/Brorsen) have inclinations well above 18°, and this restriction is not severe for 
calculations made for illustrative purposes. 

The first case studied was the simplest one, in which no resonance effects were included. 
Four hundred Monte Carlo runs of each of the 294 Jupiter-family comets were made, 
resulting in 95 cases of comets decoupled into orbits with aphelia <4.35 AU, corresponding 
to a decoupling efficiency of 0.81 X 10~3. This is in agreement with the suggestion that the 
value of 2 X 10~3 reported in Wetherill (1968a) was somewhat too high. The distribution 
of eccentricities and semi-major axes at the time of decoupling is shown in Figure 4. 
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Figure 4. Calculated distribution of initial and final eccentricities and semi-major axes 
for decoupled comets. The upper group of open points are the initial Jupiter-family 
orbits. These are bounded on the left by the requirement that their perihelia be less 
than 1 AU, and bounded below by the requirement that their aphelia be Jupiter-crossing. 
The lower group of solid points are the decoupled comets resulting from the Monte Carlo 
calculations. These are bounded on the left by the requirement that the perihelion be less 
than 1 AU, and bounded above by the requirement that the aphelion be less than 4.35 AU. 

Examination of the detailed orbital evolution of these decoupled comets showed that 
decoupling occurs gradually as a result of a series of Earth and Venus encounters. From 
time to time the aphelion of the comet is perturbed a bit inside Jupiter's perihelion, e.g., 
to 4.85 AU. This decreases the frequency of Jupiter encounters somewhat, providing an 
opportunity for terrestrial planet perturbations to reduce the aphelion somewhat more. 

https://doi.org/10.1017/S0252921100109820 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100109820


546 G. W. WETHERILL 

Quite often, the opposite effect occurs, and the aphelion is perturbed back into Jupiter-
crossing. Rarely, but significantly, a chance series of several terrestrial planet encounters 
in sequence will reduce the aphelion to the point where the competition between Earth 
and Jupiter becomes less unfair, and further evolution into a decoupled orbit becomes 
relatively probable. 

As stated earlier, there are several other processes that are likely to facilitate decoupling. 
One of these is a consequence of the enhanced long range perturbations by Jupiter when 
the comet's semi-major axis is close to a Jovian commensurability resonance. On the 
long (>106 year) time scale for evolution of bodies in the terrestrial planet region, these 
resonances, particularly the 3:1 resonance at 2.5 AU, are of great importance because of 
their associated chaotic zones (Wisdom, 1983) and the large excursions in eccentricity 
experienced by bodies that remain in these resonances for ~106 years. In the present 
problem, however, the semi-major axes of the comets are "scanned" over these resonances 
by Jupiter encounters on a much shorter time scale. For the same reason, the effects of 
the secular resonances, particularly ue, also are of reduced importance for Jupiter-crossing 
bodies. On a 104 year time scale, however, average i/g amplitudes of about ±.075 in 
eccentricities may be expected, and these have been found to be important in "smearing" 
the definition of Earth-crossing by permitting Earth-crossing to be re-established relatively 
easily after a Jupiter perturbation increases the comet's perihelion only slightly beyond 
Earth's orbit. The principal effect of the Jovian commensurability resonances for Jupiter-
crossing bodies is the temporary (104 to 105 yr) protection from close Jupiter encounters 
provided by librations while in these resonances, as illustrated by numerical integrations 
by Milani et al. (1989). While the comet is protected in this way, Earth and Venus have 
a greater opportunity to decrease the comet's aphelion. 

There is insufficient information at present to model these effects very quantitatively. 
The published results of Milani et al., although not statistical, suggest that while the 
comet is in these resonances, the frequency of close Jupiter encounters may be reduced 
by a factor of 10, and possibly by a factor of 100. The effect of this protection has been 
explored by simply assuming that the encounter probability with Jupiter is decreased by 
a given factor when the semi-major axis of the comet is within ±.02 AU of the 4:1, 3:1, 
5:2, 7:3, or 2:1 resonances. A maximum i/g eccentricity amplitude of .075 was permitted 
for bodies in the vicinity of the v§ resonance. Assuming a resonance protection factor 
of 10, 300 Monte Carlo calculations of each of the same 294 Jupiter-family comets were 
carried out. Two hundred eighty nine decoupled comets were found, corresponding to a 
decoupling efficiency of 3.3 X 1 0 - 3 . (A larger value of decoupling efficiency, 1.1 X 10~2 

was found for the possibly excessive protection factor of 100.) The semi-major axis and 
eccentricity distribution of the resulting decoupled comets is shown in Figure 5, and their 
perihelion distribution in Figure 6. The semi-major axes tend to be clustered between 
2.1 and 2.5 AU. Perihelia cover a wide range, but are more concentrated between 0.5 and 
0.9 AU. The perihelion distribution is distinctly different from the strong concentration 
of initial Earth-crossing perihelia near 1 AU found for meteorites and Apollo objects of 
asteroidal origin (Wetherill, 1985, 1987, 1988). 

The times at which decoupling occurred are shown in Figure 7. These are distributed, 
but most comets are decoupled after 105 to 106 years of evolution from their initial Jupiter-
family orbit. These times are longer than estimates of the physical lifetime of comets of 
~ 7 X 103 years for typical Jupiter-family periods (Weissman, 1980). For this reason it 
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Figure 5. Same as Figure 4, except that the effects of commensurability and secular reso­
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initial rather restricted distribution evolves into the steady-state distribution shown in 
Figure 8. 
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may be expected that almost all decoupled comets will be extinct or dormant, and will 
be of asteroidal appearance. In a few cases, totalling ~ 0.5% of the decoupled comets, 
decoupling times in the 103-104 year range are found, and therefore the appearance of 
one presently active comet (Encke) out of the possible several hundred cometary Apollo 
objects is not unexpected. 

The case illustrated by Figures 5, 6, and 7 can be used to demonstrate some quantitative 
relationships between the decoupling efficiency and the capture rate into Jupiter-family 
orbits, the steady state number of Apollo objects, and the number of active and inactive 
Jupiter-family comets in Earth-crossing orbits. 

- JUPITER FAMILY COMETS: DECOUPLING TIMES -

3 4 5 6 7 8 
LOG TIME OF DECOUPLING (YEARS) 

Figure 7. Calculated distribution of elapsed times at which Jupiter family comets became 
decoupled from Jupiter (aphelion <4.35 AU). Typical decoupling times are in the general 
range of 104-106 years, but many lie outside this range. Except for the few bodies with 
very short decoupling times, most of these bodies may be expected to have an asteroidal 
appearance. 

The nominal benchmark to be used for scaling these comparisons is based on the con­
clusion reached in Wetherill (1988), that an injection rate i\ of one decoupled comet with 
absolute nuclear magnitude brighter than V(1,0) = 18 per 5.7 X 104 years will provide 
a steady-state number of Apollo objects equal to that calculated from asteroidal sources. 
For a geometric visual albedo p„ = 0.04, this corresponds to a diameter of 1.66 km. 

This nominal requirement rA = 1.75 X 10~5 y r _ 1 is related to the production rate of 
Earth-crossing Jupiter-family comets (rc) and the decoupling efficiency fo = 3.3 X 1 0 - 3 

by 

re = TA/ID = 5.3 X 1 0 - V - 1 . (1) 
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Here rc is defined to include only Earth-crossing Jupiter-family comets with aphelia less 
than 9 AU and with nuclear magnitude brighter than 18, after any mass loss incurred 
during decoupling. This is similar to the commonly used estimate of one short period 
comet per century (Fernandez, 1985). The Monte Carlo calculations directly provide the 
steady-state number of decoupled comets, by use of the procedure described earlier, with 
an appropriately smaller (103 years) sampling interval (Wetherill, 1979). For a Monte 
Carlo injection rate of 1 Jupiter-family comet/year, the calculation yields a steady state 
number of 3.2 X 104 Earth-crossing Jupiter-family comets of the required brightness. For 
the production rc, from equation (1), the nominal number of steady-state comets will be 
equal to rc times 3.2 x 104, i.e., 170. This number includes both active and inactive comets. 
The Monte Carlo calculations also provide the steady-state number of active comets, i.e., 
those comets less than 7000 years old, with "age" being defined as the time since the 
perihelion of the Jupiter-family comet first crossed 1 AU. This steady-state number is 
found to equal 7.7 active decoupled comets with nuclear magnitude brighter than V(1,0) 
= 18. Nine active Jupiter-family comets in Earth-crossing orbits are included in the 
compilation by Marsden (1986). Diameters have been measured for only one of these, 
Tempel 2 (11.2 km), much larger than 1.66 km (Campins et a l , 1988). Weissman (1989) 
estimates that there are 100 active Earth-crossing comets larger than 0.52 km diameter. 
Assuming that comet diameters are distributed in accordance with a cumulative power 
law index of —2, and an albedo of 0.04, Weissman's estimate corresponds to 9.8 active 
comets brighter than absolute magnitude 18. 

Thus, there is no obvious disagreement between observations of active Jupiter-family 
comets, the decoupling efficiency used, and the nominal assumption that half of the Apollo 
objects are comets of asteroidal appearance. The estimated number of inactive Jupiter-
family comets is considerably greater than the number of active Jupiter-family comets, and 
is not much less than estimates of the number of Apollo-Amor objects. Observed bodies 
of asteroidal appearance but with orbits similar to Jupiter-family comets (e.g., 1983SA) 
are more than 100 times as likely to be inactive Jupiter-family comets that have never 
been decoupled, as they are to be former Apollo-Amor objects with aphelia < 4.3 AU. 
Even one Jupiter-crossing asteroidal Apollo-Amor with V(1,0) < 18 is unexpected, and 
these inactive Jupiter-family comets may provide the best opportunity to study cometary 
nuclei without interference from surrounding dust and gas. 

In much of the literature on this subject, steady-state numbers (N) are related to pro­
duction rates (p) and characteristic lifetimes (A) by the simple relationship 

N = p/X. (2) 

It should be noted that in the present work steady-state estimates do not depend on 
any assumed mean lifetimes, nor upon use of this relationship. Calculations using this 
relationship are valid only for simple "reservoir" models of steady-state populations, which 
are not usually valid. As a consequence, steady-state numbers calculated in that way can 
lead to misleading conclusions. Monte Carlo calculations can provide entirely independent 
"lifetimes" whenever the meaning of the term lifetime is defined with sufficient precision 
to be calculated. For example, the "harmonic mean lifetime" (reciprocal of the mean sum 
of reciprocal lifetimes) is found to be 1.61 X 104 years for the migration of the perihelion 
of a Jupiter-family comet beyond Jupiter, and 4.72 x 104 years for the escape of the 
Jupiter-family comet from the Solar System. These "lifetimes" are more or less similar to 
the calculated mean elapsed time of 7.7 X 104 years in Earth-crossing orbit, calculated by 
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summing the time intervals rather than their reciprocals. In contrast, the mean elapsed 
time before ejection from the Solar System is found to be much larger, 2.60 X 107 years. 
The reason for this difference is the occurrence of a long-lived "tail" in the elapsed time 
distributions caused by a relatively small number of bodies having long sojourns in purely 
Neptune-crossing orbits prior to ejection. These cases make a negligible contribution to the 
sum of reciprocal lifetimes, but dominate the lifetime when calculated as a simple sum. 
The "single reservoir" lifetime, calculated from the ratio of the steady-state number of 
Jupiter-family comets (170) to the nominal production rate of Jupiter-family comets from 
equation (1), is 3.2 X 104 years. Although much shorter than the very long mean elapsed 
time for escape, this quantity is in the general range of the harmonic mean lifetimes and 
the mean elapsed time in Earth-crossing orbit. It does not correspond exactly to any of 
these quantities, however, because the simple exponential decay associated with a single 
reservoir model is neither physically realistic, nor is it found by these calculations. 

Another known process that can cause changes in the aphelion distance is the non-
gravitational reaction force associated with loss of momentum accompanying cometary 
mass loss (Whipple, 1950, 1951; Sekanina, 1969, 1971). In the first work on the source 
of Apollo objects, Opik (1961) introduced the idea that this non-gravitational force was 
a possible mechanism by which Jupiter-family comets were decoupled from Jupiter to 
become Encke-like comets, and, following loss of their volatiles, to become Apollo objects. 

Such non-gravitational accelerations have long been observed for comets (Marsden, 
1985). On the average these effects are usually too small in magnitude to permit decou­
pling by this process alone during the lifetime of the comet. This situation is aggravated by 
the discovery that for the same comet, the sign of the non-gravitational force can change 
(Yeomans, 1988) over a period short in comparison with the active physical lifetime of the 
comet. As a consequence, the change in aphelion may vary with the square root of time as 
in random walk, rather than linearly with time. Under these circumstances, cumulative 
variations of aphelia even as large as 0.1 AU may be rare. If these fluctuations in aphelion 
distance are indeed random in sign, they will be small in comparison with fluctuations 
caused by Jupiter perturbations, even those that occur during the active lifetime of the 
comet. For this reason, there is little basis for expecting that these non-gravitational 
forces play a major part in the decoupling of comets from Jupiter, but neither can a 
contribution by this effect be ruled out, particularly if the sign of the force remains the 
same long enough to provide a significant negative secular acceleration in semi-major axis, 
e.g., ~ 0.2-0.3 AU. In such a case, this additional acceleration could hasten migration of 
the comet's aphelion into ~ 4.8 AU, setting up the interplay of Jovian commensurability 
resonance and terrestrial planet perturbations found to eventually lead to decoupling. 

As discussed earlier, commensurable resonance zones can be established by Jupiter per­
turbations, greatly reducing the frequency of close encounters to Jupiter. In combination 
with Earth or Venus close encounters, decoupling is facilitated. It is also known (e.g., 
P/Oterma) that all by itself Jupiter can transform a cometary orbit from one with per­
ihelion beyond Jupiter to one with aphelion inside Jupiter's orbit. Observed changes of 
the latter kind often are associated with commensurability without libration, and involve 
repeated close encounters with Jupiter, with the comet's perihelion well beyond Earth's 
orbit. As a general rule, these orbital changes do not lead to permanent decoupling. It 
may be noted that Duncan et al. (1988) report cases with perihelia <1.5 AU for which 
the final aphelia were decoupled, even though terrestrial planet perturbations were not 
included in the calculations. 

Because of the uncertainties described earlier in use of Monte Carlo calculations of 

https://doi.org/10.1017/S0252921100109820 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100109820


END PRODUCTS OF COMETARY EVOLUTION 551 

this kind for Jupiter-crossing, they should be regarded as illustrative, rather than conclu­
sive. The decoupling efficiencies found, in the range 10~2 to 1 0 - 3 , permit relating various 
observed phenomena in an internally consistent way. Obtaining much more accurate de­
coupling efficiencies by numerical integration in the near future may be difficult, however. 
Perhaps the most promising approach would be a synergistic one of using the results of 
numerical integration to improve the Monte Carlo programs, and in return use the results 
of the Monte Carlo calculations to determine the most effective way to use available com­
putational resources in investigations making use of numerical integration. 

5. The Third and Final Stage: Orbital Evolution of Decoupled Comets 

When a comet is in a near-Jupiter-crossing orbit, significant orbital changes occur on short 
time scales (~ 100 years), usually leading to ejection from the Solar System in 104 to 105 

years. After the comet's aphelion is less than the somewhat arbitrary value of 4.35 AU, 
the magnitude of perturbations by Jupiter and other major planets decreases consider­
ably, except near commensurability and secular resonances. Furthermore, questions of the 
validity of the Monte Carlo calculations become less serious. Objects in decoupled orbits 
frequently evolve into orbits with smaller eccentricities and aphelia even when the effects 
of these resonances are included. A quasi-steady-state orbital distribution will evolve, pri­
marily reflecting the effects of three factors: the initial orbital distribution, the tendency of 
perturbations by the terrestrial planets to randomize the orientation of the comet-planet 
relative velocity vector, and perturbation back into Jupiter-crossing, followed by nearly 
inevitable rapid ejection from the Solar System. The steady-state distribution will also be 
affected by the alternative ultimate fates of collision with a terrestrial planet or collisional 
destruction near aphelion in the asteroid belt, and the less quantifiable one of complete 
disintegration into a meteor stream. Because of the typical 104—105 age at the time of 
decoupling, almost all decoupled comets would be expected to be of asteroidal appearance 
during this final 10r-108 period of their Solar System residence. 

Steady-state orbital distributions of comets following decoupling have been calculated by 
use of the Opik-Arnold technique (Wetherill, 1979, 1988). The result of a new calculation 
of this kind is given in Figure 8, using as initial orbits the decoupled comet orbits shown in 
Figure 6. This distribution may be compared with the calculated distribution of Apollo-
Amor objects of asteroidal origin. The latter distribution is the result of a new calculation, 
in which an improved procedure has been used for the calculation of the steady-state 
distribution. This eliminates the prominent band of objects near 2 A.U., in agreement 
with the earlier suggestion (Wetherill, 1988) that this feature may be an artifact. The 
remainder of the distribution is essentially unchanged. 

Perhaps the most important result of comparison of Figure 8 and Figure 9 is the nearly 
complete overlap of the regions occupied by Apollo objects of different origin. Therefore 
it usually will be difficult to use the orbit of an Apollo object to support the case for an 
asteroidal vs. cometary origin. A vestigial record of the initial state is probably reflected 
by the relatively high population of deep Earth-crossing cometary Apollos with large 
semi-major axes and aphelia. Perhaps the higher inclination Apollo-Amor objects are 
also more likely to be of cometary origin. Scholl and Froeschle (1986), however, report 
evidence that the vie secular resonance near 2 AU (Williams and Faulkner, 1981) may 
effectively increase the inclinations of Apollo-Amor objects of asteroidal origin. Present 
Monte Carlo programs may not provide sufficiently reliable results for high inclination 
objects, but there is no fundamental reason this cannot be done. 
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Figure 8. Steady-state distribution of Apollo-Amor orbits evolved from an initial 
cometary source. Although the semi-major axes of the initial orbits were clustered towards 
a >2 ATJ, the orbits evolve to fill most of the permissible semi-major axis/perihelion space 
of Apollo-Amor objects. 
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Figure 9. Steady-state distribution of Apollo-Amor objects evolved from a calculated as­
teroidal source (Wetherill, 1988). In the Apollo region (perihelia <1 AU), the distribution 
is, in general, similar to that found for the cometary source (Figure 8), but includes fewer 
deep Earth-crossing Apollo objects with large semi-major axes. The principal difference 
between the cometary and asteroidal source is the large number of Amor objects, resulting 
from the marginal nature of initial Earth-crossing for an asteroidal source. 
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The fact that most Apollo objects are not in orbits strongly correlated with a cometary 
origin should not be used to argue against comets and asteroids contributing a similar 
number of Apollo objects. In particular, it is likely to be misleading to consider, one 
by one, observed Apollo-Amor objects in evolved orbits, and classify them as likely to 
be of cometary or asteroidal origin on the basis of orbital evidence. The presence of 
a few bodies in orbits that are probably indicative of a cometary origin argues for a 
much larger population of cometary Apollos hidden among the general approximately 
equilibrium distribution. Classification based on albedo or reflectance spectra may prove 
to be more useful, but the effect of solar radiation on the surface properties of a comet 
after ~107 perihelion passages are at present unknown. 

As mentioned in section 2, the orbital evolution from trans-Neptunian comets to Apollo 
objects and their ultimate loss from the Solar System is a continuous process. This 
continuity has been incorporated into calculations of the kind discussed in this paper. In 
the new results reported here, the orbital evolution of initial Neptune-crossing comets was 
followed until they were ejected from the Solar System or until their perihelion became 
less than 1 AU. Those ejected from the Solar System will not contribute to the Apollo-
Amor population; the other group may. At the next stage, the calculation of decoupling 
in section 4, the orbits of a subset of this group, those with aphelia < 9 AU and with 
inclinations less than 18°, were used as initial orbits. Those comets with aphelia > 9 AU, 
not belonging to Jupiter's family, could easily be included in the calculation, but they 
simply would not be decoupled. The high inclination objects were rejected because of 
the limitations of existing Monte Carlo techniques. This is not a fundamental limitation. 
Again, the orbital evolution of the objects used were followed until they were ejected, 
struck a planet, or became decoupled by definition when their aphelion became less than 
4.35 AU. This definition is only apparently arbitrary. The orbital evolution of all the 
bodies were included: all those that first evolved into orbits with larger aphelia either 
evolved further inward or were ejected. All orbits that evolved into aphelia smaller than 
4.35 AU, e.g., 4.0 AU, evolved from those with aphelia less than 4.35 AU. Finally, the 
calculation of the steady-state distribution shown in Figure 8 used as starting orbits the 
decoupled comet orbits shown in Figure 7. 

6. Concluding Remarks 

Much remains to be learned before the life history of comets from birth to banishment 
or death can be considered to be satisfactorily understood. To someone with a skeptical 
turn of mind, the evidence for a large fraction of the Apollo objects having originally been 
comets will not seem compelling. Nevertheless recent observational studies of comets, 
Apollo objects, and meteors; the existence of a number of bodies of asteroidal appearance 
in Jupiter-crossing orbits; physical modelling of the evolution of cometary nuclei; and the 
theoretical studies discussed here persuade the author that, more likely than not, comets 
are an important source of Earth-approaching bodies of asteroidal appearance. 

Thus, old and rather worn-out comets may dominate the cometary population near 
Earth, be responsible for much or most of the impact cratering on the terrestrial planets 
and the Moon, contribute in an important way to the terrestrial flux of meteors and 
fireballs, and conceivably provide some small quantity of recoverable meteoritic material. 
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