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20.080 Rio de Janeiro 
Brazil 

ABSTRACT. The theory of a huge reservoir of comets (the "comet cloud") 
extending to almost interstellar distances is analyzed, paying special 
attention to its dynamical stability, formation process and orbital 
properties of the incoming cloud comets. The perturbing influence of 
passing stars and giant molecular clouds is considered. Giant molecular 
clouds may be an important perturbing element of the comet cloudy 

although they do not seem to change drastically former studies including 
only stellar perturbations. The more tightly bound inner portions of the 
comet cloud, say within 101* AU, would have withstood the disrupting 
forces over the age of the solar system. The theory of a primordial comet 
origin in the outer planetary region close to Neptune's orbit is special
ly analyzed. A primordial comet origin is consistent with the cosmogonic 
view that a large amount of residual material was ejected during the 
last stage in the formation of the Jovian planets. The smooth diffusion 
in the energy space of bodies scattered by Neptune guarantees that most 

of them will fall in the narrow range of energies close to zero (near-
parabolic orbits) where passing stars and GMCs can act effectively on 
them. The long time scales of ~109 yr required for bodies scattered by 
Neptune to reach near-parabolic orbits would indicate that the buildup 
of the comet cloud was an event that took place long after the planets 
formed. Depending on the field of perturbing galactic objects, it is 
possible to conceive that most scattered comets were stored in rather 
tightly bound orbits (a -lO1* AU) , favoring the concept of their dynamical 
survival over several billion yr. Alternative theories of comet cloud 
formation, e.g. in-situ origin or interstellar capture, are also discus
sed. The main difficulty of the in-situ theory is to explain how comets 
could accumulate at large heliocentric distances where the density of 
the nebular material was presumably very low. The interstellar capture 
theory also meets severe dynamical objections as, for instance, the lack 
of observed comets with original strongly hyperbolic orbits and the 
extremely low probability of capture under most plausible conditions. 
Since our knowledge of the structure of giant molecular clouds and their 
frequency of encounters with the solar system is still very uncertain, 
the concept of capture of transient comet clouds during such encounters 
can be advanced very little beyond the speculative stage- Some other 
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orig CIO"3 All"1) 

Figure 1. Distribution of the original reciprocal semimajor axes of LP 
comets with ( l / a ) o r i g < 2xlO - 3 AU - 1 as computed by Marsden et al. (1978) 
and Everhart and Marsden (1983). The shaded histogram is for those 
comets with q > 2 AU. 

^2xlOlfAU. Oort argued that these comets were driven into the planetary 
region by stellar perturbations. For this reason he called them "new" 
on the belief that they were passing through the planetary region for 
the first time. We will show that most of the so-called new comets have 
probably passed before through the planetary region, so to avoid confu
sions we shall use the term "cloud comets" for those with e > -10-1*AU-1 

(aor£„>10'
tAU). Marsden and Sekanina (1973) noted a clustering of aphe

lion aistances around 5xl04AU which defines the "radius" of the comet 
cloud. 

We also note in Fig. 1 the lack of comets with strongly hyperbolic 
orbits (l/a0rie

 K< ^) which seems to rule out an interstellar origin. 
This conclusion is strengthened when only comets with perihelion distan
ces q>2 AU are considered (shaded histogram). Very few comets remain 
with l/a0rig < 0 which suggests that negative values of l/a o r£ e are pro
bably caused by nongravitational forces (cf. Marsden et al. 19/8). 

In contrast to the rest of the known solar system bodies, LP comets 
show an almost random distribution of their orbital inclinations i (Fig. 
2 ) . Some departure from randomness is clearly indicated by the observed 
excess of retrograde orbits. This effect becomes more pronounced when 
only comets with q>2 AU are considered (shaded histogram). 
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Figure 2. Inclination distribution of the LP comets appearing in 
Marsden's (1982) catalogue. The nine members of the Kreutz family have 
been considered as a single comet. The shaded histogram corresponds to 
the partial sample of LP comets with q > 2 AU. The (dashed) sine-curves 
correspond to random i-distributions. 

The q-distribution of LP comets with q < 1.1 AU and discovered 
after 1800 is shown in Fig. 3. The choice of this rather restricted sam
ple has the purpose of avoiding as much as possible the bias against the 
discovery of comets with larger q. LP comets show a steady decrease 
toward smaller perihelion distances. However, when only dynamically 
young comets with aorig > 10

3 AU are considered, the q-distribution 
turns out to be rather uniform. The decrease in the number of LP comets 
whith decreasing q is probably an evolutionary effect due to physical 
decay of comets in one or a few perihelion passages (Fernandez 1981a). 

A departure from randomness has long been noted in the distribution 
of perihelion points on the celestial sphere (e. g. Tyror 1957, Hurnik 
1959). The crucial point is whether there is a correlation between the 
direction of the solar apex and the preferred direction of the perihelia. 
Oja (1975) found the preferred perihelia direction to be only 7° from 
the solar apex. Fernandez and Jockers (1982) argue however that the 
predominance of comet discovery in the northern hemisphere introduces a 
bias favoring such correlation. In this respect, Bogart and Noerdlinger 
(1982) find that when they only consider LP comets discovered in the 
20th century - which are presumably less biased to the north - the 
preferred perihelia direction moves to about 50° from the solar apex. 
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T — i — i — i — i — i — i — i — i — r 

q (AU) 

Figure 3. Distribution of the perihelion distances of LP comets with 
q<l.l AU observed after 1800 as recorded in Marsden's (1982) catalogue. 
The shaded histogram corresponds to "new" and "young" comets with 
a . > 103AU. orig 

2. FORMATION OF THE COMET CLOUD 

Most authors seem to agree at present about the existence of an extended 
cloud of comets surrounding the solar system. Yet various views on how 
and when such a cloud formed appear in the literature. We can consider 
three fundamental currents of opinion: 

a) Primordial origin. The basic idea is that comets are a byproduct 
of the planet formation. Some authors take this as equivalent to saying 
that the comet cloud is nearly as old as the solar system (cf. Oort 
1950). The implicit argument is that diffusion time scales from the pla
netary region to the Oort region are very short as compared to the solar 
system age. We shall see that this might not be the case. 

The primordial theory of comet origin is based on the assumption, 
supported by several theoretical and numerical studies, that the Jovian 
planets could not have reached their present masses without the ejection 
of a large amount of residual matter (e.g. Safronov 1969, 1972). Further 
more, some recent numerical studies have shown that bodies starting out 
in the outer planetary region can evolve under the combined action of 
planetary and stellar perturbations into Oort-cloud-type orbits (Fernan
dez 1980, Fernandez and Ip 1981, Weissman 1982). 

Napier and Staniucha (1982) and Clube and Napier (1984) have criti
cized the theory of a primordial comet origin on the basis that an exteii 
ded comet cloud would not have survived over the age of the solar system. 
We shall return to discuss further some aspects of this theory in Sec
tion 7. 

b) In-situ formation. Some authors have proposed that comets formed 
in the outer regions of the collapsing solar nebula (Cameron 1973, Bier-
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perturb the orbits of cloud comets. Those cloud comets reaching the pla
netary region are also perturbed by the planets and actually many of 
them are removed from the comet cloud. We shall leave the analysis of 
planetary perturbations for the next section and focus now on the per
turbing sources outside the solar system. 

The action of stellar perturbations on solar system bodies has 
already been analyzed in detail, starting with Opik's (1932) pioneer 
work, complemented later by Oort (1950), Sekanina (1968) and Rickman 
(1976) among others. Because the star's relative velocity V* is much 
larger than the velocity of the comet when it moves far from the Sun, 
the comet can be assumed to be at rest in a heliocentric frame of refe
rence. As a result of a stellar passage, Sun and comet will experience 
velocity changes given by 

Av = — = - —- , (la) 
0 v D„ D,. 

* 0 0 

Av = -iU- _£. , (lb) 
c VJ) D ' ** c c 

where p = GM, G being the gravitational constant and M the stellar mass, 
DQ and Dc are the minimum distances to the Sun and the comet. The change 
in the comet's velocity with respect to the Sun will be: Av = A"̂ c ~ AVQ 

The perturbing effect of a single star will generally be very small. 
Yet the effect of many stellar encounters will cumulate quadratically so 
as to produce significant orbital changes over long time scales. As the 
comet is much more strongly perturbed when it is close to its aphelion, 
its perihelion distance q and inclination i will be the orbital elements 
that undergo the greatest changes. Fernandez (1980, 1981b) has derived 
the changes Aq and Ai experienced by a cloud comet at a heliocentric 
distance r perturbed by a passing star. They are 

Aq = ̂ L (Av2. + 2 Av x v cos 3) (2) 

Av sin 8 cos a 
• t fx\ 

(Av2 + v2 + 2v x Av cos B ) 1 / 2 ' 
t t t t 

where Avt = Av cos 9 is the transverse component of the velocity change 
AV, 0 being the angle between flvt and AV. The transverse veloci
ty is v2 ~ 2GMQq/r2, g is the angle between /frt

 a n d ^t a n d a t h e angular 
distance of the comet to the ascending node. 

Given a stellar flux n0, the cumulative changes of q and i after a 
time T will be 

D 
AqJ = / U(Aq2)nQTD0dD , (4) 

DL 
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Aim = f 
T D. 

U(Ai2)noTD0dD0 (5) 

where Aq2, Ai are averages over 9, B and a. D^'Dy are- the lower and upper 
limits for the stellar distances of closest approach to the Sun during 
T. We take D L = (2im0T)

-1'2, i.e. the probability for a star to pass 
from the Sun a distance D@ < D L is 0.5, and Dy = 2.5r meaning that we 
limit ourselves to the close stellar encounters. It can be shown that "" 
the more distant encounters do not change drastically the results obtai
ned from eqs. (4) and (5). By adopting n0 = 10 stars pc~ Myr

- , an ave
rage stellar mass of 0.7 M Q , and average star's relative velocity V* = 
30 km s-1 (Rickman 1976) and T = 4.5 x 10 yr, we get the results shown 
in Figs. 4 and 5. 

r>4 
1U 

510 ' 
< 
^ 

u) 

E 
i _ : 

c 
< 

102 

m l 

I I I I I 

i i i i i 

1 1 1 | 1 1 

, , ,1 

103 10" 

a ( AU ) 
Figure 4. The expected change of the perihelion distance of a near-para 
bolic comet, caused by perturbing stars throughout the solar system life 
time, as a function of the comet's semimajor axis. The comet is assumed 
to have an initial q = 20 AU. 

A sharp increase in the r.m.s. change Aq is found for increasing a 
(Fig.4). Comets with a ^103AU and perihelia within the planetary region 
(q<30 AU) are not expected to have their perihelia removed from the pla
netary region by stellar perturbations over the age of the solar system. 
The r.m.s. change of Aq attains several 10 AU for a of a few 103AU. Co
mets with a -lO^AU have already an expected change of ^300 AU so that we 
should expect their perihelia were long since removed from the planetary 
region. In realistic terms, the removal of the comet's perihelion from 
the planetary region should depend on whether the rate of change of q by 
stellar perturbations is greater or smaller than the diffusion speed of 
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the orbital energy caused by planetary perturbations. For comets with a 
of a few lO^AU will suffice a single revolution to cause a change of 
their perihelion distance of several 102AU. Summing up, comets with 
a -lO^AU will be perturbed by passing stars fast enough to be removed 
from the planetary region in the course of a few revolutions. Such a dis_ 
tance defines the lower limit of the Oort region. 

a ( KTAU ) 

Figure 5. Time scales for randomization by stellar perturbations of the 
orbital planes of comets with q=30 AU and q=102AU ,. q=103AU as a func
tion of their semimajor axes. The horizontal line indicates the age of 
the solar system. 

The orbital planes of comets with q<100 AU and a>2xl04AU should ha
ve got randomized by stellar perturbations over the age of the solar sys_ 
tem (Fig. 5). The criterion for randomization is that the r.m.s. change 
Ai as given by eq. (5) reaches the value IT. Should comets form close to 
the ecliptic plane, a certain concentration might still be present for 
comets with a ̂  2x10^11. However comets driven into the inner planetary 
region will drastically change their inclinations so as to produce a 
randomly oriented influx of cloud comets. 

The cumulative change of the comet's energy per unit mass can be 
roughly estimated by considering only close encounters, i.e. Av = 
( Av^-Av© ) 2 f ^ Av0. Thus we have 

2 Aen 

D, U - J Av£n0TDQdDe 

2u 2 ,Du 

= 0 2 n o T L n 0 (6) 

Introducing the numerical values quoted above with T = 4.5x10 yr, we ob
tain an energy change 2Ae>p = 1.15x10° cmzs_z or a r.m.s. change in the 
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2 A B ,2GM* 2 

55 

(8) 

where D^ is the closest approach of a star to the Sun expected during 
age of the solar system T. We have: DL = (irn0T)

_1/2,v 550 AU. 
the 

Figure 6. The mean energy change of a typical cloud comet at a helio
centric distance r = 4 x 104 AU, due to an encounter with a GMC, as a 
function of the impact parameter b (in units of the radius of the GMC). 
The condition b/RGMC<l corresponds to penetrating encounters. The hori
zontal line indicates the energy change caused by the closest stellar 
approach to the Sun expected during its lifetime. 

As shown in Fig.6, the energy imparted to a comet by a star passing 
at the closest solar distance expected during the solar system lifetime 
can be comparable to that imparted by a GMC in a penetrating encounter. 
Furthermore, penetrating encounters with GMCs do not seem to be as fre
quent as Napier and Clube claim. According to Bailey (1983a), the number 
of such penetrating encounters during the solar system lifetime can be 
placed in the range 1 - 1 0 . Encounters with smaller molecular clouds are 
probably much more frequent. Rampino and Sothers (1984) estimate that 
one of such encounters takes place during every transit of the solar 
system through the galactic disk (̂ 30 Myr). However the perturbation 
caused by a typical molecular cloud of radius ^5 pc and mass ^ 1 0 % is 
much smaller than that obtained from eq. (7) for a GMC. Of course, our 
assumption of a homogeneous cloud is an oversimplification. The computa
tion of the energy transfer rate will depend somewhat on the GMC's 
substructure (Bailey 1983a). On the other hand, the consideration by 
Napier and Staniucha (1982) and Clube and Napier (1984) of GMCs as divi-
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ded in 25 discrete clouds, each of mass 2xlOl*M0 and radius 2 pc, is also 
very likely an oversimplification. For instance, Solomon and Sanders 
(1980) conclude that only a small fraction of a GMC mass is in condensed 
cores. Summing up, even though the action of GMCs and molecular clouds 
should be taken into consideration as a perturbing source of cloud co
mets, it does not seem to change drastically the picture obtained before 
with the exclusive consideration of stellar perturbations (e. g. Oort 
1950, Weissman 1980, Fernandez 1980). 

Due to galactic perturbations, stable motion is only possible for 
comets in eccentric orbits up to distances of ^SxlO^AU over long periods 
of time (Chebotarev 1966) . This is beyond the limits imposed by stellar 
and GMC perturbations, so that galactic perturbations are not of primary 
concern for the stability of the comet cloud over cosmogonic time scales, 
Nevertheless, comets of smaller a, say ^2.5xl01*AU, will be perturbed by 
the Galaxy so that galactic effects might be present in the observed 
"new" comets. From the numerical integration of orbits in the restricted 
three-body problem: Sun-galactic nucleus-comet, Byl (1983) finds that 
changes in q of cloud comets are smallest for aphelia near the galactic 
equator and poles. Therefore, it may be possible that galactic perturba
tions introduce some correlation between the galactic structure and the 
aphelion distribution of LP comets. 

We are still left with the possibility of an as yet undetected so
lar companion as a perturbing source of the comet cloud. Indeed, the dis_ 
covery that most stars have stellar companions (Abt and Levy 1976) gives 
some support to the idea that the Sun also has or had a companion. Kirk 
(1978) has shown that such a hypothetical companion cannot be close to 
the Sun, say at '^103AU, otherwise we should not observe the clustering 
of comet energies in the interval 0>e>-10-1+AU-1. A more distant solar 
companion with a = 8.8x10^11 has recently been proposed by Whitmire and 
Jackson (1984) and Davis et al. (1984) to explain a possible 26-Myr pe
riodicity in biological mass extinctions. The authors suggest that the 
unseen companion stirs comets of the Oort cloud during its perihelion 
passages every 26 Myr giving rise to comet showers. The problem with a 
distant companion is to explain its dynamical stability over periods of 
more than 10 yr (see Weissman's contribution to this book). 

4. PLANETARY PERTURBATIONS 

A fraction of the Oort cloud population will be deflected to the plane
tary region where is perturbed by the planets. Indeed, all cloud comets 
should have been subject to planetary perturbations at early times if 
they formed in the planetary region. Planetary perturbations will greatly 
change the orbital energy e of long-period orbits but very little the 
other orbital elements (Yabushita 1972). From numerical experiments, 
Kerr (1961) found that the distribution of energy changes per perihelion 
passage, Ae, could be fitted to a Gaussian distribution. Everhart (1968) 
further noted a departure from the Gaussian distribution in the form of 
long Ae-tails accounting for drastic energy changes produced in close 
encounters. Fernandez (1981a) derived as an acceptable approximation 
for the Ae-distribution up to energy changes AE ̂  2.5 Ae^.the expression 
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f(Ae) o exp(-3/4 Ae2/Ae|), (9) 

where AeT is the typical energy change for comets with perihelion dis
tances and inclinations in the ranges (q, q+Aq) and (i, i+Ai) computed 
as the r.m.s. of their energy changes per perihelion passage. As shown 
in Fig. 7, AeT is strongly dependent on the orbital elements q, i. 
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Figure 7. The typical 
energy change per perihe
lion passage as a function 
of the comets' perihelion 
distance and for six incli^ 
nation ranges: 0<i<30° 
(curve 1) 150°<i<180° 
(curve 6) (Fernandez 1981a). 
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LP comets will random-walk in the energy space until they are fi
nally lost to the interstellar space or to the inner planetary region. 
For a comet of orbital parameters q, i coming from the Oort region 
(e ̂  0), its expected energy e after n perihelion passages will be 

n Ae£(q,i) (10) 

As mentioned before, during the dynamical evolution the other orbital 
elements, such as q and i, are not expected to change significantly as 
long as the comet moves on a long-period orbit. 

An initial population of N0 near-parabolic comets (e -v 0) will be 
dynamically depleted due to diffusion through the boundary e = 0 to po
sitive energies (hyperbolic orbits). Everhart (1976) showed from numeri 
cal experiments that the number N of comets that still remain bound to 
the solar system after n perihelion passages is 

N(n) = Y N O n_1/2- <n> 
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As mentioned, a Gaussian distribution is valid as long as we ne
glect close encounters with the Jovian planets which cause drastic chan
ges in e. To make allowance for close encounters, AeT should be multi
plied by a factor of ^3 (Fernandez 1981a). 

5. HOW MANY COMETS ARE REALLY "NEW"? 

This question is of great significance for our understanding of the dyna 
mical properties of the comet cloud. Numerical experiments carried out ~~ 
by Fernandez (1982) have shown that ^85% of the so-called new comets 
coming into the inner planetary region have passed before by the plane
tary region beyond Jupiter's orbit. We can roughly estimate the fraction 
F of cloud comets with orbital energies 0>ec>eL(^-10"'*Air

1) , passing by 
the planetary region with perihelion distances q, that will return to 
the Oort region (namely with energies 0>e>eL). For this to happen, the 
energy change the comet undergoes after a perihelion passage has to fall 
in the energy range eL-ec< Ae<-ec. By using the distribution function 
of energy changes f(Ae) given by eq. (9), we can readily obtain 

= / Cf(Ae)dAe = \{ erf [/3/4(_^)] + .erf [/3/4 A ^ £ ) ] }, 
c 

er-£ -c -L 

where erf is the error function. 

AeT 
(12) 
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Figure 8. The fraction of cloud comets returning to the Oort region 
(a>10l+AU) after a perihelion passage as a function of the comet's peri
helion distance. Results are for two groups of comets: direct and retro

grade orbits, both assumed to be randomized. 
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The fraction of cloud comets returning to the Oort region has been 
computed separately for comets in: a)direct and b)retrograde orbits. The 
computed values of F are presented in Fig. 8 as a function of the comet 
perihelion distance. We see that a large fraction of the incoming cloud 
comets with perihelia beyond Jupiter will return to the Oort region and 
that F will be greater for comets in retrograde orbits. Even for cloud 
comets coming into the inner planetary region we should expect that 
^5% of them will return to the Oort region, while the fraction will be 
close to unity for the Uranus-Neptune region. 

6. THE DISTRIBUTIONS OF PERIHELION DISTANCES AND INCLINATIONS OF LONG-
PERIOD COMETS 

Let us start considering cloud comets driven into the planetary region 
by stellar perturbations for the first time. It is easy to show that 
such comets will have an uniform q-distribution. For this, let vc be the 
velocity of a cloud comet. For comets deflected into the planetary 
region, v forms a very small angle 0 with the radius vector Sun-comet. 
We have for the transverse comet's velocity 

2 2o2 2GM.q 
v±, = v^6z - 0^ 
T c 7— 

r^ 
hence 

GM 
v 2 e d e = — a dq . (13) 
c .2 

Under the assumption of randomization of the vector vc by stellar pertur 
bations we have 

fa(e) de = i sin e de ^ % de . (14) 
H Z I 

F i n a l l y , by combining e q s . (13) and (14) we g e t t h e q - d i s t r i b u t i o n 

GMg 
f (q) dq = — dq . (15) 

q 2 v 2 r 2 

c 

As v and r are independent of q, the distribution fq turns out to be 
uniform. This is in agreement with the q-distribution observed for dyna 
mically young LP comets (cf. Fig.3). 

Let us now compute the q-distribution for all the LP comets with 
different dynamical ages. For this, let us consider an initial popula
tion of N0 cloud comets passing through the planetary region with peri
helia in the range (q, q+dq). The number of comets surviving dynamical 
ejection will decrease with the number of perihelion passages n follow
ing eq. (11). Through the whole dynamical evolution, the initial populji 
tion of N 0 comets will perform a number of n.j perihelion passages befo_ 
re being ejected or transferred to periodic orbits (T < 200 yr). From 
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Fernandez (1981a) we find 

nT = E l V " 1 / 2 = N o 4 / 2 ' (16) 

n=l 

where n M is the maximum number of perihelion passages a comet avoiding 
ejection can perform that brings it from a near-parabolic orbit to a 
periodic one. For comets random-walking in the energy space e, the num
ber of passages iv, required to pass from an energy £,-,̂0 to an energy 
ep^-0.03 AU-T (corresponding to an orbital period P - 200 yr) is 

=
 (£P " £ ° } \ j L . (17) 

By s u b s t i t u t i n g eq . (17) i n t o eq. (16) we f i n a l l y ob ta in 

^ *> N
0 JP. . (18) 

AErr, 

Since a population of LP comets is made up of comets with different 
dynamical ages, the longer their dynamical lifetime nT, the larger their 
number (thus, the influx rate Njjp) considering those LP comets with in 
clinations in the range (i, i+di) passing perihelion in the range 
(q, q+dq). Thus we have 

NL p a r^ a Ae"
1 . (19) 

Since Ae.p decreases with increasing q, the influx rate NLP will increase 
as we go farther away in the planetary region (Fig.9). The results are 
very impressive: we should expect the influx rate of LP comets to be 
about two orders of magnitude greater in the outer planetary region than 
in the region of the terrestrial planets. A previous numerical study by 
Fernandez (1982) led to a similar result. As Fig. 9 shows, for Saturn's 
zone the influx rate of LP comets should be about one order of magnitude 
greater than for the inner planetary region. Analyses of the cratering 
rate for outer solar system bodies should take into consideration such 
an increase in the flux of LP comets. In this respect, a recent study 
by Zimbelman (1984) incorporating this effect leads to rather similar 
crater production rates from LP comets throughout the planetary region. 

We should note that physical decay will limit the lifetime of LP 
comets in the inner planetary region well below their dynamical lifetime 
given by n^. Obviously, the smaller q, the smaller the number of revolu
tions a comet can perform before physical decay which results in a 
decreasing number of observed LP comets as we approach the Sun (Fig. 3). 

The i-distribution of LP comets should also be affected by planet
ary perturbations. A greater fraction of cloud comets in retrograde 
orbits passing through the outer planetary region will return to the 
Oort region as compared to those in direct orbits. This effect will be 
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T 

61 

q ( AU ) 
Figure 9. The computed influx rate of LP comets per unit of q as a 
function of the comet's perihelion distance. The ordinate values have 
been normalized to an influx rate of 10 LP comets per year per AU in the 
inner planetary region. 

more pronounced in the Jupiter-Uranus region (see Fig. 8). Therefore, 
more cloud comets in retrograde orbits will have a chance to pass again 
through the planetary region, and some of them will cross Jupiter's 
orbit because of the diffusion of their perihelia by stellar perturba
tions (Fernandez 1981b). We should bear in mind that a typical cloud 
comet with a=2.5xlOi*AU will experience an average change of Aq^5 AU in a 
revolution (Fernandez 1980). Presumably, comets passing beyond Jupiter 
are not strongly depleted of their volatiles so we might expect them to 
show up very active when passing through the inner planetary region. The 
observed strong excess of retrograde orbits for dynamically young comets 
with q>2 AU (Fig. 2) can thus be explained in terms of the greater sur
vival rate of cloud comets in retrograde orbits passing by the outer 
planetary region. 

The strong excess of retrograde orbits observed for q>2 AU will 
tend to disappear for smaller perihelion distances following the greater 
variation of i that accompanies a drastic reduction of q by stellar per
turbations. In addition to this dynamical effect, the author (Fernandez 
1981b) has shown that selection effects may favor the discovery of LP 
comets in prograde orbits for the range l<q^2 AU. This may explain the 
apparent conflict with Delsemme's conclusion that a predominance of pro-
grade orbits is present among "new" comets (see his presentation in this 
book). Thus, Delsemme has drawn his conclusion from the sample of obser
ved "new" comets with well determined original orbits, the overwhelming 
majority of which have q<2 AU (cf. Marsden et al. (1978) catalogue). 
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7. COMET ORIGIN AS A BYPRODUCT OF THE FORMATION OF THE JOVIAN PLANETS 

Our review of the action of stellar and planetary perturbations on cloud 
comets will allow us to analyze further the primordial theory of comet 
formation. Oort (1950) proposed that comets formed in the asteroid belt. 
However, by noting the icy nature of comets and because of dynamical 
considerations, Kuiper (1951) suggested that the region close to Neptu
ne's orbit was a more suitable place for comet formation. From the study 
of the accretion of the Jovian planets, Safronov (1969, 1972) concluded 
that they could have reached their present masses only at the expense of 
ejecting large amounts of residual matter. This is specially applicable 
to the cases of Uranus and Neptune for which the accretion of solid 
bodies played a much greater role than in the hydrogen-dominated Jupiter 
and Saturn. Numerical experiments carried out by Fernandez and Ip (1981) 
confirm that a large amount of matter of perhaps several tens of M^ is 
ejected during the late stage of formation of Uranus and Neptune. We 
can give a simple explanation of why this should happen: as proto-Uranus 
and proto-Neptune grew they started to stir up planetesimals of their 
accretion zones until their encounter velocities reached values of U > 
/2-1 (with respect to the circular velocity of the protoplanet). At this 
point, collision (accretion) with the protoplanet virtually becomes to a 
halt because ejection becomes a much more probable event (Weidenschilling 
1975). 

Comets random-walking in the energy space will finally be ejected 
unless stellar perturbations can remove their perihelia from the plane
tary region. For this to happen it is required that such comets pass by 
the Oort region (energies e,<e<0). Since the typical step in the random-
walk is AeT, we can see from Fig. 7 that bodies under the gravitational 
control of Neptune will have a very smooth orbital diffusion with a 
large probability of passing by the Oort region since AeT<<|eT |. By con
trast, bodies under the gravitational control of Jupiter and Saturn are 
subjected to much stronger perturbations with Aem>>|eT|, so that in the 
diffusion process such bodies will probably overshoot the Oort region. 
The ratios of comets placed into the Oort region to those ejected on 
hyperbolic orbits, as derived by Fernandez and Ip (1981) from numerical 
experiments, are shown in TABLE I. As expected, the ratio turns out to 
be greater for bodies under the gravitational control of Neptune and 
lower for Jupiter's. 

TABLE I 

Ratio of comets placed into the Oort region 
to those ejected on hyperbolic orbits 

Jupiter 0.03 ± 0.01 
Saturn 0.16 ± 0.04 
Uranus 1.30 ± 0.50 
Neptune 2.60 ± 0.70 
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Uranus' contribution to the comet cloud was partially hindered be
cause a large part of the residual material of its accretion zone fell 
under the gravitational control of Jupiter which finally ejected the b£ 
dies. This can be understood in terms of probabilities of ejection and 
transfer to the influence zone of an inner Jovian planet. A body of 
Uranus' region requires a relative velocity U = 0.35 to be able to reach 
Jupiter's influence zone. This means that before the body gets a veloci^ 
ty U > /2-1 for ejection to be possible, it will probably fall under the 
gravitational control of Jupiter (Fernandez and Ip 1984). However, for 
a body of Neptune's region the relative velocity required for transfer 
to Jupiter's region is U = 0.46 which is larger than the velocity requi^ 
red for getting a near-parabolic orbit. Therefore, before falling under 
Jupiter's control the body can reach the Oort region. 

For bodies scattered by a Jovian planet we can roughly estimate 
their timescale for ejection or for reaching the Oort region. In the 
diffusion process a body will move throughout the energy range: e-̂  - eQ, 
where £0 is its starting energy. e0 will be of the order of - 0.1 AU

-1 

for Jupiter's controlled bodies in starting low eccentricity orbits and 
"v< -3xlO~2AU-1 for Neptune's. The probability that the body falls in a 
certain energy range (e, £+de) during its orbital diffusion will be 

f (e) de = - ^ — -x. A - . (20) 
eL_e

0 K J 
The time t that will take the comet to reach the Oort region (or to be 

,. ,oc . 
ejected) is given by 

"M 
t = E T , 
oc n = 1 n 

eo 
where nM = —=• is the average number of steps to cover the energy range 

tion"n. The average revolution period T is defined as 
e-r-e and A eT T n is the comet's revolution period during the revolu-

T 
/ M T f (T) dT 

T l 

m 
_ 

M 

T/ fT(T) dT 
m 

(21) 

where T = |e|-3/2 and fT is the probability distribution of T. The maxi
mum and minimum periods T M and Tm correspond to the orbital energies eL 

and e , respectively. 
from eq. (20) we obtain: fT(T) = C T~5/3, C being a normalizing 

factor. By introducing this relation into eq. (21) we get 

T = 2 T V 3 T2/3 = 2 leJ"1/2 |e I"1 . (22) 
M m L' o 
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The time t can then be approximated by 

2 |e 1-1/2 

t o c » ̂  T = ° " years, (23) 

Ae£ 

which is appropriate for bodies of Uranus' and Neptune's region. Given 
the large steps As™ of bodies scattered by Jupiter and Saturn, rather 
than TM=|ET|~ '

2 as defining the maximum revolution period, we should 
use Tjj=Aem™'2 as a more adequate value for the comet's orbital period 
previous to ejection. With this modification, eq. (23) becomes 

2 |e | 
t * ° (23') 
°C A.5/2 

suitable for bodies of Jupiter and Saturn regions. 

TABLE II 

Time scale for reaching the Oort region (yr) 

Jupiter 2.3 x 105 

Saturn 1.0 x 107 

Uranus 6.0 x 108 

Neptune 1.3 x 109 

Computed time scales toc are shown in TABLE II for the four giant 
planets. The values of Ae^ used in eqs. (23) and (23') have been multi
plied by a factor of three (see Section 4) to make allowance for close 
encounters that very probably will occur during the multiple perihelion 
passages of the bodies. The computed times of TABLE II are in rather 
good agreement with those found by Ip (1977) using a Monte Carlo proce
dure. As seen, for bodies of Neptune's region toc is very long which 
suggests a slow buildup of the comet cloud (Fernandez and Ip 1981). 
Therefore, the formation of planets and oomets would have been coeval 
although the buildup of the comet cloud would have occurred later on in 
the history of the solar system. Furthermore, the long dynamical time 
scale toc for bodies under the gravitational control of Neptune suggests 
that a tail of more dynamically stable bodies remains bound to its influ 
ence zone forming a flat structure we can call the "cometary belt" (Fer
nandez and Ip 1983). 

The previous discussion suggests that two comet populations with 
different dynamical histories might reach the inner planetary region: 
1) The so-called "new" comets on near-parabolic orbits. They are comets 
that got diffused to the Oort region where they were perturbed by passing 
stars and GMCs. 2) The "belt" comets coming from the above-discussed 
tail of bodies with long dynamical time scales. Comets with a smaller 
than a few 103AU would have kept their primordial concentration towards 
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Figure 10. Hypothetical space distribution of comets bound to the solar 
system. A comet origin in the Uranus-Neptune region is assumed. The 
arrows indicate the sense of scattering of the residual bodies. "Evolved 
comets" would correspond to those derived from the Oort cloud whose semi^ 
major axes have been shortened by planetary perturbations. 

the ecliptic plane. 
According to what was discussed before, we may speculate that the 

i-distribution of near-parabolic comets reaching the outer planetary 
region presents an excess of retrograde orbits following the discussion 
of Section 6. In addition, there might be an excess of small-i comets 
from the contribution of belt comets. We might presume that the large 
number of observed short-period comets - not well understood as a capture 
process of near-parabolic comets (Joss 1973, Fernandez and Ip 1983) -
might be explained as an inward diffusion of low-i belt comets by pertur 
bations of the Jovian planets. At the beginnings of the solar system, 
such population of belt comets might have been several orders of magni
tude greater and contributed to the heavy bombardment of the terrestrial 
planets (Wetherill 1975, Fernandez and Ip 1983). Figure 10 sums up our 
view of the current comet structure under the assumption of comet form
ation in the region of Uranus and Neptune. 
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8. CONCLUDING REMARKS 

Several pieces of evidence point to the presence of a large comet reser
voir surrounding the solar system up to distances of several lO^AU. Mem
bers of this reservoir evolve under the perturbing action of passing 
stars, sporadic encounters with GMCs and perturbations from the Galaxy 
itself. The ultimate fate of most cloud comets will be ejection to the 
interstellar space. A critical point of the discussion is how stable is 
the comet cloud against the disrupting forces of stars and GMCs over the 
age of the solar system. Supporters of an interstellar origin argue that 
a loose comet cloud would be dynamically unstable mainly due to catastr£ 
phic encounters with GMCs. Given the uncertainties of the parameters 
characterizing GMCs, this assertion may be too premature. As discussed, 
GMCs might have played an important role in the perturbation of the comet 
cloud although they do not seem to change dramatically the conclusions 
already reached with the exclusive consideration of stellar perturba
tions. 

The idea of a comet origin in the planetary region is attractive 
because it fits current cosmogonic ideas that the Jovian planets would 
have formed at the expense of ejecting large amounts of residual mate
rial. The objection that a comet cloud would have been lost over the 
solar system age is weakened further by considering the long time scales 
of bodies scattered by Neptune to reach the Oort region. We should also 
note that a primordial comet origin would not necessarily lead to a 
loose comet cloud which has been the target of criticisms by supporters 
of the interstellar origin theory. Instead, a more tightly bound comet 
cloud may well be the outcome of the combined action of planetary and 
stellar perturbations on comets scattered from the Uranus-Neptune region. 
The energy range in which comets were stored should mainly depend on the 
field of extra solar system objects during the buildup of the comet 
cloud. 

Finally, we shall mention several lines of research that may help 
to put further constraints on theories of formation of the comet cloud: 

1) A better knowledge of the structure, mass and frequency of 
encounters with GMCs is required to assess their impact on the survival 
of the comet cloud. 

2) A better estimate of the average comet mass and influx rate of 
cloud comets will allow us to set more precise limits on the total mass 
of the comet cloud. Hence an estimate of the mass removed by the outer 
planets will be possible under the assumption of a comet origin in the 
planetary region. The derived amount of material removed from the outer 
planetary region can then be compared to that expected on cosmogonic 
grounds. 

3) Better statistics of comet orbits with large q will permit to 
check several theoretical forecasts, such as the excess of retrograde 
orbits among LP comets and the overall increase in the number of LP 
comets with increasing q beyond Jupiter. 

4) The distribution of the perihelion points of LP comets do not 
show a preference for the ecliptic plane. However, comets formed in the 
planetary region should have had low-inclination orbits, whereby their 
perihelia should have been concentrated toward the ecliptic plane. We 
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may presume that the cometary perihelia "lost memory" of their primordial 
locations through the combined perturbing action of passing stars, GMCs 
and the planets. This still needs to be proved by numerical or analytical 
studies. 

5) The deviation from randomness of the directions of the perihelia 
of LP comets needs to be further analyzed once a better comet sample in 
the southern hemisphere is available, in particular, to prove or disprove 
the alledged relationship with the solar apex. 
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DISCUSSION 

S. Yabushita: You say the excess of retrograde orbits is real. But by 
stellar encounters, direct orbits can be converted into retrograde orbits 
and viceversa. 

J. A. Fernandez: That will only occur after a long dynamical time scale 
provided q is not very small. A typical Oort cloud comet of, say q ^ 
10 AU and a ̂  2.5x10 AU, will experience an average inclination change 
of only ^159 after an orbital revolution (see Fernandez 1981b). 

R. Lllst: In a sample of 89 comets with semimajor axes > 10 AU (original 
values from the Marsden-Sekanina-Everhart catalogue) we counted 46 comets 
with direct and 43 with retrograde orbits. Could you comment on your 
sample?. 

J. A. Fernandez: Your sample contains a large fraction of comets with 
small perihelion distances. Comets getting very small q (<1 AU) will 
very probably be randomized by stellar perturbations. For 1«1<2 AU selec 
tion effects may favor the discovery of comets in prograde orbits. The 
excess of retrograde orbits should show up for LP comets with rather 
large perihelion distances, say q > 2 AU. It is just for this sample 
that I have found about 60% of retrograde orbits. 

P. Farinella: Dr. Greenberg's study on the origin of comets was based 
on the assumption of a 10% efficiency of Uranus and Neptune in ejecting 
proto-comets into the Oort cloud. Do you agree with this estimate?. 

J. A. Fernandez: I think this gives the correct order of magnitude, even 
though we should bear in mind that Neptune's efficiency is much greater 
than Uranus'. 
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