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ABSTRACT. The observed frequency of passages of Earth-crossing long-period (LP) comets 
(P > 200 yr) is about three per year for comets brighter than absolute magnitude H10 ~ 
10.5. About one out of six LP comets is estimated to be new, i.e., making its first passage 
through the inner planetary region. The sample of observed LP comets shows an excess of 
retrograde orbits that may be accounted for by the shorter dynamical lifetimes of comets 
on direct orbits due to planetary perturbations. The original semimajor axes of new comets 
concentrate in the range 7 X 103 ~ aOTig ~ 4 X 104 AU, which tells us about the region of the 
Oort cloud where forces other than planetary perturbations act with the greatest efficiency. 
Yet the distribution of original semimajor axes cannot tell us anything about the existence 
of a dense inner core of the Oort cloud. Besides planetary perturbations, passing stars, 
molecular clouds and the galactic tidal force also influence the dynamical evolution of Oort 
cloud comets. The observed distribution of the aphelion points of near-parabolic comets 
shows such a dependence on the galactic latitude. Molecular clouds and stars penetrating 
very deeply in the Oort cloud are found to give rise to major enhancements in the influx 
rate of new comets, known as comet showers, at average intervals of a few 107 yr. 

An important issue to solve concerns how the frequency of comet passages varies with 
time, in particular as regards to the current level of comet appearances. Should we be 
passing through a highly intense phase, most aphelia of the incoming Oort comets would 
concentrate on the sky area where the strong perturber exerted its greatest effect. By 
contrast, the observed galactic latitude dependence of the aphelia suggests a dominant 
influence of the vertical galactic tidal force as compared with random strong perturbers. 
This seems to indicate that the frequency of comet passages is currently at, or near, its 
quiescent level. Whether intense comet showers are reflected in the impact cratering record 
is still a debatable issue. A periodicity of ~ 26-30 Myr in the impact cratering rate is quite 
uncertain, owing to the small size of the sample of well-dated craters and the noise from 
background impact craters from asteroids. 

The family of short-period (SP) comets (orbital periods P < 20 yr) has long been 
regarded as the dynamical end-state of new comets on low-inclination orbits captured by 
Jupiter. However, if SP comets came from a spherical population of comets (e.g., incoming 
new comets), we should expect to find a percentage of them on retrograde orbits, which 
contradicts the observations. An alternative hypothesis for the origin of most SP comets is 
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that they come from a trans-Neptunian comet belt. Extensive searches aimed at detecting 
faint slow-moving objects are required to assess the size of the comet population in the 
outer planetary region. Modeling of the transfer rate of comets from an outer belt to SP 
orbits gives transient populations between Saturn and Neptune on the order of 106 — 107 

bodies. This is roughly comparable to the upper limit set by the most recent searches of 
outer solar system bodies. 

The impact crater production rate of comets, at the present time, can be estimated to 
be on the order of 10% of the value corresponding to asteroidal impacts. These estimates, 
however, are subject to large uncertainties in the brightness-mass relation of comets and 
crater scaling law. The Earth could have received about 2 X 102° g of cometary material 
over the last 4 billion years — if the injection rate of new comets remained constant in the 
time interval. Within the context of H2O inventory, the cometary influx should have rather 
minor effects. On the other hand, because of the paucity of H2O content in the atmospheres 
of Venus and Mars, cometary impact could strongly modulate their water contents. 

1. The Discovery Rate and Intrinsic Frequency of Passages 
of Long-Period Comets. 

Comets coming to the vicinity of the Sun have quite different orbital periods, which 
reflect different dynamical ages. We will first analyze the so-called long-period (LP) comets 
with orbital periods P> 200 yr. There are 644 LP comets that have been observed up 
to the end of 1988. Among them, there is a special group of sun-grazers, known as the 
Kreutz family, that probably come from a single parent comet tidally disrupted by the Sun. 
The Kreutz family currently has 24 known members, among which 16 were discovered by 
the coronographs on board the SOLW1ND and Solar Maximum Mission satellites, (see a 
review by Marsden 1990 and IAU Ciruculars 4793, 4815 and 4884 for the recently discovered 
comets SMM8, SMM9 and SMM10, respectively.) 

Most LP comets are repeating passages through the inner planetary region. Yet, a 
fraction of about 15% may be coming for the first time from distant locations in the Oort 
cloud, judging by their very large original semimajor axes aorig ~ 104 AU (i.e., their values 
of a before being perturbed by the planets), corresponding to orbital periods P ~ 106 yr 
(see below). Oort (1950) called them "new" comets. Unfortunately, the original semimajor 
axes of many observed LP comets are unknown due to the scarcity of good astrometric 
measurements. The best determinations of aorig for a rather large sample of LP comets 
have been performed mainly by Marsden and Everhart (Marsden et al. 1978, Everhart and 
Marsden 1983, 1987). 

The discovery rate of Earth-crossing LP comets has remained nearly constant since 
the middle of the last century, with the exception of a small period between the two World 
Wars in which it dropped significantly, perhaps due to the scarcity of dedicated observers. 
This suggests to us that the discovery rate of LP comets with perihelion distances q < 1 AU 
is at present close to completeness. By contrast, the discovery rate of LP comets with q > 1 
AU has been increasing for the last few decades, as a result of the use of Schmidt plates by 
professional astronomers (Fig. 1). Kresak and Pittich (1978) estimate that about 60% of 
all the LP comets crossing Earth's orbit are currently being discovered, with the rest being 
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Fig. 1: The discovery rate of LP comets for the period 1788-1988, considering: (1) all the perihe
lion distances (dashed histogram), and (2) only LP comets on Earth-crossing orbits (solid 
histogram). 

missed due to unfavorable observing geometries rather than to faintness. This is shown, for 
instance, by the Holetschek effect, by which LP comets passing perihelion when the Earth 
is on the opposite side of the Sun are less likely to be discovered (see also Everhart 1967). 

By making allowance for missed comets, we can estimate the rate of passages of LP 
comets brighter than Hio ~ 10.5 in Earth-crossing orbits to be about 3 y r - 1 . From the list 
of LP comets with q < 1 AU observed since 1850, we find that 15 are new (aorlfl > 104 AU) 
and 74 evolved (oor,-9 < 104 AU). There are another 113 LP comets with indeterminate o0„9 

and the members of the Kreutz family that can be considered as a single comet. Among 
LP comets with determined aor;s, we find a ratio between the influx rates of evolved and 
new comets of AEVOL/IINEW — 5. Assuming this ratio to be applicable to all the sample of 
Earth-crossing LP comets and that ALP = ANEW + AEVOLI we obtain ANEW — 6nLP> which 

gives 

nNEw(l < 1) ~ 1 new comet every 2 yr. 

Taking into consideration that the distribution of perihelion distances of new comets may be 
rather uniform up to Jupiter's distance and that farther away it steadily increases, following 
the decrease of planetary perturbations (see Section 3), we derive a rate of passages of new 
comets with q < 15 AU of about 15 y r - 1 . Within the sphere of 15 AU radius centered 
on the Sun, planetary perturbations are strong enough to remove a significant fraction of 
comets from the Oort cloud. 
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Everhart (1967) found that about 8000 LP comets with q < 4 AU reached perihelion '. 
in the previous 127 yr. It is difficult to derive how many of them would correspond to new i 
comets, since the ratio riEvoL/nNEW should increase for q > 1 AU, as comets may have 
much longer physical lifetimes. Nevertheless, a rough estimate would give about 1 to 2 
new comets with q < 1 AU per year, i.e., 2 to 4 times greater than our estimate. We note 
that while we made a more or less straightforward determination, Everhart worked with ; 
discovery probability functions. From the study of LP comets that approached the Earth '' 
to within 0.2 AU in the last 300 yr, Kresak and Pittich (1978) derived a rate of 25 LP 
comets that annually penetrate Jupiter's region. This is about 1/3 of Everhart's result and 
is in a reasonable agreement with ours. 

The above-mentioned results of frequency of comet passages refer to comets brighter 
than absolute magnitude # 1 0 ~ 10.5. A lack of fainter LP comets was noted by Kresak 
(1978) from the analysis of LP comets that approached the Earth in the last 300 yr. Indeed, 
Everhart (1967) already noted a change in the slope of the intrinsic distribution of absolute 
magnitudes at Hi0 ~ 6 and it becomes very uncertain at Hw ~ 10.5. His results tend to 
suggest a progressive lag in the number of LP comets fainter than Hxo ~ 6 with respect 
to that expected from a simple extrapolation of the magnitude distribution of LP comets 
brighter than Hw ~ 6 (see also Hughes 1987). Sekanina and Yeomans (1984) have also 
analyzed the instances of passages of LP comets within 2500 Earth radii during the last 
300 yr. They also find a lack of LP comets fainter than Hio ~ 11 among the Earth-
approachers. They present two possible solutions for the intrinsic differential distribution 
of absolute magnitudes, which are reproduced in Fig. 2 together with the one proposed by 
Everhart (1967). Both their solutions suggest a sharp downturn at HXQ ~ 8 to 10. 
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Fig. 2: Intrinsic differential distribution of absolute magnitudes of LP comets with some possible 
extrapolations for the fainter branch: (1) Everhart's (1967) solution, and (2) two possible ex
trapolations by Sekanina and Yeomans (1984) consistent with their derived rate of collisions 
of comets with the Earth (after Sekanina and Yeomans 1984). 
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The knowledge of the rate of passages of new comets is fundamental to assess the 
comet inventory of the Oort cloud. This problem has been addressed here, at least con
cerning the "detectable" LP comets brighter than Hio ~ 10.5. Some crucial questions 
remain open, such as, for instance: (1) Is there really a cutoff in the frequency of comet 
passages at Hio ~ 10.5? (2) Should this cutoff reflect an intrinsic property of the mass 
distribution of Oort cloud comets wherein smaller bodies are scarce for some unknown cos-
mogonic reason? (3) Or else do small comets exist in the Oort cloud, but disintegrate very 
quickly by interaction with the solar radiation, thus making their detection very difficult? 
If this were the case, we should further ask how significant the mass contribution of small 
comets is to the mass inventory of the Oort cloud. 

2. Perturbing Forces Acting on Comets 

A comet orbiting the Sun is subject to a set of perturbing forces that continuously 
change its osculating (instantaneous) orbital elements. When the comet passes through the 
planetary region, the equation of motion can be expressed as 

f =GM@^ + sjR + Jr + Jt + Jn, ( la) 

with the planetary disturbing function 

R = GZmi(±-XX> + ™ + ZZi) (lb) 

where G is the gravitational constant and M@ the Sun's mass, m; is the planetary masses, 
r and r,- are the heliocentric positions of the comet and the planets, respectively, d; is 
the planet-comet distances, and (x,y,z) and (x{,yi,Zi) are the heliocentric coordinates of 
the comet and the planets, respectively. Finally, Jr,Jt> and Jn are the radial, tangential 
and normal components of the nongravitational (jet) accelerations, respectively. Equation 
(1) allows us to compute the original semimajor axes of LP comets with respect to the 
barycenter of the solar system. At distances r ~ 100 AU, planets may be considered no 
longer able to perturb the comet's orbit. 

Far from the Sun, say, at distances r ~ af ewW3 AU, passing stars, molecular clouds 
and galactic tides start to have some influence on the dynamical evolution of comets. 

We shall now briefly discuss the perturbing forces mentioned above. 

2.1. P L A N E T S 

When comets enter into the planetary region, they are perturbed by the planets. 
The angular orbital elements (inclination i, argument of perihelion w and longitude of the 
ascending node ft), and the perihelion distance q of comets on near-parabolic orbits experi
ence only minor changes. By contrast, the orbital energy E or the reciprocal semimajor axis 
(1/a) — as it is sometimes taken instead, since E oc — 1/a — can change drastically because 
AE is usually on the order of, or even larger than, E. A review on the effects of planetary 
perturbations on comet orbits has been presented elsewhere (Fernandez and Jockers 1983). 
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Some previous works relevant to this subject are those by van Woerkom (1948), those by 
Bilo and van de Hulst (1960) and computational applications by Everhart (1968,1976). 

Comets in retrograde orbits meet the planets at larger relative velocities than those in 
direct orbits, so that the former ones will, on the average, be less perturbed. Let AER and 
AED be the typical energy changes after one perihelion passage for a comet in retrograde 
orbit and one in direct orbit, respectively. In general, we have AER < AED- Through 
successive perihelion passages, comets will random walk in the energy space so that they 
will evolve from an initial orbital energy £; ~ 0 (corresponding to a near-parabolic orbit) 
to a final energy Ef (for instance, corresponding to a periodic comet), after an average 
number of revolutions 

AnR ~ {ESIAER)2 (2a) 

AnD ~ {E}IAED)2 (2b) 

Since AER is about three times smaller than AED (Fernandez 1981a), we obtain UR ~ 
10ra£>. We should note that most comets will be ejected to interstellar space during 
their random walk in the energy space from Ei to Ej. In fact, from an initial population 
of N0 comets on near-parabolic orbits, the number N(n) still gravitationally bound to the 
solar system after n perihelion passages is (Everhart 1976) 

N{n) ~ ^Non-1'2 (3) 

2.2. NONGRAVITATIONAL F O R C E S 

Nongravitational forces arise from the rocket reaction produced by the sublimating 
gases of the comet nucleus, as first pointed out by Whipple (1950). A non-rotating nucleus 
would only give a radial component Jr. Yet, in a more realistic situation of a rotating 
nucleus, thermal inertia will cause the region of maximum outgassing to shift towards the 
nucleus "afternoon" by a certain lag angle A, giving rise to additional transverse and normal 
components, Jt and Jn. From numerical integrations of orbits of observed periodic comets, 
Marsden et al. (1973) found negligible values for the averaged normal component Jn. 

The main nongravitational effect that can be detected in a periodic comet observed 
at previous apparitions is a delay or advance in the time of perihelion passage, with respect 
to that derived from purely gravitational methods, which reflects a change A P in its orbital 
period P. For instance, for the last few apparitions, P/Halley has arrived at its perihelion 
with an average delay of A P = 4.1 days. By using Gauss's equations, Rjckman (1986) 
derives for A P the expression 

. „ 6TT F ( e sin / „ a\/\ — e2 , \ , 

0 N ' 

where T? is the mean motion, e the eccentricity and-f the true anomaly 
transverse components of the rocket force (per unit mass) are given by 

(4) 

The radial and 
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Jr = (vMc/Mc, (5a) 

Jt = ±(v sin \MC/MC, (5b) 

where Mc is the loss rate of subliming volatiles, Mc the mass of the comet nucleus, v the 
mean molecular speed, and ( < l a , correction factor that takes into account the spread of 
the outflowing molecules. The plus or minus sign is used in Eq. (5b) depending on whether 
the nucleus rotation is prograde or retrograde. 

Rickman (1986) has used this formulation to derive nuclear masses for P/Halley and 
P/Kopff. 

The standard view (Whipple 1950) was that nongravitational forces arise from the 
transverse component Jt due to a rotationally induced thermal lag. This would be the 
case for a comet with a symmetric lightcurve (with respect to perihelion), with the result 
that the first term of Eq. (4), integrated over the whole orbital period P, would vanish. 
The only term that would remain in this case would be the one containing Jt. Yet most 
comet lightcurves (outgassing) are moderately or highly asymmetric, so the integral of 
the term containing JT will no longer vanish. Indeed, it can be much greater than the 
integral of the term containing Jt- The probable dominant influence of asymmetries in 
comet lightcurves on nongravitational effects was noted by Rickman (1986) and recently 
developed by Yeomans and Chodas (1989) and Festou et al. (1990). 

2.3. R A N D O M STARS 

Comets in the Oort cloud are perturbed by passing stars. The effect of stellar per
turbations on comets was addressed by Fesenkov (1922) and independently developed by 
Opik (1932) and Oort (1950). More recent work on this topic has been done by Rickman 
(1976), Weissman (1980a), Fernandez (1980a) and Bailey (1983). 

Let us evaluate the magnitude of a star's perturbation on a comet of semimajor axis 
a situated at a time-average heliocentric distance r = 1.5a. The comet's orbital velocity 
thus becomes 

vl = GM@/3a. (6) 

A passing star of mass M and relative velocity V will impart an impulsive change in 
vc given by 

At; = Avc - AvQ (7) 

where Avc and AVQ are the impulses received by the comet and the Sun from the passing 
star, respectively. They are given by 

Avc = KD/D2 (8a) 

Av& = KD@/Dl (8b) 
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where K = 2GM/V, and D and DQ are the distances of closest approach to the comet and 
the Sun, respectively. 

For the case of a star coming very close to the Sun, we have DQ « D and, in general, 
DQ << a. Thus, Eq. (7) can be approximated by 

|Av| ~ K/DQ (9a) 

When the star comes very close to the comet, we have instead D « DQ, which leads 
to 

|Av| ~ KID. (9b) 

For distant encounters, D and DQ become nearly parallel, so that Eq. (7) reduces to 

r, r cos /9 

w \w\ - -fc'-^r1' (10) 

with j3 being the angle between DQ and r. 
During an orbital revolution of period P = a3/2 years, a comet will be perturbed by 

many stars. Let S{DQ)<IDQ = 2n0DQdDQ be the rate of stellar passages at distances of 
closest approach to the Sun in the range (DQ, DQ + (i-D©). n0 is the stellar flux in the Sun's 
neighborhood of about 7 stars Myr - 1 passing through a circle of 1-pc radius for an average 
encounter velocity with the Sun of V = 30 km sec - 1 . The cumulative change in the orbital 
velocity of the comet during P, Av», will be expressed as (Fernandez and Ip, 1987) 

Avl = K2P J DQ2s(D@)dD@ + r2 cos2 /J J DQ4s(D@)dDQ , 

Dm DL 

~ 2K2Pn0 [ln(DL/Dm) + l/6(f/DL)*\ . (11) 

Dm = {2n0P)~1l'2 is the minimum distance of closest approach of a passing star expected 
during P. DM is the maximum distance of a passing star that may have some dynamical 
influence. It can be taken as infinity without much error. DL is a somewhat arbitrary 
boundary separating the regimes in which approximations (9a) and (10) apply. We have 
usually taken values between r and 2r giving differences of not more than 30% (Fernandez 
1980a). Finally, we have adopted an average value of < cos2/3 > = 1/3. 

2.4. MOLECULAR CLOUDS 

The importance of interstellar molecular clouds as major perturbers of the Oort cloud 
was first addressed by Biermann (1978). Afterwards, Napier and Clube (1979) and Napier 
and Staniucha (1982) argued that such encounters would be able to disrupt the Oort cloud. 
The dynamical effects of encounters with molecular clouds on Oort cloud comets were later 
elaborated in more detail by Bailey (1983) and Hut and Tremaine (1985). 
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Let us consider a penetrating encounter of the Sun with a molecular cloud, assumed 
to be spherical of uniform density, radius Rci and mass Mci. The impulsive change in the 
velocity of a comet at a distance r to the Sun is (Biermann 1978) 

2GMcl r 
Avd = rx 1 - (1 - 1 - ) 3 / 2 sin 0, (12) 

where vci ~ 20 km s _ 1 is the typical encounter velocity with molecular clouds, b the 
impact parameter, and 6 the angle between Fand vc{. 

Hut and Tremaine (1985) argue that the energy change obtained from the impulse 
approximation of Eq. (12) could be overestimated when the encounter time is large com
pared with the orbital period of the comet, in other words, when the quantity ^-p ~ 1. 
This may be the case when the Sun encounters giant molecular clouds (GMCs) with radius 
Rci ~ 20 pc (we further assume Rci ~ b). Yet, these authors suggest that a certain degree of 
dumpiness present in the interior of GMCs might counteract somewhat the previous effect 
in such a way that Eq. (12) could still give reasonable results. 

There is no precise answer yet on how frequently there are penetrating encounters of 
the solar system by molecular clouds. We should first note that there is a broad spectrum 
of molecular cloud sizes. The most devastating effects will occur when the solar system 
encounters a GMC, typically of a mass Mci ~ 5 X 105M@ and radius Rci ~ 20 pc. Bailey 
(1983) estimates the number of such encounters to be in the range of 1 to 10 during the 
solar system lifetime (see also Torbett 1986). This is in good agreement with the value of 9 
penetrating encounters with clouds of densities above 103.ff2-molecules c m - 3 at encounter 
velocities of vci ~ 20 km sec - 1 quoted by Talbot and Newman (1977). Penetrating encoun
ters with intermediate-size molecular clouds, with masses of a few lO3iolO4M0, will be more 
frequent, although less dramatic. The number density of these clouds may be about two 
orders of magnitude greater than that of GMCs (Drapatz and Zinnecker 1984), so that a 
penetrating encounter of the solar system with an intermediate-size molecular cloud might 
occur at average intervals of several 107 yr. 

2.5. GALACTIC TIDAL F O R C E S 

It has long been recognized that tides from the Galaxy may have a significant influence 
on the shape and extent of the Oort cloud. The simplest assumption to evaluate the 
dynamical effects of galactic tides is to consider that all the mass of the Galaxy, Ma = 
1.3 x 10nM©, is concentrated at its center (e.g., Chebotarev 1966). The Sun, orbiting the 
galactic nucleus at a distance of TQ = 8.2 kpc, will be surrounded by a region within which 
orbits will be dynamically stable against galactic tides. The outer boundary of this region 
will be defined by the condition that the relative velocity of a test particle with respect to 
the Sun becomes zero. The radius of this zero-velocity surface will be given by 

rt=\3MG') ^ ^ 2 0 0 , 0 0 0 ^ 1 7 . (13) 

A more realistic model of the Galaxy was assumed by Antonov and Latyshev (1972), 
in which the galactic potential was expressed as 
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VG = --{ax2+1z\ (14) 

where the x-axis is the radial direction directed away from the galactic nucleus and the 
z-axis is perpendicular to the galactic plane, a — 4A(A — B), A — 15 k m s - 1 kpc - 1 and B = 
- 10 k m s - 1 kpc - 1 are the Oort constants describing galactic rotation, and 7 = —2irGpdisk, 
with pdisk - 0.185M©pc~3 (Bahcall 1984) being the density of the galactic disk. In essence, 
the first term of Eq. (14), describes the potential of the galactic nucleus, whereas the second 
term describes the potential of the galactic disk. 

By applying Eq. (14), Antonov and Latyshev (1972) obtained a zero-velocity surface 
resembling a triaxial ellipsoid of semiaxes 

x = 293 X 103Atl 

y = 196 x W3AU 

z = 152 x WZAU 

The z-axis turns out to be the shortest one (i.e., the shortest dynamical stability 
range along z), which reflects the predominance of the galactic disk potential with respect 
to the potential of the galactic nucleus. Later numerical experiments by Smoluchowski and 
Torbett (1984) tend to confirm the previous results. The effect of the galactic disk potential 
on the dynamical evolution of Oort cloud comets has been further developed by Heisler and 
Tremaine (1986), Morris and Muller (1986) and Torbett (1986). Byl (1983) already noted 
that galactic effects were strongest on comets at mid-galactic latitudes. 

The tidal force per unit mass, perpendicular to the galactic disk, acting on a comet 
at a galactic latitude <j> is (Stothers 1984) 

= -4TrGpdiskrsin<t>z, (15) 
0 

where U is the gravitational potential of the galactic disk, and z is the unit vector perpen
dicular to the galactic plane. The change in the comet's velocity Avtide during At will then 
be given by 

Avude - 4KGpdiskr sin <t>Atz. (16) 

Taking At = P = 27r(GMQ)-1/2a3/2 and a time -average heliocentric distance r = r 
= 1.5a, we obtain 

Avttde = 12ir2G1/2Mo1/2pdiska
5/2sm<l>z. (17) 

3. The Frequency-Distributions of Perihelion Distances, 
Inclinations and Original Semimajor Axes. 

We shall not review thoroughly the statistical properties of comet orbits. Some of 
them have already been discussed elsewhere (Fernandez and Jockers 1983). We shall focus 

dU_ 

dz 
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instead on the frequency distributions of perihelion distances (q), inclinations(i) and orig
inal semimajor axes (a0Tig), which are of great relevance in understanding how the forces 
described above act on comets. 

Neglecting the effect of planetary perturbations, it is easy to show that comets in very 
eccentric orbits will have a uniform distribution of perihelion distances q ("Opik 1966). To 
this purpose, let us consider the transverse velocity of one such comet 

v2
T=v2

csm28~v2
c8

2~^, (18) 

where fj, = GMQ, VC is the comet's velocity and 8 is the angle formed between vc and r. 
From eq. (18) we obtain 

v2
c6d6 = ^dq. (19) 

If such highly eccentric comets belong to a population of Oort cloud comets whose 
velocity vectors vc have been randomized by stellar perturbations, their angles 6 will be 
distributed according to 

mde = ^de^-f. (20) 
By combining eqs. (19) and (20) we obtain 

/ . ( « ) * = ^ « - (21) 

As vc and r are independent of q, the distribution of perihelion distances fq(q) turns 
out to be uniform. 

The consideration of planetary perturbations leads to a distribution of perihelion dis
tances different from that expressed by Eq. (21). Oort comets coming closer to the Sun 
than Jupiter and Saturn are very likely to be removed from the Oort cloud after one perihe
lion passage. By contrast, comets with larger perihelion distances (say, q ~ 12-15 AU) are 
much less perturbed, so they can remain in the Oort cloud for many revolutions. The effect 
is a depletion of velocity vectors vc close to the radius vector f, defining an almost empty 
volume in the velocity phase space known as a "loss cone" (to be more precisely defined 
below). In other works, fewer Oort cloud comets will cross the barrier of Jupiter and Saturn 
as compared with those passing by the outer planetary region. Numerical experiments car
ried out by Fernandez (1982) and Weissman (1985a) confirm the previous conclusion (see 
Fig. 3). Both numerical experiments follow the dynamical evolution of test particles under 
the perturbing action of random stars and planets modeled in a simple way. The difference 
is that Fernandez follows the evolution through many passages ("LP comets"), whereas 
Weissman restricts the study to the first passage ("new comets"). Despite some quanti
tative differences, there is a good qualitative agreement between both models. As shown 
in Fig. 3, the distribution of perihelion distances stays more or less flat up to Jupiter's 
distance; then it increases slowly up to q ~ 10 - 12 AU; beyond that the increase is steeper. 
Weissman (1985a) found that the q-distribution will tend to level off at q ~ 100 AU. 
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Fig. 3: Computed distribution of perihelion distances of the incoming new comets (a > 104 AU), 
according to the models developed by Fernandez (1982) and Weissman (1985a). 
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Fig. 4: Frequency distribution of inclinations of the LP comets discovered between 1759-1988. The 
sample has been divided into three subsets according to the following ranges of perihelion 
distances: (a) q < 1.1 AU, (b) l . K q < 2 AU.and (c) q > 2 AU. 
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In principle, comets isotropically distributed in the Oort cloud will come to the plan
etary region from random directions, whereby the resultant i-distribution would have to 
follow a sine-law. Yet it is now a well-established observational fact that an excess of retro
grade orbits is found among the sampled LP comets (Porter 1963). To analyze this apparent 
"anomaly", we have considered the sample of 516 LP comets discovered between 1759 and 
the end of 1988. The comet orbital data through 1985 have been taken from Marsden's 
(1986) catalogue and from IAU Circulars from 1986 on. We have discarded the LP comets 
discovered before 1759 because they are presumably contaminated with periodic comets, 
as shown by the strong excess of comets on low-i orbits present among them. We have 
also discarded comets 1833, 1949 III and 1963 IX because, according to Marsden (1986), 
they are suspected of being periodic. Finally, comet 1882 II has been taken as the single 
representative of the Kreutz family of Sun-grazing comets. 

The sample of LP comets has been divided into three subsets according to different 
ranges of perihelion distances as indicated in Fig. 4. There is an overall excess of retrograde 
orbits in the sample, and it is also present in the subsets for 0 < q < 1.1 AU and q >2 AU. 
Only the subset for 1.1< q <2 AU shows a predominance of direct orbits that Fernandez 
(1981b) explains as being due to selection effects. Thus, comets in direct orbits with q 
somewhat larger than the orbital radius of the Earth spend a significantly larger amount 
of time in the Earth's neighborhood, owing to their smaller encounter velocities, making 
them easier to discover. By contrast, there is no obvious selection effect able to explain an 
excess of retrograde orbits among LP comets at the two extreme ranges of the considered 
perihelion distances. 

In our opinion, there is an important dynamical reason that explains the observed ex
cess of retrograde orbits. As shown in Section 2 (see also Fernandez 1981b), comets coming 
to the planetary region in direct orbits are subject to stronger planetary perturbations than 
those in retrograde orbits. The latter ones will consequently last longer in orbits bound to 
the solar system. 

The frequency distribution of original orbital energies (or original 1/a) shows a spike 
at 1/a ~ 0 (near-parabolic orbits) that led Oort (1950) to the concept of a comet cloud 
surrounding the solar system. The 1/a-distribution has been reviewed later by other authors 
(e.g., Weissman 1985b). Yet we consider it worthwhile to analyze directly the distribution 
of aorig, as it can give clues about the spatial distribution of the Oort cloud comets. 

The histogram for the aorig -distributions of a sample of 130 LP comets with 103 < 
aorig < 105 AU, taken from Marsden et al. (1978) and Everhart and Marsden (1983, 1987), 
is shown in Fig. 5. The curve superposed on the histogram follows the law f(a) oc a - 2 , 
as should be expected for comets diffusing in the energy space by planetary perturbations 
(van Woerkom 1948). A departure from the above law, under the form of an excess of 
comets, is already observed at a07.,-ff somewhat smaller than 104 AU. The range 7 X 103 ~ 

aorig ~ 4 x 104 AU corresponds to the region of the Oort cloud wherein forces other than 
planetary perturbations (galactic tides, passing stars and molecular clouds) act on comets 
with the greatest efficiency. 

From the observed frequency of passages of new comets, Weissman (1990) has derived 
a population of ~ 0.4-1.3 X1012 comets (brighter than Hw = 11) for the dynamically active 
Oort cloud. However, we note that this cannot be more than a rough estimate, even if we 
reach an accurate knowledge of the forces acting on Oort cloud comets. The fundamental 
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Fig. 5: Frequency distribution of original semimajor axes of observed LP comets as computed by 
Marsden et al. (1978) and Everhart and Marsden (1983, 1987). 

problem is to know the intrinsic radial distribution of comets in the Oort cloud. We will 
briefly analyze this problem later. 

4. Observed Anisotropics in the Directions of Aphelia 

This is a long-standing problem going back to the last century (see Hurnik 1959 and 
earlier references therein). An obvious irregularity in the distribution of aphelion points 
arises from the unequal coverage of the Northern and Southern hemispheres, by which most 
discovered LP comets have perihelia on the Northern hemisphere. Possible associations with 
the galactic plane or the apex of the solar motion have been discussed on several occasions 
(e.g., Tyror 1957, Oja 1975, Hasegawa 1976, Bogart and Noerdlinger 1982). On the other 
hand, Kresak (1975) has argued that the observed irregularities could be attributed to 
recent close approaches of passing stars. 

Departures from randomness in the distribution of aphelion points have been further 
analyzed by Biermann et al. (1983) and Liist (1984). From the analysis of a selected sample 
of 80 new comets, they find clear departures from expected Poisson or binomial distributions 
showing up as sky areas with an anomalous large number of comets ("aphelion clusterings"). 
Liist (1984) also noted the existence of a belt of ± 10° latitude around the galactic plane 
almost devoid of aphelia of new and young LP comets. 
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The distribution of aphelion points on the celestial sphere of 142 new and young 
LP comets with aor,-9 > 500 AU is shown in Fig. 4. The more evolved LP comets with 
a0rig < 500 AU have probably been perturbed by the planets in such a way that their 
aphelia have lost "memory" of their original locations. LP comets with original hyperbolic 
orbits have also been removed from the sample. We can see the strong preference of the 
aphelion points for mid-galactic latitudes. This effect has already been noted by Delsemme 
and Patmiou (1986), who attributed it to the perturbing action of the vertical galactic tidal 
force on Oort cloud comets. Their conclusion seems to be essentially correct, since this force 
strongly depends on the galactic latitude (see the next section). 

From an analysis of the angular momenta of the original orbits of new and young 
comets, Delsemme (1989) has found a strong anisotropy, which mostly comes from a lens-
shaped cluster of 29 aphelia. He attributed this anisotropy to the recent passage of a brown 
dwarf of mass ~ 30 times Jupiter's mass on an unbound, hyperbolic orbit. By estimating a 
number of brown dwarfs about 60 times greater than the number of ordinary visible stars 
in the solar neighborhood, he derived a frequency of encounters with brown dwarfs moving 
slowly enough to cause appreciable dynamical effects, say, ~ 0.1 \m s"1; the frequency 
he derived was about one every 7 Myr. It is still possible that Delsemme's clustering is 
an artifact of his model. The assumed cluster comets mingle with neighboring comets in 
such a way that it is difficult to discriminate between their membership (see Fig. 6). For 
instance, the northern tip of Delsemme's clustering falls on a region of at least equal or 
even greater concentration of aphelion points. The southern tip falls on the mid-galactic 
latitude zone where the aphelion points have the greatest concentration, which should be 
taken into consideration. No doubt this is an issue that deserves further analysis. 

Fig. 6: Distribution of aphelion points of 142 "young" comets with aorig > 500 AU on the celestial 
sphere. Galactic coordinates are considered. A and B denote two zones with excess areas. 
The dash-dotted curve encircles the excess region found by Liist (1984). Delsemme's (1986) 
lens-shaped clustering stretches between zones A and B. 
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It is not totally correct to apply binomial or Poisson distribution functions on the 
whole sky, because of the clear preference of cometary aphelia for mid-galactic latitudes, 
which by itself sets a departure from randomness. To avoid this problem as far as possible, 
we have divided each galactic hemisphere into three equal-area belts along the galactic 
equator; their boundaries are (0,±19°47), (±19o47,±41°81),(±41o81,±90°). Two possible 
excess areas of cometary aphelia, denoted by A and B, were found in the equatorial and 
mid-galactic latitude belts of Fig. 6. The area A is within the excess area found by Lust 
(1984) and partially overlaps the northern tip of Delsemme's clustering. The area B, located 
on the southern mid-galactic belt, contains some of Delsemme's cluster comets. Areas A 
and B may be associated with aphelion clusterings, but not necessarily, since they could be 
related to a single trigger mechanism. 

5. Injection Rate of Oort Cloud Comets into the Planetary Region 

Under the action of passing stars, molecular clouds and galactic tides, the orbital 
angular momentum of Oort cloud comets is continuously changed in such a way that some 
of them will enter the planetary region. Once this happens, they will be quickly removed 
from the Oort cloud by planetary perturbations. As shown in Section 1, these comets should 
reduce their perihelion distances to values q < <jx, where qi ~ 15 AU. Oort cloud comets of 
a given semimajor axis a will have an associated empty region in the velocity phase space 
known as a "loss cone" (Hills, 1981). The loss cone will have an axis following the solar 

1/2 

direction and an angular radius 2Fq , where Fq would be the fraction of thermalized Oort 
cloud comets with q < qi, if no losses were assumed (see below). 

For a comet at heliocentric distance r on a near-parabolic orbit, i.e., e ~ 1, the comet's 
orbital angular momentum per unit mass can be approximately given by 

h = (2/ig)1/2 (22) 

where fj, — GM@. After one orbital revolution P, the comet will change its angular momen
tum by an amount Ah, given by 

Ah = AvT x r (23) 

where AVT = Av X costy is the transverse component of the velocity increment, Av, 
during P, and \P is the angle between Av and its transverse component. 

The distribution of perihelion distances of thermalized comets is uniform for small 
values of q (Opik 1966). Thus, the distribution of angular momenta will follow the law 

<p(h)dh oc h dh. (24) 

As said before, comets with angular momentum in the range 0 < h < hi — (2/x qi)1^2 

will be quickly removed from the Oort cloud. 
Without too much error, we can assume that Eq. (24) is valid for all the range of q, 

up to q = a (circular orbits), for which we get a corresponding /IMAX = (z"0)1/2- Thus, the 
fraction Fq of Oort cloud comets with q < qr, can be obtained from 
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Fq= ip{h)dh I / <p(h)dh = - ^ , (25) 
Jo Jo Q 

which turns out to be in agreement with the figure obtained by Hills (1981). He used results 
first derived for binary stars in statistical equilibrium, showing that the fraction of binaries 
with eccentricities between e and unity is (1 - e2). He applied the same analysis to the 
different pairs formed by the Sun and each one of the Oort cloud comets. 

Due to the perturbation Ah of the angular momentum of Oort comets of semimajor 
axis a, a fraction / of the loss cone will be kept filled at any time. We have 

f = Jo <p{h)dhljo ^{h)dh^-^-. (26) 

By introducing the corresponding values of Ah (Eq. 23) and hi and assuming the 
comet to be always at an average distance r = 1.5a, we get 

/ = 1 . 1 2 ^ . (27) 
ML 

This expression turns out to be dimensionally equivalent to the one obtained by Hills (1981) 
using the concept of a "smear cone," which basically compares the impulse velocity imparted 
to the comet by the perturbing star with the comet's orbital velocity. 

Appropriate expressions for AVT, for the different forces considered before, are: 
(a) for stellar perturbations: 

AvT = Av2, < cos2 * > = \ Av2„ (28a) 

where Au2 is given in Eq. (11). 
(b) for the tidal force of the galactic disk: 

AVT = AVtide COS (f> 

= 67r2G1^MQ1/2pdiska
5/2sm2cl>. (28b) 

The fraction / can be subject to temporary changes as a result of the passage of a 
strong perturber as, for instance, a molecular cloud. 
In this case we have 
(c) for a molecular cloud: 

AVT = A»c; cos 9, (28c) 

with Avj being expressed in Eq. (12). 
By introducing either Eq. (28a), (28b) or (28c) into Eq. (27), we get the fraction of 

the loss cone filled with comets due to the cumulative effect of stellar perturbations (fstar), 
the action of the vertical galactic tidal force (ftide), or the impulsive change due to the 
passage of a molecular cloud (/mc), respectively. We note that whereas / only depends 
on a for stellar perturbations, it also has an angular dependence for galactic tides and 
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Fig. 7: Fraction of the loss cone filled with comets due to perturbations from random stars (dash-
dotted curve), the tidal force of the galactic disk (solid curves for different galactic latitudes), 
or a penetrating encounter with an intermediate-size molecular cloud (dashed curves for 
different angles between the Sun-comet vector and the cloud's relative velocity). 
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Oort cloud comets with semimajor axes outside the shaded region can lose sufficient angular 
momentum in a single revolution to be injected into the visible region (q < 3 AU) by the 
tidal action of the galactic disk (from Morris and Muller 1986). 
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molecular clouds (we can add a very close stellar passage). This is an important point 
when trying to explain the observed anisotropics in the aphelion directions. 

For the different perturbing agents of the Oort cloud, the fraction of the loss cone 
filled with comets as a function of a is shown in Fig. 7. What we can consider as permanent 
perturbers of the Oort cloud — passing stars and galactic tides — will partially or totally 
fill the respective loss cones of comets with a range of semimajor axes from a ~ 1.2 X 104 

AU to a ~ 3.5 X 104 AU. We note a strong dependence of fude on the galactic latitude. 
For a < 1.2 X 104 AU, the loss cone will usually be empty, i.e., no Oort cloud comets will 
usually come to the inner planetary region from the inner core of the Oort cloud. We can 
compare our results with those obtained by Morris and Muller (1986), which are shown in 
Fig. 8. Comets outside the shaded region can lose sufficient angular momentum to enter 
the 'detectability' zone within q < 3 AU due to the tidal force of the galactic disk. We note 
the same dependence on sin2<£. 

Stronger perburbers, like molecular clouds or very close stellar passages, can tem
porarily reduce the limit of filled loss cones. We note that an encounter with a molecular 
cloud will also give rise to a strong angular dependence, in such a way that the smallest o 
at which the loss cone is filled corresponds to comets whose radius vectors are at an angle of 
45° with respect to the encounter velocity (see Fig. 7). A similar angular dependence can 
be found for a very close stellar passage (see below). For a > 3.5 X 104 AU, the respective 
loss cones will be filled at any time, so that we should expect a steady supply of comets 
from the outer portions of the Oort cloud, independently of occasional strong perturbers 
or the galactic latitude. This result is in good agreement with that found by Heisler and 
Tremaine (1986) using a different analytical procedure based on the computation of the 
mean square change in angular momentum per revolution due to stellar perturbations. 

It is interesting to compare the range of a where the respective loss cones pass from 
empty to full with the observed range of original a of new comets (cf. Fig. 5). In general, we 
note a good correspondence. As shown in Fig. 6, Oort cloud comets (104 < uorjg < 3 . 5 x l 0 4 

AU) concentrate at the mid-galactic latitudes at which loss cones fill at smaller a. Thus, 
loss cones of comets at <j> = 45° are filled at values of a about a factor of two smaller than 
those corresponding to Oort cloud comets close to the galactic equator (<j> — 5°). 

Having derived the fraction of the loss cone filled with comets, we are in a position 
to compute the injection rate of Oort cloud comets. For this purpose, we have to assume a 
certain radial distribution of comets in the Oort cloud, of the kind 

T(a) da oc a~ada, (29) 

where the index a is unknown. Reasonable values of a are in the range of 2 to 4, depending 
on the degree of central condensation (Bailey 1983, Duncan et al. 1987, Fernandez and Ip 
1987). 

Let us consider separately the different forces acting on Oort comets. The comet 
influx rate due to the cumulative effect of random stars will thus be given by 

y+oo l 
nstar = J T(a) Fq f,tar(a) p da, (30) 

where aj ~ 1.5 X 104 AU is the limiting semimajor axis such that fatar ~ 0 for a < a\. 
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Analogously, the influx rate of Oort cloud comets due to the tidal force of the galactic 
disk is 

c o s d> f~*~°° 1 
fltide{4>) = -IT / r ( ° ) F" ftid*{*,<t>) -Z da> (3 1) 

coŝ > r+°°T,_, r ,..,_ ^ i 
Ja2((j)) 

where a,2(<j>) has the same meaning as a,\. As a numerical example, we have that a2(?r/4) • 
104 AU. The overall comet influx rate for all galactic latitudes will thus be given by 

r+w/2 
/ VtideW d<j). (32) 

J—it/2 
nude 

ir/2 

Equations (30) to (32) express the steady component of the injection rate of Oort 
cloud comets. The injection rate due to the vertical galactic tidal force will dominate for 
most galactic latitudes, except for an approximate ±10° belt around the galactic equator, 
where it falls below the level of perturbing stars. 

The sudden increase in the injection rate of Oort cloud comets caused by a penetrating 
encounter with a molecular cloud can be expressed as 

cos 0 /""/>« 1 
ihJfi) = ^ / T(a)Fq / m c (a , 0) ± da, (33) 

COS0 /•"/"I „ , x „ , , „s 1 

/a3(9) 

where a^{0) has the same meaning as 0,2(0) and a\. For o > 0/,-jj, the respective loss cones 
are already filled, so the encounter will not introduce more comets into them. We stress 
that the comet influx rate is strongly directional. The overall influx rate will thus be given 
by 

Ame = / * »W(0) M. (34) 
J-ir/2 

r+*/2 

K/2 

Every 30 Myr or so, a star will pass at about 104 AU from the Sun, thus strongly 
perturbing the Oort cloud. The Oort cloud comets most strongly perturbed will be those 
along the star's path (Fernandez and Ip 1987). We find a double cone-shaped volume with 
its vertex at the point of closest approach to the Sun wherein all loss cones will be filled 
(Fig. 9). Let us assume that all comets falling in the shaded disk of width dz and volume 
wD2dz have roughly the same semimajor axis a and average heliocentric distance r ~ 1.5a. 
Due to the star's close passage, the respective loss cones will pass from a fraction [1 - f(a)] 
already filled to be completely filled. The corresponding increase in the comet influx rate 
will be expressed as 

t'MAX „ 1 
nchse = 2 j o 7 ( 7 > £ 2 F , [ 1 - / (a)] - dz, (35) 

where j(r) oc r~x+2 is the number of the density of comets, which is related to the distribu
tion function T(a), and r2 = z2 + DQ. Furthermore, for small values of r, we have f(a) ~ 0 
(we note that this has implicitly been assumed in the case of a molecular cloud). For oc> 2, 
we can take ZMAX as infinity without too much error. We note that the sudden influx of 
Oort cloud comets, triggered by a close stellar passage, will have aphelion directions heavily 
concentrated along the star's path and towards the point of closest approach. 
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Fig. 9: Double cone along the star's path enclosing a region of the Oort cloud in which all loss cones 
get totally filled. 

Table 1 shows relative values of influx rates of Oort cloud comets as caused by different 
perturbers and for different degrees of radial concentration of Oort cloud comets, going from 
weak (oc= 2) to strong (oc= 4). The comet influx rate caused by random passing stars is 
taken as unity in all the cases. As shown, tidal forces of the galactic disk are a factor of 
about 1.5 to 2 - depending on oc - more effective than random passing stars. 

As mentioned above, since vertical tides predominate, the influx rate of Oort comets 
will be strongly dependent on the galactic latitude. It is highest at </> = 45° and goes down 
to zero at (p = 0° and ±90°. As shown in Fig. 10, it is only slightly dependent on the radial 
structure of the Oort cloud. 

Table 1. Influx Rate of Port Cloud Comets 

Perturber 

Random 
stars 

Intermediate-
size molecular 
cloud 

Vertical 
galactic 
tidal force 

Close stellar 
passage 
(DQ = 104AU) 

oc 2 

1.00 

19.5 

1.49 

18.4 

3 

1.00 

124. 

1.72 

62.1 

4 

1.00 

1364. 

2.18 

191. 
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Fig. 10: Influx rate of Oort cloud comets caused by the tidal force of the galactic disk as a function of 
the galactic latitude. The attached numbers stand for three different exponents of assumed 
radial distributions of Oort cloud comets as defined in the text. 

The sudden increase in the influx rate of Oort cloud comets due to a penetrating 
encounter with an intermediate-size molecular cloud (M ~ 5 X 1O3M0) could be as high as 
~ 103 if the Oort cloud were heavily concentrated. Yet, contrary to random passing stars 
and tidal forces that act continuously on Oort cloud comets, such encounters may occur 
at most at intervals of several 107 yr (see Section 2.4). More devastating effects would be 
expected from penetrating encounters with GMCs, but they are much less frequent, perhaps 
a few during the solar system lifetime (cf. Section 1). A close stellar passage at DQ ~ 104 

AU can cause a temporary increase in the influx rate of Oort cloud comets comparable to 
that caused by a penetrating encounter with an intermediate-size molecular cloud, at least 
for a ~ 3. The frequency of occurrence of both events might also be similar. 

6. Temporal Variation of the Frequency of Comet Passages: 
Comet Showers. 

The dependence of the distribution of aphelion points of new comets on the galactic 
latitude suggests that the tidal force of the galactic disk at present plays a dominant role 
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in bringing comets to the planetary region (Fig. 11). From time to time, penetrating 
encounters with molecular clouds or very close stellar passages may trigger sudden increases 
in the influx rate of Oort comets of short duration - a few million years - that Hills (1981) 
called "comet showers". During these periods, the concentration of aphelion points on 
certain sky areas may overcome the galactic effect. 

The fact that certain clusterings of aphelion points are still observable (cf. Section 
4) indicates that the effects of the latest encounters with molecular clouds and/or very 
close stellar passages have not disappeared completely. Biermann et al. (1983) have argued 
that the number of comet aphelia belonging to clusterings is comparable to, but somewhat 
smaller than, the number of those that do not appear to belong to any group. We basically 
agree with this conclusion, though the observed galactic dependence in the distribution of 
aphelion points suggests to us that clustered comets (whose locations should not depend 
on the galactic latitude) should clearly represent less than half of all the sampled comets. 

Comet showers have been considered to be responsible for biological mass extinctions 
for which Raup and Sepkoski (1984) claimed a periodicity of 26 Myr in their occurrence 
(see a recent discussion by Hut et al. 1987). There is no obvious terrestrial cause able to 
explain such periodicity, if it proves to be correct, which should be by no means taken for 
granted. Alvarez et al. (1980) have argued that the iridium enrichment found in the layer 
at the Cretaceous-Tertiary boundary was caused by the impact of an asteroid with the 
Earth. The end of the Cretaceous (66 Myr ago) was the time when the dinosaurs and, in 
general, nearly three-quarters of all the species alive at that time disappeared. 
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Fig. 11: Number of Oort cloud comets in equal-area strips of the celestrial sphere parallel to the 
galactic equator. The histogram contains the sample of 142 'young' comets defined in Fig. 
4. 
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A periodicity in the ages of well-dated impact craters, with similar period and in 
phase with biological mass extinctions, has been presented by Alvarez and Muller (1984) 
as a strong evidence in favor of the occurrence of periodic comet showers. According to 
the authors, during a comet shower, several comets would collide with the Earth, thus 
increasing the frequency of occurrence of impact craters, and at the same time triggering a 
mass extinction. 

Several mechanisms for triggering periodic comet showers have been proposed. We 
can mention: (1) a solar companion star Nemesis on a 26-Myr-period orbit (Whitmire and 
Jackson 1984; Davis et al. 1984), (2) excursions of the solar system through the galactic 
plane (Rampino and Stothers 1984); and (3) an as-yet undetected trans-Neptunian planet 
X that perturbs a comet ring. We shall not discuss the dynamical feasibility of such 
mechanisms, which have already been reviewed by other authors, e.g., Tremaine (1986). 
What we shall do is to analyze briefly the assumed periodicity in the impact cratering rate, 
which is crucial for our understanding of the production and intensity of comet showers 
and, in the last instance, to give support to any of the above-proposed mechanisms. 

The age distribution of the 23 best-dated impact craters with diameters >10 km and 
ages <250 Myr has been analyzed by Stothers (1988). He obtains a best-fitting cycle of 
~30 Myr. A first look suggests two immediate problems: (1) the crater sample is very 
scant, and (2) the quoted errors in the estimated ages are rather large ( « ± 6 Myr) for the 
older craters. In this regard, Heisler and Tremaine (1989) have found from Monte Carlo 
simulations that if the root-mean-square (r.m.s.) error is greater than about 13% of the 
assumed period - or about 4 Myr in our case - then the periodic data can no longer be 
distinguished from random data at the 90% confidence level. Furthermore, Fogg (1989) 
has recently argued that even if a periodicity does exist, the actual period may be blurred 
by a background impact flux from asteroids. Another important objection has been raised 
by Weissman (1985c), who argued that out of 8 identified impactor compositions, 6 are 
differentiated or highly differentiated meteorite types, which suggests an asteroidal nature 
rather than a cometary one. Comets presumably are very fluffy bodies, so it is possible 
that many of them will not survive a passage through the Earth's atmosphere as a single 
compact body. Aerodynamic stresses can be large enough to crush even kilometer-size 
bodies into a large number of fragments (Melosh 1981). If this is the case, they would not 
leave a single large crater, but, rather, many small craters or a shallow one that may be 
quickly eroded. 

Even if the hypothesis of the collisions with comets as the cause of mass extinctions 
proves to be incorrect, it will not mean a rejection of the idea of the occurrence of comet 
showers. The only thing that will change is the notion that they would necessarily have to 
be reflected in the impact cratering record and in the extinction of species. If comet showers 
are triggered by random close encounters with stars or molecular clouds, they will not be 
periodic, even though they will have a characteristic frequency of, perhaps, a few 107 yr. 
Numerical models developed by Heisler et al. (1987) show very nicely how the frequency 
of comet passages fluctuates with time, interspersed with sporadic major enhancements of 
up to more than one order of magnitude. 

The relaxation period of the Oort cloud to return to the quiescent stage after a comet 
shower has been triggered can last a few million years, with a tail of surviving shower comets 
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lasting a few tens of millions of years. Numerical models simulating this process have been 
developed by Fernandez and Ip (1987) and Hut et al. (1987). Profiles of comet showers 
obtained by Fernandez and Ip (1987) are reproduced in Fig. 12. Such a long survival 
may guarantee that comet clusterings on the sky will be observed at almost any time. As 
we have seen in Section 4, this is what actually happens. Yet the fact that the aphelion 
distribution of new comets follows a pattern reflecting the influence of the galactic disk 
potential suggests that the frequency of comet passages is at present close to its bottom 
level. Comets injected during a shower might greatly exceed the steady supply of Oort 
comets, brought mainly by galactic tides, in such a way that the galactic dependence in the 
distribution of aphelion points could be severely weakened. 
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Fig. 12: Numerical simulations showing the time evolution of comet showers, expressed as the number 
of passages with q < 1.1 AU per Myr, after injection of 105 hypothetical comets with the 
initial semimajor axes indicated at the upper right of the graphs from Fernandez and Ip 
(1987). 

7. Dynamical Stability of Comets in the Oort Cloud 

Comets may be removed from the Oort cloud either because they enter the planetary 
region, where they are strongly perturbed by the planets, or because they get enough energy 
from external perturbers to overcome the gravitational field of the Sun. Most Oort comets 
at present probably have their perihelia outside the planetary region (i.e., outside their 
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respective loss cones), so we can consider them quite stable dynamically. Yet the situation 
might have been quite different in the early solar system if comets formed, for instance, in 
the Uranus and Neptune accretion zones (Kuiper 1951; Safronov 1972; Fernandez 1980a). 
Such early comets would have been within their loss cones. Contrary to the case of Oort 
comets injected into their loss cones reviewed before, we have to analyze now how early 
comets were removed from their loss cones. 

The transverse velocity, VT, of a comet on a near-parabolic orbit is approximately 
related to its perihelion distance by the following expression 

Thus, to change q by an amount Aq, the comet will have to suffer a change in its 
transverse velocity given by 

AVT X A ? f*7\ 
~ - — . (37) 

VT 2 q 
To be removed from the planetary region, the change in its transverse velocity should 

be at least on the order Avj ~ VT. Appropriate expressions for AVT are given by Eqs. 
(28a), (28b) and (28c), corresponding to stellar perturbations, the tidal force of the galactic 
disk and a penetrating encounter with a GMC (assumed to be of Mci ~ 5 X 1O5M0 and 
radius Rci ~ 20pc), respectively. 

By considering the r.m.s. change in Avx over the age of the solar system, Tss = 
4.5 x 109yr, we obtain the semimajor axes of comets for which (Avy)rm» — T as a function 
of their perihelion distance (Fig. 13). Such comets will by now have their perihelia removed 
from the planetary region. For instance, for q = 30 AU, the corresponding semimajor axis 
will be a ~ 3.3 x 103 AU. As Fig. 13 shows, passing stars are the most efficient perturbers 
of the inner core of the Oort cloud, say, r < 104 AU, because of their ability to penetrate 
it. This is in qualitative agreement with Bailey's (1986a) conclusion that stars dominate 
the dynamical evolution of comets for a < 2 x 104 AU. We note that the closest passage of 
a. star to the Sun expected during its lifetime is {2noTas)~

ll2 ~ 1.5 X 103 AU. 
A strong change of q will generally be accompanied by a large change of the inclination 

i, so one would expect that comets for which (Ai>T)rms ~ VT will have the orientations of 
their orbital planes nearly randomized by now. Even if comets started out their dynamical 
evolution in orbits close to the ecliptic plane, a full randomization of their orbital planes 
should have been reached for a > 3000-4000 AU, as a result of the action of very close stellar 
passages. Indeed, from numerical simulations including planetary perturbations, random 
stars and galactic tides, Duncan et al. (1987) found randomization of orbital planes for a 
> 5000 AU. 

Once the r.m.s. change of the comet's velocity reaches the escape velocity, the comet 
will be lost to the interstellar space, i.e., when 

(Av)rms = vesc = (^~^y \ (38) 

where Av is given by Eqs. (11), (12) or (17), depending on whether the considered 
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perturbers are random stars, GMCs, or galactic tides, respectively. The values of a at which 
Eq. (38) is fulfilled are shown in Table 2. 
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Fig. 13: Semimajor axes of comets as a function of their perihelion distance for which the rms change 
in the transverse velocity, AVT, over the solar systems lifetime equals VT- Three different 
kinds of perturbers of the Oort cloud are considered. 

From Table 2 we see that penetrating encounters with GMCs and the tidal force of 
the galactic disk are of fundamental importance in denning the stability boundary of the 
Oort cloud at a ~ 3 x 104 AU, or a radius ~ 6 x 104 AU for very eccentric orbits. This turns 
out to be significantly smaller than the boundary originally found by Oort (1950) and later 
recomputed by Weissman (1980a), who only considered the effect of stellar perturbations. 
Our theoretical estimate can be compared with the observed maximun separations between 
members of wide binary stars in the Galaxy, which are just on the order of a few 104 AU 
(Bahcall and Soneira 1981). 

The fact that we define a stability radius does not mean that beyond it, the Oort cloud 
is empty, since the cloud will be continuously replenished with comets from the inner Oort 
cloud. This is seen in the distribution of original semimajor axes of new comets (cf. Fig. 5), 
in which nearly 40% have a > 3 x 104 AU. Nevertheless, we should expect a significant drop 
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Table 2. Semimajor Axis at which Port Cloud Comets 
Get Escape Velocities Over T „ = 4.5 x 109yr 

Perturber a (AU) 

Random stars 1.3 X 105 

Tidal force of the galactic disk 3.0 X 104 

GMCs (3.0+1.0) x 104* 

*NOTE: The uncertainty for a possible range of penetrating encounters is between 1 
and 10 (Bailey 1983). 

in the number of Oort cloud comets for larger a as comets have ever decreasing dynamical 
lifetimes in this region. 

We note that new comets with a ~ 3 X 104 AU show the same trend to concentrate 
at mid-galactic latitudes as those with a < 3 x 104 AU. Yet under the action of stellar 
perturbations, the former ones will have their respective loss cones filled, independently of 
the galactic latitude (cf. Fig. 7), which seems to be in contradiction with the observations. 
This might indicate that new comets with a > 3 x 104 AU have reached such large semimajor 
axes only in the recent past (perhaps due to the perturbations of the outer planets), which 
allows them to keep a "memory" of their galactic dependence in the incoming directions. 

In short, from a dynamical viewpoint, we can define three regions in the Oort cloud: 
(1) an inner core (semimajor axes a < 4000-5000 AU), still showing a strong concentration 
of comets towards the ecliptic plane (provided that they formed in the protoplanetary disk); 
(2) a spherical inner Oort cloud (4000 < a < 30,000 AU), containing comets dynamically 
stable over periods comparable to the solar system's age; (3) an outer Oort cloud (a > 3 X104 

AU), where comets should have been ejected over time spans comparable to, or smaller than, 
the solar system's age. Therefore, Oort comets belonging to this region have been there for 
t < 4.5 X 109yr, or even much less than that, given their galactic dependence. 

8 . E n d - S t a t e s o f L o n g - P e r i o d C o m e t s 

Dynamical ejection is by far the main loss mechanism. For LP comets reaching the 
inner planetary region, Jupiter is the main perturber. As LP comets random-walk in 
the orbital energy-phase space, most of them will finally jump from the potential well to 
hyperbolic orbits. 

As seen before, the number of LP comets still bound to the solar system after n 
perihelion passages goes down as n1/2. Thus, an original population of NNEW n e w comets 
injected into the inner planetary region will give rise to an average number of passages of 
evolved LP comets given by (Fernandez 1985) 
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nEvoL= J2 N(n) ~ NNEWn^\x, (39) 
n = l 

where N{n) is given by Eq. (3) and UMAX 1S the maximum number of perihelion passages. 
For small-q comets we should expect that physical causes limit UMAX-

The ratio UEVOL/NNEW should be equivalent to the ratio between the frequency of 
passages of evolved LP comets and new comets: riEVOL/nNEW- As shown in Section 1, 
this ratio is ~ 5 for Earth-crossing LP comets. Therefore, we obtain 

nMAX - = 25. (40) 
V nNEW J 

Sublimation of volatiles may be another possible loss mechanism of cometary nuclei, 
although the number of revolutions that a freely sublimating comet nucleus with q ~ 1 AU 
can perform before being completely sublimated may be one to two orders of magnitude 
greater than the upper limit given by Eq. (40) (Cowan and A'Hearn 1979). Formation of 
insulating dust mantles may further prolong the physical lifetimes of comets. On the other 
hand, splitting of comet nuclei may contribute to their disintegration process, although 
it is not clear that by itself this leads directly to their destruction. On the contrary, it 
can produce daughter comets, as exemplified by the well known sungrazer group, comets 
P/Neujmin 3 and P/Van Biesbroeck which probably originated from one single comet that 
broke up around 1840 (Carusi et al. 1984) and LP comets Levy 1988e and Shoemaker-Holt 
1988g, which have very similar orbital elements, also suggesting a common origin (MPC 
13304). 

At Rmax ~ 25 revolutions, about 90% of the original comet population would have 
already been lost to interstellar space, as derived from Eq. (3). If n^^ ~ 25 has a meaning 
at all as an upper limit, physical elimination has to account only for the remaining ~ 10% 
of the original population. Weissman (1980b) attributes the elimination of ~ 28% of the 
incoming LP comets to random disruption, i.e., about a factor of three larger than our 
estimate. The disagreement can be explained as being due to the different procedures used 
to estimate such percentages and to the different roles assigned to nuclear splitting as a 
direct cause of physical loss of comets. 

Direct collision with a planet, its ring system or penetration within its Roche limit 
leading to tidal disruption constitutes a very rare phenomenon. For a LP comet on a 
randomly oriented orbit, Weissman (1980b) computes a combined probability of collision 
with any of the planets of 1.3 X 10~7 per perihelion passage (understood as a passage within 
its Roche radius). 

The process of catastrophic collisions with interplanetary boulders deserves a closer 
look since it might be of a certain significance as an end-state of some LP comets. For an 
average random LP comet of q ~ 1 AU, Fernandez (1990) finds a typical collisional lifetime 
°f Ncou ~ 5 X 104 revolutions, bearing in mind that a wid« range of values around Ncou 
are possible due to different orbital inclinations as well as uncertainties in a comet's size, 
its internal strength and the number and size distribution of interplanetary boulders. The 
probability of catastrophic collision with an interplanetary boulder is thus Pcou ~ N^ ~ 
2x 10~5 per perihelion passage, with an uncertainty of about one order of magnitude. Taking 
into consideration that a LP comet can perform an average number of five revolutions, we 

https://doi.org/10.1017/S0252921100109819 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100109819


516 J. A. FERNANDEZ AND W.-H. IP 

obtain a probability of collisional disruption of about 10~4 per LP comet reaching the region 
of the terrestrial planets (say, with q < 2 AU). Even though this process should be considered 
as marginal as an end-state, as compared with other physical processes like sublimation 
or nuclear splitting, nevertheless it turns out to be about two orders of magnitude more 
probable than a planetary collision. 

A LP comet can be transferred to a SP orbit after an usually long dynamical process 
that can take up to thousands of revolutions. Thus, if AE ~ 3 X 10- 3 AU-1 is the typical 
energy change of a Jupiter-crossing LP comet on a low-inclination orbit (Fernandez and 
Ip, 1983b), then the average number of revolutions required to pass from the Oort cloud 
(E ~ 0) to a typical SP comet orbit with P < 20 yr (ESp > 0.136 AU-1) will be 

n = ^ ~ 2 X 103. (41) 

The physical processes described before, namely sublimation, nucleus splitting or 
collisional disruption, may prevent a LP comet with a perihelion distance of less than a 
few AU from reaching a SP orbit. The dynamical process of transfer to SP orbits should 
then be left to more distant LP comets, say, with perihelion distances q > 4 AU. Everhart 
(1972) has found a capture zone in the phase space 4 < q < 6 AU and 0 < i < 9° with 
an efficiency of one captured comet per ~ 102 injected comets in near-parabolic orbits. 
Everhart followed the dynamical evolution of a sample of hypothetical comets for up to 
103 revolutions. It is very likely that the prolongation of the study to a larger number of 
revolutions would result in the capture of comets with larger i as they evolve slowly and 
therefore need more revolutions to reach SP orbits (see below). 

The previous analysis shows that the transfer to SP orbits does not have much rel
evance as an end-state of LP comets. Assuming that a capture probability of fc ~ 10~2 

holds for the range of inclinations 0 < i < 30°, corresponding to most observed SP comets, 
the ratio of captured SP comets to new comets will be fc x /,<3o — 6.7 X 10~4. /;<3o = 0.067 
is the fraction of new comets with i < 30° under the assumption of random orientations 
of their orbital planes. Therefore, less than one comet in 103 will end up on a SP orbit, 
provided that physical losses are neglected. As seen before, for q < 2 AU, disintegration 
processes should set an upper limit to the comet lifetime shorter than the dynamical time 
scale for reaching a SP orbit, so the capture ratio should drop well below the value derived 
above. 

9. The Origin of the Short-Period Comet Family: A Comet 
Source at the Outer Fringe of the Planetary Region. 

The idea that SP comets come from the capture of LP comets by Jupiter grew stronger 
during the past decade, based on Everhart's (1972) fundamental work showing that LP 
comets can be more efficiently transferred to SP orbits after a long diffusion process rather 
than by a single close encounter with Jupiter. Yet there were some persisting difficulties. 
In particular, there seemed to be too many SP comets as compared with the theoretical 
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prediction, if they came from captures by Jupiter (Joss 1973, Fernandez and Ip 1983b). 
Delsemme (1973) explained the observed steady-state number of SP comets on the basis of a 
source of 3x l0 4 to l0 5 intermediate period comets with perihelia 4 < q < 6 AU. This proposal 
simply shifts the problem to trying to justify the existence and size of such an intermediate 
source. Thus, it seems necessary to consider other mechanisms for bringing comets to 
SP orbits. One possibility is that giant planets other than Jupiter also contribute to the 
capture of LP comets (Kazimirchak-Polonskaya 1976, Bailey 1986). Another possibility is 
that SP comets come from a trans-Neptunian belt, as suggested by Mendis (1973) and then 
developed by Fernandez (1980b), Fernandez and Ip (1983b) and Duncan et al. (1988). 

On cosmogonic grounds, Kuiper (1951) argued that comets formed out of the nebular 
material contained in the region between 30 and 50 AU, from where they were scattered 
to the Oort cloud, first, by the perturbations of Pluto and then by the perturbations of 
Neptune once they became Neptune-crossers (c.f. also a later discussion by Safronov 1972). 
The concept of a trans-Neptunian comet belt was later elaborated by Cameron (1962) and 
Whipple (1964). Hamid et al. (1968) looked into the apparitions of P/Halley of 1835 and 
1910 to see whether there was any evidence for perturbations produced by a hypothetical 
comet belt beyond Neptune. This idea was further elaborated numerically by Fernandez 
and Ip (1983a), who showed that a residual population of icy planetesimals might have 
remained in the Uranus-Neptune zone. Using a two-planet map to model the evolution 
of initially circular test particle orbits in the solar system , Duncan et al. (1989) have 
recently found dynamically stable bands between Saturn and Uranus and between Uranus 
and Neptune that might contain residual planetesimals from the protoplanetary disk. 

Duncan et al. (1988) have shown that SP comets captured from an original population 
of LP comets with random inclinations would have a fraction of retrograde orbits. Since 
SP comets on retrograde orbits are not observed, Duncan et al. conclude that they should 
come from a low-inclination comet belt. The authors considered samples of hypothetical 
comets starting out at Neptune's zone. To speed up the orbital integration, they multiplied 
the masses of the Jovian planets by factors up to 40. However, this procedure of computing 
the orbital diffusion has been criticized by Stagg and Bailey (1989) on the basis that it 
favors the moderate energy changes over the strong ones. They argued that the very rare 
strong energy changes should be dominant when the actual planetary masses are adopted 
because, in this case, the orbital diffusion becomes so slow that they are very likely to occur. 
By contrast, when the planetary masses are greatly increased, "moderate" perturbations 
can produce captures to SP orbits without any "strong" perturbation. 

To check the previous results, we have performed a simple numerical simulation using 
Opik's two-body formulation by considering two cases that reflect the two proposed origins 
for the SP comet family: (1) an original spherical population of comets, as would be the 
case if the captured comets came from a spherical Oort cloud, and (2) a flattened comet 
population (i < 20°), as would be the case if comets came from a trans-Neptunian comet 
belt. As an example, we show in Fig. 14 the kind of i-distributions we obtain for the test 
comets that end up on SP orbits (P < 20 yr). For case (1), about 25% of the computed 
SP comets are on retrograde orbits, which is in qualitative agreement with Duncan et al.'s 
(1988) result. The time scale for comets to evolve to SP orbits was typically a few 108 

yr. About 1/3 of all the comets that ended up with q < 2.5 AU have intermediate-period 
orbits (20 < P < 200 yr). For case (2), we have not obtained SP comets with i > 70° in 
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Fig. 14: Computed inclination-distributions of SP comets (P < 20 yr) obtained from two hypothetical 
samples of comets assumed to be captured by Neptune, as compared with the one for the 
observed SP comets (bottom). The distribution at the top was derived from an initial 
spherical population of comets (as, e.g., Oort cloud comets), whereas the one in the middle 
was derived from an initially flat distribution such as that assumed for the comet belt. 

any case. This is in better agreement with the observed i-distribution of SP comets, as can 
be compared in Fig. 14. In this case, the time scale for comets to evolve to SP orbits is 
several 107 yr. For case (2), we only recorded those comets reaching perihelion distances 
q< 1.5 AU. 

An original comet population with random orientations of the orbital planes gives 
a significant fraction of SP comets on retrograde orbits, which contradicts observations. 
Yet some intermediate-period comets on retrograde orbits, like P/Halley, might have come 
from such an original comet population. Since Oort cloud comets are continuously being 
injected into the planetary region, an inevitable consequence would be the capture of some 
of them by the giant planets into SP and intermediate-period orbits. This may explain 
cases like P/Halley and P/Tempel-Tuttle. For the remaining comets so far discovered and 
most intermediate-period comets on direct low-inclination orbits, some sort of comet belt, 
as described by case (2), seems to be the most probable source. 
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As discussed before, residual icy planetesimals from the protoplanetary disk might 
have remained tightly bound to the solar system. In some cases, they might have kept 
their primordial near-circular orbits as long as they did not closely interact with Neptune 
or Uranus. Others might have evolved to eccentric orbits, although they would still be 
far from where they could be subject to perturbers outside the solar system; thus, these 
planetesimals would maintain their primordial low-inclination orbital planes. All these 
bodies would then form a flat structure, close to the ecliptic plane, stretching from the outer 
planetary region to several 103 AU, where perturbations from passing stars and molecular 
clouds would be strong enough to have randomized the planetesimals'orbital planes over 
the age of the solar system. This structure should be more properly called a "comet disk" 
than a "comet belt," given its large extent. Figure 15 gives an overall picture of the space 
distribution of comets as a synthesis of several current ideas on the subject. 
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Fig. 15: A schematic picture of the current spatial distribution of comets around the solar system if 
they formed in the protoplanetary disk. A comet disk might still be present, stretching from 
the region of the outer planets to a few 103 AU. Farther away, the action of external per
turbers should have by now randomized the orbital planes of comets. New comets probably 
come from the Oort cloud, whereas most SP comets may come from the comet disk. The 
spherical volume a few 103 AU in radius should contain evolved LP comets (crosses). The 
dashed circles indicate distances to the Sun in AU. 
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10. The Comet Population in the Outer Planetary Region. 

At present we know of only two bodies pertaining to an outer solar system population: 
Pluto - possibly a large planetesimal formed in a heliocentric orbit (McKinnon and Mueller 
1988) - and Chiron that moves between the orbits of Saturn and Uranus. This is too 
limited a sample to permit any meaningful derivation of the size of a trans-Jovian comet 
population. We have to use some indirect pieces of evidence to infer something about such a 
population, as, for instance, the required input rate of comets to keep the SP comet family 
in the steady state. Thus, Delsemme (1973) estimated a transient population of 3 X 104tol05 

intermediate-period comets with perihelia in the range of 4 to 6 AU, whereas Duncan et 
al. (1988) estimated a transient population of about 105 bodies inside the orbit of Uranus. 
From our simulations we derive steady-state numbers of about 105 bodies in the Jupiter-
Saturn region, and ~ 2 X 106 bodies in the Uranus-Neptune region, under the assumption 
that SP comets come from an outer comet belt or disk (Ip and Fernandez, 1990). 

A massive comet belt or disk might be detectable by its combined flux in the far 
infrared through searches from space such as that carried out by the IRAS satellite (Bailey 
1983, Jackson and Killen 1988). It also would be possible to detect the brightest members 
of comet populations either between the orbits of the giant planets or beyond Neptune. 

Only a few limited searches for outer solar system (OSS) bodies have been undertaken, 
starting with the one carried out by Clyde Tombaugh that led to the discovery of Pluto 
in 1930. Through a 14-year search at the Flagstaff Observatory, Tombaugh was able to 
cover a large fraction of the northern sky down to an absolute photographic magnitude 
rripg ~ 18, but no OSS bodies other than Pluto showed up. Luu and Jewitt (1988) have 
recently carried out a deep survey, close to the ecliptic plane, searching for OSS bodies, 
which drew negative results. This allows us to set upper limits to the number of bodies in 
the outer solar system. For objects with apparent magnitudes mv < 20, Luu and Jewitt 
find that their number density should be S < 1.7 X 10~2 deg - 2 for slow-moving objects 
located beyond Saturn (r > 10 AU). 

An even more comprehensive search of OSS bodies with the 48-in. Palomar Schmidt 
Telescope has recently been reported by Kowal (1989), covering an 8-year period (1976-1985). 
He surveyed a sky area of 6400 deg2 in the ecliptic region as compared with only 297 deg2 of 
Luu and Jewitt's survey for the same limiting magnitude of mv — 20. Kowal has obtained 
a number density of £ ~ 1-56 x 10~4 deg - 2 trans-Jovian objects brighter than m„ = 20, 
which turns out to be about two orders of magnitude smaller than the upper limit set by 
Luu and Jewitt. Yet Kowal's result should be taken with extreme care since it was based 
on a single discovery (Chiron) throughout the studied period. 

From the previous results, let us try to estimate upper limits, nup, to the size of comet 
populations at different range of heliocentric distances. To this end, let us consider a belt 
that extends 10° on either side of of the ecliptic, whose area is approximately 360 X 20 = 
7200deg2, in which there will be a maximum number of objects with mv ~ 20 given by 

NMAX ~ 7200 x E ~ 101 (42) 
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Let us assume a size distribution of bodies 

s{R)dR<x RkdR, (43) 

where the index k is still somewhat uncertain. For a population of bodies subject to 
a process of collisional fragmentation, k ~ 4, as for the case of intermediate-size main-
belt asteroids (Hughes 1982, Donnison and Sudgen 1984). A photographic survey of faint 
asteroids carried out by Ishida et al. (1984) tends to confirm the previous value applicable 
to asteroids with diameters > 25 km. We will apply the value k = 4 for the population 
of OSS bodies, even though we should bear in mind that they might have had a different 
formation and collisional history. 

Let us consider the upper limits of size populations for three zones: (1) Saturn-Uranus, 
typical r = 15 AU; (2) Uranus-Neptune, typical r = 25 AU; and (3) a trans-Neptunian belt' 
typical r = 40 AU. 

The radius-magnitude relation is 

pR2 = 2.25 X l0 1 6 r 2 A 2 10°- 4 < m °- m \ (44) 

where p is the geometric albedo of the body; we assume that p = 0.1, R is the radius 
expressed in kilometers, r and A are the heliocentric and geocentric distances of the body, 
respectively, expressed in AU. For distant objects, we can assume that r ~ A and m 0 = 
-26.74 is the apparent visual magnitude of the Sun. For the limiting magnitude mv = 20, 
we get the corresponding limiting radii, RL, shown in Table 3 for zones (1), (2) and (3). 

Table 3. Outer Solar System Bodies 
Maximum Upper Limit to the 

Average r (AU) Ri (km) Number Population Mass (g) 

1.1 x 106 ± 1 9.0 x 102 2 ± 1 

2.4 x 107 ± 1 1.8 X 102 4 ± 1 

3.9 X 108 ± 1 3.4 x 102 5 ± 1 

If the size range of the outer solar system bodies is Rmin < R < Rmax, we find that 
the total number of bodies that defines the upper limit to the size of the comet population 

15 

25 

40 

48 

133 

340 

/ " 

l - f c 

s(R)dR ~ n m < w ( ~ ) (45) 
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If we adopt -Rmjn = 1 km, we obtain the maximum numbers of bodies shown in Table 
3. Considering the most restrictive upper limit found by Kowal, the number of objects for 
the Saturn-Uranus zone turns out to be on the order of the value obtained by Duncan et 
al. (1988) to keep the SP comet population in the steady state. 

The corresponding upper limits to the masses of the population of the outer solar 
system bodies are obtained from 

Mup 

A /"°raax 

- TPC / R3 s(R) dR. (46) 

where C is a proportionality factor. After some algebra, we obtain 

MuP = 1 „ (* ~ l>^™ R™ ' *& I (47) 

The corresponding values of Mup are shown in Table 3. We have adopted p = 1 
g c m - 3 and Rma.x — 500 km for the zones of Saturn-Uranus and of Uranus-Neptune and 
JJmax = 103 km for the trans-Neptunian belt. The values of Emax were chosen with the 
understanding that larger bodies would have been quickly discovered from ground-based 
observations. 

The results of Table 3 show that Luu and Jewitt's survey has not been extensive 
enough to detect population masses in the outer planetary region on the order of 1 to 10 
times the mass of the asteroids or on the order of Mars's mass in the trans-Neptunian comet 
belt. The latter mass is comparable to the limit estimated by Hamid et al. (1968) from the 
lack of observed effects on Halley's motion. However, the most stringent condition set by 
Kowal's survey would give an upper limit to the comet belt mass not greater than a few 
times the mass of Ceres. 

The consequence of transferring comets from an outer belt to SP orbits is to have 
transient comet belts between the outer planets. It is possible that these transient belts 
might mingle with stable bands of primordial cometesimals left there after the planetary 
formation. The existence of such stable bands has been analyzed by Duncan et al. (1989). 
Our numerical results show that the steady-state populations in the Saturn-Uranus and 
Uranus-Neptune zones should be on the order of 106 bodies. This is about two orders of 
magnitude smaller than the constraint imposed by the negative detection of the outer solar 
system bodies by Luu and Jewitt, as quoted in Table 3, or on the order of the estimated 
number of bodies there if we follow the most restrictive result found by Kowal. 

11. Cometary Impacts on Planetary Surfaces and Atmospheres 

11.1 CRATER SIZE DISTRIBUTION AND SCALING LAW 

One important consequence of the injection of comets from the Oort cloud and the 
trans-Neptunian belt into the inner solar system has to do with impacts on planetary 
surfaces. For planets with substantial atmospheres, like the present Earth and Venus, hy-
pervelocity atmospheric interaction of cometary nuclei composed of fluffy structures might 
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lead to fragmentation of the objects before hitting the ground. The chance of large surface 
cratering thus might be reduced. In other words, the terrestrial crater records could be bi
ased towards impact events of asteroidal origin because of such selection effects. For more 
complete records registering both cometary and asteroidal impacts, the lunar and Mercu-
rian surface would be better suited for this purpose. In the following, we shall therefore 
use the lunar record as a benchmark in the examination of comet impact histories of other 
planetary objects. 

One important ingredient in the study of impact craters is the scaling law between the 
kinetic energy (and hence the mass and impact velocity of the projectile) and the diameter 
(D) of the crater created. Several different expressions have been derived (see Shoemaker 
and Wolfe 1982). A more recent study by Holsapple and Schmidt (1982) shows that the 
mass of the projectile can be related to the density (p) and surface gravity (g) of the target 
body, impact velocity (V), and density (<5) of the projectile in the following fashion 

m(D) = 0.089 ( £ ) 8 / V / B t f - V 8 £ ) i 8 / 5 (4 8) 

In the case of the Moon, with g = 161 cm s~2 and p — 2.9 g c m - 3 , we find 

^^(i^n^y'v, 
where D is in units of meters and m in units of grams. In Fig. 16, the m-D relations for 
three cases are illustrated: (a) the Apollo-Amor objects with 6 = 3.0 g c m - 3 and v = 16.6 
km s_ 1 ; (b) the short-period comets with 6 — 0.5 g c m - 3 and v = 26.0 km s_ 1 ; and (c) 
the long-period comets with S =0.5 g c m - 3 and v = 56 km s _ 1 . With the same mass, the 
corresponding values of D created by these three different types of stray bodies do not differ 
by more than 30%. 

According to Strom and Neukum (1989), the crater diameter (D), in units of kilo
meters, and the cumulative crater frequency, in units of k m - 2 , follow a simple power law 
relation of N oc D _ a . Between D « 5 km and 50 km, a « 2, and for D < 5 km and D 
> 50 km, a « 3. That these two curves exhibit close similarities is an indication that, 
as a first approximation, they might have been subject to bombardment processes by the 
same populations of stray small bodies during the history of the Solar System. There are, 
in fact, several groups of small objects that might be relevant in this connection. First, 
there are the planetesimals left behind after the formation of the terrestrial planets. The 
bulk of the planetesimals would be cleared away via collisions and planetary gravitational 
scattering within a time scale of 100 million years . However, some of these inner solar 
system planetesimals and a long-lived component in the outer planetary region might be 
able to survive a few hundred million years or more and could be one of the sources of the 
late-heavy bombardment event terminated at about 3.8 billion years ago (Wetherill 1975). 
The next group of bombarding bodies is the Apollo-Amor objects referring to the Mars-
and Ea.rth-crossing populations of asteroids (and defunct cometary nuclei). According to 
the observational statistics (Helin and Shoemaker 1979, Wetherill and Shoemaker 1982, 
Bailey and Stagg 1988), the total Earth-crossing Apollo-Amor objects with absolute visual. 
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magnitude Hw brighter than 18 can be estimated to be 

n(< 18) = 800 ± 300. 

Using the brightness-size relation given in Eq.(44), we find that the mass of a C-
type asteroid with Hw = 18 is about 4.5 x 1015 g and 8.7 X 1014 g for a S-type object 
(see Shoemaker et al. 1979). Note that pv « 0.02-0.065 for the C-type objects and pv « 
0.065-0.23 for the S-type objects. 

The impact probability of the Earth-crossing asteroids with the Earth is on the order 
of (Bailey and Stagg 1988) 

PA(©) = ( 5 . 0 ± 2 . 5 ) x l O - 9 y r _ 1 

In the case of impact with the Moon, the collision probability would be reduced by a 
factor proportional to the ratio of their gravitational cross-sectional areas, i.e., 

PA(Moon) = PA(©)/21.3 

With an average impact velocity of < Vt > = 16.6 km a - 1 , the Apollo-Amor ob
jects with V(1,0) w 18 would produce a crater diameter D » 20 km on the Moon. The 
corresponding crater frequency at present time thus would be 

NA{D > 20krn) = nAPA(Moon) = 5.4 x 10" V - 1 . (50) 

In comparison, the lunar record given by Neukum (1975) and Strom and Neukum 
[1989) yields 

NA{D > 2Qkm)ob. 

10r 

Q 10! 

E io' 

= 10~6 x 4TT(1738) 2 /10 9 yr'1 = 3.8 x 10~8 yr~\ (51) 

1 1 r 

SHORT-PERIOD COMETS 

J I I I I I I I I I 
10» 10" 10" 

MASS m I g | 

Fi". 16: The lunar crater diameters as a lunction of the mass of the impacting objects according to 
the Schmidt and Holsapple crater scaling law. 
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The estimated watering rate by the Apollo-Amor asteroids on the Moon exceeds the 
observed value by a factor of 14. Since errors and uncertainties involved in the derivations 
of Eq.(51) could amount to a factor of 5 (Bailey and Stagg 1988), the above discrepency 
may be resolved after more detailed analyses. This discussion nevertheless highlights the 
intrinsic uncertainties in relating the crater size frequency distributions to the number and 
size distributions of the impacting bodies. 

The next category of stray bodies creating craters on planetary surfaces is naturally 
the long-period and short-period comets. The main difficulty in the examination of the 
crater production rates from these objects has to do with the mass-magnitude relation, 
which has been generally expressed in the following form, 

log(m) = b2 + hH10 (52) 

where m is in units of kilograms and H\o is the absolute magnitude of the comet. Different 
authors give very different 6j and 62 values (Allen 1963, Fernandez 1982, Weissman 1983, 
Hughes 1987, Bailey and Stagg 1988). The determination of the #10 value of a comet 
depends on fitting its brightness variation as a function of power law in solar distance, 

H = Hw + 5 log10 A + 101og10 r (53) 

where H is the apparent magnitude of a comet when it is at heliocentric distance r and 
geocentric distance A. In the above equation, an inverse fourth-power dependence of the 
comet's brightness on r is assumed (Everhart 1967). Since the coma activities and evolu
tionary history of a comet have strong effects on the brightness variation, Eq.(53) certainly 
can not be applied to all cases. Before a comprehensive survey is performed, of distant 
comets at large solar distances (> 3 AU) where outgassing process generally cease, no more 
improvements can perhaps be made in this area. As a working assumption, in our deriva
tion of cometary nucleus mass, we shall use the values adopted by Bailey and Stagg (1988): 
61 = -0.5 and 62 = 16.9. As emphasized by these authors, such "average" values could 
lead to a potential error in the mass estimate upward or downward by a factor of 5. 

11.2 SIZE DISTRIBUTION OF COMETS 

The application of the brightness-mass relation given by Bailey and Stagg (1988) 

log(m) = +16.9 - 0.5.ffio kg (54) 

would suggest that the cumulative number of the long-period comets would have a power 
law dependence of N(m) oc m- 0 , 5 8 for m < 1014 kg and N(m) oc m - 1 1 6 for m > 1014 kg. 
The difference in the mass spectral index is due to the kink at #10 « 6 in the brightness 
distribution (see Fig. 2). In comparison, the main-belt asteroids have a mass distribution 
given by N(m) oc m_ 1, at least for diameters < 25 km (cf. Section 10). The impact 
craters on planetary surfaces therefore reflect the bombardment effects of various kinds of 
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projectiles with different mass distributions and impact velocities. The separation of the 
contributions from different groups is difficult, however. Estimates of the proportion of 
crater production by long-period comets, for example, vary from just a few percent (Bailey 
and Stagg 1988) to over 50% (Hut and Tremaine 1986). We can make an independent 
check based on some previous results (Ip and Fernandez 1988). There, we found that, on 
the average, there would be about 48 new comets (with HIQ < 11.0) per year entering the 
Solar System within the orbit of Neptune. For lunar craters, a lunar crater diameter of 
D « 20 km would correspond to an absolute magnitude of H\o < 8.0. The influx of new 
comets of such ff10 value can be estimated to be 10 per year. The impact probability (Pi) 
with the Earth per new comet with perihelion distances inside 30 AU has been estimated 
to be 2 x 1 0 - 8 (Ip and Fernandez, 1988). The crater production rate for D « 20 km on the 
lunar surface due to long-period comets is thus on the order of 1.6 X 1 0 - 8 yr _ 1 . Since the 
impact rate from short-period comets has generally been computed to be a factor of 2 to 
5 larger than that from long-period comets, our exercise suggests that cometary impacts 
should contribute to 10% to 20% of the total crater production. It should be noted that 
if the contribution from comet showers is included, the percentage could be appreciably 
increased. 

11.3 VOLATILE I N J E C T I O N T O PLANETARY A T M O S P H E R E S : 

11.3.1. Present. With a mass distribution of 

^ - = A m - ° - 5 8 for m < 1 0 1 7 g 
dm 

we find that the average mass of the long-period comets would be < m > — 3 X 1016 g, with 
the corresponding absolute magnitude equal to Hio = 7. A reasonable estimate for the 
volatile mass from long-period comets accreted by terrestrial planets over the last 4 X 109 

years (if the new "LP comet" injection rate is assumed to be constant) is: 

Am(Earth) = 48 x (10/300) X 2 x 10_8X < m > x4 x 109 = 1.3 X 1019g. (55) 

The total volatile contribution from all comets (short-period and long-period ones) is 
therefore 1.3 x 1019 X 4 = 5.2 x 1019 g. In comparison, the present terrestrial atmospheric 
mass (78% N2, 21% 0 2 , and < 4% H 2 0) is 5 X 1021 g and the ocean water mass is 1.3 X 1024 

g. Even though the late-phase injection of comets into the terrestrial atmosphere during 
the last 4 billion years is insufficient to affect the global inventory of the hydrospheric 
water budget, significant effects nevertheless could result in the short-term changes in the 
physical/biological condition immediately after each cometary impact. 

The situation with Venus and Mars is very different from the terrestrial case because 
of the very low water content in the atmospheres of both planets. The current atmospheric 
water content at Venus is on the order of 1019 g (20 ppm); the H2O mixing ratio thus 
could be strongly modulated by cometary impacts. As mentioned before, for new comets 
with H10 < 11.0, the influx rate would be 48 per year inside 30 AU; the corresponding time 
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interval between long-period comet impacts at Venus is thus A< « 1/(7VP,) « 2.1 X106 years 
(see Ip and Fernandez 1988). Each impact separated by At can bring about a potential 
perturbation to water abundance. Next, according to the idea of cometary showers (Hills 
1981, Fernandez and Ip 1987, Hut et al. 1987), the shower time interval should be about 
2 x 107 years and the concentrated cometary influx during the shower period would be 
enhanced by a similar factor. In other words, a total mass of about 1018 g of cometary 
material could be delivered to Venus via long-period comets in just a few million years during 
such a cometary shower. The present-day atmospheric water content is consequently closely 
coupled to the bombardment effect of stray comets. 

As for Mars, its CCVrich atmosphere contains no more than 2 X 1015 g of H20. The 
impact of a small comet of 1-km radius would be enough to cause a major change in the 
atmospheric water content. The cumulative effect of a cometary shower should be very 
significant even for the CO2 atmosphere (the total CO2 mass is about 6.7 X 1018 g in the 
Martian atmosphere). 

11.3.2. Past. Even though the present rate of mass accretion from comet impacts 
is relatively low, the bombardment events during the formative phase of the planetary 
system could be much more significant. For example, it has been estimated that in the 
accretion/scattering process of the planetesimals in the Uranus-Neptune zone, the total 
mass accreted by Jupiter from the Uranus-Neptune zone objects would be about 0.2-2 
MQ (Fernandez and Ip 1981, 1983a). For this population of icy planetesimals, about 1% 
of them will be intercepted by the Earth (and 0.5% by Venus and 0.2% by Mars). The 
potential mass input (with 50% in H2O) to the primordial terrestrial atmosphere is thus 
on the order of 6 X 1024 to 6 X 1025 g (i.e., 4 to 40 oceanic masses). Thus, in association 
with the accretion of Uranus and Neptune and the buildup of the cometary Oort cloud, a 
full-scale hydrosphere could have been established on the Earth (and on Venus and Mars) 
as a result of the early phase of cometary impacts terminated approximately 4 billion years 
ago. These estimates should be considered as upper limits, however, since we have neglected 
the potential effect of atmospheric erosion during cometary impacts. 

The issues of the initial existence and eventual disappearance of water on the surfaces 
of Venus and Mars are of great interest to the study of the origin and evolution of the 
atmospheres of these two terrestrial planets. The total water content in the atmosphere of 
Venus is equivalent to a global layer 20-cm thick, in contrast to oceans of an average depth 
of 3-km covering the surface of the Earth. The reported enhancement of the D/H ratio 
in the lower atmosphere of Venus by a factor of 100 in comparison with the value derived 
for the terrestrial ocean water (Donahue et al. 1982) has been used as an argument for 
the presence of much higher water content in the past history. This inference is based on 
the assumption that the deuterium and hydrogen should have different escape rates from 
the atmosphere (Kumar et al. 1983). Similarly, an enhancement factor for the D/H ratio 
of about 6 ± 3 in the upper atmosphere of Mars also could be indicative of a history of 
large-scale atmospheric loss (Owen et al. 1988). More precise measurements of the D/H 
ratios at Venus and Mars, as well as a better understanding of the pertinent fractionation 
process in atmospheric escape, are required to verify this scenario. 

Finally, it should be pointed out that a much smaller degree of volatile deposition has 

https://doi.org/10.1017/S0252921100109819 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100109819


528 J. A. FERNANDEZ AND W.-H. IP 

been derived by Pollack and Yung (1980) using the observed crater frequency distribution 
on the Moon's ancient terrain (they found a total impacting mass of about 1021 g). A recent 
study using the Schmidt and Holsapple (1982) mass-scaling law for the crater diameters has 
led Chyba (1987) to the conclusion that the Earth should have acquired about one oceanic 
mass of water from cometary impacts between 4.5 and 3.8 billion years ago. Since the lunar 
crater record might have been partially degraded, the actual amount of water depostion 
on Earth could have been larger. Chyba's evaluation, which is independent of cometary 
flux models, is therefore not in disagreement with our estimate of 4 to 40 oceanic masses 
of H2O deposition during the early phase of cometary impacts. It should be noted that, 
however, the discrepancy between these two estimates might have to be explained in 
another way because Chyba's estimate is based on the largest lunar basis of which erosion 
effect might be small. 

12. Concluding Remarks 

Summing up, we would like to emphasize some significant new contributions to our 
understanding of comet dynamics as well as some still unsolved problems: 

1) The frequency of passages of LP comets on Earth-crossing orbits is estimated to be 
about 3 yr_1, although this only refers to comets brighter than JETio ~ 10.5. Whether 
fainter — mostly undetected — LP comets contribute significantly to the total mass 
inventory of the Oort cloud is still an open question. 

2) The tidal force of the galactic disk plays a dominant role in driving comets to the 
planetary region. From time to time, random encounters with molecular clouds or 
close stellar passages may overcome the galactic effect. 

3) The onset of comet showers may result from passing molecular clouds or stars pene
trating very deeply in the Oort cloud (r ~ 104 AU). The enhancement in the frequency 
of comet passages during a shower will depend on the radial distribution of Oort cloud 
comets. 

4) The distribution of aphelion points of young and new comets on the celestial sphere 
shows a galactic dependence, suggesting that the frequency of comet passages is cur
rently at, or near, its background level. 

5) There is no firm evidence in favor of the proposed periodicity of ~ 26 Myr in the 
terrestrial cratering record attributable to cometary impacts during showers. It is even 
possible that craters produced during a comet shower cannot leave any distinguishable 
enhancement against the heavy crater background from colliding asteroids. 

6) Most short-period comets of the Jupiter's family might come from an outer comet belt 
or disk. This is suggested by their highly flattened distribution of orbital inclinations, 
which seems to be incompatible with a comet source having a spherical distribution. 
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7) The volatile contribution to the Earth from colliding comets could have been sufficient 
to supply a few ocean masses of water during the late heavy bombardment that ended 
~ 3.8 byr ago. Comets colliding with Venus or Mars can significantly modulate the 
water content of their dry atmospheres. 
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