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Figure 7-4. Schematic history of interplanetary bodies and dist r ibution of taxonomic classes (not to 

scale). (a) Initial composition zones among planetesimals. (b) Perhaps 50 My lateG planets are forming 
and the interplanetary bodies are being depleted by collisions with planets and ejection into the Oor t 

cloud. The main asteroid belt and Kuiper belt are left st randed. (c) In t he present system, a populat ion 

of Earth-crossers, Centaurs, and active comets is maintained by processes of perturbation. 
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Figure 7-9. O rbit of a typical comet, showing development of 
the tail as the comet approaches and recedes from the sun. 
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Figure 7-10. (a) Nomenclature of a comet. (b) Comet Kohoutek. showing the same features, 
with minimal separation of Type I andType II tai ls (NASA. Lunar and Planetary Laboratory, University 
ofAnzona) 
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THE SOLAR sn I ~M 

Figure 7.39 A meteoroid 
stream produced by the 
ejection of dust particles from a 
comet. The orbits of the dust 
particles are reasonably similar 
to the parent comet, producing 
a tube of dust in space, which 
is thickest at the aphelion 
region. 
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Figure 7.40 An all-sky image 
taken during the 1998 Leonid 
meteor shower, when the peak rate 
of meteors reached several hundred 
per hour. (Juraj Toth, Modra 
Observatory) 



Figure 7.41 An impact crater 
found on the solar arrays of an 1
Earth-orbiting satellite. The vertical S 

lines are about 1 mm apart. The p 
crater could have been made by a I 
particle just 100 !Jm across. v 

278 



m the asteroid belt, whereas a 1 em object 

Figu re 7.43 A photograph, taken after sunset in 1997, of the zodiacal light (which 
extends up from the centre horizon) which is due to sunlight being scattered from 
the dust particles in the interplanetary dust cloud. Also seen in the photograph is 
comet Hale- Bopp. (J. C. Casado) 279 
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FIGURE 22.10. The reflection spectrum of 2003 UB3l3 (indi vidual points) compared to the spe 
trum of Pluto (g;;-cay line). Absorpti on features of methane dominate the spectrum. The large poi 
are data from a- 'fiIRlJHK photometry. [Courtesy of Mike Brow n (Caltech), Chad Trujillo (Gemi 
Observatory), aD2~ Dav id Rabinowitz (Yale Uni versity) .) 
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belt, planetary perturbations would have excited most of the icy planetesimals onto 
planet-crossing orbits in ten million years or less. 

The long-period comets are thought to derive from a small fraction of the planetesimals 
that became planet-crossing. The first stage in placing a comet. in the cloud is that 
planetary perturbations pumped up the orbital energy (i.e., semi-major axis, denoted 
a) of a planetesimal, while its perihelion distance remained nearly constant. If the 
planets had been the only perturbers, this process would have continued, in general, 
until the planetesimal became unbound from the solar system, and thereafter wandered 
interstellar space. However , the very reason that a comet 's orbit becomes unbound 
at large distances - the presence of stars and other matter in the solar neighborhood 
that exert a gravitational force comparable to that from the Sun - provides a possible 
stabilizing mechanism. Once a comet's orbit becomes large enough, passing stars affect 
it. In fractional terms, stars chang ometary l)eriheli 11 distan much more than they 
change the overall size of the orbit . If pas ing stars can li ft a comet's perihelion out of 
t h planetary region b for the planets can eject it from th olar system, the comet will 
attain an orbit in the ort I ud. T he size of the Oort cloud is set by the ,ondition that 
the timescale for changes in the cometary semi-major axis is comparable to the timescale 
for changes in perihelion distance due to passing stars, In essence, the comet must attain 
an orbit large enough that it is significantly perturbed by passing stars, but not so large 
that the orbit is too weakly bound to the solar system and the comet escapes, This 
condition yields a cloud of comets with semi-major axes of order 10,000 to 100,000 AU 
(Heisler & Tremaine 1986, Duncan et aL 1987, Tremaine 1993) , The trajectories of 
the stars are randomly oriented in space, so stellar perturbations eventually cause the 
comets to attain a nearly isotropic velocity distribution , with a median inclination to 
the ecliptic of 90° and a median eccentricit.y of 1/V2 rv 0,7, Subsequently, passing stars 
reduce the perihelion distances of a small fraction of these comets so that they re-enter 
the planetary region and potentially become observable, 

The above description is similar to Oort's vision of the comet cloud , However, less than 
half of the local galactic mass density is provided by stars, the rest being in gas, brown 
dwarfs, and possibly a small amount of "dark matter." We thus now recognize that t.he 
smooth long-term effect of the total amount of nearby galactic matter, i,e, the "galactic 
tide," perturbs comets somewhat more strongly than do passing stars, The galactic 
tide causes cometary perihelion distances to cycle outward from the planetary region 
and back inward again on timescales as long as billions of years (Heisler & Tremaine 
1986) , In addition, rare, but large, perturbers such as molecular clouds may affect the 
long-term stability of the Oort cloud, 

2.2. Observed Orbital Distribution 

When the orbits of long-period comet.s are integrated backward in time to well before the 
comets entered the planetary system, yielding the "original" orbits , about one-third of 
the comets are found to occupy a "spike" at near-zero but bound energies, representing 
orbits with a > 104 AU, It was, of course, this spike that led Oort to postulate the 
existence of the comet cloud, A few of the orbits are apparently slightly hyperbolic, due 
in most or all cases to imperfect modeling of nongravitational jetting forces (Kr6likowska 
2001), The remaining two-thirds of long-period comets revolve on smaller, more tightly 
bound orbits, 

Oort suggested that most new comets have semi-major axes of 25,000 to 75,000 AU, 
More recent determinations give values about one-half as large; Marsden et al. (1978) 
suggest that the peak, corrected for non-gravitational forces , is at 22,000 AU, Simula
tions by Heisler (1990) predict a peak closer to 30,000 AU, This discrepancy could result 
from errors in orbit determination, contamination of the "new" comet population with 
dynamically old comets with a > 104 AU, or, as Heisler proposed, could indicate that 
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Figure 1. Scatter plot of osculating barycentric pericenter distance (q) vs. 
osculating barycentric semi-major axis (a) at various times in the DLDW 
"cold" simulation of the formation of the Oort cloud. This simulation included 
2,000 test particles with initially small eccentricities and inclinations. The 
points in Figures 1 and 2 are color-coded by their formation location ao: 
Jupiter region comets (ao between 4 and 8 AU) are magenta triangles; Saturn 
region comets (8-15 AU) are blue triangles; Uranus region comets (15-24 AU) 
are green circles; Neptune region comets (24-35 AU) are red circles; Kuiper 
belt comets (35-40 AU) are black circles. Panel (a): Initial conditions for the 
simulation [0 Myr]. Panel (b): 1 Myr into the simulation. Panel (c): 10 Myr 
into the simulation. Panel (d): 100 Myr into the simulation. Panel (e): 1 Gyr 
into the simulation. Panel (f): Final results for the simulation, at 4 Gyr, i. 
e., roughly the present time. Note that in panel (f), there is a nearly empty 
gap for semi-major axes between about 200 and 3,000 AU. Objects with a in 
this range and q in the planetary region evolve rapidly in a at nearly constant 
q, thereby depleting this region, as discussed by DQT87. 
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TABLE 13.1 

Meteor Showers and Comets 

Shower Comet Occurrence Meteorslh 


Quadrantids 1491 I Jan. 1-4 80 
Lyrids Thatcher Apr. 19-24 35 
Aquarids Halley May 1-8 40 
f3 Taurids Encke June 24-July 6 
Perseids Swift-Tuttle Aug. 9-17 40 
Orionids Halley Oct. 15-25 45 
Taurids Encke Oct.-Nov. 5 
Leonids Temple-1 Nov. 15-20 40 
Geminids Phaethon Dec. 7-15 60 
Ursids Tuttle Dec. 17-24 5 

Note: Showers are named for the constellation from which they appear to 
radiate. A comet is a candidate source of the meteor shower if its orbital 
elements are close to the meteors' orbital elements. 




