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We examine the dynamics of a sample of 117 near-Earth objects
(NEOs) over a time scale of 60 Myr. We find that while 10-20%
end their lifetimes by striking a terrestrial planet (usually Venus or
Earth), more than half end their lives in a Sun-grazing state, and
about 15% are ejected from the Solar System. The median lifetime
of our (biased) sample is about 10 Myr. We discuss the exchange of
these objects between the various orbital classes and observe the cre-
ation of orbits entirely interior to that of Earth. A variety of resonant
processes operating in the inner Solar System, while not dominant
in determining the dynamical lifetimes, are crucial for understand-
ing the orbital distribution. Several dynamical mechanisms exist
which are capable of significantly increasing orbital eccentricities
and inclinations. In particular, we exhibit important new routes to
the Sun-grazing end-state, provided by the vs and v, secular reso-
nances at high eccentricity between a=1.3 and 1.9 AU. We find no
dynamical reason to demand that any significant component of the
NEO population must come from a cometary source, although such
a contribution cannot be ruled out by this work. @ 2000 Academic Press
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1. INTRODUCTION

orbital element space they occupy as the AAA region. Althoug
objects change between these classes (sometimes rapidly
repeatedly) as their orbital elements vary, this classification do
allow an immediate distinction between those objects whic
might impact Earth over a human lifespan (Atens/Apollos vs
Amors) and between those that have succeeded in making t
long and hazardous journey to orbits largely interior to Eartl
(Atens vs Apollos).

It is clearly useful to have a class name for the as-yet undi:
covered group of objects whose orbits lie entirely interior tc
Earth’s orbit (apheliaQ < 0.983 AU), which Wetherill (1979)
suggested should comprise from 1 to 3% of the NEO populatio
Tholen and Whiteley (1998) reported the candidate object 19¢
DK36 as a potential first member of this class in a survey fo
Earth Trojans (Whitely and Tholen 1998), but the orbit coulc
not be reliably established. Boattini and Carusi (1998) adopte
the name Arjunas for this class; this adoption is a misuse of tt
term originally proposed by T. Gehrels for the smallLQ0 m),
low-e Earth-approaching objects reported by Rabinowttal.
(1993). Michelet al. (2000) propose “inner-Earth objects,” or
IEOs, which intends to indicate objects on orbits entirely inte
rior to that of Earth’s as opposed to inside Earth. Because of th
confusion, in this paper we will use the name “Anon” asteroid:

The near-Earth object (NEO) population consists of thogg thjs class (a whimsical abbreviation of “anonymous,” sinc

astronomical bodies which are on orbits which bring them “neajf\q ¢1ass will be named after its first confirmed member).
the_Earth. Besides being telescopically more accessiblg due t§ne subject of this paper is to examine the dynamical evolt
their occasional close passages to our planet, these objectsgffof the population of NEOs as a whole, with special attentio

also of special interest because (1) their dynamical lifetimes qffye paid to their ultimate dynamical fate and their lifetimes. Wi
shorter than the age of the Solar System, and thus they mus{ag|so attempt to say something about their origin and addre:

resupplied by some more stable sour®pik 1963, Wetherill jsqes regarding the cometary component of the population.
1979), and (2) some fraction of these objects will impact the

terrestrial planets. The ultimate supply source for most NEOs
is likely to be the main asteroid belt (and thus most NEOs have
rocky compositions), although some undetermined fraction ofIn order to examine the dynamical evolution of the NEO pop
the NEOs are almost certainly of cometary origin (Wetherilllation, we have integrated a sample of 117 cataloged objec
1988). obtained from the catalog of Bowaedt al. (1994), whose orbits
Historically, these objects have been divided into the Apollavere considered to be of high quality. Their current orbital dis
Amor, and Aten classes, based on their current osculating orbit@bution is shown in Fig. 1, where it is evident that we have
elements (Table ), and with the restriction @& 5.2 AU to only considered objects which have at the current epoch pe
eliminate objects with semimajor axes outside of Jupiter (likbelia g <1.3 AU (that is, belong to the AAA classes listed
Halley or long-period comets). Below we shall refer to theda Table I). The 1.3-AU boundary created by the definition of
three classes together as the AAA objects and the regiontieé Amor objects is highly arbitrary; on time scales of tens o

2. THE SAMPLE
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TABLE | Our sample was selected on the basis of orbit quality. Bott}
Definitions of the Classes in Terms of Their Current etal (1998) plot a sample of 197 Apollo and Aten objects with ¢
Osculating Orbital Elements less restrictive orbit-quality requirement; our Apollo/Aten distri-

bution shows no obvious differences. Our sample did notincluc

Class aau) Other P/Encke, because the dynamical evolution of this comet is we
Amor 1 1017<q<13 studied (see Valsecchkt al. 1995).
Apollo >1 gq<1.017
Aten <1 Q>0.983 3. APPROACH
Anon(?) <1 Q<0.983

We numerically integrated the orbital histories of our sampl
forward in time in order to study their dynamical evolution anc
the distribution of fates. A NEO typically suffers tens of thou-
millions of years the large population of Mars-crossing objectainds of planetary close approaches (within several Hill sphe
with g > 1.3 AU reaches Amor, and eventually Apollo, orbitadii) during a 10-year sojourn in the inner Solar System, anc
(Shoemakeet al. 1979, Michelet al. 2000). Additionally, the so a numerical integrator for the problem must be capable
NEO population receives continuous feeding from the maiefficiently treating planetary encounters. The only numeric:
belt asteroid population (Miglioriret al. 1998), as well as some algorithm we are aware of that is capable of integratingl0-
(probably smaller) contribution from the Jupiter-family comeparticle sample of planet-crossing objects fof400 orbits is
population (Wetherill 1988). Thus, our initial sample is “unstathe RMVS3 algorithm of Levison and Duncan (1994), which i
ble” in the sense that some of its members leave the region defiased on the symplectic integration algorithm of Wisdom an
ing the population, and we expect new objects to enter the AAAolman (1991). We included gravitational forces only, becaus
regions on time scales of 3610’ years. However, in a steadythe orbits of kilometer-scale NEOs are presumably immune, ¢
state situation this flux in and out of the population will not affeaime scales of tens of millions of years to nongravitational (e.g
the fraction of objects which suffer certain fates; that is, we caadiation pressure) or collisional effects.
calculate what fraction of our well-defined Apollo/Amor/Aten The effects of all the planets except Pluto were included in th
population terminate their lives impacting Earth (for example)simulations. We integrated the 117 objects into two subgroug

Of more concern than fluctuations across the boundariesegich of about half the total sample. No differences judged
the AAA region is the worry that the 117 objects used are npt particularly important between the evolutions of the twe
a representative sample of theal objects populating this re- groups were found, implying that even a 60-object sample
gion. Telescopic observations of near-Earth objects are knolginge enough for the present purposes to extract some relial
to be biased against the detection of objects with high eccentiiigformation, and also implying that neither group had a signif
ities and inclinations (e.g., Rabinowié al. 1994). Since these icantly different initial orbital distribution. We integrated one
objects also tend to have the longest dynamical lifetimes (sgfethe groups twice, comparing the results of simulations usir
discussion below) our sample may be biased toward the msdse) time steps of 7.5 and 3.7 days; no differences which v
rapidly evolving NEOs. believe to be significant were found between the two simule
tions, and so the second subgroup was integrated only with t
7.5-day time step. In reporting results below, we have used tl
3.8-day step-size simulation for the first subgroup. (Note th:
RMVS3 automatically changes time step or reference frame
order to more accurately follow close approaches, and so t
time steps reported above are actuallyieximunused.)

LENL I vv‘v’x/vnv TT T T T T T T
o

. ’ Our integrations proceeded for 60 Myr of simulated time, b
whichtime all but 19 of the original particles had been eliminate
o (see the next section); 11 in one subgroup, and 8 in the oth
° o We decided that continued integration of this small sample w:

° ) unwarranted.

4, FATES
e I I e s S S

0 02 04 06 08 1 0 20 40 60 80 Particles were removed from the simulation if they were ejec
eccentricity inclinalion (degrees) ed from the Solar System or if they impacted a planet or the Su

_ N , The fraction of particles directly observed to finish in each o
FIG. 1. Current heliocentric orbital elements for our 117-particle sampl(i

used as the initial conditions for our simulation. The pericenter and node d D—ese e_nd states Is ||_St6d in Table I1. . .
tributions (not shown) appear uniformly distributed. The curves correspond to W€ fmd_a very rapld decay _Of the number of objects with re
lines of perihelia or aphelia at the semimajor axis of a planet. spect to time. Previous studies of long-term5(Myr) NEO
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TABLE 11 To gain additional insight into the importance of the resonar
Fraction of End-States for NEOs phenomena, we conducted @pik—Arnold Monte Carlo cal-
culation of our initial conditions using the Monte Carlo code
Average Impactrate,=0rate Of Melosh and Tonks (discussed in Doredsal. 1999). In this

Directly observed

Fate (within 60 Myr) N % prob. (%)  (NEO™Myr ) Monte Carlo code, no approximate modeling of some of th

. resonances is incorporated (as was done in varying degrees
Impact Mercury 1 0.9 13 2810107 \wetherill's work and Rabinowitz (1997)); thus the Monte Carlo
Impact Venus 12 10.1 6.8 350.7x 10~ .. L.
Impact Earth 5 43 47 4713%10-3 code “sees” only close encounters. Each initial condition wa
Impact Mars 2 1.8 04 260.1x10°3 computed 10 times (picking different random numbers for th
Impact Jupiter 0 00 05 2:826x 1073 Monte Carlo process) and evolutions were computed for 60 My
Impact Saturn 1 09 0.02 242.4%x 1074
Ejected from S.S. 12 10.3 — —
Sun-grazing 65 55.6 — —
Survivors (60 Myr) 19 16.0 — — 100 rer—r— —— N

o
80 f 0 tng .

dynamics were all based oBpik—Arnold Monte Carlo cal- %@t/
culations of the encounter and collision time scales, based on ‘m‘\:’]
the equations oOpik (1976). These studies estimated the dy- 60 \-mn,‘n

namical lifetime (sometimes without any analytic or numeric
calculation, or reference) to be &A@ years Opik 1963),
30 Myr (Chapmaret al. 1978), 100-200 Myr (Wetherill 1979),
~10® years (Wetherill 1988), 30-100 Myr (Weissmah al.

N
(@}
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Percentage of NEO sample remaining

1989), 16 years (Greenberg and Nolan 1989), ard0’— cOr NS
10° years (Rabinowitz 1997). There is room for confusion here, I ntegrations ]
as some studies compute only tpartial collision half-lives D
against planetary impacts (e.g.10? years for Shoemaket al. 0 <0 40 60
(1979) and Bottkeet al. (1994), 16-1C years for Steel and 100 11—

Baggaley (1985), 19-1¢° years for Chyba (1993)); these are
correct as far as they go, but some make the implicit assumption
that this is the dominant end state and thus also the median dy-
namical lifetime of the population, which we show below to be
incorrect. As Fig. 2a shows, our direct integration finds a me-
dian dynamical lifetime of only about 10 Myr. This 10-Myr time
scale has a mild dependence on the sample selection criterion;
in a preliminary integration of 155 Apollo (only) asteroids with
a less restrictive orbital quality criterion, we found-d5-Myr
median lifetime, which has been partially elevated by the pres-
ence of a larger fraction of highly inclined aad< 2 particles.
All the integrations show very similar (logarithmic) decay laws.
The reason for the short dynamical lifetime is easily surmised
after examining Table II, which shows that over half of the par- time (Myr)
ticles are eliminated by the process of Sun-grazing, that is, their
perihelia are lowered to the solar radius. This occurs largely beIG. 2. Decay of number of integrated NEOs with time. The panels com
cause resonant phenomena, especially those operating betvpaesthe results of the integrations (solid and dotted lines) with those of tt
2.0 and 2.5 AU such as the 3:1 mean-motion agdecular Monte Carlo simulation. The twoint_egrations correspond t(_) the subs_,ets of he
. . . . . the NEO sample. (Top) The unmodified Monte Carlo algorithm predicts a me
resonances, increase pamde eccentricities to unity (Farmetﬂén lifetime of ~60 Myr, whereas the real half-life of our NEO sample is
et al 1994, Gladmaret al. 1997). Since most of the previous-10 myr. only close encounters are modeled in the Monte Carlo code, and :
lifetime estimates relied o@pik’s equations, which do not takeparticle removal occurs only due to collisions or ejection from the Solar Syste
resonant phenomena into account, it is not surprising that fifamoval at_e:l is checked for, b_ut 'does_ not occur). I_n contrast, most inte:
lack of this dominant phenomenon produced long estimates ﬁé"?ted particles (Table I1) end their lives in a Sun-grazing state. (Bottom) W
the characteristic time scale. Wetherill (1979) discussed the d ave art|f|C|aIIy |ntr<_)duced a zero_th-ordpr model of'the Sqn-grazmg process I
ediately removing from the simulation any patrticle which has an osculatin
gers of interpretation involved in calling this median lifetime @emimajor axis of between 2.0 and 2.2 AU or between 2.4 and 2.6 AU, rough
“half-life” since the decay is not an exponential. corresponding to thes and 3: 1 resonances, respectively.

Percentage of NEO sample remaining
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Figure 2a shows the result of the calculation; just slightly morel. Impacts
than half of the particles remain after 60 Myr, a much lower
mortality rate than observed in the integration. Due to the efficient destruction of the NEO population by
A question we find interesting is: what is dominantly detedelivery to Sun-grazing orbits, only a minority{0-15%) ac-
mining the 10-Myr time scale of the population? We know thatially impact a terrestrial planet (Table IlI). In our integratec
resonant phenomena are important in the 2.0- to 2.5-AU regi@ample of 117 NEOs we found 21 planetary impacts in our 6(
and it is clear from the end states and from the evolutions (delgr experiment, and it is likely that a similar 10—20% of the 19
next section) that the particles mostly terminate their evoluti@urviving particles would end their evolutions in impacts. Sinc
by solar collisions in this region. However, how are NEOs movetere are only 21 directly observed impacts, deriving statistic
from the evolved regiona(< 1.8 AU, see Gladmaet al. 1997) forthe relative impact rates on the planets is difficult due to sme
out past 2 astronomical units? Are resonant phenomena impaumber statistics; for example, is the larger number of venusi
tant to this process? We answered these questions by runningpacts (12) relative to Earth impacts (5) significant if they botl
second Monte Carlo calculation, in which we (rather harshiyjave+/N errors? The answer, even at only thel2vel, is no.
approximated the resonance regions by “traps” between 2.0-n order to place this discussion on a firmer footing, we hav
2.2 AU (for thevg) and 2.4-2.6 AU (for the 3:1); any objectemployed a procedure first used in Morbidelli and Gladma
entering one of these traps was immediately eliminated frofh998) to calculate an “expected number ofimpacts” from a sar
the simulation. This approximation has the known shortcomingte of orbital histories. Our numerical integrations have the o:
that (1) the semimajor axis of the center of thds inclination culating orbital elements of all surviving test particles recorde
dependent, and (2) particles can escape resonances beforebery 5 or 10 thousand years, and thus we have a set of “sn:
ing eliminated. However, if even this dramatic “death’s doorshots” of the time evolution of the orbital distribution. For eact
approach failed to bring the decay rate of the Monte Carlo siraf these output intervals, we compute the collisional probabilit
ulation down to at least as fast as the integration, we would haskthe surviving population with each planet using a numerice
proof that resonant phenomena inside 1.8 AU are crucial for code of Farinella and Davis (1994) based on the algorithm «
delivering NEOs out to the Sun-grazing region. In fact, Fig. 28/etherill (1967). This algorithm computes “average” collision
shows that this rough model brings the two simulations infarobabilities in the sense that the orbits of both the target plan
decent agreement. The abrupt drop at the start of the modifaatt the particle are assumed to uniformly precess through a co
Monte Carlo simulation results from the immediate eliminatioplete precessional cycle of the node and pericenter; some of
of all particles in the “resonant regions,” after which the decdyEOs may have their orbits change on time scales shorter th
law is only slightly slower than in the integration. The numbethis (fewx 10* years), so this procedure is only approximate.
of impacts detected in the “modified” Monte Carlo simulation The algorithm applied gives results which are consistent wit
drops by about a factor of 3, with these particles dominanttie number of directly observed impacts when the latter a
redirected into Sun-grazing fates. also large enough to be statistically reliable (Morbidelli anc
Therefore, to a first approximation, the general picture @ladman 1998), and when the majority of particles are not i
NEO evolution consists of these objects being dominantly coorbits almost identical to that of a planet (Dones 1999). Figure
trolled by close encounters while interior to 1.8 AU, whichreports theumulativempact probability of the integrated sam-
then deliver them to the region of powerful resonances exfgle of particles with Earth for three simulations; this quantity i
rior to 2 AU, where they are efficiently disposed of, mostlydentical to the average number of impacts we expect to ha
into the Sun. This result was not clear before this work, sinececorded in the simulations as a function of time, for all three nt
it was known that secular and mean-motion resonances opeerical simulations performed. In contrast to the similar deca
ate (and are frequently seen in numerical integrations) insitethe number of particles with time (Fig. 2), which is in all three
2 AU (Michel and Froesclel1997, Gladman 1997). Howevercases determined on a roughly 60-particle sample, the numbel
sometimes these resonances serve as sources of meta-stabitippcted impacts is determined by the relatively small numb
by temporarily extracting particles onto regions where close eof-particles (-5-15) in each simulation that live for significant
counters are less frequent, while in other cases they are admeounts of time in the Earth-crossing state. A comparison wil
to take particles from meta-stable regions into quickly evolvintpe observed number of impacts in this case (see figure captic
ones (Michel and Froesahl1997, Gladmamt al. 1997). The shows acceptable agreement. Upon inspection, it was seen t
result of this comparison with the Monte Carlo model allows ube two simulations which shared the same initial condition
to conclude that on average these effects tend to cancel outdrhibited slightly different orbital distributions over the dura-
the purposes of semimajor axis transport, and that the lifetirtien of the simulation; the integration with the shorter time ste
of the population is set by the rate at which close encountdrad many of its long-lived particles remaining for an extende
deliver the population out ta > 2 AU. The reader shouldot, period in Earth-like orbits, while in the other integration many
however, conclude that resonant effects are not important fafrthe longest-living particles were removed from the Earth
determining the orbital distribution of the NEOs, as we shatrossing state betwedn=10 Myr andt =20 Myr, explaining
show below. the differences in the impact statistics. The quantitative resul
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4 ' ' ‘ ' ‘ estimate the actual collision rate by a relative error of 10-30%
due to the sampling missing the rare states of very high collisic
probability.

The cumulative collision probability plots provide, via their
slope, the evolution of the impact rate with the planet versu
time. The current impact ratef our sampleof NEOs can be
estimated by the initial slope, which is roughly constant for the
first few million years. Because of the finite number of particles
we have estimated these impact rates by extracting the me
number of impacts expected after 1 Myr and dividing by the
number of particles to obtain the expected impact rate per My
per NEO (Table II). We have estimated the error on this resu
by computing the mean of the impact rate provided by the tw
samples, and quoting an error of the difference between th
mean and either sample.

The impact rate per year onto a given planet can now k
obtained by multiplying the estimate given in Table Il by the
reader’s preferred value for the number of objects in the NE(
population larger than a certain size. Using an estimated po
ulation of ~2000 Earth crossers larger than 1 km (Rabinowit:
et al. 1994), one predicts impact rates similar (to within a fac
tor of 2) but slightly higher than previous published values (e.g
Steel and Baggaley 1985, Wetherill 1989, Morrisbal. 1994).
Using the most recent unpublished estimates of #2680
(Rabinowitzet al. 2000, Bottke and Morbidelli pers. commun.),
produces values more comparable to the previous estimates. 1
interpretation is complicated due to the fact that when integrate
time (Myr) over a million-year time interval our population “smears” in or-
bital element space as objects move in and out of especially hit

FIG. 3. The cumulative collisional probability with Earth, and thus the . . . . .
average number of impacts expected, for our three numerical simulations. .ﬁ%llISIOI’] prObablhty states. Since it has been remarked by mar

dashed and dotted curves show results for the two 7.5-day step-size simulatighors (e.g., Milanet al. 1990, Chyba 1993) that the current
while the solid curve gives the result for the 3.8-day time step (the same init@®@llision probability is dominated by the few highest probabil-
conditions as the dotted curve). From top to bottom, the number of impagty objects, which will not stay in this state for very long, we
directly recorded in the simulations was 4, 2, and 1. See text for discussion.suggest that our impact rates may be a better representat
over the time scale of precessional motions in the near-Ear
space. Of course, because our rates are computed using our
on the impact probability are thus poorly determined compareded sample, these- 0 rates must be cautiously interpreted; for
to the median lifetime, since we are forced to base them oregample, the venusian impact rate calculated this way must |
small number of particles. The three integrations show genedsih underestimate since there are doubtless undiscovered Ver
cally similar behavior, and we estimate the collision results tyossing asteroids with orbits in the Anon class. Additionally
be accurate to a factor of 2. the inefficiently discovered Aten asteroids have higher intrinsi
Table Il compares the percentage of directly observed impactslisional probability with Earth (Steel and Baggely 1985), anc
(over 60 Myr) with the fraction expected from the probabilitthus are underrepresented in our computation. Last, our calc
algorithm; given Poisson errors for the numidéof observed lations address only the impact rdtem the NEO population
impacts, the results are statistically identical to the direct intend ignore the contribution from the Earth-crossing long- an
gration. This similarity of the number of detected collisions witkhort-period comets.
that predicted by th®©pik equations in the collision probabil- We can also compute the distribution of average impact ve
ity algorithm indicates that in those cases whemk—Arnold locities using the same algorithm which calculated the colli
Monte Carlo algorithms fail (see Dones al. 1999), it isnot  sion probability. Bottke and Greenberg (1993) discuss a superi
due to the fact that th®pik formulae incorrectly calculate themethod which computes instantaneous collision probabilities fc
close-encounter probability, but rather that the orbital evolutiodssample. We compute the average encounter velocity (whi
predicted via the patched conic approach are in error. As digries slightly due to the eccentricity of Earth’s orbit) weightec
cussed in Donest al. (1999), because of finite sampling of theby the average collision probability in order to compute the dis
orbital histories the collision probability algorithm may undertribution of impact velocities. Figure 4a shows the distributior

mean number of impacts
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FIG. 4. Distribution of Earth-impact velocities, both for initial conditions of the 117-particle sample (top) as well as for the two subsamples integréited o
60-Myr integration. The ordinate represents the fraction of Earth impacts that would occur at the corresponding velocity (normalized to chitjisoitaéion).
The difference between the two integrated distributions reflects the finite sampling of a relatively small number of particles. The median ioityastifekon/s
for the initial conditions, and 19 km/s for the average of the two integrations.

of averaged Earth-impact velocities for an initial sample afe have integrated in the AAA region are quickly resuppliec
59 particles, which compares favorably with that shown kyom the various source reservoirs (see Gladragal 1997,

Bottke et al. (1994, Fig. 8). Figure 4b shows the same resuMigliorini et al. 1998). In fact, assuming that it is representative
when computed over the entire lifetime of the sample; this resoltthe entire (as yet incompletely discovered) NEO populatior
is interesting because it is not clear a priori how it would diffeit is the impact distribution of thmmitial sample that best reflects
from the initial distribution. Would the Earth-like orbits with lowthe steady-state distribution (assuming the latter concept dc
encounter velocities quickly be removed, biasing the distribindeed apply to the current population). The comparison of tt
tion to higher velocities? Or would the NEOs which contributevo impact velocity distributions indicates that if the detectior
most to collision probability, i.e., those with the most Earthbias varies significantly as a function of orbital elements (s
like orbits and hence lower encounter velocities, dominate ssems to be the case according to Rabinoetital. (1994) and

they transit through this rare state? Figure 4b shows that apphedicke and Metcalfe (1998)) then the inefficiently discovere
ently the former effect is slightly more important. The reader ison-Earth-like orbits (with high impact velocities) are a more
cautioned to not interpret the integrated distribution as the trimportant component of the impact velocity distribution thanim
steady-state distribution of impact velocities, since the objeqied by computing this distribution from the currently known
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objects. We have calculated the steady-state impact velocity ¢~ 40
tribution for a large sample of test particles initially placed ir
the 3: 1 resonance (see Morbidelli and Gladman 1998); this d §
tribution contains a larger fraction of impact velocities abov 2. 20 |
. . . . . . <0 I
20 km/s, implying that if this resonance is the ultimate source 1.
NEOs then the detected sample is heavily biased against find
objects in the resonanceat 2.5 AU. 0=
Although the statistics internal to these NEO simulations al
not strong enough to establish the result, we have noted that i
wide variety of other simulations done by our group the craterir 10
rate per unittime on Venusiis slightly80-50%) larger than that al
on Earth. In the present simulation we note that even though ¢ 2
sample is biased against Atens and does notinclude the undot §
edly existing population of solely Venus-crossing asteroids, v =, 4
still find (Table II) more Venus impacts. We suggest that thi <
difference is predominantly due just to the shorter orbital peric o
of Venus, since collision probabilities per unit time scale as tr
planetaryaﬁ/2 (Opik 1976), rather than anything fundamentally
related to the orbital distribution. This somewhat larger vent ¢
sian cratering rate has important implications for the age of tt5
planetary surface (see McKinnat al. 1997 for a discussion), z
pushing the ages of cratered surfaces down.
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5. EVOLUTION TYPES
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We now proceed to examine the types of orbital evolutior time (Myr) time (Myr)
and some specific cases, exhibited in our sample. We visually
examined the orbital histories of the osculating elements and alF!G.5. Number of particles inthe various orbital classifications (see Table
the secular arguments—vg andv;—vs for all of the integrated or definitions) as a function of time.
particles. One is naturally led to ask the question if a more use-
ful classification of the orbital behavior than Apollo/Amor/Aten
could be developed, in the spirit of the Milaat al. (1989) AAA population, in agreement with Wetherill's (1979) estimate.
Spaceguard classification, which was roughly valid over 10Michel et al. (2000) estimate that 6—7% of the AAA population
year time scales. However, we have found no useful classifieuld be in the Anon class in a steady state if they were supplie
cation for our particles on the 10-Myr time scales which thigEom a Mars-crossing source.
particles voyage throughout the NEO region. The Tisserand paThe variety of orbital evolutions exhibited in our sample is
rameter does not provide a useful discriminant over these tiwery large. Below we will attempt to summarize some of the
scales (Gladmamt al. 1997) due to the chaotic nature of thanost important types of behaviors, which seem to be the mo
orbits and the plentiful presence of resonances in the inner $oportant to the evolution of the overall population. There art
lar System (Michel and Froes&hl[997). In the end we havemany interesting specific cases, illustrating dynamical process
decided to remain with the AAA classification, which at leasiperating in the inner Solar System, that we will not discuss hel
has the virtue of delimiting Earth-impacting behavior over shodte to space limitations.
time scales. An example of the common Sun-grazing fate is given in Fig. 6

Figure 5 shows how the number of members of each of theshich serves as a typical example of how NEOs arrive and leay
classifications evolved with time for a 59-particle sample, eithére terrestrial region. Beginning at= 2.3 AU, this object suf-
due to changing class or leaving the integration. There is nothifegs several close encounters which random-walk its semimaj
of greatinterest here, except to note thatitis the abundant Apadieis down to just outside the orbit of Mars. This object is thel
population that most closely follows the decay law of the fulbxtracted into the Amor region (see section below) and event
population, largely because only Apollo objects become Sually reaches a nearly circular orbit exterior to Mars; the secule
grazers. Some objects clearly escape into the non-AAA regiefiects of the; andv, resonances are important during this pro-
of non-Earth-crossing orbits outside thhe- 1.3 AU line, where cess. After aresidence at low eccentricity itis againgsndv,
they tend to be somewhat more stable. We note the transferegonances which deliver the object to an Earth-crossing orb
a few objects into the Anon class; the rapid transfer of sonadter which close encounters deliver it to the resonances outsi
objects into this class implies it is of order 1-5% of the totd&l AU, which drive itinto the Sun (in this case the ultimate culprit
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X L B ( a=1.3and 1.9 AU. Figure 7 gives an example of this evolution

© 2 L A where it is thevs resonance that is clearly responsible for the
sb S T M L large-scale eccentricity oscillations at highrhese resonances

0 2 4 8 8 10 12 have not been located at such high eccentricities before, sir

——————— Semianalytical methods (Morbidelli and Henrard 1991, Miche
vosk N and Froescld1997) break down due to the occurrence of nod:
W W crossing during orbital precessional cycles, nor have they be

0 — ; : J; : 6“ el 1'0 —, identified numerically to our knowledge. Of minor note is thal
E— if the additional 10% of the initial conditions terminating in this
sol | fate were removed from Fig. 2b, the Monte Carlo simulatio
~ ok WW/\W J would come into even closer agreement with the direct integr
S AN b tion. We thus conclude that a combination of planetary clos

o g 4 8 8 10 2 encounters and the or vs resonances supply a route to Sun-

228 UL P e S R L grazing independent of the known processes operating outs
2 AU.

I T T ¥ I 1

30 —- —

90

360 [ T T —
270 : - - . g
o 180 : RS 1

360 A P A I R R T
270 T ' E
180 F f B 3
90 [ ’ o Lot E

B S O T [ Y O SN
0 2 4 6 8 10 12

time (Myr)

T

FIG. 6. Evolution of an object which terminates with a solar colli-
sion. From top to bottom we show the time evolution of the semimajor ax
(AU), eccentricity, inclination (degrees), and the critical arguments for th
secular resonances, v4, andvig. These secular arguments are defined b
o3=w — (gat + &3), 04 = — (Qat + aa), ando16= 2 — (st + Bs), Wheret
is time, andQ are the particle’s longitude of perihelion and ascending node
g; ands; are the proper secular frequencies of the Solar System (see Las
1990), andyj andg;j are the latters’ initial phases.

]

. . . . b 180 : . ) R
is the 3: 1 resonance). We shall discuss inclination oscillatiol ., - SN ~ ]
caused by the;g resonance in Section 5.2. ol R | L ,

0 2 4 6 8 10 12
5.1. New Routes to Sun-Grazing 360 TR SR S B

270 | B
It has already been well-established that the dominant e - 152; ' a
state for planet-crossing objects wih- 2 AU is solar impact s b y SERVERY v
(Farinellaet al. 1994, Gladmaret al. 1997). We have estab- 0 | | L , | -
lished above that even NEOs beginning with< 2 AU also 0 ' ;
predominantly terminate their evolution by migrating out tc
a>2AUand belng raised te=1 by well-established resonant FIG. 7. An example of a particle driven to a Sun-grazing orbit inside
phenomena. a=2 AU. Close encounters with Earth and Venus appear to be the cause
However, we have identified in the present integrations athe initial increase in eccentricity befote=4 Myr. The particle then passes
other route to Sun-grazing which occurs while objects hatough thev; resonance, which pushes the mean eccentricity even higher
a <2 AU. Ten percent of our initial conditions suffer this fate?hat thev§ resonance is entered. The eccentricity oscillatign is then perfectly |
hase with the libration of thes secular argument, and mild close encounters

The v, or vs, and sometimes the overlapplng of both, produ odulate its amplitude until solar collision occurs. At the hégiortions of thee

eccentricity oscillations capable of producing perihelia smallgycie it is the kozai resonance which temporarily produces the large inclinatic
than the solar radius for a range of semimajor axes betwe@nations.
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5.2. Inclinations tween 1.2 and 1.8 AU. During this process the particle’s incli
. . nation is strongly affected by thgg resonance, which quickly
It has long been known that the AAA population Comams.gaises the mean inclination from L@ 40°. Wetherill (1988)

larger fraction of high-inclination orbits than the main aster0|su ested that this resonance mav be capable of producing
belt (Wetherill 1988, Weissmaet al. 1989). We discuss below ggested that fhis Y P P ng
NEOs with inclinations>30°, and we confirm that not only is

in Section 6 the important argument that this impliesacometatﬂ/is process possible, it is in fact very common. We show i

source for these hlghly m_clmed NEOs. Here we show that re§é tion 6 the inclination distribution produced by the totality of
onant phenomena in the inner Solar System appear capable Oﬁnation—pumping mechanisms as particles journey into th

taking low-inclination orbits from an asteroidal source (in facg:c
I

: : . Lo EO region.
from any source) and increasing their orbital inclinations we . . .
above 30. Besides g, the overlapping of resonances andvy4 is capa-

ble of producing~10°-amplitude oscillations in the inclinations,

Figure 8 shows an example of this process. This NEO beé illustrated in Fig. 8 fromht >~ 5-15 Myr and as discussed in

gins on a low inclination orbit which then undergoes moderage.
) o . ichel (1997). We rarely observe these two resonances prodt
amplitude oscillations in the Amor state caused byithgand . = = > ™% .
ing inclinations larger than about 3However, their presence

v14 Secular resonances neae= 1.4 AU; the inclination where is important because they serve as a “bridge” betweed (P

this occurs (10) is that predicted semianalytically by Michel ~ . . ) ) )
and Froescld(1997). Close encounters then produce an E¢';1rt(12|r-bItS (.Whlch th?y can pump i~ 20) and thevye’s action at
even higher inclinations.

crossing particle which random walks the semimajor axis be—One of the few general behaviors seen in the integrations

the (unsurprising) relatively long lifetime of NEOs which begin
in or eventually reach orbits of high eccentricities>(0.6) or
inclinations ( > 40°). These orbits tend to be longer lived since
planetary close encounters then occur at high relative velocit
meaning that only small orbital changes are possible during tf
close encounter. If the NEO enters such a state without strol
resonant phenomena nearby, then it can remain there for tir
scales of tens of millions of years. Figure 8 gives an example
such an object, which also illustrates that such objects can suff
out-of-phase oscillations ieandi due to the Kozai resonance
(Michel and Thomas 1996); however, the relative stability o
these states is provided by the high inclination and not by tk
Kozai resonance. Because such high inclination/eccentricity c
bits are less likely to be discovered due to observational biase
and because they are seen to be populated in our simulations
long periods, we predict that there is a substantial population «
such objects in the NEO region.

5.3. Amor Creation

The origin of Amor asteroids and of Mars-crossing asteroid
exterior to the Amor region (i.eq > 1.3 AU) has been recently
discussed by Migliorinet al. (1998) and Michekt al. (2000),
who calculate that the current population of large Mars-crossir
asteroidsD > 5 km) may be able to replenish the Earth-crossin
population in this size range over its dynamical lifetime, thus
keeping the Earth-crossing population in steady state. Here v
address only the specific question of how most Amor asteroic
time (Myr) with semimajor axes smaller than the inner edge of the main-be

(a < 2 AU) arrive in that region of orbital element space. There
FIG.8. Time evolution of a NEO which has its orbital inclination dramat-

. ; o would seem to be two main possibilities:

ically increased by resonant phenomena, in this casethand vig secular

resonances. Theiz resonant history (not shown) is similar to thataf, indi- (1) Asteroids have their eccentricities increased to Mars
cating an overlapping of the two (Michel 1997). The argument of pencantercrossing orbits by resonant phenomena, and are then remo

serves as the critical argument for the Kozai resonance which causearie from the r nan nd tran rted t maller martian
i oscillations after 20 Myr; particles in this higifi state tend to be long-lived. 0 € resonances a ansported 1o s y martia

The eccentricity increase between 17 and 18 Myr is caused by tiesonance ClOS€ encounters (Greenberg and Nolan 1989, see Fig. A2
(not shown). See text for further discussion. Bottke et al. 1996). Note thaOpik (1963) showed that this
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process alone cannot then supply the Apollo asteroids (whilibns of years. These Amors are returned to Earth-crossing orb
in this model reach Earth-crossing orbits only via martian closs the same resonant processes which extracted them.
encounters); the time scale for this process is so long that the

ratio of Amors to Apollos would be much larger than observe&.4. The Near-Earth Region

Unlike Opik, we now know that resonance calsoincreasee’s A

to Earth-cr_ossmg values, S0 pﬁrhaps ATorS could just be ttg\%its via resonant phenomena and close encounters bring
small fraction of the asteroids “removed” by Mars and tran%bjects down ta~1 AU e< 0.2 and small . we see no evi-

ported by close encounters .ak 2 AU. However, Gle.‘dm"?m dence of any kind of dynamical mechanism which would ten
etal (1997) showed that this is an extremely rare and mefﬁme&t concentrate objects in this region (cf. Bottkeal 1996)
Process. . . Figure 10 shows an example of such an object, whose orbi
“ (2) R_atr],er, the dynamics produae< 2 AU Amors via the history we plot ina/e space. Does the proposed population en
extraction” by resonant phenomena of Apollo asteroids froWancement in the “SEA” (or “Arjuna”) region.9< q < 1.1 AU
Earth-crossing orbits (cf. Michet al. 2000). Fig_ure 9 ShOV\.’S aNandQ < 1.4 AU (see Rabinowitet al. 1993, Rabinowitz 1997)
example. Th.e)3 and s resonances are often Important in thl1¢‘mply an unknown source, arecent near-Earth event, or noneq
process, as in the case shown in Fig. 9 (cf. Fig. 6). Gladm ium feeding from the main belt (Rabinowitz 1997), or is it

(1997) discusses two second-order secular resonances in‘,s IS, rtifact of detection biases (Jedicke and Metcalfe 1998)?
region, originally located by Morbidelli and Henrard (1991), ™ I lases (Jedicke an )?

which can produce similar effects. Once extracted, these objects
often remain decoupled from Earth for millions to tens of mil-

Ithough we observe cases of the production of Earth-lik

6. ORIGIN

What fraction of the NEOs are actually devolatilized come
nuclei? This is a difficult topic for the following reasons. We
know that there is at least one active comet (Encke) in an NE
orbit, proving the existence of such a population (Weissma
et al. 1989). Input flux calculations seem to imply that at leas
half of the NEOs can be supplied by the main asteroid be
(Wetherill 1988 and references therein, Miglioratial 1998,
Menichellaet al. 1996) and could perhaps provide effectively all
of the estimated 750-2000 objects with> 1 km (Rabinowitz
et al. 1994, Rabinowitzt al. 2000). However, calculations of
the input flux (in number of NEOSs per unit time) from the mair
belt are fraught with complications which yield it difficult to be
more accurate than a factor of two, always leaving space for
almost equal cometary component. Also, the injection rate
one comet-like Encke every 60,000 years (e.g., Wetherill 198
may seem relatively modest.

However, to our knowledge no one has demonstrated the c
coupling of an object starting on a Jupiter-Family comet (JFC
orbit into the non-Jupiter-crossing region for any significan
length of time & 10° years) under purely gravitational dynamics.
Harris and Bailey (1996) found two examples of transient (1000
3000 years) decoupling to perihelia with 4.0 AUQ < 4.2 AU,
but which returned to Jupiter-crossing thereafter; they estima
an upper bound to the transition probability from JFCs to decol
pled NEOs of 3x 1073, Levison and Duncan (1994) also found
some examples of temporary decoupling into the NEO regic
(for 10°~1C° years). Clearly close encounters with the terrestrie
planets provide a method for doing this, but the probability o

semimajor axis

0 02 0.4 0.6 0.8 1 _ o ; :
eccentricity this very rare eventis difficult to estimate. Valsecetal. (1995)

show a purely gravitational orbit which transits from the JFC re
FIG. 9. An example of the temporary creation of long-lived Amor andyion to the decoupled region, obtained by integrating the NE

Mars-crossing orbits, for the object shown in Fig. 6. The NEO begins 319 Hephaistos until it reached a JEC orbit and then invel
a=2.3 AU and journeys down to be extracted from Earth-crossing space, reach-

ing analmostcircular orbit just exterior to Mars. The curves showloci ofperihel'gg time (since Newton's equat_lons are time rgyer3|ble), bUt_ Fh
at each terrestrial planet; this object spends a fair amount of imeqwith AU.  Method of course cannot provide the probability of a transitio

Squares are orbital elements sampled 4tyiar intervals. from JFCs to Encke-like orbits.
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o
o a
o
- a o o - _
2.5 ° o o o o ° .

FIG. 10. An example of a NEO which resides temporarily in the “SEA’ region. Though this particle spends some fraction of its timé with<01.1 AU
andQ < 1.4 AU, it does so in several short visits, continuously entering and exiting this region. In fact, a much longer time is spent in the Aten/Anoneegior
which the particle journeys out to the main belt for a short visit toufeesonance (horizontal featureat- 2 AU) and then is finally pushed into the Sun by
the 3:1 resonance& 2.5 AU). Notice that the excursions into th@ < 0.983 AU Anon region are dominantly caused by resonant phenomena decoupling |
aphelion from Earth.

Itis sometimes postulated that nongravitational forces may kaalistic and is essentially “perfect” to maximize the effects o
able to lower the perihelia and thus decouple comets which dne nongravitational forces; the real fraction of Jupiter-family
just marginally Jupiter crossing (Valsecddti al. 1995, Harris comets that undergo this decoupling must be at least an order
and Bailey 1996, Steel and Asher 1996)). Valsecchi (1999) meagnitude lower.
views this problem. These forces are difficult to study system-Our integrations show that dynamical mechanisms existin tf
atically because they appear to be highly variable from cometrestrial planet region which are capable of pumping incling
to comet (Marsdemt al. 1973). Harris and Bailey (1998) usetions of low+ objects to values like those exhibited by the NEC
the Marsderet al. (1973) model to simulate the orbital evolupopulation. Thus, there is no a priori reason to favor comet
tion of a sample of test particles all with initial orbital elementever asteroids as the source objects because it may seem e¢
of q=1 AU, Q=5.2 AU, i =0°, finding ~3% of the objects to supply the high- NEOs from JFC orbits (Weissmaet al.
“decoupling” from Jupiter within 1® perihelion passages and1989). Any population of objects injected into the inner So
concluding that 300 decoupled NEOs could be produced par System will naturally be pumped to the observed inclina
million years. However, the assumed initial distribution is urtion distribution.
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Wetherill (1988) also pointed out that high-eccentricity ob
jects (specificallya > 2.2 AU andq < 0.8 AU) seemed to be
in short supply in his simulations; however, we believe this t
be an artifact of th@pik—Arnold Monte Carlo model, which
did not allow for the variety of eccentricity pumping mecha:
nisms toe> 0.5 provided by resonant phenomena. Figure 1
shows an approximation to the steady-state distribution in pe
ihelion/semimajor axis space, computed from a 1000-partic
sample begun in the 3:1 mean-motion resonance (Gladm
et al 1997), to be compared with Wetherill (1988, Fig. 3) o
Rabinowitz (1997, Fig. 5). The “real” dynamics populate th
high eccentricity regions of orbital element space much mo g
efficiently than the Monte-Carlo models predicted, and in pat
ticular supply a very strong signature from the resonance £

0.1

0.08

0.06 -

2.5 AU. While the latter feature is specific to a supply sourc 0.04

from the 3:1 resonance, the elevated production of kigh-

jects is generic to the process of escaping from the asteroid t
since the resonances are generically “passed” through at le
once for all escaping asteroids. Also of note in Fig. 11 is th

0.02

187
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FIG. 12. Steady-state inclination distribution of NEOs coming from the
3:1 mean-motion resonance. The fraction of high inclination objects shown t
this distribution is expected to be elevated with respect to the real NEOs due
detection biases against finding such objects.

existence of concentrations of objects in the Amor region be
tweena=1.3 AU anda =1.8 AU, produced mostly by extrac-
tions from Earth-crossing space via theandv, resonances;
this feature also appears to be present in the orbital distributi
of Earth-approaching asteroids (Rabinowitz 1997, Fig. 7b). Tt
steady-state inclination distribution produced by this 3 : 1 sourc
is shown in Fig. 12, which is grossly similar to the observed dis
tribution as shown in Weissmaat al. (1989).

This brings us back to the question of cometary compone
of the NEO population. At this point we see dgnamicalrea-
son to require a cometary input component. Recent progress
understanding the expulsion of asteroids from the main belt i
lustrates that more abundant mechanisms exist for supplying t
NEO population than previously discussed, through the cha
nels of the main resonances (reviewed in Gladeizad. 1997),

FIG. 11. Steady-state/q distribution of NEOs coming from the 3:1 the Mars-crossing population (Migliorimt al. 1998), and the

mean-motion resonance. The line shows the circular orbits; points to the lgtter's gradual replenishment from the main belt by the sc
per left are unphysical. The obvious vertical band at 2.5 AU is the signature@é”ed “three-body" resonances (Nezvyjan'd Morbidelli 1998

the 3:1 resonance. Note the particles wath 2 AU that are decoupled from
Earth via resonanceg & 1) and the many objects with> 2.2 AU and high ec-

Murray et al. 1998). Thus, the previously calculated supply

centricities ( < 0.8 AU). The percentages of steady-state Anon, Aten, Apolid]UXES are probably lower limits, implying that almost all NEOs

and Amors ¢ < 1.3 AU) in this figure are 1, 2, 71, and 26, respectively.

could come from an asteroidal source.
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However, Encke exists. It is always troubling to argue fromones, L., B. Gladman, H. J. Melosh, B. Tonks, H. Levison, and M. Duncal
statistics of one, although Wetherill (1988), Weissmanral. 1999. A comparison oDpik-Arnold Monte Carlo methods with direct inte-
(1989), and Lupishko and Di Martino (1998) convincingly argue 9rationsicarus142 509-524. B _ o
on SpECtI’OSCOpiC grounds that there are other exinct comet'é‘i‘ _ella, P., a_nd D. R. Davis 1994. Collision rates and impact velocities in th

. . . - . . ain asteroid belicarus97, 111-123.
objects presentin the population. Our opinion on the issue is that ) ) _ .

L . . . Farinella, P., Ch. FroesahlC. Froescld, R. Gonczi, G. Hahn, A. Morbidelli,
itis e_XtremeI_y _un“kely that two Utterly dlﬁerer_]t sets of de“\{ery and G. B. Valsecchi 1994. Asteroids falling into the SNature371, 314-317.
physics (collisions and resonances for asteroids froma ma'n't@gdman, B. 1997. Destination Earth: Martian meteorite deliiesrus 130,
source versus Jupiter encounters and nongravitational forces fopg_24s.

comets from a Kuiper Belt source) could fortuitously give NE@ladman, B. J., F. Migliorini, A. Morbidelli, V. Zappal P. Michel, A. Cellino,
injection rates within a factor of three of each other, much lessCh. Froescid; H. Levison, M. Bailey, and M. Duncan 1997. Dynamical life-
equality. Since it seems that asteroids can supply the input flugimes of objects injected into asteroid belt resonanence277, 197-201.

in quantitive and relatively complete models, while Cometaﬁ?r_eenberg, R., and M. Nolan_ 1989. De_llvery of asteroids and meteorites to tl
input models have to be pushed to supply even half the NEOs:;'g:.r)’Ss:fr?%S_tg&%ﬁig?i:&%ﬂ?gﬁs‘; %Chsr;'f_" andM.S. Matthews,
the former are I'kely to mfake up the bulk of the pOpu@t'on' Harris, N. W., and M. E. Bailey 1996. The cometary component of the near-Ear

We feel that the most likely way to make progress is to con-gpject populationlrish Astron. J.23, 151-156.
struct more complete models of the steady-state orbital distfirris, N. W., and M. E. Bailey 1998. Dynamical evolution of cometary aster
bution from various possible sources, and combine these withids.Mon. Not. R. Astron. So@97, 1227-1236.
observational biases in an attempt to find the best match, tdkdicke, R., and T. Metcalfe 1998. The orbital and absolute magnitude distrib
ing into consideration estimates for the injection rate from theseions of main belt asteroidtcarus 131, 245-260.
sources (aIthough a complete fit of the steady-state orbit dl@_skar, J. 1990. The chaotic motion of the Solar Syslemus§8, 266-291. .
tribution could in principledeterminethe relative input rates). -€Viso™ ';' a”dl M. lD“ma” 1994. The long-term behavior of short-perio
Further remote-sensing observations of near-Earth objects wifforetsicarus 08 8_3§' . . .

. . . .. Lupishko, D. F., and M. Di Martino 1998. Physical properties of near-Eartt
of course also provide valuable information, although it is un- sgieroigsplanet. Space Soi6, 47-74.
clear how volatile-rich asteroids should differ from low-activity\jarsden, B., z. Sekanina, and D. Yeomans 1973. Comets and nongravitatior
comets. Of course, the best answer is to go and land on manyrces. V.Astrophys. J78, 211-225.
NEOs and see what fraction of them are cometary, but thisMenichella, M., P. Paolicchi, and P. Farinella 1996. The main belt as a sour
unlikely to happen anytime in the near future. of near-Earth asteroid&arth Moon Planet§2, 133-149.
Michel, P. 1997. Effects of linear secular resonances in the region of semimaj
axes smaller than 2 AUcarus 129, 348-366.
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