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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 ν5 and ν2 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. c© 2000 Academic Press
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The near-Earth object (NEO) population consists of th
astronomical bodies which are on orbits which bring them “ne
the Earth. Besides being telescopically more accessible du
their occasional close passages to our planet, these objec
also of special interest because (1) their dynamical lifetimes
shorter than the age of the Solar System, and thus they mu
resupplied by some more stable source (Öpik 1963, Wetherill
1979), and (2) some fraction of these objects will impact
terrestrial planets. The ultimate supply source for most NE
is likely to be the main asteroid belt (and thus most NEOs h
rocky compositions), although some undetermined fraction
the NEOs are almost certainly of cometary origin (Wethe
1988).

Historically, these objects have been divided into the Apo
Amor, and Aten classes, based on their current osculating or
elements (Table I), and with the restriction ofa< 5.2 AU to
eliminate objects with semimajor axes outside of Jupiter (
Halley or long-period comets). Below we shall refer to the
three classes together as the AAA objects and the regio
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objects change between these classes (sometimes rapidl
repeatedly) as their orbital elements vary, this classification d
allow an immediate distinction between those objects wh
might impact Earth over a human lifespan (Atens/Apollos
Amors) and between those that have succeeded in makin
long and hazardous journey to orbits largely interior to Ea
(Atens vs Apollos).

It is clearly useful to have a class name for the as-yet un
covered group of objects whose orbits lie entirely interior
Earth’s orbit (apheliaQ< 0.983 AU), which Wetherill (1979)
suggested should comprise from 1 to 3% of the NEO populat
Tholen and Whiteley (1998) reported the candidate object 1
DK36 as a potential first member of this class in a survey
Earth Trojans (Whitely and Tholen 1998), but the orbit cou
not be reliably established. Boattini and Carusi (1998) adop
the name Arjunas for this class; this adoption is a misuse of
term originally proposed by T. Gehrels for the small (<100 m),
low-e Earth-approaching objects reported by Rabinowitzet al.
(1993). Michelet al. (2000) propose “inner-Earth objects,” o
IEOs, which intends to indicate objects on orbits entirely in
rior to that of Earth’s as opposed to inside Earth. Because of
confusion, in this paper we will use the name “Anon” astero
for this class (a whimsical abbreviation of “anonymous,” sin
the class will be named after its first confirmed member).

The subject of this paper is to examine the dynamical ev
tion of the population of NEOs as a whole, with special attent
to be paid to their ultimate dynamical fate and their lifetimes.
will also attempt to say something about their origin and add
issues regarding the cometary component of the population

2. THE SAMPLE

In order to examine the dynamical evolution of the NEO po
ulation, we have integrated a sample of 117 cataloged obj
obtained from the catalog of Bowellet al. (1994), whose orbits
were considered to be of high quality. Their current orbital d
tribution is shown in Fig. 1, where it is evident that we ha
only considered objects which have at the current epoch
ihelia q< 1.3 AU (that is, belong to the AAA classes liste
in Table I). The 1.3-AU boundary created by the definition
the Amor objects is highly arbitrary; on time scales of tens
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We find a very rapid decay of the number of objects with re-
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TABLE I
Definitions of the Classes in Terms of Their Current

Osculating Orbital Elements

Class a (AU) Other

Amor >1 1.017<q< 1.3
Apollo ≥1 q< 1.017
Aten <1 Q> 0.983
Anon(?) <1 Q< 0.983

millions of years the large population of Mars-crossing obje
with q> 1.3 AU reaches Amor, and eventually Apollo, orb
(Shoemakeret al. 1979, Michelet al. 2000). Additionally, the
NEO population receives continuous feeding from the ma
belt asteroid population (Miglioriniet al. 1998), as well as som
(probably smaller) contribution from the Jupiter-family com
population (Wetherill 1988). Thus, our initial sample is “uns
ble” in the sense that some of its members leave the region d
ing the population, and we expect new objects to enter the A
regions on time scales of 105–107 years. However, in a stead
state situation this flux in and out of the population will not affe
the fraction of objects which suffer certain fates; that is, we
calculate what fraction of our well-defined Apollo/Amor/Ate
population terminate their lives impacting Earth (for exampl

Of more concern than fluctuations across the boundarie
the AAA region is the worry that the 117 objects used are
a representative sample of thereal objects populating this re
gion. Telescopic observations of near-Earth objects are kn
to be biased against the detection of objects with high eccen
ities and inclinations (e.g., Rabinowitzet al. 1994). Since thes
objects also tend to have the longest dynamical lifetimes
discussion below) our sample may be biased toward the m
rapidly evolving NEOs.

FIG. 1. Current heliocentric orbital elements for our 117-particle sam
used as the initial conditions for our simulation. The pericenter and node
tributions (not shown) appear uniformly distributed. The curves correspon

lines of perihelia or aphelia at the semimajor axis of a planet.
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Our sample was selected on the basis of orbit quality. Bo
et al. (1998) plot a sample of 197 Apollo and Aten objects wit
less restrictive orbit-quality requirement; our Apollo/Aten dis
bution shows no obvious differences. Our sample did not inc
P/Encke, because the dynamical evolution of this comet is
studied (see Valsecchiet al. 1995).

3. APPROACH

We numerically integrated the orbital histories of our sam
forward in time in order to study their dynamical evolution a
the distribution of fates. A NEO typically suffers tens of tho
sands of planetary close approaches (within several Hill sp
radii) during a 107-year sojourn in the inner Solar System, a
so a numerical integrator for the problem must be capabl
efficiently treating planetary encounters. The only numer
algorithm we are aware of that is capable of integrating a∼100-
particle sample of planet-crossing objects for 107–108 orbits is
the RMVS3 algorithm of Levison and Duncan (1994), which
based on the symplectic integration algorithm of Wisdom
Holman (1991). We included gravitational forces only, beca
the orbits of kilometer-scale NEOs are presumably immune
time scales of tens of millions of years to nongravitational (e
radiation pressure) or collisional effects.

The effects of all the planets except Pluto were included in
simulations. We integrated the 117 objects into two subgro
each of about half the total sample. No differences judge
be particularly important between the evolutions of the
groups were found, implying that even a 60-object samp
large enough for the present purposes to extract some re
information, and also implying that neither group had a sig
icantly different initial orbital distribution. We integrated on
of the groups twice, comparing the results of simulations u
(base) time steps of 7.5 and 3.7 days; no differences whic
believe to be significant were found between the two sim
tions, and so the second subgroup was integrated only wit
7.5-day time step. In reporting results below, we have used
3.8-day step-size simulation for the first subgroup. (Note
RMVS3 automatically changes time step or reference fram
order to more accurately follow close approaches, and so
time steps reported above are actually themaximumused.)

Our integrations proceeded for 60 Myr of simulated time,
which time all but 19 of the original particles had been elimina
(see the next section); 11 in one subgroup, and 8 in the o
We decided that continued integration of this small sample
unwarranted.

4. FATES

Particles were removed from the simulation if they were ej
ed from the Solar System or if they impacted a planet or the
The fraction of particles directly observed to finish in each
these end states is listed in Table II.
spect to time. Previous studies of long-term (>5 Myr) NEO
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TABLE II
Fraction of End-States for NEOs

Directly observed
Average Impact rate,t = 0 rate

Fate (within 60 Myr) N % prob. (%) (NEO−1 Myr−1)

Impact Mercury 1 0.9 1.3 2.3± 1.0× 10−4

Impact Venus 12 10.1 6.8 3.5± 0.7× 10−3

Impact Earth 5 4.3 4.7 4.7± 1.3× 10−3

Impact Mars 2 1.8 0.4 2.6± 0.1× 10−3

Impact Jupiter 0 0.0 0.5 2.8± 2.6× 10−3

Impact Saturn 1 0.9 0.02 2.4± 2.4× 10−4

Ejected from S.S. 12 10.3 — —
Sun-grazing 65 55.6 — —
Survivors (60 Myr) 19 16.0 — —

dynamics were all based on̈Opik–Arnold Monte Carlo cal-
culations of the encounter and collision time scales, base
the equations of̈Opik (1976). These studies estimated the d
namical lifetime (sometimes without any analytic or nume
calculation, or reference) to be 108–109 years (̈Opik 1963),
30 Myr (Chapmanet al. 1978), 100–200 Myr (Wetherill 1979)
∼108 years (Wetherill 1988), 30–100 Myr (Weissmanet al.
1989), 108 years (Greenberg and Nolan 1989), and∼107–
108 years (Rabinowitz 1997). There is room for confusion he
as some studies compute only thepartial collision half-lives
against planetary impacts (e.g.,∼108 years for Shoemakeret al.
(1979) and Bottkeet al. (1994), 107–108 years for Steel and
Baggaley (1985), 106–108 years for Chyba (1993)); these a
correct as far as they go, but some make the implicit assump
that this is the dominant end state and thus also the median
namical lifetime of the population, which we show below to
incorrect. As Fig. 2a shows, our direct integration finds a m
dian dynamical lifetime of only about 10 Myr. This 10-Myr tim
scale has a mild dependence on the sample selection crite
in a preliminary integration of 155 Apollo (only) asteroids wi
a less restrictive orbital quality criterion, we found a∼15-Myr
median lifetime, which has been partially elevated by the p
ence of a larger fraction of highly inclined anda< 2 particles.
All the integrations show very similar (logarithmic) decay law

The reason for the short dynamical lifetime is easily surmi
after examining Table II, which shows that over half of the p
ticles are eliminated by the process of Sun-grazing, that is, t
perihelia are lowered to the solar radius. This occurs largely
cause resonant phenomena, especially those operating be
2.0 and 2.5 AU such as the 3 : 1 mean-motion andν6 secular
resonances, increase particle eccentricities to unity (Farin
et al. 1994, Gladmanet al. 1997). Since most of the previou
lifetime estimates relied on̈Opik’s equations, which do not tak
resonant phenomena into account, it is not surprising that
lack of this dominant phenomenon produced long estimates
the characteristic time scale. Wetherill (1979) discussed the

gers of interpretation involved in calling this median lifetime
“half-life” since the decay is not an exponential.
AND FROESCHLÉ

on
y-
ic

e,

ion
dy-
e
e-

ion;

s-

.
ed
r-
eir
e-
een

lla

the
for
an-

To gain additional insight into the importance of the reson
phenomena, we conducted anÖpik–Arnold Monte Carlo cal-
culation of our initial conditions using the Monte Carlo co
of Melosh and Tonks (discussed in Doneset al. 1999). In this
Monte Carlo code, no approximate modeling of some of
resonances is incorporated (as was done in varying degre
Wetherill’s work and Rabinowitz (1997)); thus the Monte Ca
code “sees” only close encounters. Each initial condition w
computed 10 times (picking different random numbers for
Monte Carlo process) and evolutions were computed for 60 M

FIG. 2. Decay of number of integrated NEOs with time. The panels co
pare the results of the integrations (solid and dotted lines) with those o
Monte Carlo simulation. The two integrations correspond to the subsets of
the NEO sample. (Top) The unmodified Monte Carlo algorithm predicts a
dian lifetime of'60 Myr, whereas the real half-life of our NEO sample
∼10 Myr. Only close encounters are modeled in the Monte Carlo code, an
particle removal occurs only due to collisions or ejection from the Solar Sys
(removal ate= 1 is checked for, but does not occur). In contrast, most in
grated particles (Table II) end their lives in a Sun-grazing state. (Bottom)
have artificially introduced a zeroth-order model of the Sun-grazing proces
immediately removing from the simulation any particle which has an oscula

asemimajor axis of between 2.0 and 2.2 AU or between 2.4 and 2.6 AU, roughly
corresponding to theν6 and 3 : 1 resonances, respectively.
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Figure 2a shows the result of the calculation; just slightly m
than half of the particles remain after 60 Myr, a much low
mortality rate than observed in the integration.

A question we find interesting is: what is dominantly det
mining the 10-Myr time scale of the population? We know t
resonant phenomena are important in the 2.0- to 2.5-AU reg
and it is clear from the end states and from the evolutions
next section) that the particles mostly terminate their evolu
by solar collisions in this region. However, how are NEOs mo
from the evolved region (a< 1.8 AU, see Gladmanet al. 1997)
out past 2 astronomical units? Are resonant phenomena im
tant to this process? We answered these questions by runn
second Monte Carlo calculation, in which we (rather hars
approximated the resonance regions by “traps” between
2.2 AU (for theν6) and 2.4–2.6 AU (for the 3 : 1); any obje
entering one of these traps was immediately eliminated f
the simulation. This approximation has the known shortcom
that (1) the semimajor axis of the center of theν6 is inclination
dependent, and (2) particles can escape resonances befo
ing eliminated. However, if even this dramatic “death’s do
approach failed to bring the decay rate of the Monte Carlo s
ulation down to at least as fast as the integration, we would
proof that resonant phenomena insidea= 1.8 AU are crucial for
delivering NEOs out to the Sun-grazing region. In fact, Fig.
shows that this rough model brings the two simulations
decent agreement. The abrupt drop at the start of the mod
Monte Carlo simulation results from the immediate eliminat
of all particles in the “resonant regions,” after which the de
law is only slightly slower than in the integration. The numb
of impacts detected in the “modified” Monte Carlo simulat
drops by about a factor of 3, with these particles domina
redirected into Sun-grazing fates.

Therefore, to a first approximation, the general picture
NEO evolution consists of these objects being dominantly c
trolled by close encounters while interior to 1.8 AU, whi
then deliver them to the region of powerful resonances e
rior to 2 AU, where they are efficiently disposed of, mos
into the Sun. This result was not clear before this work, s
it was known that secular and mean-motion resonances
ate (and are frequently seen in numerical integrations) in
2 AU (Michel and Froeschl´e 1997, Gladman 1997). Howeve
sometimes these resonances serve as sources of meta-s
by temporarily extracting particles onto regions where close
counters are less frequent, while in other cases they are
to take particles from meta-stable regions into quickly evolv
ones (Michel and Froeschl´e 1997, Gladmanet al. 1997). The
result of this comparison with the Monte Carlo model allows
to conclude that on average these effects tend to cancel o
the purposes of semimajor axis transport, and that the life
of the population is set by the rate at which close encoun
deliver the population out toa> 2 AU. The reader shouldnot,
however, conclude that resonant effects are not importan

determining the orbital distribution of the NEOs, as we sh
show below.
PULATION 179
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4.1. Impacts

Due to the efficient destruction of the NEO population
delivery to Sun-grazing orbits, only a minority (∼10–15%) ac-
tually impact a terrestrial planet (Table II). In our integrat
sample of 117 NEOs we found 21 planetary impacts in our
Myr experiment, and it is likely that a similar 10–20% of the
surviving particles would end their evolutions in impacts. Sin
there are only 21 directly observed impacts, deriving statis
for the relative impact rates on the planets is difficult due to sm
number statistics; for example, is the larger number of venu
impacts (12) relative to Earth impacts (5) significant if they bo
have
√

N errors? The answer, even at only the 2σ level, is no.
In order to place this discussion on a firmer footing, we ha

employed a procedure first used in Morbidelli and Gladm
(1998) to calculate an “expected number of impacts” from a s
ple of orbital histories. Our numerical integrations have the
culating orbital elements of all surviving test particles record
every 5 or 10 thousand years, and thus we have a set of “s
shots” of the time evolution of the orbital distribution. For ea
of these output intervals, we compute the collisional probab
of the surviving population with each planet using a numeri
code of Farinella and Davis (1994) based on the algorithm
Wetherill (1967). This algorithm computes “average” collisi
probabilities in the sense that the orbits of both the target pla
and the particle are assumed to uniformly precess through a c
plete precessional cycle of the node and pericenter; some o
NEOs may have their orbits change on time scales shorter
this (few× 104 years), so this procedure is only approximate

The algorithm applied gives results which are consistent w
the number of directly observed impacts when the latter
also large enough to be statistically reliable (Morbidelli a
Gladman 1998), and when the majority of particles are no
orbits almost identical to that of a planet (Dones 1999). Figu
reports thecumulativeimpact probability of the integrated sam
ple of particles with Earth for three simulations; this quantity
identical to the average number of impacts we expect to h
recorded in the simulations as a function of time, for all three
merical simulations performed. In contrast to the similar de
in the number of particles with time (Fig. 2), which is in all thre
cases determined on a roughly 60-particle sample, the numb
expected impacts is determined by the relatively small num
of particles (∼5–15) in each simulation that live for significan
amounts of time in the Earth-crossing state. A comparison w
the observed number of impacts in this case (see figure cap
shows acceptable agreement. Upon inspection, it was seen
the two simulations which shared the same initial conditio
exhibited slightly different orbital distributions over the dur
tion of the simulation; the integration with the shorter time s
had many of its long-lived particles remaining for an extend
period in Earth-like orbits, while in the other integration ma
of the longest-living particles were removed from the Ear
allcrossing state betweent = 10 Myr andt = 20 Myr, explaining
the differences in the impact statistics. The quantitative results
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FIG. 3. The cumulative collisional probability with Earth, and thus t
average number of impacts expected, for our three numerical simulations
dashed and dotted curves show results for the two 7.5-day step-size simula
while the solid curve gives the result for the 3.8-day time step (the same in
conditions as the dotted curve). From top to bottom, the number of imp
directly recorded in the simulations was 4, 2, and 1. See text for discussio

on the impact probability are thus poorly determined compa
to the median lifetime, since we are forced to base them o
small number of particles. The three integrations show gen
cally similar behavior, and we estimate the collision results
be accurate to a factor of 2.

Table II compares the percentage of directly observed imp
(over 60 Myr) with the fraction expected from the probabili
algorithm; given Poisson errors for the numberN of observed
impacts, the results are statistically identical to the direct in
gration. This similarity of the number of detected collisions w
that predicted by thëOpik equations in the collision probabi
ity algorithm indicates that in those cases whereÖpik–Arnold
Monte Carlo algorithms fail (see Doneset al. 1999), it isnot
due to the fact that thëOpik formulae incorrectly calculate th
close-encounter probability, but rather that the orbital evoluti
predicted via the patched conic approach are in error. As

cussed in Doneset al. (1999), because of finite sampling of th
orbital histories the collision probability algorithm may unde
, AND FROESCHLÉ
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estimate the actual collision rate by a relative error of 10–30
due to the sampling missing the rare states of very high collis
probability.

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

The impact rate per year onto a given planet can now
obtained by multiplying the estimate given in Table II by th
reader’s preferred value for the number of objects in the N
population larger than a certain size. Using an estimated p
ulation of∼2000 Earth crossers larger than 1 km (Rabinow
et al. 1994), one predicts impact rates similar (to within a fa
tor of 2) but slightly higher than previous published values (e
Steel and Baggaley 1985, Wetherill 1989, Morrisonet al. 1994).
Using the most recent unpublished estimates of 750± 250
(Rabinowitzet al. 2000, Bottke and Morbidelli pers. commun.
produces values more comparable to the previous estimates
interpretation is complicated due to the fact that when integra
over a million-year time interval our population “smears” in o
bital element space as objects move in and out of especially
collision probability states. Since it has been remarked by m
authors (e.g., Milaniet al. 1990, Chyba 1993) that the curre
collision probability is dominated by the few highest probab
ity objects, which will not stay in this state for very long, w
suggest that our impact rates may be a better represent
over the time scale of precessional motions in the near-E
space. Of course, because our rates are computed using o
ased sample, theset = 0 rates must be cautiously interpreted; f
example, the venusian impact rate calculated this way mus
an underestimate since there are doubtless undiscovered V
crossing asteroids with orbits in the Anon class. Additiona
the inefficiently discovered Aten asteroids have higher intrin
collisional probability with Earth (Steel and Baggely 1985), a
thus are underrepresented in our computation. Last, our ca
lations address only the impact ratefrom the NEO population
and ignore the contribution from the Earth-crossing long- a
short-period comets.

We can also compute the distribution of average impact
locities using the same algorithm which calculated the co
sion probability. Bottke and Greenberg (1993) discuss a supe
method which computes instantaneous collision probabilities
a sample. We compute the average encounter velocity (w
varies slightly due to the eccentricity of Earth’s orbit) weight
r-
by the average collision probability in order to compute the dis-
tribution of impact velocities. Figure 4a shows the distribution
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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 integratedver the
60-Myr integration. The ordinate represents the fraction of Earth impacts that would occur at the corresponding velocity (normalized to unity for each distribution).

The difference between the two integrated distributions reflects the finite sampling of a relatively small number of particles. The median impact velocity is 15 km/s

s

s
f

b

th

r
t

lied

tive
ion,
ts
does
f the
ion
(as

red
ore
im-
for the initial conditions, and 19 km/s for the average of the two integration

of averaged Earth-impact velocities for an initial sample
59 particles, which compares favorably with that shown
Bottke et al. (1994, Fig. 8). Figure 4b shows the same res
when computed over the entire lifetime of the sample; this re
is interesting because it is not clear a priori how it would dif
from the initial distribution. Would the Earth-like orbits with low
encounter velocities quickly be removed, biasing the distri
tion to higher velocities? Or would the NEOs which contribu
most to collision probability, i.e., those with the most Ear
like orbits and hence lower encounter velocities, dominate
they transit through this rare state? Figure 4b shows that ap
ently the former effect is slightly more important. The reade
cautioned to not interpret the integrated distribution as the

steady-state distribution of impact velocities, since the obje
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we have integrated in the AAA region are quickly resupp
from the various source reservoirs (see Gladmanet al. 1997,
Migliorini et al. 1998). In fact, assuming that it is representa
of the entire (as yet incompletely discovered) NEO populat
it is the impact distribution of theinitial sample that best reflec
the steady-state distribution (assuming the latter concept
indeed apply to the current population). The comparison o
two impact velocity distributions indicates that if the detect
bias varies significantly as a function of orbital elements
seems to be the case according to Rabinowitzet al. (1994) and
Jedicke and Metcalfe (1998)) then the inefficiently discove
non-Earth-like orbits (with high impact velocities) are a m
important component of the impact velocity distribution than

ctsplied by computing this distribution from the currently known
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objects. We have calculated the steady-state impact velocity
tribution for a large sample of test particles initially placed
the 3 : 1 resonance (see Morbidelli and Gladman 1998); this
tribution contains a larger fraction of impact velocities abo
20 km/s, implying that if this resonance is the ultimate sourc
NEOs then the detected sample is heavily biased against fin
objects in the resonance ata= 2.5 AU.

Although the statistics internal to these NEO simulations
not strong enough to establish the result, we have noted tha
wide variety of other simulations done by our group the crate
rate per unit time on Venus is slightly (∼30–50%) larger than tha
on Earth. In the present simulation we note that even though
sample is biased against Atens and does not include the und
edly existing population of solely Venus-crossing asteroids,
still find (Table II) more Venus impacts. We suggest that t
difference is predominantly due just to the shorter orbital pe
of Venus, since collision probabilities per unit time scale as
planetarya−3/2

pl (Öpik 1976), rather than anything fundamenta
related to the orbital distribution. This somewhat larger ve
sian cratering rate has important implications for the age of
planetary surface (see McKinnonet al. 1997 for a discussion)
pushing the ages of cratered surfaces down.

5. EVOLUTION TYPES

We now proceed to examine the types of orbital evoluti
and some specific cases, exhibited in our sample. We visu
examined the orbital histories of the osculating elements an
the secular argumentsν2–ν6 andν12–ν16 for all of the integrated
particles. One is naturally led to ask the question if a more
ful classification of the orbital behavior than Apollo/Amor/Ate
could be developed, in the spirit of the Milaniet al. (1989)
Spaceguard classification, which was roughly valid over 15-
year time scales. However, we have found no useful clas
cation for our particles on the 10-Myr time scales which
particles voyage throughout the NEO region. The Tisserand
rameter does not provide a useful discriminant over these
scales (Gladmanet al. 1997) due to the chaotic nature of t
orbits and the plentiful presence of resonances in the inner
lar System (Michel and Froeschl´e 1997). In the end we hav
decided to remain with the AAA classification, which at le
has the virtue of delimiting Earth-impacting behavior over sh
time scales.

Figure 5 shows how the number of members of each of th
classifications evolved with time for a 59-particle sample, eit
due to changing class or leaving the integration. There is not
of great interest here, except to note that it is the abundant Ap
population that most closely follows the decay law of the f
population, largely because only Apollo objects become S
grazers. Some objects clearly escape into the non-AAA re
of non-Earth-crossing orbits outside theq= 1.3 AU line, where
they tend to be somewhat more stable. We note the transf
a few objects into the Anon class; the rapid transfer of so

objects into this class implies it is of order 1–5% of the tot
, AND FROESCHLÉ
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FIG. 5. Number of particles in the various orbital classifications (see Tab
for definitions) as a function of time.

AAA population, in agreement with Wetherill’s (1979) estimat
Michel et al. (2000) estimate that 6–7% of the AAA populatio
would be in the Anon class in a steady state if they were supp
from a Mars-crossing source.

The variety of orbital evolutions exhibited in our sample
very large. Below we will attempt to summarize some of t
most important types of behaviors, which seem to be the m
important to the evolution of the overall population. There a
many interesting specific cases, illustrating dynamical proce
operating in the inner Solar System, that we will not discuss h
due to space limitations.

An example of the common Sun-grazing fate is given in Fig
which serves as a typical example of how NEOs arrive and le
the terrestrial region. Beginning ata= 2.3 AU, this object suf-
fers several close encounters which random-walk its semim
axis down to just outside the orbit of Mars. This object is th
extracted into the Amor region (see section below) and eve
ally reaches a nearly circular orbit exterior to Mars; the secu
effects of theν3 andν4 resonances are important during this pr
cess. After a residence at low eccentricity it is again theν3 andν4

resonances which deliver the object to an Earth-crossing o
al2 AU, which drive it into the Sun (in this case the ultimate culprit
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FIG. 6. Evolution of an object which terminates with a solar col
sion. From top to bottom we show the time evolution of the semimajor
(AU), eccentricity, inclination (degrees), and the critical arguments for
secular resonancesν3, ν4, and ν16. These secular arguments are defined
σ3=$ − (g3t +α3), σ4=$ − (g4t +α4), andσ16=Ä− (s6t +β6), wheret
is time,$ andÄ are the particle’s longitude of perihelion and ascending no
gj andsj are the proper secular frequencies of the Solar System (see L
1990), andα j andβ j are the latters’ initial phases.

is the 3 : 1 resonance). We shall discuss inclination oscillat
caused by theν16 resonance in Section 5.2.

5.1. New Routes to Sun-Grazing

It has already been well-established that the dominant
state for planet-crossing objects witha> 2 AU is solar impact
(Farinellaet al. 1994, Gladmanet al. 1997). We have estab
lished above that even NEOs beginning witha< 2 AU also
predominantly terminate their evolution by migrating out
a> 2 AU and being raised toe= 1 by well-established resona
phenomena.

However, we have identified in the present integrations
other route to Sun-grazing which occurs while objects h
a< 2 AU. Ten percent of our initial conditions suffer this fat
Theν2 or ν5, and sometimes the overlapping of both, produ

eccentricity oscillations capable of producing perihelia smal
than the solar radius for a range of semimajor axes betw
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a= 1.3 and 1.9 AU. Figure 7 gives an example of this evolutio
where it is theν5 resonance that is clearly responsible for t
large-scale eccentricity oscillations at highe. These resonance
have not been located at such high eccentricities before, s
semianalytical methods (Morbidelli and Henrard 1991, Mic
and Froeschl´e 1997) break down due to the occurrence of no
crossing during orbital precessional cycles, nor have they b
identified numerically to our knowledge. Of minor note is th
if the additional 10% of the initial conditions terminating in th
fate were removed from Fig. 2b, the Monte Carlo simulat
would come into even closer agreement with the direct integ
tion. We thus conclude that a combination of planetary cl
encounters and theν2 or ν5 resonances supply a route to Su
grazing independent of the known processes operating ou
2 AU.

FIG. 7. An example of a particle driven to a Sun-grazing orbit insi
a= 2 AU. Close encounters with Earth and Venus appear to be the cau
the initial increase in eccentricity beforet = 4 Myr. The particle then passe
through theν2 resonance, which pushes the mean eccentricity even highe
that theν5 resonance is entered. The eccentricity oscillation is then perfect
phase with the libration of theσ5 secular argument, and mild close encounte
modulate its amplitude until solar collision occurs. At the higheportions of thee
ler
een
cycle it is the Kozai resonance which temporarily produces the large inclination
variations.
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5.2. Inclinations

It has long been known that the AAA population contain
larger fraction of high-inclination orbits than the main aster
belt (Wetherill 1988, Weissmanet al. 1989). We discuss below
in Section 6 the important argument that this implies a come
source for these highly inclined NEOs. Here we show that
onant phenomena in the inner Solar System appear capab
taking low-inclination orbits from an asteroidal source (in fa
from any source) and increasing their orbital inclinations w
above 30◦.

Figure 8 shows an example of this process. This NEO
gins on a low inclination orbit which then undergoes moder
amplitude oscillations in the Amor state caused by theν13 and
ν14 secular resonances neara= 1.4 AU; the inclination where
this occurs (10◦) is that predicted semianalytically by Mich
and Froeschl´e (1997). Close encounters then produce an Ea
crossing particle which random walks the semimajor axis

FIG. 8. Time evolution of a NEO which has its orbital inclination drama
ically increased by resonant phenomena, in this case theν14 andν16 secular
resonances. Theσ13 resonant history (not shown) is similar to that ofσ14, indi-
cating an overlapping of the two (Michel 1997). The argument of pericentω
serves as the critical argument for the Kozai resonance which causes thee and
i oscillations after 20 Myr; particles in this highe/ i state tend to be long-lived

The eccentricity increase between 17 and 18 Myr is caused by theν2 resonance
(not shown). See text for further discussion.
, AND FROESCHLÉ
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tween 1.2 and 1.8 AU. During this process the particle’s inc
nation is strongly affected by theν16 resonance, which quickly
raises the mean inclination from 10◦ to 40◦. Wetherill (1988)
suggested that this resonance may be capable of producin
NEOs with inclinations>30◦, and we confirm that not only is
this process possible, it is in fact very common. We show
Section 6 the inclination distribution produced by the totality
inclination-pumping mechanisms as particles journey into
NEO region.

Besidesν16, the overlapping of resonancesν13 andν14 is capa-
ble of producing∼10◦-amplitude oscillations in the inclinations
as illustrated in Fig. 8 fromt ' 5–15 Myr and as discussed i
Michel (1997). We rarely observe these two resonances pro
ing inclinations larger than about 30◦. However, their presence
is important because they serve as a “bridge” betweeni < 10◦

orbits (which they can pump toi ' 20◦) and theν16’s action at
even higher inclinations.

One of the few general behaviors seen in the integration
the (unsurprising) relatively long lifetime of NEOs which beg
in or eventually reach orbits of high eccentricities (e> 0.6) or
inclinations (i > 40◦). These orbits tend to be longer lived sinc
planetary close encounters then occur at high relative velo
meaning that only small orbital changes are possible during
close encounter. If the NEO enters such a state without str
resonant phenomena nearby, then it can remain there for
scales of tens of millions of years. Figure 8 gives an exampl
such an object, which also illustrates that such objects can s
out-of-phase oscillations ine andi due to the Kozai resonanc
(Michel and Thomas 1996); however, the relative stability
these states is provided by the high inclination and not by
Kozai resonance. Because such high inclination/eccentricity
bits are less likely to be discovered due to observational bia
and because they are seen to be populated in our simulation
long periods, we predict that there is a substantial populatio
such objects in the NEO region.

5.3. Amor Creation

The origin of Amor asteroids and of Mars-crossing astero
exterior to the Amor region (i.e.,q> 1.3 AU) has been recently
discussed by Miglioriniet al. (1998) and Michelet al. (2000),
who calculate that the current population of large Mars-cross
asteroids (D> 5 km) may be able to replenish the Earth-cross
population in this size range over its dynamical lifetime, th
keeping the Earth-crossing population in steady state. Here
address only the specific question of how most Amor astero
with semimajor axes smaller than the inner edge of the main-
(a< 2 AU) arrive in that region of orbital element space. The
would seem to be two main possibilities:

(1) Asteroids have their eccentricities increased to Ma
crossing orbits by resonant phenomena, and are then rem
from the resonances and transported to smallera by martian

close encounters (Greenberg and Nolan 1989, see Fig. A2 of
Bottke et al. 1996). Note thatÖpik (1963) showed that this
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process alone cannot then supply the Apollo asteroids (w
in this model reach Earth-crossing orbits only via martian cl
encounters); the time scale for this process is so long tha
ratio of Amors to Apollos would be much larger than observ
Unlike Öpik, we now know that resonance canalsoincreasee’s
to Earth-crossing values, so perhaps Amors could just be
small fraction of the asteroids “removed” by Mars and tra
ported by close encounters toa< 2 AU. However, Gladman
et al. (1997) showed that this is an extremely rare and ineffic
process.

(2) Rather, the dynamics producea< 2 AU Amors via the
“extraction” by resonant phenomena of Apollo asteroids fr
Earth-crossing orbits (cf. Michelet al. 2000). Figure 9 shows a
example. Theν3 andν4 resonances are often important in t
process, as in the case shown in Fig. 9 (cf. Fig. 6). Glad
(1997) discusses two second-order secular resonances i
region, originally located by Morbidelli and Henrard (199
which can produce similar effects. Once extracted, these ob
often remain decoupled from Earth for millions to tens of m

FIG. 9. An example of the temporary creation of long-lived Amor a
Mars-crossing orbits, for the object shown in Fig. 6. The NEO begin
a= 2.3 AU and journeys down to be extracted from Earth-crossing space, r
ing an almost circular orbit just exterior to Mars. The curves show loci of perih

at each terrestrial planet; this object spends a fair amount of time withq= 1 AU.
Squares are orbital elements sampled at 104-year intervals.

tion
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lions of years. These Amors are returned to Earth-crossing o
by the same resonant processes which extracted them.

5.4. The Near-Earth Region

Although we observe cases of the production of Earth-
orbits via resonant phenomena and close encounters brin
objects down toa' 1 AU, e< 0.2, and smalli , we see no evi-
dence of any kind of dynamical mechanism which would te
to concentrate objects in this region (cf. Bottkeet al. 1996).
Figure 10 shows an example of such an object, whose or
history we plot ina/e space. Does the proposed population
hancement in the “SEA” (or “Arjuna”) region 0.9<q< 1.1 AU
andQ< 1.4 AU (see Rabinowitzet al. 1993, Rabinowitz 1997
imply an unknown source, a recent near-Earth event, or none
librium feeding from the main belt (Rabinowitz 1997), or is
an artifact of detection biases (Jedicke and Metcalfe 1998)

6. ORIGIN

What fraction of the NEOs are actually devolatilized com
nuclei? This is a difficult topic for the following reasons. W
know that there is at least one active comet (Encke) in an N
orbit, proving the existence of such a population (Weissm
et al. 1989). Input flux calculations seem to imply that at le
half of the NEOs can be supplied by the main asteroid
(Wetherill 1988 and references therein, Miglioriniet al. 1998,
Menichellaet al. 1996) and could perhaps provide effectively
of the estimated 750–2000 objects withD> 1 km (Rabinowitz
et al. 1994, Rabinowitzet al. 2000). However, calculations o
the input flux (in number of NEOs per unit time) from the ma
belt are fraught with complications which yield it difficult to b
more accurate than a factor of two, always leaving space fo
almost equal cometary component. Also, the injection rat
one comet-like Encke every 60,000 years (e.g., Wetherill 19
may seem relatively modest.

However, to our knowledge no one has demonstrated the
coupling of an object starting on a Jupiter-Family comet (JF
orbit into the non-Jupiter-crossing region for any signific
length of time (>105 years) under purely gravitational dynamic
Harris and Bailey (1996) found two examples of transient (10
3000 years) decoupling to perihelia with 4.0 AU< Q< 4.2 AU,
but which returned to Jupiter-crossing thereafter; they estim
an upper bound to the transition probability from JFCs to dec
pled NEOs of 3× 10−3. Levison and Duncan (1994) also foun
some examples of temporary decoupling into the NEO reg
(for 103–105 years). Clearly close encounters with the terrest
planets provide a method for doing this, but the probability
this very rare event is difficult to estimate. Valsecchiet al. (1995)
show a purely gravitational orbit which transits from the JFC
gion to the decoupled region, obtained by integrating the N
2212 Hephaistos until it reached a JFC orbit and then inv
ing time (since Newton’s equations are time reversible), but
method of course cannot provide the probability of a transi

from JFCs to Encke-like orbits.
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FIG. 10. An example of a NEO which resides temporarily in the “SEA” region. Though this particle spends some fraction of its time with 0.9<q< 1.1 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/Anon reger
which the particle journeys out to the main belt for a short visit to theν resonance (horizontal feature ata' 2 AU) and then is finally pushed into the Sun b
6

the 3 : 1 resonance (a= 2.5 AU). Notice that the excursions into theQ< 0.983 AU Anon region are dominantly caused by resonant phenomena decoupling the
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lar System will naturally be pumped to the observed inclina-
aphelion from Earth.

It is sometimes postulated that nongravitational forces ma
able to lower the perihelia and thus decouple comets which
just marginally Jupiter crossing (Valsecchiet al. 1995, Harris
and Bailey 1996, Steel and Asher 1996)). Valsecchi (1999
views this problem. These forces are difficult to study syst
atically because they appear to be highly variable from co
to comet (Marsdenet al. 1973). Harris and Bailey (1998) us
the Marsdenet al. (1973) model to simulate the orbital evol
tion of a sample of test particles all with initial orbital elemen
of q= 1 AU, Q= 5.2 AU, i = 0◦, finding∼3% of the objects
“decoupling” from Jupiter within 103 perihelion passages an
concluding that 300 decoupled NEOs could be produced

million years. However, the assumed initial distribution is un
be
are

re-
m-
et

-
ts

realistic and is essentially “perfect” to maximize the effects
the nongravitational forces; the real fraction of Jupiter-fam
comets that undergo this decoupling must be at least an ord
magnitude lower.

Our integrations show that dynamical mechanisms exist in
terrestrial planet region which are capable of pumping incli
tions of low-i objects to values like those exhibited by the NE
population. Thus, there is no a priori reason to favor com
over asteroids as the source objects because it may seem
to supply the high-i NEOs from JFC orbits (Weissmanet al.
1989). Any population of objects injected into the inner S
-tion distribution.
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Wetherill (1988) also pointed out that high-eccentricity o
jects (specifically,a> 2.2 AU andq< 0.8 AU) seemed to be
in short supply in his simulations; however, we believe this
be an artifact of thëOpik–Arnold Monte Carlo model, whic
did not allow for the variety of eccentricity pumping mech
nisms toe> 0.5 provided by resonant phenomena. Figure
shows an approximation to the steady-state distribution in
ihelion/semimajor axis space, computed from a 1000-par
sample begun in the 3 : 1 mean-motion resonance (Glad
et al. 1997), to be compared with Wetherill (1988, Fig. 3)
Rabinowitz (1997, Fig. 5). The “real” dynamics populate
high eccentricity regions of orbital element space much m
efficiently than the Monte-Carlo models predicted, and in p
ticular supply a very strong signature from the resonanc
2.5 AU. While the latter feature is specific to a supply sou
from the 3 : 1 resonance, the elevated production of highe ob-
jects is generic to the process of escaping from the asteroid
since the resonances are generically “passed” through at
once for all escaping asteroids. Also of note in Fig. 11 is

FIG. 11. Steady-statea/q distribution of NEOs coming from the 3 :
mean-motion resonance. The line shows the circular orbits; points to th
per left are unphysical. The obvious vertical band at 2.5 AU is the signatu
the 3 : 1 resonance. Note the particles witha< 2 AU that are decoupled from
Earth via resonances (q> 1) and the many objects witha> 2.2 AU and high ec-
centricities (q< 0.8 AU). The percentages of steady-state Anon, Aten, Apo

and Amors (q< 1.3 AU) in this figure are 1, 2, 71, and 26, respectively.
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FIG. 12. Steady-state inclination distribution of NEOs coming from th
3 : 1 mean-motion resonance. The fraction of high inclination objects shown
this distribution is expected to be elevated with respect to the real NEOs du
detection biases against finding such objects.

existence of concentrations of objects in the Amor region
tweena= 1.3 AU anda= 1.8 AU, produced mostly by extrac-
tions from Earth-crossing space via theν3 andν4 resonances;
this feature also appears to be present in the orbital distribu
of Earth-approaching asteroids (Rabinowitz 1997, Fig. 7b). T
steady-state inclination distribution produced by this 3 : 1 sou
is shown in Fig. 12, which is grossly similar to the observed d
tribution as shown in Weissmanet al. (1989).

This brings us back to the question of cometary compon
of the NEO population. At this point we see nodynamicalrea-
son to require a cometary input component. Recent progres
understanding the expulsion of asteroids from the main bel
lustrates that more abundant mechanisms exist for supplying
NEO population than previously discussed, through the ch
nels of the main resonances (reviewed in Gladmanet al. 1997),
the Mars-crossing population (Miglioriniet al. 1998), and the
latter’s gradual replenishment from the main belt by the s
called “three-body” resonances (Nezvorn´y and Morbidelli 1998,
Murray et al. 1998). Thus, the previously calculated supp
could come from an asteroidal source.
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However, Encke exists. It is always troubling to argue fro
statistics of one, although Wetherill (1988), Weissmannet al.
(1989), and Lupishko and Di Martino (1998) convincingly arg
on spectroscopic grounds that there are other exinct come
objects present in the population. Our opinion on the issue is
it is extremely unlikely that two utterly different sets of delive
physics (collisions and resonances for asteroids from a main
source versus Jupiter encounters and nongravitational force
comets from a Kuiper Belt source) could fortuitously give NE
injection rates within a factor of three of each other, much l
equality. Since it seems that asteroids can supply the input
in quantitive and relatively complete models, while comet
input models have to be pushed to supply even half the NE
the former are likely to make up the bulk of the population.

We feel that the most likely way to make progress is to c
struct more complete models of the steady-state orbital di
bution from various possible sources, and combine these
observational biases in an attempt to find the best match,
ing into consideration estimates for the injection rate from th
sources (although a complete fit of the steady-state orbit
tribution could in principledeterminethe relative input rates)
Further remote-sensing observations of near-Earth objects
of course also provide valuable information, although it is u
clear how volatile-rich asteroids should differ from low-activi
comets. Of course, the best answer is to go and land on m
NEOs and see what fraction of them are cometary, but th
unlikely to happen anytime in the near future.
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