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Abstract It is well-known that the asteroids in the main belt trappethie 3:1 Mean Motion
Resonance (MMR) with Jupiter (at semi-major axea.5 AU) are few in number, forming
one of the so-called Kirkwood Gaps. Wisdom pointed out thatotic motion of such aster-
oids can increase their eccentricities and make them apipanad cross the orbit of Mars (or
even the Earth). We numerically investigated the orbital@ion of the asteroids involved in
3:1 MMR (NEOSs) over millions of years and revisited the dyim@hmechanisms of trans-
porting such asteroids into the NEO region. The results shaithe dynamical evolution of
the asteroids around 2.5 AU is mainly dominated by the 3:4rrasce, thes andyg secular
resonances and the Kozai resonance, and these bodies tamiet@wNEOs through several
of the dynamical mechanisms, so indicating possible dyoalorigin of the NEOs.
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1 INTRODUCTION

Asteroids are sometimes called minor planets. Like thehEamt other major planets, these small objects
move around the Sun. According to the modern theory of ptagdbrmation, our Solar System formed
about 4.5 billion years ago from a collapsed interstellas gaud, the so-called Solar Nebula, the dense
protoplanetary disk of dust and gas surround the nascetd-prm, theum-sized dust grains collided, coa-
lesced and accreted to form km-sized planetesimals over enfion years, and then planetesimals form
larger planetary embryos by gravity focusing. Like comasteroids are remnants from the formation of
the early Solar System. In this sense, asteroids, whicheramgize from pebbles or lumps of ice, to rocky
or icy worlds close to or more than 1000 km across, were thigibgi blocks of proto-planets, and they
delivered building blocks, carbon and water to the Eartlsjlieere for primal biological evolution like the
comets. Millions of asteroids are located in the regiongvben Mars and Jupiter, known as the main belt
asteroids in the Inner Solar System. In 1992, starting fr@»21QB1 (Jewitt & Luu 1993), the finding
of the trans-Neptunian Objects (TNOs) or Kuiper Belt Olge@{BOs) has substantiated the conjecture
dating back over 40 years by Edgeworth (1943) and KuiperX},%d they become new members of the
asteroids family, orbiting in the outer solar system. Thavgational forces of the large planets, mostly the
giant planet Jupiter, and collisions with other asteroidsomets, slowly alter the orbits of these small bod-
ies. Following cumulative deflections, an asteroid or comay occasionally become a near-Earth object
(NEO), when its orbit intersects that of the Earth. Althogghintless numbers of asteroids and comets orbit
the Sun, only a small fraction of them follow trajectorieattbring them near the Earth, which means that
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they may even crash onto our Earth. The NEOs range in size rfiooks to mountains, and travel at high
speeds in the sky. Such objects have collided with the Eamtte sts formationt, and an impactor with
diameter~ 200 m will cause a destruction on national scale. They ha®adused widespread variations
on the Earth’s surface, global climate change, and occak@xtinctions of such living organisms as the
dinosaurs.

The history of post-formation of the Solar system is dormeddty collisions amongst the planetesimals
or the collisions into giant planets, terrestrial planetsg natural moons of them, i.e., the craters on the
moon, other planets and the Earth as a result of impacts. iicplar, one may recall the event of the
dramatic collision of pieces of the comet Shoemaker-Levsa8lred onto Jupiter in 1994. As for NEO, one
of the most eye-striking objects is called 2004 MN4 [now ndr(@3942) Apophis] with diameter 320
m, which was announced to collide into Earth on April 13th228Wvith a probability of 3%. However, the
probability of impact has now been reduced to 0.028tie to the orbital improvement with more follow-
up observations. In a word, such a disaster for Earth wasniti@nly in the past, but may well happen
someday in future, thus this threat should be taken seyigastl well recognized by humankind.

An object is said to be potentially hazardous when its ortiibes closer to Earth than 0.05 Al Q0
times the distance from Earth to Moon) with H brighter tharequal toV' = 22.0, and a diameter at least
150 meters. As of 2006 Mar. 28, over 760 potentially hazasadjects’ (PHOs) have been discovered, and
this number is increasing all the time as such surveys coati@iven enough accurate measurements of the
position of an asteroid, one can predict their paths ovetuces, and one of our previous studies (Ji et al.
2001) reported on the computation of the orbits of 160 PHi&t¢ their close approaches (e.g., Minimum
Orbit Intersection Distance and the Encounter Epoch) wihteduring the next two centuries. However,
as mentioned above, in their long-term dynamical evolutistory in the Solar System, the NEOs continue
to suffer small deflections due to the gravitational perdtidns of giant planets, so that their orbits are not
wholly predictable far into the future. Follow-up monitoeg and ground-based observatirase extremely
important. At the same time, we must also clarify the prooéssansport of these bodies.

Itis well known that, the distribution of the main belt astiels is modulated by the commensurabilities
with Jupiter: they show concentration at the 3:2, 4:3 andrésbnances, with Jupiter, and rarefaction at
the 2:1, 3:1, 5:2 and 7:3 resonances, — the well known Kirkdv@aps. In a pioneer work of tackling
this problem, Wisdom (1983) studied the motion of fictitiquianar asteroids near the 3:1 resonance and
concluded that chaotic behavior for the small bodies careage their eccentricities, making them strongly
deviate from their initial orbits, and approach or intetdbe orbit of Mars. On the other hand, the secular
resonances are responsible for the long-term dynamicaltewo of the small bodies. There are three gov-
erning secular resonances in the asteroidal belt, knowmeag t s andv;¢ resonances. In general, NEOs
are considered to be objects ejected from the main belt¢ifireame complicated dynamical process, where
mean motion resonances as well as secular resonances play @he in their dynamical transportation
(Morbidelli & Moons 1993; Moons & Morbidelli 1995; Froes@hl997). Moreover, Froeschlé et al. (1995)
found that 19 out of 181 NEOs are at present associated wathgteecular resonance, currently believed
to be the most important mechanism for pumping up the orbitaéntricity. Morbidelli & Moons (1993)
and Moons & Morbidelli (1995) pointed out that the overlappbf mean motion resonances and secular
resonances can lead to large chaotic zones. Furthermoextansive review on the origin of NEOs by
Morbidelli et al. (2002) also suggested other dynamicajiod, such as 2:1, 5:2 resonances and chaotic
diffusion. In this paper, we mainly focus on the study of thea#i objects involved in 3:1 resonance and
revisit the dynamical mechanisms that transport the asietmpped in resonance into NEOs. In addition,
in this study, we also found that several NEOs can be temiyohacked a 3:1 orbital resonance and also
experience secular resonange(or v4) with Jupiter (or Saturn), besides, we further show thatkbeai
resonance also plays a major role in the evolution of astemmioving about the near Earth zone.

1 http://iwww.nearearthobjects.co.uk/, see NEO reports

2 http://neo.jpl.nasa.gov/risk/a99942. html

3 http://cfa-www.harvard.edu/iau/lists/Dangerous.html

4 As the NEOs will cause catastrophic events to Earth in fytur@ny space-monitoring programs (e.g., LINEAR,
SPACEWATCH), have been set up to track down and follow suckatis. The Chinese NEO Survey Program using a 1.0m/1.2m
Schmidt telescope, sponsored by Purple Mountain Obseyvatedicated to the hunting and monitoring of NEOs, will beple-
mented at Xuyi by the end of 2006.
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This paper is organized as follows: Section 2 introduceslyfmamical model and the numerical prepa-
rations for the study; Section 3 describes the secular sgsmms for the asteroids; and Section 4 presents
several scenarios of the orbital evolution of both the astisrand test particles in 3:1 resonance. Finally we
make a discussion in Section 5.

2 DYNAMICAL MODEL AND NUMERICAL SETUP

In our dynamical model, the large bodies are the Sun, themajer planets from Mercury to Pluto. The or-
bits of the major planets are integrated as well as thoseeaddteroid. In the heliocentric ecliptic coordinate
system referred to J2000.0, the equations of motion can iferony written as
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ri=—14m) - > uj(ﬁf;jt%), i=1,..,10 1)
i £i Ji J

Jj=1,5#i

wherer ;, 7; denote position vectors of the major plangts= 1 ~ 9), and the asteroi¢i = 10), with

Aj; = r;—1j, u; andp; are the masses of these bodies in units of the solar mass. 8$seafithe asteroid
can be neglected, so in the right-side of Equation (1) forotier bodies, there are no gravitational terms
from the minor body.

In the simulations, we adopt the symplectic integrator ~&886; Wisdom & Holman 1991; Liu et
al. 1999) as a basic tool to numerically explore secular thios.of the asteroids. The merit of symplectic
algorithm is that it preserves the symplectic structurehaf Hamiltonian system, and there will be no
secular variation in the energy of the system. In additiba,gymplectic algorithm has advantage over the
traditional algorithms (e.g., Bulirsch-Stoer or RKF intatprs) with its higher computing efficiency. At the
same time, numerical errors were effectively controlledtighout the integration, and the total energy is
generally conserved.

Our numerical setup is as follows: we use the afore-mentiay@mamical model and computational
method to investigate long-term orbital evolution of thieesids over a time span from one to a fef yr.

We take the initial data of all the asteroids from the orbéi@ments database provided by Bowefbr
2000 September 13 (JD 2451800.50). The starting positindvelocities of the major planets, as well as
their masses, are adopted from the JPL planetary Ephera®405. Next, we choose the orbital data for
a dozen of asteroids (50% are NEOSs; the rest are non-NEG® w3:1 MMR from the asteroid database,
then numerically investigate the dynamical evolution f@de minor planets in time. Here, only the results
of the non-NEQOs are mainly presented. Additional invesiige for test bodies in 3:1 resonance are also
carried out in this study.

3 SECULAR SOLUTIONSFOR THE ECCENTRICITIES

For an understanding of the dynamical mechanisms for thieigwo of the asteroids, the notion of secular
resonances occurring in the main belts is essential.
The secular solutions for the eccentricity vectbys: are (Murray & Dermott 1999)

h = esinw = egee sin(At + ) + ho(t), @
k = ecosw = efree cOS(AL + ) + ko(t),

whereeg,. is the free eccentricity of the small body,and 5 are constants, can be determined from the
starting orbital parameters of the asteroid, and

Tl sin(git + Bi) -
3
n
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N
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Secular resonance happens when the precession rate ohtliritte of the periastron (or ascending
node) of the small body equals that of Jupitér— g5 ~ 0 (thewvs(= g5) resonance) or that of Saturn,

5 ftp:/ftp.lowell.edu/pub/elgb/astorb.dat.gz
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Table1 Orbital Parameters for Three Asteroids (JD=2451800.50)

Name a (AU) ecc. Inc. (deg) £ (deg) w (deg) M (deg)

1993 FT51  2.50020 0.155474  3.463677 51.3935 183.3266 7299.4
1993 TU19 2.49808 0.218585 2.624119 174.4952 217.1671 6260.
1993 OE11 2.49888 0.183786 3.482880 109.2782  183.9833 738t

(A - gs = 0), (thevs(= g6) secular resonance). As we mentioned previously, when tieecéd is in a
secular resonance, its eccentricity and inclination caexsited greatly. Secular resonance can also occur
in the form of mean motion resonances. For example, Moonsbidelli & Migliorini (1998) studied the
secular dynamics involved in the 2:1 Jovian resonance wsisgmi-analytical model, but found that this
resonance cannot be a dominating source for deliveringdteeads to near the Earth. For the asteroids in
3:1 resonance, however, things could be quite different.

4 THERESULTS

In the simulations, we found that several instances of asteibeing temporarily locked into the 3:1 reso-
nance and also experiencing the seculaor 4 resonance; in some other cases, the asteroids were linked
to the Kozai resonance (see Sect. 4.3), corresponding tarthenent of perihelion about librating 90r

270. In the following, we will present some examples of the astixinitially trapped in 3:1 resonance (at

a ~ 2.50 AU, see Table 1), then, owing to the above-mentioned mesh@)itransported into the near Earth
space. We will also show that the outcomes of the test bodlated to 3:1 resonance, to further examine
the dynamical origin of the NEOs.

4.1 1993 FT51, Involved in vg

The initial semi-major axes of 1993 FT51 is quite close td2AB, which means that this asteroid begins
its dynamical journey in the neighborhood of the 3:1 reseeaand the starting eccentricity is also small,
with e ~ 0.155. Figure 1 shows that the time behavior of the semi-major, #ixéseccentricity anes — ws.
The semi-major axig librates about 2.5 AU for 1 Myr, indicating that the astersidemporarily trapped
in the 3:1 orbital resonance with Jupiter. Moreover, theuargntco — wg kept librating about © from
0.85Myr to 1.0 Myr. Notice that in the bottom and middle pané¢he eccentricity is pumped to above 0.8
due to the secular resonanggarising from Saturn, at~ 0.9 Myr. Therefore, this small object can evolve
into an Apollo-type NEO withy < 1.0 AU, entering the inner orbit of Earth.

4.2 1993 TU 19, Involved in v5

Figure 2 exhibits the dynamical evolution of the semi-majgis, eccentricity ands — «y of 1993 TU
19. Hereg librates about 2.5 AU for 1 Myr with a small amplitude®).006 AU. In the bottom and middle
panels, the eccentricity can be seen to be obviously exttabove 0.3 in a pulsed way in the time spans
(0, 0.05Myr), (0.40 Myr, 0.45Myr) and (0.70 Myr, 1 Myr), whehe asteroid is in5 secular resonance
with Jupiter, aroundv — w; = 0. In this way, this asteroid can move quite close to the orbi¥ars
and become a Mars-crosser, even approach the Earth. Onhirehaind, whilecw — woj is in circulation,
the eccentricity remains quite small. The eccentricitysgdewn whenw — w; shifts from libration to
circulation. This implies that an NEO can sometimes becomerdinary asteroid through complicated
dynamical evolution.

4.3 1993 OE 11, Involved in Kozai Resonance

Kozai (1962) found that the resonance is present in the maltrohly at very large inclinations when the
perturbation by Jupiter causes the argument of periheliof the asteroid to librate around 90r 270
Figure 3 shows the situation for the asteroid 1993 OE 11 lbkt® the Kozai resonance, whenmoves
about 270 for most time on timescales ranging from 0.55 Myr to 0.85 Myd & can also undergo libration
about 90 for some time on the above timescales, the eccentricity eamaintained. The explanations
are that for the new Kozai hamiltonian, the transformedesyss reduced to one degree freedom and the
Delaunay action variabl® = \/a (1 — e2?) cos 4, remains constant. Additionally the semi-major axisf

the asteroid is unchanged during the secular orbital eeolwdfter eliminating short-period terms of the
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Fig.1 Semi-major axis, eccentricity and — wws plotted against time. The semi-major axifbrates about
2.5 AU for 1 Myr, indicating that the asteroid is temporatitgpped into 3:1 orbital resonance with Jupiter.
Notice that in the bottom and middle panels, the eccenrisipumped to above 0.8 due to thg secular
resonance, at~ 0.9 Myr.
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Fig.2 Time behavior of semi-major axis, eccentricity aind- w;. Here,a librates about 2.5 AU for 1 Myr
with small amplitudes. In the bottom and middle panels, teeatricity is obviously excited to above 0.3
when the asteroid is in the resonance, whetw — oy = 0. Whenw — w5 is in circulation, the eccentricity
remains small.

perturbation hamiltonian, so one obtaifis= /(1 — €2) cos, a constant of motion, so that the inclination
1 is minimum when the eccentricity is maximum andvice versa. However, the eccentricity balance is
broken when the asteroid leaves the Kozai resonamchanges into circulation from libration, and finally
the eccentricity is excited to above 0.60, indicating th& body becomes an NEO candidate in the end.

4.4 Test ParticlesInvolved in 3:1 Resonance

As the 3:1 commensurability is a major gap in the asteroié#| lwe also make additional computations
for the fictitious asteroids near the 3:1 resonance to fuhely the dynamical origin of the NEOs. We
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Fig. 3 Time behavior over 1 Myr of the semi-major axis, eccentyieihdw. Here,a librates about 2.5 AU
with small amplitudesw librates about 270 for most time on timescales ranging from 0.55Myr to
0.85 Myr, when higher values of eccentricity are maintained
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Fig.4 Time behavior of semi-major axis, eccentricity afad— w; of a test particle. The semi-major axis
a slightly vibrates about 2.50 AU during the first 0.6 Myr. Hoxge, in the time intervals of (0.65 Myr,
0.80 Myr), due to thess resonance (see the bottom and middle panels), the ecégniris excited to above
0.60, whilea goes down to 2.20 AU, and the test particle finally becomes B0 Kandidate.

numerically integrated 100 test particles, each for 1 Mythwemi-major axes about 2.50 AU, eccentricities
in the rangd < e < 0.3, inclinations0°® < I < 5°, and the other angles randomly chosen betw¥esnd
360°. The numerical results yielded the following statisticgeiothe timescale of 1 Myr, we found that 82
out of 100 test particles remained close to the 3:1 resonaitikesemi-major axes-2.50 AU, 78 test bodies
were temporarily involved in thes resonance with a typical timescale of 0.2-0.4 Myr, 26 orbiese
occasionally associated with thg resonance for 0.1-0.2 Myr, and 65 bodies were sometimes$vawo
with the Kozai resonance with librating about 90 or 270 on a timescale of 0.1 Myr. These dynamical
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mechanisms combine to excite the eccentricities, and ean66% of the total population became NEO
candidates within the calculation span of 1 Myr, with gngatirunken semi-major axes and greatly pumped-
up eccentricities. For example, Figure 4 illustrates tHatal evolution of a test particle: the semi-major
axisa slightly vibrates about 2.50 AU during the first 0.6 Myr, theluring the time (0.65 Myr, 0.80 Myr)
due to thevs and 3:1 resonances, the eccentricity is excited to abowkevihile a goes down to 2.20 AU,
becoming an Earth-crossing body. Although the rest of thegarticles still remained in the main belt (at
the end of 1 Myr), they may well be excited by these same dycanmechanisms on longer timescales. All
the outcomes of the test bodies near the 3:1 resonance cahéirdynamical origin of asteroids previously
obtained from observational database.

5 CONCLUSIONSAND DISCUSSION

In this paper, we numerically investigated the orbital atioh of three asteroids (NEOs) and 100 test
bodies involved in the 3:1 resonance, and revisited the myced mechanism of the asteroid transported
into the NEO region. The results show that the dynamicalgian of the asteroids about 2.5 AU is mainly
determined by the 3:1 resonancg,and v secular resonances and Kozai resonance: the asteroids can
evolve into NEOs through one or more of the dynamical meamasi Our results are in good agreement
with the former studies, e.g., Bottke et al. (2002) also fbtivat 3:1 and/s can be an effective mechanism
for the origin of NEOs. In addition, we also pointed aytplays the same important role of pumping-up
the eccentricity of the asteroid as dagsIn the planetary systems, th¢ resonance is also at work (see Ji
et al. 2005; Nagasawa et al. 2006) to excite the eccento€ipyanetesimals or terrestrial planets and make
them move inward due to angular momentum exchange. Herestuldy on the dynamical mechanisms
of how the asteroids evolve into NEOs remains very imporéaat may contribute to useful information
when modelling the NEOs population (Morbidelli et al. 2008dicke et al. 2003) to match the observed
distribution of the NEOs.
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