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ABSTRACT

The impact crater record of the terrestrial planets and the Moon is owed
to two populations of impactors that are distinct in their size distributions.
We show that the ‘old’ population, responsible for an intense period of bom-
bardment that ended 3.8 Gigayears ago, is virtually identical in size distribu-
tion to the present main belt asteroids; the second population, responsible
for craters younger than 3.8 Gy, matches closely the size distribution of
the near earth asteroids. These results confirm that an inner Solar System
impact cataclysm occurred 3.9 Gy ago, and also provide compelling new ev-
idence that identifies the main asteroid belt as the source of the impactors.
A plausible dynamical explanation is that many asteroids were ejected from
the main belt on a dynamical timescale by sweeping gravitational resonances
during an epoch of orbital migration of the giant planets in early Solar Sys-
tem history. The impactors in the inner Solar System over the past 3.8
Gy are also derived from the asteroid belt, but by a combination of chaotic
gravitational resonances and non-gravitational processes; the latter process
being size-dependent, yields a size distribution quite distinct from the purely
gravitational process that caused the cataclysm 3.9 Gy ago. Several impor-
tant implications for the evolution of asteroids, for planetary geology, and
for the origin and history of the Solar System follow from these results.

1. Introduction

The Moon and all the terrestrial planets were resurfaced during a period of intense impact
cratering that occurred between the time of their accretion, ~ 4.5 Gigayears ago (Ga), and the
time of formation of the Orientale multi-ring basin on the Moon, the last great basin-forming
impact event, ~ 3.85 Ga. The lunar cratering record and the radiometrically dated Apollo samples
have shown that the intense bombardment of the Moon ended at ~ 3.85 Ga; the impact flux since
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that time to the present has been at least an order of magnitude smaller. The 3.85 Ga epoch might
represent the final end of an era of steadily declining large impacts (the tail end of the accretion
of the planets). However, it has been argued that only a sudden injection of impacting objects
into the terrestrial planet zone accounts for the abrupt end of the intense bombardment; thus, this
event has been named the Late Heavy Bombardment (LHB), or sometimes the Lunar Cataclysm,
to distinguish it from the prior final accretion of the planets at 4.5 Ga. Specifically, the lunar
cataclysm hypothesis (1,2) postulates that the intense bombardment of the Moon lasted only a
very short period of time, 20-200 My (2-5). Recent results on the impact ages of lunar meteorites
(which represent a much broader region of the lunar surface than the Apollo samples) support this
hypothesis (6-8). Furthermore, the impact-reset ages of meteoritic samples of asteroids (9-10) and
the shock-metamorphosing at 3.92 Ga of the only known sample of the heavily cratered highlands
of Mars, meteorite Alan Hills 84001 (71) indicate that the LHB affected the entire inner Solar
System, not just the Moon.

Identifying the sources of planetary impactors has proven elusive. Dynamical models invoking
both geocentric and heliocentric debris and both asteroidal and cometary reservoirs have been
proposed (12), but recent chemical analyses of Apollo impact melts point to a dominantly asteroid
reservoir for the lunar cataclysm (10). In this paper, we provide compelling new evidence that
the source of the LHB impactors was the main asteroid belt, that the dynamical mechanism that
caused the LHB was unique in the history of the Solar System and distinct from the processes
producing the flux of objects that currently hit planetary surfaces. A potentially unifying theory
that explains many features of the outer Solar System as well as the LHB event, is to be found
in the recent recognition that the giant planets underwent an epoch of orbital migration early in
their history (13-18). We point out several important implications for the evolution of small body
reservoirs in the solar system, as well as for planetary geology and for the origin and history of the
Solar System.

2. The Terrestrial Planet Cratering Record

It is often implied that the crater size distribution has been the same throughout Solar System
history, and that it is found on all rocky planet surfaces regardless of age (e.g., ref. 17). However,
examining the oldest surfaces on the Moon, Mercury, and Mars, one finds a cratering record that
is distinct in its size distribution from the crater record on the younger areas on those planets and
on Venus.

Figure 1 shows the crater size distributions (20) of various surface units on the Moon, Mars and
Mercury, based on published data in (21-22) supplemented by new crater counts. The uppermost
curves represent the most heavily cratered surface units, and the lower curves are for progressively
less densely cratered surfaces. In the progression from the uppermost curves to the lowermost
curves, we can recognize a qualitative change in the shapes of the curves. We discuss these in more
detail below.



Heavily Cratered Surfaces

Of the terrestrial planets, only the Moon, Mercury and Mars have heavily cratered surfaces.
The heavily cratered highlands all have complex size distributions, as seen in Fig. 1. For the
Moon, the curve slopes downward to the left (with a differential power law of index p = —2.2)
at diameters less than about 50 km, a nearly flat (p = —3) portion between 50 and 100 km, and
sloping downward to the right (p &~ —4) at diameters between about 100 km to 300 km. The curve
may slope upward at diameters greater than about 400 km, but the statistics are too poor at these
large diameters to be sure. The curves for Mercury and Mars are steeper than the lunar curve at
diameters less than about 40 km. This is due to the obliteration of a fraction of the craters by
intercrater plains formation. Intercrater plains are common on Mercury and Mars, but are very
scarce on the Moon. Therefore, the lunar highlands curve best represents the shape of what we
shall call the Population 1 crater size distribution.

In addition to the highlands, the crater curves for Martian old plains east of the Tharsis region,
old plains within the Helles basin and plains within and surrounding the Caloris basin on Mercury
also have the same shape as the lunar highland curve over the same diameter range, but with a
lower crater density (23). The similar shape to the lunar highlands curve strongly indicates that
Mars’ and Mercury’s highlands have been affected by intercrater plains formation, but not the
Moon. The lower crater densities imply that these older plains probably formed near the tail end
of the LHB, about 3.8 billion years ago.

Young Lightly Cratered Plains

The lowest crater curves in Fig. 1 are flat and distinctly different than the heavily cratered
surfaces described above. These include the lightly cratered, hence younger, plains on Mars and
the Moon, as well as Class 1 craters on the Moon. (Class 1 craters are relatively fresh craters with
non-degraded morphologies, sharp rims, and well-defined ejecta blankets; all post-Mare craters are
Class 1 craters.)

The Northern plains on Mars have a crater size distribution that is a horizontal line on the R
plot, from about 100 km down to at least 2 km diameter. This size distribution is characteristic
of what we shall call the Population 2 craters.®> There is also evidence for Population 2 on the
Moon. The Class I craters, which are distributed all over the Moon, have a flat distribution on the
R plot, similar to the young plains on Mars. The post-mare crater curve has a saw-tooth shape
characteristic of poor statistics; however, within the large error bars the distribution is consistent
with Population 2 but inconsistent with the lunar highlands curve.

Figure 2 shows the crater size distribution on Venus compared to the Northern Plains of Mars.
Notice that the crater density on Venus is about an order of magnitude less than on Mars. Only

3At diameters less than about 1 to 1.5 km the curve steepens sharply to a p ~ —4 distribution. This part of
the crater size distribution is dominated by secondary impacts and does not represent the crater production size
distribution (24).
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young craters are present because of multiple global resurfacing events (25). Furthermore, the
Venus crater curve at smaller diameters is severely affected by atmospheric screening due to Venus’
thick 90 bar atmosphere (26); this explains the sharp downturn at diameters less than about 25
km. At larger diameters it is a horizontal line on the R plot, similar to Population 2 on the Moon
and Mars shown in Figure 1.

Part of the Venus crater population consists of clusters of craters (multiples) that result from
fragmentation of the impacting object in the dense atmosphere. These comprise 16% of all Venus
craters. The size distribution of these multiples is also shown in Fig. 2, where the diameter is
derived from the sum of the crater areas in the cluster. Multiples are probably due to stronger
projectiles that could resist atmospheric disintegration better than most other impacting objects,
but still weak enough that they broke up in the atmosphere. The turnover of the curve for multiple
craters does not occur until diameters less than 9 km; at larger diameters the curve is flat. This,
together with the much lower crater density, strongly suggests that the impacting population on
Venus was the same as Population 2 on the Moon and Mars. It is also evidence that the turnover
of the crater curve is indeed due to atmospheric screening.

Figure 3 summarizes the two characteristic shapes of the crater curves in the inner Solar
System, those of the heavily cratered highlands and old cratered plains, and those of the younger
lightly cratered plains. (The Venus curve is a composite of the production population for all craters
greater than 9 km, including multiples in the range of 9-25 km diameter.) We conclude that the
terrestrial planets have been impacted by two populations of objects that are distinguishable by
their size distributions. Population 1 is responsible for the LHB, and Population 2 is responsible
for the post-LHB period and up to the present time.

3. Projectile Size Distributions

A number of studies on the physics of impact cratering on solid bodies have derived projectile-
crater scaling laws. We used the Pi scaling law (27) to derive the projectile size distribution for
Population 1 and Population 2 impactors. We used the lunar highland crater curves as represen-
tative of Population 1, and the Martian young plains as representative of Population 2, as these
provide the best crater statistics. (We did not use the data for diameters greater than 500 km,
because statistics there is very poor.) We assumed projectile parameters appropriate for asteroidal
impacts: density of 3 g cm™3 (similar to basaltic rock), an average impact angle of 45° and average
impact velocities of 17 km s~ and 7 km s~! on the Moon and on Mars, respectively. The resulting
projectile size distributions are shown in Fig. 4.

Also shown in Fig. 4 are recent determinations of the size distributions of the Main Belt
asteroids (MBAs) and Near Earth Asteroids (NEAs). (The vertical positions of these curves are
arbitrary, and were selected for clarity of comparison with the projectile size distributions.) The
MBA size distributions come from three sources: the Subaru main belt survey (28), the Spacewatch
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survey (29), and the Sloan Digital Sky Survey (30). The NEA size distribution is from the bias-
corrected LINEAR survey (31). (Detailed descriptions of the techniques used in deriving the size
distributions from the observational counts are given in the references cited.)

The comparison of the Population 1 and Population 2 projectile size distributions with the
main asteroid belt and near earth asteroid populations leads to several significant conclusions.

First, the size distribution of the current MBAs is virtually identical to the Population 1
projectile size distribution. This was also pointed out in reference (32). It strongly indicates
that the objects responsible for the LHB originated from Main Belt asteroids. (Unless comets or
Kuiper belt objects have the same size distribution, these objects could not have been significant
contributors to the LHB.) This conclusion is consistent with the orbital constraints imposed by a
comparison of Population 1 crater curves of the Moon, Mars and Mercury (21).

Second, the close match between the current MBA size distribution and that of the LHB
projectiles implies that the main asteroid belt has remained unchanged in its size distribution over
the past 3.8 Gy. There are two possible interpretations: either collisional processes produced a
steady-state size distribution in the main asteroid belt at least as early as 3.8 Ga, or the collision
frequency in the main asteroid belt was drastically reduced around 3.8 Ga so that little or no
further evolution of its size distribution has occurred since that time.

Third, the LHB mechanism responsible for ejecting asteroids from the main asteroid belt and
into terrestrial planet-crossing orbits had to be unique to the early Solar System (the first 700 My of
Solar System history), because there is no evidence for any subsequent event of similar magnitude
in the inner planets’ cratering history since then.

Fourth, that mechanism had to be one that ejected asteroids from the main belt in a size-
independent manner, preserving the MBA size distribution in the inner planet impactor population.
This precludes size-dependent non-gravitational transport processes, such as the Yarkovsky effect
recently prominent in studies of the origin of NEAs (discussed below), and instead implicates
a dynamical process, such as sweeping gravitational resonances, that was largely insensitive to
asteroid mass. We discuss this mechanism in more detail in the next section.

Fifth, with regard to Population 2, we see from Fig. 4 that the size distribution of projectiles
responsible for the post-LHB crater records (3.8 Ga to the present) is the same as that of the NEAs
and quite different from that of the LHB projectiles. The fit between Population 2 and NEAs is
remarkably good. This result is contrary to the findings in (33).

A plausible reason that the MBAs and the NEAs have such a different size distribution, even
though the latter population is most probably derived from the former, is the Yarkovsky effect
which causes secular changes in orbital energy of an asteroid due to the asymmetric way a spinning
asteroid absorbs and reradiates solar energy (34). Over a few tens of millions of years the effect
is large enough to transport a significant number of sub—20 km size asteroids into strong Jovian
resonances (35); the latter then deliver them into terrestrial planet-crossing orbits. The magnitude
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of the effect depends on the size of the asteroid: for diameters greater than about 10 m, the smaller
the asteroid the larger the effect. This explains why the NEAs (Population 2 projectiles) have
relatively more small objects compared to MBAs.

4. Dynamical Mechanism for the Late Heavy Bombardment

That the Population I projectiles have the same size distribution as the MBAs implicates an
asteroid transport mechanism which has the following two properties: (a) it preserves the main
belt size distribution, and (b) it must be a one-time event that occurred early in Solar System
history. The former constraint, rules out physical transport mechanisms that have any significant
dependence on the asteroid size, and instead indicates a dynamical (gravitational) transport mech-
anism that excites asteroid orbits directly into terrestrial planet crossing orbits, independent of
asteroid size. The second constraint suggests a non-repeating circumstance in the Solar System.
A plausible mechanism that satisfies these constraints is associated with the orbital migration of
the outer planets (Jupiter—Neptune), which is thought to have occurred on a timescale of 107108
years in the early history of the Solar System (15,16).

A rearrangement of the orbits of the outer planets would have had significant effects on the inner
Solar System. The outer asteroid belt would have been severely depleted due to orbital instabilities
that ensue as strong Jovian mean motion resonances sweep across this zone (17); indeed, this is
possibly the only viable explanation for the absence of asteroids in a range of semimajor axes where
dynamical stability arguments would otherwise argue for a large population of asteroids in long-
term stable orbits. Levison et al. (18) suggested that the orbital migration of the outer planets
would have caused the Moon and the other terrestrial planets to be intensely bombarded for a
period of 10—100 Myr. Such bombardment would have to be considered cataclysmic on a geologic
time scale. If giant planet migration is the correct explanation for the LHB, then it must be shown
to be consistent both with the timing of the LHB, and with the provenance of the LHB impactors.

The timing of the LHB at 3.8-3.9 Ga provides a strong constraint on the timing of the planet
migration process and on the timescale for the formation of Uranus and Neptune. This is because
the migration of the giant planets begins only when Neptune and Uranus accrete a significant
fraction of their mass, large enough to cause the large-scale mobilization of outer solar system
residual planetesimals. The fraction may be on the order of 30% of their present mass, although
detailed studies have yet to be done. Thus, one major inference from linking the LHB to the
migration of the planets is that Uranus and Neptune accreted approximately 600 Myr after the
formation of the other major planets. This timescale constraint has significant implications for
theories of Uranus—Neptune formation that have long been plagued with difficulties (36,37).

Regarding the provenance of the LHB impactors, we note that the giant planet migration
process is due to the large-scale scattering of residual outer Solar System planetesimals (which are
ice-rich bodies), but it also leads to a large-scale perturbation of inner solar system planetesimals
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(rocky asteroids) due to the sweeping by Jovian mean motion and secular resonances. Thus, in
this model, the bombardment of the inner solar system would be due to a combination of icy outer
solar system planetesimals and rocky asteroids; uncertainties in the model parameters allow room
for different relative abundances of these impactor populations. Our results strongly constrain this
model, as we show that the MBAs were the dominant impactors in the inner solar system during
the LHB era.

One of the strongest resonances for the transport of MBAs to the terrestrial planets at the
present epoch is the secular v resonance which is associated with the mean apsidal precession rate
of Saturn. The vg resonance, located at the inner edge of the main asteroid belt, at 2.1 AU, excites
asteroid eccentricities to nearly 1 on a timescale of 10¢ Myr (38), and is thought to be a major
supply route for sun-grazing asteroids as well as NEAs originating in the main asteroid belt (39).
The location and dynamics of this resonance is determined primarily by the secular interaction of
Jupiter and Saturn. Therefore, it is interesting to consider how the location of this resonance would
have shifted during the orbital migration of the giant planets. Classical secular perturbation theory
for two planets (40) can be used to determine the past locations of this resonance provided one
knows the initial (pre-migration) orbital eccentricities and semimajor axes of Jupiter and Saturn.
Numerical simulations suggest that planetary orbital eccentricities do not vary significantly during
migration (16), so we can reasonably adopt the present values of the planetary eccentricities. An
estimate of 0.45 AU inward migration of Jupiter’s semimajor axis has been obtained from the orbital
distribution of the Hilda asteroids (41). The initial (pre-migration) semimajor axis of Saturn is,
however, not very well constrained. For plausible values in the range of +2 AU for the net migration
of Saturn, we calculate that the sweeping of the 14 could range from just a very small zone near its
present location (at the inner edge of the main belt) to almost across the entire main belt. Thus
the LHB impactors could, in principle, have originated from either a narrow region near the inner
edge or indeed the entire asteroid belt. Because a strong radial compositional gradient exists in the
main asteroid belt (42), it is possible that chemical analyses of LHB craters could identify more
precisely within the main asteroid belt the provenance of the impactors, and thereby constrain the
migration history of Saturn. This may also be possible using the MBA size distribution alone, if
there were a radial variation of size distribution of the MBAs.

5. Dating Planetary Surfaces by the Cratering Record

There are several important implications for dating planetary surfaces on an absolute time
scale using the cratering record. The LHB was a catastrophic event that occurred about 3.9
billion years ago. Therefore, it is not possible to use the cratering record to date surfaces older
than 3.9 billion years, as that record has been obliterated by the cataclysmic event. The heavily
cratered highlands of the Moon, Mars and Mercury are 3.9 billion years old. Surfaces that show
the characteristic Population 1 size distribution but at a lower density than the heavily cratered
highlands are probably closer to 3.8 billion years (the end of the LHB). Such surfaces include the
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old plains on Mars and possibly the post-Caloris basin surface on Mercury (Fig. 1).

The younger post-LHB surfaces that show the Population 2 size distribution have been im-
pacted primarily by NEAs (Fig. 4). Therefore, the ages of these surfaces can be derived from the
crater production rate of NEAs. Because we do not know the comet crater production rate with
any certainty, the ages derived from the NEA impacts will be an upper limit.* The exception is
Venus, because its crater population is unlikely to include comet impacts, as cometary impactors
are likely to have been almost entirely screened out by the thick Venusian atmosphere (43).

Finally, it is important to note that dating surfaces on outer planet satellites using the inner
planet cratering record is not valid. Attempts have been made to date outer planet surfaces on an
absolute time scale by assuming that the crater population found in the inner Solar System is the
same throughout the entire Solar System and has the same origin. But this assumption is false,
in light of our results. Indeed, additional evidence to support this conclusion is to be found in the
cratering record of the Jovian satellites: Callisto has a crater size distribution distinctly different
than both Population 1 and Population 2 craters on the inner planets (44). The differences cannot
be accounted for by differences in the impact velocities or target and projectile properties (21).
Whatever caused the Callisto crater record did not significantly affect the inner Solar System. The
inner planet impactors originated primarily from the asteroid belt, and these would likely be a
relatively minor component of the impactor populations for the outer planet satellites.

6. Conclusions

We have demonstrated that the cratering record of the inner planets and the Moon has been
caused by two distinct impactor populations that are distinguishable by their size distributions. We
have further shown that the old, Late Heavy Bombardment population has a size distribution very
similar to that of the current main belt asteroids, whereas the younger, post-LHB population is very
in similar size distribution to the present Near Earth Asteroids. Taken together with cosmochemical
evidence, these results imply that the origin of the LHB impactors was the dynamical ejection, over
a relatively short time interval ~ 100 Myr, of asteroids from the main asteroid belt approximately
600 Myr after the formation of the inner planets; the craters on the inner planets since that time
are due to the NEAs whose different size distribution is owed to a combination of non-gravitational
effects (the Yarkovsky effect) and Jovian resonances that preferentially deliver smaller asteroids
(diameter < 20 km) from the main asteroid belt to planet-crossing orbits. The results also imply
that the main asteroid has had its the presently-observed size distribution for at least 3.8 Gy.

The cataclysmic Late Heavy Bombardment event was unique in the history of the Solar System,
and quite plausibly the result of asteroids ejected from the main belt by the inward sweeping of

4The cometary contribution is likely low, judging by the good match between the NEA and the Population 2
projectile size distributions.
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gravitational resonances caused by the orbital migration of the giant planets. The timing of the
LHB at about 3.9 Gy ago implies that Uranus and Neptune did not reach critical masses to
gravitationally scatter and clear their associated planetesimal debris (and thereby trigger the giant
planet migration process) until ~ 600 My after the formation of the other planets. This result
resolves a long-standing question on the formation timescale of Uranus and Neptune.

Our results are of major import for planetary geology and the dating of solid planetary surfaces
in the inner Solar System. The absolute ages of surfaces older than about 3.9 Gy cannot be
determined from the cratering record because that record has been destroyed by the cataclysmic
bombardment. Surfaces younger than about 3.8 billion years (the end of the LHB) can be dated
by the NEA impact flux at the Moon, Mars, Venus and Mercury. We also note that the lunar and
terrestrial planet cratering record provides a poor, and probably misleading, guide for the dating
of solid body surfaces in the outer Solar System, such as the satellites of the giant planets.

We acknowledge research support from NASA, NAOJ and JSPS.

REFERENCES
1. Turner, G., P.H. Cadogan, C.J. Yonge, Proc. Fourth Lunar Sci. Conf., 1889-1914, 1973.
2. Tera, F., D.A. Papanastassiou, G.J. Wasserburg, Earth Planet. Sci. Lett., 22, 1-21, 1974.
3. Ryder, G., EOS, Trans. Am. Geophys. Union, 71(10), 313-323, 1990.
4. Dalrymple, G.B., G. Ryder, J. Geophys. Res., 98, 13085-13095, 1993.
5. Dalrymple, G.B., G. Ryder, J. Geophys. Res., 101, 26069-26084, 1996.
6. Cohen, B.A., T.D. Swindle, D.A. Kring, Science, 290, 1754-1756, 2000.
7. Cohen, B.A., T.D. Swindle, D.A. Kring, Meteoritics Planet. Sci., in press, 2005.

8. Daubar, I1.J., D.A. Kring, T.D. Swindle, A.J.T. Jull, Meteoritics Planet. Sci., 37, 1797-1813,
2002.

9. Bogard, D.D., Impact ages of meteorites: a synthesis, Meteoritics, 30, 244-268, 1995.
10. Kring, D.A., Cohen, B.A., J. Geophys. Res., 107(E2), pp. 4-1,4-6, 2002.

11. Turner, G., Knott, S.F., Ash, R.D., Gilmour, J.D., Geochimica et Cosmochimica Acta, 61,
3835-3850, 1997.

12. Hartmann, W.K., Ryder, G., Dones, L., Grinspoon, D., in Origin of the Earth and Moon, eds.
R.M. Canup and K. Righter, Tucson: University of Arizona Press., 493-512, 2000.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

,10,

Malhotra, R., Nature, 365, 819-821, 1993.
Malhotra, R., AJ, 110, 420-429, 1995.

Fernandez, J.A., Ip, W.H., Icarus, 58:109-120, 1984.
Hahn, J.M., R. Malhotra, AJ, 117, 3041-3053, 1999.
Liou, J., R. Malhotra, Science 275, 374-377, 1997.

Levison, H.F., L. Dones, C.R. Chapman, S.A. Stern, M.J. Duncan, K. Zahnle, Icarus, 151,
286-306, 2001.

Ivanov, B.A., G. Neukum, W.F. Bottke Jr., W.K. Hartmann, in Asteroids III, University of
Arizona Press, 2002.

Throughout this paper we display the crater and projectile size distributions using the “Relative”
plot method (see NASA Technical Memorandum 79730, 1978) which was devised to better
show the size distribution of craters and crater number densities for determining relative ages.
The R plot provides a more sensitive and discriminating comparison tool than Cumulative
Distribution plots which tend to smear out important details of the crater size distribution
curves, and can lead to erroneous interpretations. For an R plot, the size distribution is
normalized to a power law differential size distribution function, dN (D) ~ DPdD, where D
is diameter and p = —3, because most crater size distributions are observed to be within +1
of a p = —3 power law distribution. The discretized equation for R is: R = D3N/A(by — by),
where D is the geometric mean diameter of the size bin (v/b1bs), N is the number of craters
in the size bin, A is the area over which the counts were made, b; and by are the lower and
upper limit of the size bin, respectively. The size bins are usually defined in /2 increments
because there are many more small craters than large craters. In an R plot, log R is plotted
on the y-axis and log(D) is plotted on the x-axis. A p = —3 distribution plots as a horizontal
straight line; a p = —2 distribution slopes down to the left at an angle of 45°, and a p = —4
distribution slopes down to the right at 45°. The vertical position of the line is a measure of
crater density; the higher the vertical position, the higher the crater density.

Strom, R.G., G. Neukum, in Mercury (eds. F. Vilas, C.R. Chapman, M.S. Matthews), University
of Arizona Press, 1988.

Strom, R.G., S.K. Croft, N.G. Barlow, The Martian impact cratering record, in Mars,
eds. H.H. Kieffer et al., University of Arizona Press, 1992.

This also demonstrates that the shape of the lunar highlands curve has not been affected by
crater saturation because they show the same size distribution as the highlands but the
crater densities are well below saturation density, confirming a theoretical result that a
surface impacted by a population with the same size distribution as the one observed for the

10



24

25.
26.
27.

28.

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

39.
40.
41.
42.

43.
44.

— 11 —

highlands would maintain the same shape at saturation (Woronow, A., J. Geophys. Res.,
82, 2447-2451, 1977).

. McEwen, A.S., B.S. Preblich, E.P. Turtle, N.A. Artemieva, M.P. Golombek, M. Hurst,
R.L. Kirk, D.M. Burr, P.R. Christensen, Icarus, in press, 2005.

Strom, R.G., G.G. Schaber, D.D. Dawson, J. Geophys. Res., 99(E5), 10,899-10,926, 1994.
Zahnle, K.J., J. Geophys. Res., 97(E6), 10, 243-10,255, 1992.

Schmidt, R.M., Housen, K.R., Int. J. Impact Engng. 5, 543-560, 1987; Melosh, H.J., Impact
Cratering: A Geologic Process, Oxford Univ. Press, 1989.

Yoshida, F., T. Nakamura, J. Watanabe, D. Kinoshita, N. Yamamota, T. Fuse, PASJ, 55,
701-715, 2003; Yoshida, F., et al., Adv. Sp. Res., submitted, 2005.

Jedicke, R., T.S. Metcalfe, Icarus, 131, 245-260, 1998.

Ivezic, Z., et al. (the SDSS collaboration), AJ, 122, 2749-2784, 2001.

Stuart, J.S., R.P. Binzel, Icarus, 170, 295-311, 2004.

Neukum, G., B.A. Ivanov, W.K. Hartmann, Space Science Reviews, 96, No. 1-4, 55-86, 2001.
Werner, S.C., A.W. Harris, G. Neukum, B.A. Ivanov, Icarus, 156, 287-290, 2002.

Morbidelli, A., Vokrouhlicky, D., Icarus, 163, 120-134, 2003.

P. Farinella, D. Vokrouhlicky, Science, 283, 1507-1510, 1999.

Lissauer, J.J., ARA&A, 31, 129-174, 1993.

Goldreich, P., Lithwick, Y., Sari, R., ARA&A, 42, 549-601, 2004.

Farinella, P., Froeschle, Ch., Froeschle, C., Goncezi, R., Hahn, G., Morbidelli, A., Valsecchi,
G.B., Nature, 371, 315-317, 1994.

Morbidelli, A., Celestial Mechanics and Dynamical Astronomy, 73, 39-50 (1999).
Murray, C.D., Dermott, S.F., Solar System Dynamics, Cambridge University Press, 1999.
Franklin, F.A., Lewis, N.K., Soper, P.R., Holman, M.J., AJ, 128, 1391-1406, 2004.

Gradie, J.C., Chapman, C.R., Tedesco, E.F., in Asteroids II, eds. Binzel et al., University of
Arizona Press, 316-335, 1989.

Shoemaker, .M., Wolfe, R.F., Shoemaker, C.S., LPSC, v. 22, p. 1253, 1991.
Strom, R.G., A. Woronow, M. Gurnis, J. Geophys. Res., 86, 8659, 1981.

This preprint was prepared with the AAS IATEX macros v5.0.

11



- 12 —

Figure Captions

Figure 1. The crater size distributions on the Moon, Mars and Mercury, shown as R plots (20).
The blue curves are for the Moon (highlands, post-mare, and Class I craters), red are for Mars
(highlands, old plains and younger plains craters), and green are for Mercury (highlands and post-
Caloris craters).

Figure 2. Size distributions of all Venus craters and, separately, multiple craters, compared to
the Mars Northern Plains. The downturn in the Venus curves is due to atmospheric screening of
projectiles.

Figure 3. These crater curves summarize the inner Solar System cratering record, with two
distinctly different size distributions. The red curves are Population 1 craters that represent the
period of Late Heavy Bombardment. The lower density blue curves (Population 2) represent the
post-LHB era on the Moon, Mars and Venus.

Figure 4. The size distributions of the projectiles (derived from the crater size distributions)
compared with those of the Main Belt Asteroids (MBAs) and Near Earth Asteroids (NEAs). The
red circles are for the lunar highlands (Population 1), and the red squares are for the Martian young
plains (Population 2). The other colors and point styles are for the asteroids derived by various
authors. The MBA size distribution is virtually identical with Population 1 projectiles responsible
for the LHB crater record. The NEA size distribution is the same as Population 2 projectiles
responsible for the post-LHB crater record.
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=/ NEXE R DG AR

Lightcurves of a new-born asteroid family

gzt 12 - 35 H 33 - Budi Dermawan®®
(Takashi Ito, Fumi Yoshida, Budi Dermawan)

k%%@ﬁ%i@x@ﬁ%f%é FHONEE I B EOHIBICHZE L T 2 lEBS L, %

BRIZARERE L #ZE L T/ L—7 —%2{FD, BUEICEL ETZOEMEMED TS, /K

mwéhﬂiﬂiwﬁxM% & o TR L 72 0BT & I 5. NKE
ﬁﬁ%@k%%%%ﬁi L7-lEER o2 LR D EALEHEREFEETH Y, %@t
R O BN R 7212 & - THER S Nz iy o B SRAR, NEBREEIC B9 2 HE R E®
HZTINDLIFTTHL, RRETEIREOIIET O Y =2 b TH DLV VIERE RO
BRI OISR EM AL DD, BEMKRT 2/ NEEOBHD & KBFRHICHT 2 £ o kD bR
ﬁﬁ%ﬁéhé@#%%xf&tw

1. NREDK

FCTCAIDOE DS T OFENH O N TV L RE LIFER Y, NREORITH L v, NEERS
1D Ceres WA SN e DTN ORYOH, 2V 1801 F1HIHTH L. Thirs _HF
0 Ao 722004 F9 ABLE, WUEEZACKO SN //NR&EIL 25 Tl ziA TH Y, ZToludEIC
WA T d, HAN= )V N RIRRPEHE 2 &8 HIARTY AR S AR T
wéb%%@,%hﬂﬁﬁ%@ﬁﬁ%@ﬂ%kbf%ﬂ@%@f%b

NS DI ARSI E A IUEE L L OO HEEA E CHV bR A, NEE ol o fLiEE
B B O - BUBLRHE (Wb S1MuER ) o Nn IO RFNER & REL &6
oifitlIRE D5 2 I RO B2 N T hEHHUEFRE (LT e TRINDL Z 282, [H
HHELE (E L <G5 e), BHETLUEMEA (RL <G50 eifidh, RORAT —)L To/hg&
B oE#REZ R LIE L :fﬁ%b\%zhé NEEOBEPUEE 2 TSI TUT L, XD
I o/NEEEET & T Y R L EEUE %ﬁbfné Ebs. AT NEERT 1824
@HmmmMia—28M6%Y$@qe—OO%M:1_21MOF /NEREL 755 2224 0 Tucson |3
a = 2.8810 KILHAL, e = 0.04807, i = 2.0290 J%, /\aX éﬁAW7®ocmmmua_28%3%
Yame_ommlz_zwmﬁ‘amvﬁéu,éaw@ﬁML¥ DD D TITV, 20
oo &SPl - 7z BEHUEE S Z > T /&R o — BT (family) &IN5, xR
T2/ NEEIEE D B R RO REIEIC L > TR SN e FA 6N TBY, KHFART Vi
£ 2 HM (taxonomy) BITWVONEWTH S, Fo—/JGEEITEN Y AL STUNEETHY, =

1 = Zffk (Koronis family) &9 7(% I NEEDOIRICIE L T d, NEER & WO MERIEF K
FOTPUNBRIC L 5 1918 F i@ U T ORI ZRD H Z LN TE L [1]. 2 DIDIT/NERE DR
PR (Hirayama family) SRS L 2 & ©H L. FURERA 1918 FOim L TR L = ffkid =
#7200 T > 7273, AEEHFERF ORI THER SN T IRORIE60 ZHA TH Y, ML/
FENHRMERIHOBICE L Tha Z EAVHIHL 225 5 [2].

VR FRE B v A B SRR e RS EE 7 KSR ST — S i E 2 v v —

?Lunar & Planetary Laboratory, The University of Arizona

SRR FH SR 75 N BIRRLE R ERe s B K S0 N o o BRI

R R TR R SR

SDepartment of Astronomy, Bandung Institute of Technology
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FITERIC & HIRIED S 80 FELL Lid - 7= BT, NEEORICH L TUTZ N0 ORGSR S
hooH %, AL, BEFKRL ZEERAERICROE S 72 ih o I3 BE o BIEHuEEZ o
S HRK100m/s DF —F —Th-7=5 D LHFEEIN TS, FEDEKIIET 5L /&
W7z &9 7S A7 MV ZE RO RS, 2 AUF R R R o B ZS g & - MRk H o /&
EPERLZE O FEEZLFT L0 TH D, T, BREWKT 2/RE 0 A X hidhix
RE R L 22 W NERE DY A A ICHAN TREREE 28> Tnd s Line vy 2 e bifiElllsh
Tnd, 20k IS OB o FE & NSRBI O T A L T2 AR S 1o
DIHLLDOD, FEDOLZARIOWTUINN>TWEZ LD TN DN E
WEeESTRY, flAIET b2 biRoFE#, 2 EHEMIHIC k> TREOH AFAE L 72 FlH
WD, 2L O/NEERICOWTEIEENPSPHEFELE HNEDTHA D L) KM R
RO SN T SISl S22, MR IEBL G O YR % B3RS 2 H W TH 5 W ov A
ZHRAFE NSO TUE, AUk L 72 & D ICHEEZ MR T 5 /R R O Z i — %o/ NEEIC AR TEZ
WEZFFS LD TH DD, THITEEN10-15km BEOHFRD Fo/REICOWTEA52 ¢ T
HY, FOEMLZOEEkm DL TNO/NSWNEE DY A AR HNRE D 705> THDHDMNITDONT
FHED 2 BRIEE 21T e A Y, 2072 L BERH S 5 K E o0 A XMl ko FmE
FRAEDERICEVKICHZ 2 HRELE R/ b0 TH Y, HREZOWFT OV A X iz Hs
O DERE TRV ER0, ZHINREDO I AR VI OWTHERALZ L THY, ffr
xRNSR & FHEME BT 2R E o RANEEMEE R OER, 2F 0 BERKEKD
WERITEL Z IK L 72 27 B )V % (RFF Lt Tvd & W) fREEIF & 2 IS S,

29 L IR SRS 2 ISR KAz, HICaE 2 ST 2 PFEEE T A4 o H
HEZEO TS, YLa gz ax—3% (Yarkovsky effect) & IFIEN2L b 0B ZNnTHS 3], YL
27 A% —RRIE KRG & OB T 3L X — /NS E X - FRGE T SR IEEE M| Sk
IR (NEE S oEfE oK) TH Y, NEREOIEFREROMKA T I,
7= B O ARIRD 2 EVK 2y — LT Ub b e 67, KBk, A, B
Mo iE, Hinohn, HUAERS, ZTHUNREZ KT 27 H OB REE R SICkFEL TY
WA T AX—RROKE ST VB L08, BEADH 20 km LV /NSRS 5 TIIER
ICHPSEHEETH Y, NEEICHT2HEED S i =a— N /2T TEFHO >
MR ODDOBRIANSY N AT AXZ MR EH L EFATE L2 BN TS, AT
G OFHEARIAYT DT EZN 2 TRICHARTT 5 e Rz &0, ITHEVGRENMRE 2 e
BT IS S ittt Cnb e W HETH 5 [4, 5).

Y a7 A% =R NEREROMFEC & - Tee Y, @A X2 Mok TERS
To/NEE W OBFHUEF RS Y L2 72X —RICE > TEACAMML TL £ 9 alREMA
WIS THL, BIRL 7 LD ICHEOKE N ZORIZTE L T 08 9 D3 NERE o [EHiLE
FRICK VT b, REDOIT ITHE T 2/ NEEEAHITIIAE 4 20 7122 IR ik M S5
LBy, NEESHIBNIKICIT W2 G oMENI#EETH 5. Th e BN & EH
A2 2 /NEE O WUEEENIHIN ZETH 0, FICEFTIEFREOHEIIMEFICLE > TR
HITRI=NDLTHAH D & EALN TR, HRIEKE OBE OB HHUIEE SN O @R A B R O
FroftiiififE 2 ETE 201320 LEREIC - HEETH L, Thebrviiary ax—2f
BHEZDLE, HIEBRHAH D Laend D LN N R o EH AR RIIEFE O A7 — v
TEAEANET 5. 2 OMEEEZTICBED B GHUEE S O @IS RAERE O i o 5 H
RHEET 2L, BEDLICKE2HEERELR SN TLE > LNELrH L. £2b 2y, JERE
ICH W OEZEHRSIC L VRSN I YL a 7 23 —RIC LV Bl ihf Ly > TL %
Wy, BUEIERES L CREARTBE R RIS > T a b L, o UNESICII - & £
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SONEEBRBMIFIEL Tz b Ly, YLV a 7 2Ax -1 025 LZEMEZHEL E- T
LESaget 2 BET S 2 LIFH ko ThH b,

YA T AX —RINEE O HEGRABIC O e 52 5. YL 7 2% — /RS0 52 JHE
DV & DIZYORP AR (Yarkovsky—O’Keefe-Radzievskii-Paddack) & s b ondH v, 107
S 103 S ORF] 2 7 — )V CEA 10-20km & 0 /NS 20/ NEE o Hinik 2 1 72 0 7= 0 ¢
% [6]. 7> CHBUEM DB T & 2/ 8 o Hip KB HUEESR o 04 & [ERf Il B S E R o
LOTIERL, ZTOROEVRHICOEZZELLEZRTLESTLbol ) Zeickhsd, KiFoH
ﬁf@$%§@%ﬁk%%mmwé%%ﬂ%@%%%%ﬁf%éﬁga%wtﬁ,%wazé%
DFEERED S/ 5 NDERIINHEEEEZ ZL &R, Lrb Y Lary 2% - ks TERSh
THBY, #Firbo FEVHvoThs, ZoFERIFD & 2T NERE DK FEVEUREN S
BAHEELHNZDTHLNE, o B LWERICIES Nz a2 E%#Z)\é:’)“cbﬁﬁfo‘zh
Z IS HBEOEKRICET 2 2L OBREME TS 50/gEENH 5. £ L T20024F6 H, F I
O BN iER A NERE o —BEB R Sz, Y VIESTFEN Ao/ NREETH 5.

2. AFhi=ToAhY Uik

RO NEENHREZ R L T L0 &9 vk Rl 2121F, FidkL 72 & 9 I10& 4 o B FHEE
FZOMEMNENL HWITHD (BHDHWTEWD) Z R CHIIT 5. 2 ofFERo /-0 oS IR T
LROMERINTW S, 29 LIEREE RS O/ NEEEFIIES T — % N — ZIZHH L 7244
B, WRCHERS N0 H ) UIETH S (7). H U T 39 [Hlo/ NRE & 720 5 /M 7 7 5 2
H—=THH (RFTORFEYL Y TlEZ oRBULTOENC £ THA T [8]), FIEHUIEERZEM TR
LHEHUEHICULAE LTCEF aa=2AHoNERICEL TWs, chioh) UiETaa= 2
MO (subfamily) & BIFSZ AR S. AV UERAEKFF O ME A N> Mok FEL -
LRONDLZ AL - Ny RofEfEk £ b BICHE Sh v [9).

vil)) /E’%O)*%ﬁi NRED D BIREKO Y OIXE £ 20km 550 832 Karin (U 2X 7~ LIE ST
1916fﬁ FA) THY, ZToOMOEKEIFELES 2km 26 6km &/ S vy, 832 Karm@lﬁlﬁih

HEZT a = 2.864 KCHAV, e = 0.04390, i = 2.1131 £ TH Y, XY 7T TFHD 7N A A X
WM NEEDOE DD L IICHAS, Uhed o832 Karin % &8 72 39 {flo /X o [ il
BEE (a,e) THIB L O (a,i) IO THDL &, B RIKOWERIEIC L2 L fEES NS
S0P OIS & > TR S NI NERIRDEN L - &Y L F O 1S (STHR[7] @ Figure
1). SHREOEFHIEEZSZOM ST BE0 6, BRI OBCHIEEE 15m/s %72 - /-
LI EEESNTHS, ZHIFMMOKICHE T SHEEME TH 2 100m /s ITHAR D & 720 S/ S0,
HWRE O KE S ol SN s B RERO B RIEH 25km TH 5. AKX E 832 Karin O E )Y
20km B THL06, ZONEEOEODTHRKOFRILOHELZ HEDTnLH I &Il b, (H
LRk T 5 L 9IS BRoBUIC T — Z ITIC L 0 h ) UK E OB 2 T T < ol BEMEIEE V.
ZIOBRNITHEE SN D EERIEDOY A ZITRFITKEL > TTL 22 THA D,

) B L T b R T XSS Z O F TR ;H'TLI/\ ETHDH, U UHED
ﬁf@ML% #bﬁtﬁﬁ%%wféﬁﬁE®MLﬁm%ﬁ 2D &, 580 AR DR
%< DIERKE D FAERGHERE &1 H RN E mgﬂ%?é.:muzwﬁm$%i%f%
%W@4&ybﬁﬁéb,%éﬁi®éﬁ#%%<@Wﬁﬁﬂ@ﬁbfﬂﬁ@ﬁuyﬁéﬁﬁb
e WA EEOWRNRILETH L. 580 HIEL WA N VFEOFMIE S E THESh TV E%£L
DIRITHANR D SRR T RS F SI/NEE o R HHEE 12 O b < Frig 2 kg z H o 4
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72D LTHhBLDTHD.

ZD LD BHF L WHEE NS L CRENSBIITREFIRLS 5. gk L7z & Rliffrov-A X
DR RA OIS AT MV b O TH DL, FEE L UIH Y UHEMEMEL T<h s T
NTOEREZFEL I AL 2D FREEIETICBAZ XTI TETH LD, TTFHOIC
HZEMT =m0 ) iR E o (lightcurve) BIHITH L. 0 & 2 & T3 A21E, LR
R GER R o H i@ & RIS T 28 lE 5 A TN D, HEIfIcR T 2 BN a5 —
- AU, TR RO BERHEZICE T 2RI Zi@mo 2 &, Hino S 0 R R T
W REHZICE T 2RSS NS0 aEENH 5. RO B & 5 SR KO JEF fih[aldz,
Wow L EEE (HHEE) 2 TS TR EO NEHEEICE T 2 MRS Lk,
FEEIOMIIIFRCH ) U GREICE L QAR TH 5. N 2R TEATEE L 2 AU R R
DFEENE IR Ol L & HICTHICIKE T 528, @ZEMIED & 5 2L WES R L /-
IV oRh ) VIFERERE ORI EEREIL T L b olH 500 Lhinwh s Thb, F-%
< OB O BRI o A9 UL, 2R o il ~ o HinT 1)L X — - A& i
T 20500 BERIEONL]EEELH 5. HinEE oL E, EVR# AT — )L Tohf
Frofud gLz BUEMIC Y 2 PR DARYIER T O H 5 [10, 11]. fiik L 7z & D12 o
HIERIE YV a7 2% —1 N 6 R ELZT 5, Yvarzax—fRiRrolswn (5
WFED L DIC) BMTH 2T NEE O HIKAERTZIRICKE URTEL T2 0T, H iR,
B L OB BLHI & 15 5 1 2 I5#I T/ N i o KIN 15 E LGB o 72 @ o FERR 1 72 W]
Xt RbDTH 5.

ZDEIE, hIUEPEENLZTOIERIERTH DL L0 ) FHEITEK O OFEETH L WER
EHEICG AT NS, KEIDSEH Y UHRICET 2V EOBIHFT RO %ML TITLAS, %
DRI 2 e, FENH Y VRIS ZEF TN L LI m s idiie o 2icm<LL B
I, KEOFEFIZ=GZTTH LM EOBIHEHIICIEZ O 55 OB D AASHAR D WP 6
5L TBY, ZNno DAL D] - LR T EZ oBLRIEHEZ FEiid 5 2 213 FE 72 R
a]BESZIN S TH 5.

TV RIS LT 2002 46 HIcRE S Nzim L 7] # RZEIZ KA o b EiEd=E, N —
HIE L/ NEEAE Toutatis IR 612 KIKOIEEF[ER A YV KBS T O RE S 5] gE
MEeEAT(12. ZhFBREHE O TH 5. FHRERIETFR KO Budi Dermawan X°[37K
LH DRSS - W FIER S L ORI O, B KCE ZJ#ICH 5 08 50cm O
Y N Th ) Ui NEREOBIIZ MG L 7=, 2002411 H Fajo 2 Zf%é T7RF 2T K
YHETHAHEHNERKY H S O 25cm BHiEiEZ AW T Z o HIEHEICSIIL 7=, RIS o AT
B RFEOREBHIFT lm > = I v NEEHE TY TN, HWEHEERKkFEo 7 Vv—T %) 1o 40cm
P 7V — T 2 TR EOBHIICBIL Tnh 5.,

TP T RIFLEE, BB ORI KEICR AR & L CTEIFFL Tz, #TL B 2002 £ HIC
FEBRKOEEFTH S 1m WERFN G E RIS H 2 MR SCHICTER L, PRl % B
MHLZIEDN Y Tho Tz, MR EHO» S CoREHEZ 522 bbb, HEET T
HE AR O S 8% %> Wing-Huen Ip #03% 6 & HICEMK LE O Im Higdi 2 FH L TH U Uik
BEOBMZRMG L 2. 2 DBRIEEHE?SH U Vi NGREBREHE o dO e 20 5, FHEEEPNI
DT ZoHMICH A Z 5 2 HERNS WEE HICBIHIFTIC TR EZE, B2 WITEEBEIC
O, BV VROBIANCEEFR M 2 1t L < ha Loicme—mfz @R L 2. flAIEE%
7 19 KB > Wen-Ping Chen HJZ1T &k 5 { 7 ARF 2 7 » oKL H L IR E L THBY,
T H2A Chen ZURICIRFAT 5 2 & T AXRF 24 VR=7 7157 I — 39 5 Maidanak K H
D 1.5m HiFFEZ h Y VFEOBR O -DIHH & % 2 127 5 /-, Maidanak TOHFEOMIEIT
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Mansur A. Ibrahimov T®%H 4. HIZEHITKE 7V VI k¥ HEE 2R o KT Tom Gehrels &
Renu Malhotra IS B # (1 X, Y H % Kitt Peak BLHIFT @ 2.3m B (MFF Bok) & Vatican
KEEH D 1.8m B (AL VATT) 2T 28R EINEL /2. ZOSTDFBENED A A ‘/
il 70> T s, HFHIEE 21 %28 H L T Matthew Holman (/N—/3— RK%2) %
Z OFHEHENZEH O AN, FVICH D L 6.5m D Magellan SHiFEFICHANT S H U VK J\&E
B Z 1T > T s, B RO OBIHNCIEM S ORI 2 0T, Z 95 L =6 E
DI E AR S THIEM TE L WS Z &gy, FEEFEED, HEFUCb - TL
NLBAE 2 H RO NI TERL el Tunb.

J:§EOD FONCHH I HoBRIM 2V BT EZL o7 =2 2E L, ZhEfirL TN

O EHET 5. Budi Dermawan 137 9 L 72 HIZERGR % TCiC L TREROERE AR & 1 =,

J\je@ Bz ET 2 H 2R L Tnd, BEOBIHGHEIT £ 2T TEN) TH L
23, (REALIFE CHEHBIEE TICHE O N THNAR D O b AFERNLR L D&/ L TITS 720,

3. M UKROIAEAR

2004 -6 H AR £ CITHEEIL 107 AT o BEHIFT € 70 DL EoBHIZ 1TV, 15 o 1) o ekt
B ZFERL T2 D5 b 8IS > WO (Bin) 2 REL 72, 70 o BT 8 ot
e S0 L EBH VRS ZVWEIICHI A2 Lnds, —IGoBHITC—{H o/ 8%
RIS 2 5B W56 R TH 5. Bk 5 k5 1ch ) VR E o Bz
BRI 5 20 DL E e Rnbob b 0T, —flo/ &R o B % e 5 72100 T b1kl
Lo E L 225, £z, GBCHROEZEORBIIBHIEICE > TRL TRWH O Tldk
<, 0T XA EICBIHIICH A T A DI TIERL Ty, 29 LR MFob & THENE
CRIZH U U NERE 8 Hlo AR AR E X WoR U 7z, B 1 okl 2R 2 e il i o (A | L
boThy, Ml (—AH) ORENESIZLEAANEREREIC L > THA S,

HIEHSE L OCHEBERRED 2o 07 — 2 W@ L2F L EL L EL RV BEL07T, 2
Z TS T 2L TB L. REOBIHNIIAMICR Y K7 10 vy (hiliE 6338.14A) %
W IRIETH L. KBFADO T TR NREIZR N R 7 4 V7 O EFRTRUIAL S HAS
METHD, NEEEHRGET ZBRILEFFCIEH OBEER b IRG L T L. BURIKT Lz,
HRSFED DT CIIEEEN 72 KT — 2 T 7 b 7 =7 Cd % IRAF @ APPHOT & IF1ZN 5 /Ny
=V O TENREDIEMRFEREZNET S, 2 2 TIEHREICED S NDFERN, 22
MOWKETH S, HEOBLHNIE —o/GEEICE L Ty ¥ 2 HER, %02 BHRE, %
LHIATON S, 29 LB SN T =2 3TN ZFNCE R FFE 2R - TBY, Th
5 &l A GO TR L iR 2 5 2 MFSRIF A2 b o TldZewn, LRl & oich
VR EICINEO TREL Y b RO 22 b oL, —ioiif)/20 ¢ inEi%
FETELLDIHFLA LN EOIAL =, 2O WIHIBEICITET, BiGoBlTs — 2 24
AREPETHERMORZTDNEZEEL, ThEzEARFEHe L TR0 7 —1) i Z1F5. K
ISR\ EE T Z oI e AT — 2107 49 b &, PHEERT b b el
MOTERZRD L, B HEHIFT CHEIEERIRT — 21D W T b AR EE 21T 9. JRD&IC
54 OV O TR E IEIC L TH-O 2 BE5bY (FLTFERAGDY), T2 T®
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CHEENREDCHDONAVEL > T 2 MR TEMNM S, 1990 FV 72 &3 efHIcE L <hiE
72 BRI TN TS A8, 1999 XE68, 1999 VR26, 1997 GT36 72 &35 — Z it cH v,
EICEWHM OB ETH 2 2 1IFIHETH 5. 1999 CK16 1S LTI 4 o XfET — 7 o
HEVPELZREIVD, ZNEHERZ OV NEE 2 BB OBEMAE 1m HEFH T L2EIIIL
TS TH DL, SRIZEID KRS BRBEFE HO OSBRI E L 225 S,

(a) (b) (c) (d)
2 SE*Ble _
/)
()b;ziver
Abri ght
Lightcurve
Ydark

X 2. SErghig Ay 10 C — R & 7 2P 2 3T 2 B BUHIE L “Observer” o750 6/
REEZRTEY, NEETFHOMIEE KiCa—=b—c—>d & BT 2.

KU UHERREIEE Ok S S (B km 25 20km) O/NEREIFER LV BAEMK, H5 00 i% .
AR Z IS 2 & I3 e TSNS, @5 &> TR L 7o/ NEE D i S ERFIC

”i%%ﬁ@&’*aﬁﬁbfﬁ@@ﬁ?éﬁﬁ%%é’k”&éﬁ,;@ﬁﬁi#@@ﬁm®
b*ET@TMi%ébﬁwa%beé#bT%é > CTHEET A Y VIR E OTFRDERT
3 R WHIRTH 2 L EL, ZhiUSZ oy 1Lt — Hﬁ%ﬁﬁ?éaﬁmb
CT— 2T eiT-72. 2 OB OIS Gl %z [ 210R L T b, NEEOREITEHIE» 5
To/NEE ORISR E <IKTFL, MRV/INEENZ oRll e % 8HIE (120 “Observer”) LC
Rz mhvegthiiio—Hon (M2(a), KM EZ2BHRECAE2ms—ZH ol (2(b)),
AIHPRAED> & 180 Fzloldin L TR O] ATl 2 BRI I R 72 i R H o 7 (X 2(c)), HIZ90 %
o] > CTHHRAED> & 270 FE[adin L 7 IRIES ZFEH o1l (M 2(d)), &> BETH L. HENELT
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NTONERBIEE DIEICHED E L THEDT, IXRTC N2 20Dl >Tnb. b
L O/ NEERDR D ERICITL, LY Z0EE ROKETFICKEREODH 2 L5 B EICE
mémH%%® —aT—@ie s 5. HIZIER 11285 5 1990 FV oAl = 0.5
EHLE LR EANBNRIEZEZ L Thwd, b LT 5 e 2T BTl LD 2 E (N
FEEDERIZICIL <, AR o 2 RE O TR OIXIR) Ik ->THEY, X101990 FV DO
FEif R clde < RS 2o b Lk, S E2 KT 51213 2 o AR g A
= 0.5 ZF LIS LTRSS FR R o IE R o 2 HR) T & 2 7= oMo OBl T — 2 28
VLD,

L T T T L | T T T L | T T
+ 4 i MBAs -
N NEAs +
- . Themis O
B Flora ~
100} | Eosv
— - . N . . ' Koronis ]
= Karin ®
2 ’ |
o
o)
e
2
g
=
= 10 - ]
+~ T
> [
a7
.
1 M| 1

1 10 100
Diameter [km]

X 3. NEEOER (km) & HE (hour).

KFCT =2 2R d 2 2 lE L Ty, BURRIT ORI TE Mo A U Uik
B (1990 FV & 1998 SQ81) otz ihfic ZE o M (M 11R L 7z HEI L 0 b EICRWE
HIOTFEE) BRARNL Tha, TRARN 2idakicER @RRBLUED, 57— % ok, i
MICHE L 22 525 L RENRZ LIZELEEARCIENORIBECS VL THL. £
HETIEH LML, FHMICIEZ o ZEMET 2 NS o/NEEIE Tl elln (FRd) 2175
TWLOREM 2 RIET 5 0 D TH L. 2D Z L 2R T 2720V DIT0 & ZICE/M» o=
FEofHTF— % Th o, IR 25 v > R —1Efo &k 5 1ITEN S FErhBHo e B & 1%
Be 0, PRSI U AEUIC & 20w R E o JE Edil[alfiz o BN 130K & 22 R 23 B e
Thb.

2 BIE T % “RERIC BT 2720121 E O REOBHINLE 2O ) lnIcEZ S

DI L, Bl — 2 8% <*faé2h2hiézhé FERY, L) HIZRREIZFICARD
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MEENSTHDL., REPRLRIEDZ &1, BRETOTRb OF — & %& 200 S5 AT
L CIEE iR 2>l AEME 0B o ) VRIBIKE O —EZ2(FD, @O TAKRT L2 TH
A9, T 5HZ e TREEOMKZEXFTUMIERBIHIEZED LT R0 T, TD kD
INERIZONT R ZL oBlIES: - BUHIIAZ 8B L CRPN 2B %2 EIT9 2 2 & A3AHE
2 b0 THRL TS, F, FEITomE b HENBETICH > T 7 — 1 5§72
JTIEAT Y Ly, NEEOERIARHRIINN TH 208, BRI L ST — 2 ol
BRE2RSNHA 22 72, AT17 — % Ot THEIC R > T2 7 — U T 7200 TR F il in
HEFITHET 2 2 T L WAl BEEDD 5. SRITMEM (kT > bR E —F) R4t
FEHY, e 6o dmmE e L COEEEhaEL O F 1D 2 WIFIFFEICOW T LV E
LFkmL TIT< 2 &ice b9,

NEE OV AR FEEEIC 2 0 BN & FEDSIAR TS 20302, & <o BlHInThh T
Krz, MAEHICH 2/ NREDBHIG R T — 7 X — 2% /12 & 21000 {#LL Eo/ K2 T 2
Bl o7 — 2 28&H s h T s, M3IEZofRo— e LT, AA )b hhEEE (main
belt asteroids; MBAs) & ITHIEK/\EXE (near-Earth asteroids; NEAs), 3 & 0P FE %722 H% (Themis,
Flora, Eos, Koronis) Z X7 4/NEEOEE L HEFHOBMGRZ KLz, b AHANENEH
L7zh) VIEORRLEENTWE, 22 TORENNBREOERITNEREOFH L R (7
NWRXR)MOEESNLIEDTHL, PTIVXROHEDEEZL Z LI3ES Ty, Zolo
T = HIANTH DN TS IV RIF AN SV OFRSL 2 TUSIES N/ b D TH
D, ThiflNEREDBEROHEEICIIRNEEENEEINTHDLZ LI ZmTHL. AL )L b
INEEIZOWTUE 8 N DT — ZHVRENTW S DY, ZDIEE A CHELE 10km L)L EDKE 72/
BETHL., BEN10km LN kD 2/ NEE O 2 IEMEICRET S 121E2 2 0 i
KOBOHFERZ TR ZT > BERD 20, IR OISO & 5 IcE R o2
M5 RN K O BEEF O BLHIFERIAYE] D 4 ToHN D 2 LML Ry, 272D/ S 72
BEOHEFMTIE Rz AN TWRWDTHL, —HTITHEV KR Z o G oif b i
RIS NTLNEDT, 270/ NS/ Bl L COBRERIC 2 5. MRS T
ZITHIER R E 0 7 — Z ERUIE 180 HCdH 243, ITHIER/ AR EICE L Qi3 RIS TR v —
RABHMTONTODLD T, BHIT -2 ORISR EAEAMATUTLTHA H. BN 3D
EHEIF > 513N T 508, ITHIERVEE o il X Bl (R (fast rotators) & IfIEN G —H oD
NEEDH Y, BN 1km DL HERRIAY2 RERTLLT & 0 D Bk RIRD-ER R S T
W5, [EIRFCITHIER N ICIE 100 R 22 5 RV AR Z > b o b 5. 2 D/ EE
DY A ZADVNS L e B IE EHEHREDIE S D Z I REL RN EZRTOTH D, ITHIER XA
DREOHMRA A )V N THL & THhE, BUETBHITE Thank 27 A4 )L kDU
NERE Y Z ol BT O TR 0n ) TELH 5.

STHEDOFHRON GUTITHIER KRR — D X A > )V MERE T2 L, BEEHERT 5/
BETHLZ L EENVHERLCIms . TheEb 32 B2 ToRL HERKKT /8
BICHT 2 BT — 21332 L L, FEHNICHER S RO BRICHEL Tnhb LT
SR, MR X BN E 0 HEMT — 7 o 2 i TRz 0B 4TH 5.
INEERICE T 57 — 7 Tz e =2k (Koronis) 2318, 7 I AW (Themis) 72320 ffl, A 7
AN (Bos) 23331, ZLCHY VEMNSMTH S, Ak L 72k 1A A )L h/\a&E (MBAs)
CITHIERNERE (NEAs) ICoWTEZNZ N804 fl & 180 DT — 2 3 5. £ 2R N —HF
BRAIL 272000 ) ViROFT — 2 - en e i3 4Re LY, FIERORBER» S/ e TR
an= AL T I AWK, A A AL EDE A Y vy — 20/ NEERRICHEH L T2 OREORL R
HARELH O T — 7 IEFE SN TR, HDLWE T IV ROWRIFZR 720120 A4 X (BER) 172
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?wﬁﬁﬁwaw5$£@%<ﬁgza#bbmﬁw HUHEE S O E S 5 ko 2Rk B
2N ZhoBETHREMRIC E2ICb b6, TH D (2004 FBIETT I AL A A ARKEICIE 500
FLLE, aa==zjkic imm@uiwﬁﬁa#%uéMTwé)avﬁzafﬁﬁ&ﬁgﬂﬁ%
T, M40 & D ICHRZ IR 5/ &R o Bl B9 2 B0 [ 2 0 T ] & 2 o ftat
MNEkmEIT) S EEZ TRV ESA LD, SEEZANE, 250V IRWTH LU/
HEONFEHAGBHNCII RS RBERN DL L VA5, WY VBRI TR, ERLZk) 2l
CTREZ/NEEFICH L THIRIT Y - & Ffl iy 2 e i @il B h b 2 » 245\ L T8
Tz, KRB D D bV A XS b o (MIAITER 10km BRELLT) OJeEghifs — 7 &
FRL TITnd, M4ch 2 ko A oBIE s micl§ 25 Et s b L0 EVH L L DI
WHLDTHAHD. HBIRAIIER10km O/NEEIZ A A X)L hOAMIFIKICH -7z L TY 14
FMEEOIHL S 2fifh, A4~V hoRHBIKICHNITEICIHL S RA S, 2o 605
VSR THNE, NA - T RF 2 T KUEDRE T LW S ﬁﬁ%&amfﬁaém
TWALYEHEE T UM RN JEEE 70 b, 2o & O 72 WHins 2 Fl o 72 e i @i » s iG 1

0, ZORHORBIZRKDERONT = NEALAERHENTIT Z LICOIFFL 72w,

STCPITICE, RIS LEEMeFET L2 L0 e2FENTLEBY., an=2FELTI A
fk 7 & R o/ NEEE IR AR B o G MRELI, ROV A X0/ b ol 2 B A EELC 2
5D EEBNINY TH LM, %9Ltﬁﬂi%iﬁ%ﬁﬁ%%@iék%ﬁéhé.:m&ﬁ
VNSRBI L WD Z e EEHT L0 TR L, WORICIET 5/ S 2/ e
DN EZBHIL 722 LT, —(KZhdif % E %?é@#awaﬁﬁf%é.uﬂbtiim
NS TR E o HHREEI T YORP WIR 0 1172 78 T ®H 5. YORP R oo WA 20 R A o —
JVFI07 NS 108 ETH L L ENZDS, an=20F I AR EHWROERITV 72 &b 108 4
MO 100FEDF —F—=ThHh»H L REL 6N Tnd, INET ORI 2372152 Cld, B 10km X
0 /NS 2 R B O LIRS T & o BRI EIRAEIC BT 2 i Sl A N > N EROFT I W
ERIFFLTCOD T B, 1850, 29 LT — 2 245k5 72 & L TH Z offfin
WL L ZEIFHONTH S, MHO/NEKEICEHTHZ ) LK EEA LD, B Uk
DUNERE DORFFEEIC & > TOMICEEDP O RE S NFETH Y, T oXEHREHIA O CE
FEREH AT O GEEICOHE SN DD ClIRnnr e B,

&2 A THREHREHI & 5 6 W RN Eo B o 2 cliden, Hpckuiiio
NSNS, NBEEO BEEO RIS O BT OB L rollZ 175 2 e 8hks. R
A ) hNERE E HIERE o S GINE—F R HTH b, T olamIclolREENFRAE L THE
b2 NGNS Y %ﬁﬂb@<@é# HERZ LIF o0 2 LICHENNERZFIR L AN S
RHZ LD e VWIHIRERETHL. NEEMNHEVWL DL UET 5 &, i o IRIFI N E
MZ O/ T EDHEME B NICRIEL TED L. flEV/EREIZZ o R0 {0 12 B
LTS 2NN E, TNEFREHENE Rz T 5 e HEr S a5/ R oRimiEi:H
HLOMWMIC L > TRELEILTHTHA D, ML MR TH L, ZokEiimEoZ
i%@iiﬁ%&tﬁ@ﬁf%a&ofﬁMéMé —JCNREE D 1) o /i
wBEcl, RN E S H A 5 & Hinlc L 2/ NEREDRTHEEITED & s, Bl S s erdh
ﬁ@F%idéwB®;@59.;®$?@ﬁmﬁm“®tﬁ@@r%®mf@%Lsﬂmbf,
BN ORI OB &/ NEE D Al O [ 2 ET 2 2 L[ RETH 5. g
u,gobtﬁﬂHA#*EUL%ékbj D HErlh o H & JUEH RS 2 k#ﬁ%ﬂf%él
HEEOBUHITIE1999 CK16 12 L C oM ciAMT 2 BlllZ 17> TH Y, & &< oRHIR

Lz & CliNRE o Qo MRS L TRETH 5 L WO ERIE K 0T, NEEOIEF a5 &1 &
Y BEGEEAS5 5 S5O TOLIGEICITD 5 & 2L 0BRSS EL 2 5.
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2B NIEZ o/ NEE o Bl o 0 & HEE TS Hu] MDY S 52, F - KAk E o 832 Karin

BT AR EOBRIIT o720 TH 508, HEOBIHILIFTICSCHA [13] 12 & 0 Rz iRk o Bl
ﬁﬁbhfwé.%ofﬂﬁﬁ&mKmm%%aéﬁﬁwﬁmmwfﬁﬂfm@,jﬁuaw?w
FeGbhb¥s 2 Ik Higlio G E TS L2 b0 L IfFSh 5.

Hiinlil v JUE Sy ) B NEE RIS O W THEN 2 2 21T E A0, LA LahzBnt]
DAL CHIEMVREZ B LN S R T 2 UET S &, DITok L UNEEDT
K2 hied TRHHICHER T 5 2 &3 T & 5. NEEOPIKZ W AFRIEKE UEL, ol
ZRWIAICa, b, c &4, NEEITFEMc O THHEL T2 eMBNELSH, JNEED
HFEFKREMNICE > THERC [ 72 NERE ORTTFEICHA T 5. /KR o kall b 23EHIE o Fla %
U728 (IEHE TR WS 200 (b) X0 (d) @ & 9 2 4RAE) oWiTiftlE rac, /NNEE DT a 238
HFE O H &7z (K20 (a) % (c) @ & 5 2 IRAE) ORTTRIFEIE mbe TH 5. = ORFHIFEO A
T O F F/NFRE ORI KE 12k & B, BUHIT — % & oin & /UL o
E@%@m%ﬁmﬁé SRS, file LT832 KarinicZ o ik L THL L a/b~1.91
L5 1=DT, Wtk LIS BE 2B 2 ek D, fid TRMHEZRIEE Tlddh 203,
BT — 2 I T D EREC/NERE ORI L TEA L 2 a6 nTH b, LIPLITHET
AR T — 7 S NREDTIRE R R SRET 27NV T Y 2L REDOHERZEIT T2
DT (14], NREOTKIEICE T 2 LML 0 25 513 SR EMIRE - TT < b L
nige,

4. hS—EHA XNM

ﬁbw$ﬁ DA ARAGIC L CTRED O 72 W BRI B IHCE 5 b 0 7210 TldZev, I
EORMREOBERE KT ET AT MV, @ZeHER ST 2 ERREREF 5 LT
<hé@f®ﬁﬁ®#4%ﬁ§ﬁﬁﬁ2,%<®%$ﬁk%%ﬁ%ﬁ%bfﬁ%ﬁ%ﬁ%ﬁsf
W5, NEERE O AR VST ABIRIICOWT, BEEEH Y URORKFERETH 5
832 Karin (29 2B 0B 217> T2 [15]. £z, B o A X mic>nUd s 3%
DIFFET N —TDINTA12H LETKLE O TIELEERZ O Ut TRz — XA Blllo T
FENZOEFWHTELEEATHS, KATTIEZ D LEBHIC OO TRRICEEL Tazz0,
HEEDHEMREHISR AN Y REMENL 74 Ly ZHWZ b0 TH DL 2 LIFFIRLEZ. 2h
E—HNREDR N R (6338.14A) O ESTRVIAL S RAL1STHLH, ARl
b 74 V2o b4 b o b, 1E4359.32A DB NV R, 5394.84A DV R
R, 8104.8TA DINY R ENNFTH D, B WEHTIIMZ & O 2EE2FORMKTY, =
NOEEERLRLFEEDOT7 4 V7 TIRIZL, TOMHREZB-V, V-RA& &L WI)EFIZHIEEL THD
ERELRBNVPENDG Z 3B 5. HRO T 1 V7 2 OB ZERPEER (42 —8H) &
HiEhad, H7—0FENINEEORIKEDOENEZRL THY, 25 LEERETICLTSH
RCHMEe VS JNERBE DT AR M VED SN, BETKET U Y FHINCH 5 NFh >
KX (VATT) 12T 832 Karin OV HIARELA 2 17 72286, [AIRFIC 1 Z — @il 2 & R 7L 72,
NER DN T —BHITEF I NEEDO T AR NV JIET L7201 b M3 18], &
U/%bj DN T —BHNCIT E = OBEFRND 5. NEEORENIEFICD ) FHEBS KR
IS hThB Y, REOKETAXY MVidZ ) LERILER (FHERUL) 12 & L2 LE ik
2N B B D S D L0 U SEHCE AT L Shb b T, SEHOBREITAE <BLTo

T ﬁ\ﬁﬁ‘d B2 12 s éﬁo’(b\rh iﬁb‘ FREBEHIORNY Z S 20D ;AT o VE A 7
ﬁﬂ&@f T iﬂ@f%%fﬁa“(fﬁ% O LINEEEHBAT L2 TETH L.
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Twéa%26Mé L2 L/ R < 52 L CNE oF 2 i@ I i, o
B CRAION T =13V 2y FEh, ZONEENRRKFFOREN T —OERPIZELZHTTHA
o.ﬁﬁﬁﬁfmzh F o Th Y VRO A3FA U 7RIS 580 JTHERG & 2272 V) (- figl 21
LTwa, LY AT —BHNC LD AV VKRB O RENCHT 2880 2 o9 2 & stk
L7zo, Thud TEREIC 580 T4 M F HARC AR RUCHh S el 72 NEE o R 0T — 4 %
HAbb0ed. 208D Bz o/ &R (MRS T2 D ICES N TN b 0) IS
HLTHEVIRT 2 2ic kY, NEREOKRMDO N T — oRHE(L L FER DB Rc DT oEHRN
BFoNLaaEENH 5. TNIEKRBGAVINREOIFECH L R 2 52 T<hbbo b/
5.

HEEAF /- 832 Karin ® V-R, B-V, V1D % 7 —8HIT — 7 & X 1OFeE iR A & o B 4
M 5(a) TH L., HiED N T —EFHINE 832 Karin ® HEEHo NEIDL L2 -1, Z o/ a&E
DOFEMEBEZIFIFREL TWL 2 2k b,. ZohTHEH TN 0.21CT 5 V1o
%&T%%i\/R@tﬁéﬁﬁ:btofﬁ&&%ﬁgamwﬁﬁf§iuI%V@@bé
FERMAZEIRE TRV DIcHRS &, V-TIDZ(EE THREw, ZHIFIH 832 Karin
@%@h@#ﬁm@&@;mwfﬂgmwéﬂﬁﬁm%ﬁo:a%%@btwé.ﬁuyﬁwﬁ
VAN EMEA R N ChoTo2 ek BEA DL, ZOV-I0ZAMAREIE 832 Karin IO HATE
SOEWERL TOLa[EEDS 5. IrZRAIO KA F-> T dingkifie, frRigEic k->T
BN R ROFER NG 02 TH L. Z0EFREL LOIFLLSEL-01C, B, V, R, I&A
> RITHAT B0 2 TCICEHE L 72 M RO R o R AR E M %2 R L 72 023 5(b) T 5. FililiilE B,
V, R, IOENY KD OREICRL0T, ZhiZH LMo EEHIGRE b S 2 ek,
[ 5(b) 11X 5(a) TR AR 2 B % [ 7o ERE i (A 0.2 (fHT o i St & 2 n b o (v
M T MG SR " o7 — 2 VR ENTHAED, FHIARXITIZ O KOMOF
FIMMHE 2NHEEICE 25 2 & TH D, UM 0.2 (1T T oMt TR ot =132 h DUk o il & F
FIU 72 TR o EICH AN TRTH U, RIESK AT 2 M3 30 = itk < A
D ZFNIHANR TR e &, B9 512 DRy o Th b, 832 Karin @ L 9 76 S TU/NEXE o Mk X
W OWRMAFMEIIT Z D LD 2B S LIELIER S, FHE(L/EH (space weathering)
MERT L DL EZ SN TS [16, 17]. RIlH 832 Karin OYEEL IR M 0.2 (TIT0 KIS
Hhor & R TRULDSIEA TV S, D D EELIFIO N KIROERZK L e b D THLH L)
THINT D, VM 0.2 INDEB T ONTUEZ O LIZIRWAXRT MVIE SN2 &6, Y
VIR O TS A N> N FEAEICEHB L 2 RO NERR SN T2 D TH A 5 L HEH
Ihb.

Z O 2 I 72 b o &9 2 BUAIASHORR 2o e 2 REE - 4 R E 7 KSCH O TEE
H—5Ilk>TUTbh s (18], 16 3R & ISIERIRHIC 97135 HiEHE % Fv T 832 Karin @
PR ERHN 2 FH VS, 832 Karin RIANIHAT 2ITHRINANR T MVOJE—tfE 2 R L 7. 26 o
BT —2VRT e Ak D e, HEHIRONM ~ 0.5 (T To 832 Karin DITHRIN AT kv
MNENZLED Y RIA NOZNITHR Y ITVDIHT L, (VA ~ 0.3 (T To Zidftho S N
EREEICH LK RS NDITHRINZAZ M UCIT. 832 Karin @ & 9 7 STUNERE I A A V)L kD
NI EEIICR o N A/ NEETH Y, ROHIBICH T 2 FHEC KPZED 5 OIS X
TFHELL T e B2 6NE, —/THEa Y RIA4 D27 MVIZFEG O NEYHE oW
WL TBY, FHEMVWRATOHRWIREZRTLDOTHA S, 25 LIHRIE, ot
BIRICHAT 2 R D ) 5 — BHIAYREE L 7= 832 Karin [ 0 BULIKIED B AT R 2 X7 kL
BIICHAODTORAEL TWL 22 RrTboThHs, FEOBHIC 4 RS ol ClEFHER L
DAOENLMMZTNEFN0.2, 0.3 EXVANVE S TWEAY, 2832 Karin @ HIRRFIRTHEIC
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FERREEMEENTHDE e e, T ZbiEAa RS BRIl o M 0.2 fHToF —
ARG I N5z 2 LIGERL Tnd e TRINS, W L ARGV INRIKo KR AE
LB ) BN T 2 o RIZIRICHETRZRO. 2o KO 2ot Eii & S — 8L - aeEil &
HAGHELFRFSEONEEMIUTIANTE T ETEERER L > TITL 2 THA ).

NV VRN DY A R DWW UL FIC E 720 5 b o TR WIREET H
LSR5, BEMES N THLHEIRE (#1170 ) B 13832 Karin #[£< £ 42 km 76 6.5
km OHEFANICH 208 [8], VA ZHENM M Z K 6D & SN TH S & BEO/N S il (fl 213
EAE3.5 km Aif) CTHBHT— 2 0 NE L EONLIFEORP MR ENG, A A )L R a&kE
D709 A ZFFE MO WGR» 6 5 - T, B2 km O/NFEE OB 3.5 km O/GEED
BEOEDnen) Z T HERAHEDSTHL, 202 &id, AL UV MIATRTOH Y »
RSB E 2L Y N TS ulgEE 2R~ d. B Y VRO 32 o HEEE) ) YORP & H
ICHRSNTWRWETTIER L, A XM b irRIELOFE LT L A & T e T8
Shd 0T, NEEOHERIMEE RO OV A Xz 51130 > T2V oBHITE TH 5.
IR D ZEEC B 9 2 BUE FEER R & BUE 0/ NREE R DY A X9 & o i S, HERES T2
RIS & Le—RED b D TIER L, HKlH 6 BEDRKMA% < A>Tz (pre-shattered
) bDTH oA D &) THENRESN TS (19, 20]. —KUE O BER Ko i 7S il ¢l is R
Frezn oo KREESRHEVICEWIRS /0 T20THL. BV VKRB OV A X5y
MOBHT — & 2 &ML T2 0 kO R BUEFEEORR L T 5 2 & T, R/ NEE o5t
AN = X LRWEHEFMOHFREDORYOZIC L VITF L Z e MR ME Ly, Theyd
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Abstract

We performed numerical integrations of test particles in the vicinity of the 14 resonance
in the main asteroid belt. The purpose of our integrations is to explore the dynamical
evolution of asteroid fragments from a hypothetical asteroid disruption event near the vg
resonance. Compared with previous studies, we simulate an order of magnitude larger
number of particles, and we include the effects of eight planets from Mercury to Neptune.
We follow the particles for up to 100 million years and up to 100 AU heliocentric distance.
Our main results are: (i) collisional probability of asteroid fragments on the planets is
generally low (4-5% for Venus and Earth, and less than 1% for Mercury and Mars) whereas
the collision probability for the Sun is large (50-70% or higher), and (ii) decay timescale of
the particle population is typically 10-20 million years, but can be much longer, depending
on the location of disruption. We find that the effects of 14, close encounters with planets,
and the Kozai mechanism all play important roles in the orbital history of asteroid fragments
that enter the terrestrial planetary region. The particles that survive 100 million years or
longer typically owe their long dynamical lifetime to the Kozai mechanism, and tend to
have higher inclinations. Our results also suggest that 10-15% of asteroid fragments reach
heliocentric distance > 100 AU, and may survive in the Oort cloud.

Keywords: Asteroids, Dynamics; Resonances, Terrestrial planets
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1. Introduction

Our solar system planets have evolved through a large number of collisions. The impact
history of the Earth and of the other terrestrial planets is still partially evident in the numerous
craters on their surfaces. Although there are several hypotheses on the source of the projectiles
that created the impact craters on the terrestrial planets, the main belt asteroids have been
considered the most plausible one. The main belt asteroids are also regarded as a primary source
of most meteorites and majority of the near-Earth asteroids (NEAs) or the near-Earth objects
(NEOs). Pioneering works by Wetherill (1979), Wisdom (1983) and Wetherill (1985) showed the
orbital resonances with Jupiter in the main asteroid belt can force asteroids to cross the orbits of
the terrestrial planets. Later, Wetherill (1985, 1987, 1988) developed analytical approximations
for the resonant effect of the vg and the 3:1 resonances along with an Opik—Arnold Monte
Carlo orbital evolution model. His research indicated that the NEAs are supplied by disruption
or collisional events that occur in the vicinity of some resonances in the main asteroid belt.
Resonant dynamics pushes asteroid fragments into terrestrial planetary orbits on timescale of
million years or more.

Our understanding of the mechanisms that transport objects from the main belt to the Earth
has progressed rapidly in recent years due to important advances in three areas: analytical
modeling of resonant dynamics, effective numerical algorithms, and availability of fast and
inexpensive computer hardware. Some analytical theories indicate that many secular and mean
motion resonances can be responsible for transporting asteroids to Mars-crossing and Earth-
crossing orbits (Froeschlé and Morbidelli, 1994; Morbidelli and Nesvorny, 1999). The timescale
of such resonant dynamics is relatively short, and the orbits of the asteroids in resonances
quickly become sun-grazing or Jupiter-crossing (Farinella et al., 1994; Levison and Duncan,
1994; Froeschlé et al., 1995).

Along this line, Gladman et al. (1997) performed numerical simulations of hundreds of
test particles placed in orbital resonances in the main asteroid belt. They showed that the
typical dynamical lifetime of objects that could become NEAs is only a few million years,
while the majority of them are removed from the inner solar system by being transferred to
Jupiter-crossing orbits or by colliding with the Sun. This work was extended by Morbidelli and
Gladman (1998) who performed numerical integrations of about 2000 particles originally placed
in the vg, 3:1, and 5:2 resonances in the main belt. They examined the orbital evolution of
the asteroids, and compared the results with the observational data of meteorites that hit the
Earth. In the same year, Zappala et al. (1998) evaluated the number of impactors produced
in different size ranges by disruption events that might have created some existing asteroid
families. Their estimate shows that an impact flux could last 2-30 million years in the form of
asteroid showers, which could be responsible for the lunar cataclysm. More recently, Bottke et
al. (2002a) created a model NEO population that was fit to known NEOs. They performed
numerical integrations of thousands of test particles initially placed in several possible source
regions of NEOs (most of them are in the main asteroid belt). Their numerical result was used
to construct time-dependent probability distributions in orbital element space.

These recent studies have greatly overcome the shortcomings of the older studies which used
Opik—Arnold type geometrical and kinematic models. However, even with the modern numerical
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orbit integration techniques, computer resource limitations still make it necessary to make
simplifying assumptions, to use simplified dynamical models, and to limit simulations to a
relatively small number of particles. For example, the total number of particles that the recent
studies have used is a few hundreds to a few thousands; this is insufficient for a statistical
discussion of the collision probability of asteroids on planets. An example of a simplification
of the dynamical models is that most studies have not included Mercury, considering only the
seven planets from Venus to Neptune. Also, no study thus far has included the orbital mechanics
of the Earth—-Moon system when estimating the collisional probability of NEAs on the Earth
or on the Moon. These issues might seem negligible in the conventional context of the orbital
distribution of NEAs. However, as we move closer towards the goal of accurately calculating the
collisional frequency and collision probability of asteroids on the terrestrial planets with a large
number of particles, and eventually comparing the dynamical model results with the geological
crater record, we should like to assess the significance of the effects that have been neglected in
previous studies.

In this paper, we study in detail the orbital motion of more than 14,000 asteroid fragments
that come from the vicinity of the vg secular resonance after a hypothetical disruption event
in the main belt. Our purpose here is to examine their orbital evolution and to estimate the
collision probability on the terrestrial planets. We describe our dynamical model and numerical
method in Section 2. Section 3 is devoted to our numerical results in detail: decay rate,
production rate of near-Earth objects, collision sequence on the terrestrial planets, and some
other dynamical characteristics of the asteroid fragments. Based on the numerical results so far
obtained, we discuss some implications on the real dynamical evolution of asteroid fragments

in our solar system in Section 4. Our conclusions are summarized in Section 5.

2. Dynamical model and initial conditions

To trace the orbital evolution of asteroid fragments created by a disruption event, we start
with test particles near the vg resonance and numerically integrate their orbital evolution under
the gravitational effect of eight major planets, Mercury to Neptune. The major planets are
assumed to have their present masses and orbital elements. All celestial bodies are treated as
point masses dynamically, although planetary and solar physical radii matter when we calculate
collisions between test particles and large bodies. No consideration is given to post-Newtonian
gravity, tidal forces, gas drag, solar equatorial bulge, and non-gravitational or dissipative effects
such as the Yarkovsky effect.

To emulate a disruption event that is supposed to have created a swarm of asteroid fragments,
we make two assumptions. First, we assume an isotropic disruption; i.e. the initial velocity
vector of asteroid fragments with respect to the initial position of the parent body is isotropically
distributed in three-dimensional space, generated by random numbers (we discuss more about
the validity of this assumption in Section 4). Second, we consider an equal-velocity disruption;
all fragments have the same initial ejection velocity, vg. We chose vy = 0.1 or 0.2 km/s, and we
also tested vg = 0.8 km/s for comparison. For the currently existing asteroid families, estimates
of the initial ejection velocity of asteroid fragments are in the range of vy = 0.1-0.2 km/s
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(Zappala et al., 1996; Cellino et al., 1999). Our assumption of vg = 0.1-0.2 km/s is based on
this estimate. We discuss this assumption in Section 4.

We selected seven initial disruption locations to sample a range of locations in the vicinity of
the vg resonance in orbital element space (semimajor axis a, eccentricity e, inclination I), and
we adopted a physically reasonable relationship of e = 2. The detailed initial conditions of the
disruption location of the test particles in our numerical integrations are shown in Fig. 1 and
the upper part of Table 1. The initial values of the angle variables for disruption center, such as
mean anomaly [, longitudes of ascending node €2, and argument of perihelion w, are randomly
selected from 0 to 2.

For each of the seven initial disruption locations, we placed 1000-3000 test particles (14033
particles in total), and numerically integrated their orbital evolution for up to 100 million years.
When a test particle goes within the present physical radius of the Sun or that of planets, we
regard the particle collides with a big body, and remove it from the computation. Also, when
the heliocentric distance of a test particle gets larger than a certain value (hereafter we call it
“elimination distance”), the particle’s integration is stopped because it is we think too far. In
most of previous researches, this elimination distance was set to 10 AU. We set the elimination
distance to a larger value, 100 AU, which we think is better justified than 10 AU (see the
discussion in section 3.1).

For the numerical integration scheme, we used the regularized MVS method (the source code
called SWIFT_RMVS3) devised by Levison and Duncan (1994) based on the popular algorithm
of Wisdom—Holman symplectic map (Wisdom and Holman, 1991). We have modified some
routines of the SWIFT_RMVS3 code for our specific needs. To check the accuracy of our numerical
integrations, in several cases we also used independent numerical schemes such as the Bulirsch-
Stoer extrapolation method (Bulirsch and Stoer, 1966; Press et al., 1992) or the fourth-order
time-symmetric Hermite integrator (Makino and Aarseth, 1992; Kokubo et al., 1998). The
statistical results obtained by the regularized MVS overall agree with that by the extrapolation
method or the Hermite scheme when we choose the stepsize of 4-8 days for SWIFT_RMVS3.

3. Numerical results

In this section we describe our numerical results regarding (i) removal rate, collisional proba-
bility, decay timescale of test particle population, and survivors, (ii) time sequence of collisions of
particles, (iii) typical orbital evolution of some particles that hit planets, and (iv) the dynamics

of survivors.

3.1 Collision probability, decay timescale

The lower part of Table 1 summarizes the collision probability of test particles on the planets
and on the Sun for each of the simulations. As mentioned previously, the orbital integration
for a test particle is stopped if it collides with the Sun or planets, or if its heliocentric distance
exceeds 100 AU. For the initial conditions (1)(2)(3), approximately 70% of the particles collided
with the Sun. The case (4) which is relatively far from the vg resonance yields no collision on

any planet, and only a small fraction of particles collide with the Sun.
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About 10%-15% of the particles were removed by going too far away than 100 AU. According
to our test integrations, this probability is slightly enhanced (+2% to +3%) when we used a
smaller elimination distance, such as 10 AU that many other previous studies have used. Our
test integration also indicates that when we use a larger elimination distance than 100 AU such
as 1000 AU or 5000 AU, this probability is not significantly changed. If the orbit of a test
particle is hyperbolic at a distance of O(1000AU), the particle is not likely to come back to the
inner region again. And, even when the orbit of a test particle remains elliptic at the point of
heliocentric distance of O(1000AU), the orbit of the particle is likely subsequently circularized
by galactic tidal force. Then it is possible that the particle does not return to the inner planetary
region for a very long time, a process that is part of the formation mechanism of the Oort cloud
(cf. Duncan et al. 1987). Thus we consider our choice of 100 AU for the elimination distance to
be dynamically better justified than the 10 AU of previous studies. It also allows us to obtain
rough estimates of asteroid collision rates with the outer planets.

We included Mercury in our integrations in order to calculate the collision probability of test
particles on the surface of this planet. No previous study has included Mercury, mainly because
the incorporation of Mercury increases the computer time greatly, and also because the gravity
of Mercury is considered so small that it might be safely ignored. To check the difference in
collision probability with and without Mercury, we ran a set of numerical integrations starting
from the same initial conditions as the case (2) without Mercury. The results of this run show
that the collision probability of test particles on Venus in this run is about 4.5%, slightly less than
the 5.06% when we included Mercury (Table 1, case (2)). The fraction of the solar colliders
increased from 71.6% to 73.0% when we excluded Mercury. Collision probabilities for other
planets are not very different with and without Mercury. This result suggests that Mercury
has a small but possibly measurable effect on the collision probability on Venus, deflecting a
fraction of sun-grazing objects that would otherwise collide with the Sun.

Figure 2 shows the decay rate of all the test particle populations for each of our initial
conditions (1)—(7). The decay rate depends strongly on the location of disruption event, as well
as on the initial ejection velocity, vg. The decay rates for the initial conditions with vg = 0.2
km/s (1)(2)(3) look very similar, whereas that for the case (5) with vp = 0.8 km/s shows a
much longer decay timescale, although a,e, I of the disruption center of the case (5) is same
as those of the case (2). Generally, the smaller v is, the stronger the dependence of the decay
timescale on the initial disruption center. The decay timescales of the condition (6) and (7)
are very different in spite of the fact that their vy is the same (vo = 0.1 km/s): (7) which
is closer to the resonance center shows a shorter decay timescale, whereas (6) exhibits much
longer decay timescale because the disruption center of (6) is further from the v resonance
center. In particular, the very beginning part of the decay curve, up to ~ 5 Myr for the case
(6) in Fig. 2 has a relatively shallow slope. This slow start owes to the slow diffusion of
particles from the disruption center (6) to the v resonance center where their eccentricities and
inclinations are quickly pumped up. We did not plot the decay curve for the initial condition
(4) on Fig. 2 because only four particles were removed from this set over the entire 100 million
year integration.
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3.2 Collision sequence

As in Table 1, several per cent of the asteroid fragments eventually hit the planets, mostly
the terrestrial planets. Figures 3 and 4 show the histogram of the particles that collided with
planets and the Sun, and the particles that went beyond 100 AU from the Sun for each of the
datasets (1)—(7) except (4). Though both of Figs. 3 and 4 may look like typical examples
of small number statistics, some systematic trends are notable: the peak of collision flux on
planets comes first to Mars, then to the Earth, Venus, and finally to Mercury. The peak of
the collisions to the Sun, as well as the peak of the particles that go too far away from the
Sun, comes even earlier than the peak of the collisions to Mars. As we mention in the next
section, the eccentricity and inclination of the particles that are close to the vg resonance center
are pumped up very quickly by the g itself and by the Kozai oscillation, in less than a few
to ten Myr for the initial condition (1)(2)(3). Many of the particles whose eccentricities get
very high directly hit the Sun, or encounter with Jupiter and get scattered outward, eventually
eliminated from the system. This causes the rapid production/decay rate of the solar colliders
and “too-far” particles. On the other hand, close encounters with the terrestrial planets reduce
the semimajor axes of many particles, making them migrate toward the terrestrial planetary
zone with a longer timescale. These particles are the candidates for planetary collisions.

Even when the asteroid fragments are widely scattered due to a large initial ejection velocity,
such as the case (5) with vop = 0.8 km/s, the production and decay timescale of the solar
colliders and the “too-far” particles is not so different from when the value of vy is smaller as
in (1)(2)(3). This is because the initial orbital distribution of the fragments that belong to (5)
overlaps the vg resonance (Fig. 1), and some particles are very close to the resonance center
from the beginning, which could lead to the rapid production rate of solar colliders and too-far
particles. At the same time, the highly dispersed distribution of the particles of (5) provides a
long tail in the flux of planetary colliders, as we see in the panels in the left columns of Fig. 4.

When the initial distribution of asteroid fragments is not so widely scattered (i.e. when
their initial ejection velocity is small) but the location of the disruption event is away from the
resonance center such as case (6), it takes much longer for particles to approach the resonance
center. Hence the production and decay timescale of solar colliders, too-far particles, and
planetary colliders get much longer (the middle panels of Fig. 4), compared with the cases of
other initial conditions whose centers are closer to the v center. In contrast, when the initial
ejection velocity of asteroid fragments is small and the location of disruption event is near the
resonance center such as (7), the removal efficiency of asteroid fragments from the system is
very high, and the decay timescale is very short as we see in the right panels of Fig. 4.

The results in Table 1 show that the integrated collision frequency for Venus over 100 million
years is about 1.5 times larger than that for the Earth for all the initial conditions. Also, the
collision probability for Mercury is about 1.2 to 3 times larger than that for Mars, except
the case (6). Since our result shown in Table 1 is typical of small number statistics, the
collision probability for each planet contains non-negligible uncertainties. For example, we got 11
collisions (0.56%) on Mercury and 18 collisions (0.91%) on Mars from the 1975 particles in case
(6). But these numbers include the possible error of 114+/11 ~ 1143.3 and 184+/18 ~ 18+4.2.
Hence the conclusion that Mars has more collisions than Mercury in the case (6) might not hold
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so obviously. This small number statistics problem underscores the need for the simulations
using many more particles.

To take a closer look at the collision probability on planets, we took the case (2) as an example
and recorded the number of particles that encountered with the Hill spheres of each terrestrial
planet. Beginning with 2962 particles in the case (2), 55,202 encounters were detected at
Mercury’s Hill sphere. Also, 1,925,347 encounters with Venus’ Hill sphere, 2,628,708 encounters
with Earth’s Hill sphere, and 871,638 encounters with Mars’ Hill sphere were recorded during
the 100 million year integration. These numbers of close encounters are large enough for us
to statistically discuss the encounter probability. We calculated the root mean square of the
encounter velocity (ve) of all the encounters at the surface of planetary Hill spheres, time-
averaged over 100 million years. The time-averaged value of ve, (ve) are 34.7 km/s for Mercury,
25.8 km/s for Venus, 22.0 km/s for Earth, and 14.8 km/s for Mars. Since (ve) around each
planetary Hill sphere is roughly equal to the Kepler velocity of test particles at encounter points,
(ve) is the largest around Mercury’s Hill sphere and the smallest around Mars’ Hill sphere. We
note that these values are larger than the escape velocity of each planet. Thus gravitational
focusing is not significant, and the particle-in-a-box approximation gives relatively accurate
estimates of collision probability. The proportions the (ve) values for Mercury, Venus, Earth,
and Mars averaged over 100 million years and normalized by the value of the Earth is about
1.58 :1.17:1:0.674. The ratio of planetary surface area between these four planets normalized
by the value of the Earth is about 0.146 : 0.900 : 1 : 0.283. Simply multiplying these ratios gives
us an approximate estimate of the relative collision probabilities of test particles on each planet,
assuming the particle-in-a-box approximation. The resulting proportion 0.231 : 1.05: 1 : 0.191
is in reasonably good agreement with the collision probabilities in Table 1. This roughly explains
why the collision frequency for Venus is slightly larger than that for the Earth and why that for
Mercury is somewhat larger than that for Mars. The largest deviation from the particle-in-a-box
approximation is seen for the collision probability of Venus to that of Earth; the particle-in-
a-box approximation yields a ratio of 1.05 whereas the numerical simulations yield a ratio of
1.18-1.65 (Table 1).

Although the rough estimates that we described might be safely used for the qualitative ex-
planation of the dynamical behavior of the asteroid fragments, it is also clear that we need many
more particles to get much better statistics of direct planetary collisions, especially when we
include the lunar orbit around the Earth. In particular, for the comparison between dynamical
simulations and geological crater record, reliable collisional statistics produced from the direct
integration of lunar orbit is necessary. Thus, for a future study we are preparing the direct
integration of test particles including lunar orbital motion in our numerical models.

As for the the collision probabilities of test particles with the outer planets, they are generally
low, which is also true in our numerical integrations. The strong gravitational field of large
jovian planets, especially that of Jupiter and Saturn, mainly works for scattering particles,
rather than letting them collide with the large planets. Because of this scattering effect, 10—
15% of the fragments end up as “too-far” particles at the distance of 100 AU. In the actual
solar system, some of those particles could be a potential source of the Oort cloud objects.
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3.3 Typical orbital evolution of planetary colliders

Orbital evolution of near-Earth asteroids starting from resonance zones in the main belt is
generally complicated and often chaotic (Gladman et al., 1997). In addition to the strong
resonances such as vg and other mean motion resonances, numerous number of weak resonances
are effective to diffuse the orbits of asteroids until they get into the strong resonances (Morbidelli
and Nesvorny, 1999). Here we describe a few dynamical characteristics of the particles that
evolve toward the terrestrial planets in our numerical integrations. As the first stage, vg itself
is effective, and pumps up the eccentricity of nearby particles quite effectively. The timescale of
the enhancement of eccentricities depends on the particle’s distance from the resonance center,
but typically less than one to a few million years under the initial conditions (1)(2)(3). Some of
the particles collide with the Sun because of this quick enhancement of eccentricity, even before
they experience many close encounters with planets. Once the eccentricity of particles around
the resonance is enhanced to planetary-crossing values, close encounters between particles and
planets occur, which change the semimajor axes of particles. When the semimajor axis of a
particle is reduced, perihelia and aphelia of the particle go deeper inside the terrestrial planetary
orbits. This can allow the collisions between planets and the particles. Since the planetary
encounters get frequent first with Mars, then with Earth and the inner planets, the peak of
planetary collisions comes to Mars first, then to the inner planets in order as seen in Figs. 3
and 4.

Figure 5 shows the typical orbital evolution of three planetary colliders starting from the
initial condition (2). The panels (1[a—d]) in Fig. 5 are for a particle that hit the Earth, and
the panels (2[a—d]) and (3[a—d]) are for two particles that collided with Venus. During the first
one million years, the eccentricities of all three particles are pumped up rapidly due to the vg
resonance. Their orbits begin crossing the orbit of Mars within a million years followed by close
encounters with the Earth, as shown by many abrupt changes in semimajor axis in the panel
(1b) in Fig. 5. For the particle shown in the panels (1[a-d]) in Fig. 5, the combination of
the eccentricity pump-up by the g resonance and the close encounters with Mars brought its
perihelion near the Earth’s orbit, and eventually caused the particle to hit the Earth. For the
particles in the panels (2[a—d]) and (3[a—d]) in Fig. 5, planetary close encounters conveyed their
perihelion distance near the orbit of Mercury with the timescale of a few million years, having
the particles collide with Venus. The inclination of any particle does not show a significant
change during their lifetimes (the panels [1-3]c).

The main outline of this three-stage mechanism, i.e. enhancement of eccentricity by vg — close
encounters with planets — planetary collisions, has been obtained by Monte Carlo simulations
already in the 1980’s, and verified in numerical integrations in the 1990’s (Wetherill, 1985;
Farinella et al., 1994; Gladman et al., 1997; Morbidelli and Gladman, 1998). Our detailed
numerical integrations can identify one more interesting dynamical feature here. In the orbital
evolution of these particles, we can see the strong evidence of the Kozai mechanism (Kozai,
1962; Kinoshita and Nakai, 1991; Michel and Thomas, 1996). The Kozai mechanism (sometimes
called the Kozai behavior, the Kozai oscillation, the Kozai state, the Kozai cycle, and the Kozai
resonance), drives the eccentricity and the inclination of asteroids very high, such as e ~ 1 and
I ~ 90° under certain conditions. In our integrations, certain number of particles exhibit the
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Kozai behavior in a relatively short timescale such as a few to 10 million years when started
from the initial locations (1)(2)(3). The Kozai behavior here is a production mechanism of
some sun-grazers and solar colliders. The panels of (1[a—d]) and (2[a—d]) in Fig. 6 show typical
Kozai behaviors seen in two of the particles started from the initial condition (2). These two
particles experienced several planetary close encounters which changed their semimajor axis
(1b and 2b) and eccentricity (la and 2a) to the values that satisfy the condition of the Kozai
mechanism in the later half of their dynamical lifetime. For these two particles, what we see
is the circulation-type Kozai behavior; their arguments of perihelion circulate as in the panels
(Ic) and (2c), but they spend more time around w = 0 and w = 180° than at other values.
The eccentricity of the two particles eventually reached near 1 with high inclinations, which led
them to the collision to the Sun.

Interestingly, some particles survive the entire integration period (100 million years) even
though they exhibit the Kozai behavior. The panels (3[a—d]) in Fig. 6 are the typical examples
of the orbital elements of such a particle. This particle behaves quite differently from other
particles shown in the panels (1[a—d]) and (2[a—d]) in Fig. 6. The argument of perihelion comes
back and forth between circulation and libration, ending up with the libration around w = 270°.
This variation is again caused by the change of semimajor axis due to the close encounters with
planets. The eccentricity and inclination of the particle was enhanced by this mechanism,
but not enough for the particle to collide with the Sun. When this particle exhibits a typical
libration-type Kozai behavior after time ¢ > 20 Myr, the argument of perihelion always stays
around w = 270° or 90°, keeping its inclination large (I ~ 30-60°). This possibly reduces the
interaction with planets, providing a kind of protection mechanism for the particle from close
encounters with planets. This protection mechanism is essentially the same as what Michel and
Thomas (1996) demonstrated in the dynamical motion of some actual near-Earth asteroids.

As a possible projectile onto the Earth-Moon system, here we define an Earth-crossing object
(hereafter we call ECO) as a particle whose perihelion distance ¢ is smaller than the aphelion
distance @) of the Earth, and whose aphelion distance is larger than the perihelion distance of
the Earth (i.e. ¢ < Qgarth and @ > qgartn)- This definition is approximately same as that of the
combination of two NEA groups, Atens and Apollos; i.e. the ECOs compose a subset of NEAs.
Examples of the time-dependent probability distribution of the orbital elements of the ECOs
thus defined are shown in Figs. 7 and 8 for the initial conditions (3) and (6). In Fig. 7 for the
initial condition (3), we can see the rapid enhancement of eccentricity in a few million years, as
well as the gradual reduction of perihelion distance with the timescale of about 10 million years
mainly because of the close encounters with planets, as described before. The Kozai behavior
is clear in the panel of the argument of perihelion (bottom left). The density of particles are
higher at around w = 0 and w = 180° in the first several million years, which demonstrates
the existence of the circulation-type Kozai behavior. Figures 8 for the initial condition (6)
shows qualitatively the same dynamical character (rapid enhancement of eccentricity, gradual
reduction of perihelion distance, and the circulation-type Kozai behavior). But their timescale
is much longer than in Figs. 7, because the initial location of the disruption event is away from
the resonance center, and also because the particles of the initial condition (6) are concentrated
in a smaller region than those of the initial condition (2) due to the smaller initial ejection
velocity, vg = 0.1 km/s. The panel for the argument of perihelion in Figs. 8 (bottom left)
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shows the libration-type Kozai behavior at around w = 270° in the later half of the integration
period, which indicates that some particles survived over the whole integration period with this
libration-type Kozai behavior, as exhibited in Fig. 6 (3c). Longitudes of ascending node of test
particles are distributed uniformly in any integrations (bottom right panels).
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3.4 Survivors

After 100 million year integrations, we still have many survivors (see the bottom of Table 1)
that have not collided with planets or the Sun, or reached large heliocentric distances. Figure 9
shows the final orbital elements (semimajor axis, eccentricity and inclination) of the survivors
starting from each of the initial conditions. These orbital elements are time-averaged over the
final 5 x 10° years in order to obtain the values that are similar to their proper orbital elements.
Most of the survivors have semimajor axes smaller than 2.5 AU. The particles that went well
beyond the vg resonance center from the initial locations were perturbed by other resonances,
such as 3:1 or 2:1, and relatively quickly eliminated from the system by hitting the Sun or other
planets, or ejected out of the system. The particles that are diffused to smaller semimajor axis
have a long tail of survivors.

Almost all particles started from (4) have remained near their original positions where there is
no strong resonance. Also, a large fraction of particles started from (5) and (6) are still confined
in relatively limited areas in the orbital element space. In this sense, we may think that the
particles started from (4)(5)(6) can form asteroid families, at least on timescales of 100 million
years. However, long-term perturbations caused by numerous small resonances may diffuse this
family-like structure, especially their proper eccentricities and inclinations, over longer periods
such as 107 years. Initial conditions other than (4)(5)(6) do not yield a distinct asteroid family
100 million years after the disruption events, such as seen in Fig. 9 (1)(2)(3)(7). So, it would
be difficult to find clear evidence of a very old disruption event, looking at the current orbital
elements of family asteroids. In other words we cannot rule out the possible existence of many
asteroid families in the distant past, because it is likely that they would be dispersed on 10°
year timescale if they had been formed in the vicinity of a strong resonance area such as vg.
This anticipation is supported by a recent estimate that more than 90% of the current asteroids
may belong to families (Ivezi¢ et al., 2002).

One feature that draws our attention in Fig. 9 is that many particles survive with high
eccentricity and high inclination. For a closer look at this feature, we plot in Fig. 10 the
inclination distribution of our near-Earth survivors from the cases (1)(2)(3) and (5) (the def-
inition of the near-Earth survivors is the same as that of the ECOs in the section 3.3), other
(non-near-Earth) survivors from the cases (1)(2)(3) and (5), currently known 1,413 ECOs out
of 2,335 NEAs (Atens, Apollos, and Amors), and 234,230 main belt asteroids (MBAs) with the
semimajor axis 2AU < a < 4AU. We accumulated all the survivors for the cases (1)(2)(3) in
Fig. 10 (b) and (e) because these three cases are not statistically very different in terms of the
orbital elements of survivors.

Comparing the panel (a) for the currently known ECOs with (b) and (c) for our survivors, it is
obvious that the inclination of the near-Earth survivors in our numerical integrations tends to be
higher than the currently known ECOs (or NEAs). Also, comparing the panel (d) for the known
MBAs with (e) for our survivors, we can see that non-near-Earth survivors that belong to the
cases (1)(2)(3) also have higher-inclination distribution than the current MBAs. As we saw in
the previous section, many of the long-term survivors exhibit the Kozai behavior that enhances
their inclination to a great deal, which serves as a protection mechanism for the particles by
reducing the frequency of close encounters with planets. This result suggests that the remnants
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of old disruption events (more than 100 million years ago or older) are preferentially to be found
amongst the high inclination ECOs or NEAs, or even among the high-inclination MBAs.

The inclination distribution of the non-near-Earth survivors from the case (5) tends to be in
smaller inclination region (Fig. 10 (f)). This is because a large part of the main belt survivors
for the case (5) still keep relatively smaller eccentricities and inclinations even after the 100
million year integration, as we saw in the panels (5) of Fig. 9. However, longer-term planetary
perturbation and numerous weak resonances can push these survivors toward vg that scatters
them, eventually making their inclination distribution similar to that of the cases (1)(2)(3) as
in Fig. 10 (e).

4. Discussion

In this section we discuss a few issues that might be significant in future development of this
line of research: initial ejection velocity of asteroid fragments after the disruption event, the
effect of the velocity dependence on fragment size, and the influence of the Yarkovsky thermal
force.

The typical initial ejection velocity of asteroid fragments that we used in our numerical
integrations, vg = 0.1 km/s or 0.2 km/s, is as large as the maximum estimation of what hydro-
and N-body numerical simulations predict. Benz and Asphaug (1999) showed that the ejection
velocities of order 0.1 km/s can be obtained for basaltic targets provided the impactor size is at
least about half the parent body size when the impact velocity is 3-5 km/s which is the typical
relative velocity in the current asteroid belt. Michel et al. (2001; see also Michel et al. 2002)
numerically simulated a catastrophic disruption using an SPH and an N-body code in order to
create an asteroid family with a small mass ratio between the largest fragments and the parent
body, such as the Koronis family. Using the collision velocity of 3.25 km/s in their numerical
experiment, the mean ejection speed of the particles greater than their numerical resolution
(fragment diameter D > 1-4 km) is 0.128 km/s with a root mean square of 0.088 km/s. If
the random velocity of main belt asteroids was as large as the present one at the time of the
disruption, the impact velocity between asteroids can be up to ~ 5 km/s. In this sense the
results of the numerical simulations such as Benz and Asphaug (1999) or Michel et al. (2001,
2002) are in favor of our assumption on wvy.

The results of some laboratory experiments have reported lower values of vg, such as 0.001-
0.01 km/s for the largest fragments (Fujiwara et al., 1989; Nakamura and Fujiwara, 1991;
Martelli et al., 1994). However, the diameter range of the fragments that are produced from
these laboratory experiments (such as D < 10 cm in Nakamura and Fujiwara (1991)) are much
smaller than that of the actual asteroid fragments, as is the nature of laboratory experiments.
In this size range, the high material strength might be able to keep the ejection velocity of
fragments lower even if the collision velocity is high. Also, the result of the hydro-code simulation
by Benz and Asphaug (1999) indicates that a high-mass and low-velocity projectile will lead
to a higher fragment velocity than a high-velocity and a small-mass projectile because of the
efficient momentum transfer of larger projectiles. Hence we believe that the value of vy that we
use is no less reliable than a conjecture, if no more than a reasonable prediction.
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Another thing that we have to be concerned is the assumption of equal-velocity disruption,
i.e. every particle has the same vy. In general, smaller fragments have higher ejection velocity
than larger fragments, even when the equi-partition of kinetic energy is not fully realized. If we
express the dependence of mean ejection velocity on fragment size by an index (3 as vy o< D=2,
the SPH simulation by Michel et al. (2003) yields § ~ 0.5 for an impact on a pre-shattered
target, and a smaller [ for a monolithic target (Patrick Michel, private communication, 2003).
Nakamura and Fujiwara (1991)’s laboratory experiments gives a similar value of 3 for basaltic
targets. In addition, these experiments indicate that the distribution of vg of particular size
fragments can have a significant scatter, such as 1-2 orders of magnitude, especially when the
fragment size is small.

The dependence of vy on fragment size and its possible scatter can significantly extend the
initial distribution of the asteroid fragments in orbital element space. For example, suppose the
vo of a D = 20 km fragment is 0.2 km/s. Then, the fragments with D = 0.1 km have vy ~ 2.8
km/s when we assume the index value of 3 = 0.5. Since there are many more smaller fragments
than larger fragments, vg of this large value enormously extends the distribution of particles on
(e,a) or (I,a) plane. In Fig. 11 we plot an example of the initial distribution of test particles
using the size-velocity dependence vy oc D~%%, centered on the same location as that of the
initial condition (2). We assumed that the maximum fragment has the diameter of about 16 km
with the initial ejection velocity vgp = 0.2 km/s. The smallest fragment would be D = 0.4 km
with vg = 1.26 km/s. There are 6155 particles plotted in Fig. 11, as well as the particles that
belong to the initial condition (2). While this extension of the orbital distribution of asteroid
fragments might be another justification to use somewhat large initial ejection velocity for our
numerical integration such as vp = 0.8 km/s, it can greatly delay the arrival of the asteroid
fragments to the terrestrial planetary region, especially that of smaller fragments. Accordingly,
the decay time of the asteroid flux can be very long, much longer than what our numerical
integrations yield.

The choice of the initial ejection velocity is also influenced by the Yarkovsky effect. The
Yarkovsky effect can deliver asteroids with D < 20 km from their parent bodies to resonance
zones, which transport them to the terrestrial planetary orbits (Bottke et al., 2002b). This
ability of the Yarkovsky effect can make asteroid families disperse over a long-time period,
drifting the proper semimajor axes of the family asteroids inward and outward (Bottke et al.,
2001). The estimates of the initial ejection velocity of currently existing asteroids (Zappala et
al., 1996; Cellino et al., 1999) are based on the assumption that the proper semimajor axis
of the family asteroids are constant against long-term planetary perturbations (e.g., Milani et
al. 1992). If the Yarkovsky effect can significantly spread the proper semimajor axes of family
asteroids, the estimated value of vy using the current distribution of their proper semimajor
axis might be too large.

Even if the small asteroid fragments are scattered very widely such as in Fig. 11 due to
the velocity dependence on size, the capability of Yarkovsky effect to transport the asteroid
fragments to resonance zones can effectively work, especially on smaller fragments. Hence,
once a large number of fragments are produced around resonance zones, sooner or later they
are likely to encounter with resonances and eventually be conveyed to the terrestrial planetary
orbits. Thus both the wide spread of the asteroid distribution and the Yarkovsky effect can
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work for a slow decay of the asteroid flux originated by a large disruption event not so close to
a strong resonance zone in the main asteroid belt.

Our numerical model is still premature, not including the effects discussed in this section such
as the Yarkovsky effect. Moreover, the number of particles that we have used is not enough
to make a confident statistical statement in terms of the direct collision probability on the
terrestrial planets, particularly for the Moon. The future direction of our research will be (i) to
increase the number of test particles, (ii) to include the Moon in our numerical model, (iii) to
take account of the size dependence of the initial velocities of asteroid fragments, and (iv) to
incorporate the Yarkovsky effect in the integration scheme. Eventually we hope to obtain certain
simulated crater records for the planets that can be compared directly with the observations of

planetary surface.

5. Conclusions

We have explored the dynamical evolution of test particles with initial conditions near the g
resonance in order to simulate the orbital evolution of fragments from a hypothetical asteroid
break-up event. Compared with previous studies, our simulations follow an order of magnitude
larger number of particles, and relax in many ways the simplifying assumptions of previous
models. We calculated directly the collision probabilities on the Sun and each planet, and the
dynamical lifetimes of asteroid fragments. We examined how these quantities depend upon the
initial conditions (on both the distance of the break-up event from the v resonance and the
velocity dispersion of the fragments). Our conclusions are summarized as follows (a—g):

(a) Decay timescale as function of initial conditions: The decay rate of the particle
population starting from the vicinity of the vg resonance depends on its location and the initial
ejection velocity. If particles start from relatively closer locations to the resonance center with
the initial ejection velocity vgp = 0.1 or 0.2 km/s (such as the cases (1)(2)(3) or (7)), the half
decay timescale is very short, less than ten million years. This result is consistent with the
previous calculation by Gladman et al. (1997). When the initial location of particles are far
from the resonance center (such as the case (6)), or when the ejection velocity vg is very large
(such as the case (5)), the decay timescale becomes much longer, 50-60 million years or more.

(b) Implications for NEAs: In our numerical integrations, the orbital evolution of ECOs
produced by a disruption in the main asteroid belt sometimes shows a very long tail such as in
Fig. 8 for the case (6). The decay timescale of ECOs can be about 50 million years or more,
depending on the initial location of disruption event. This timescale is much longer than what
has previously estimated for NEAs or NEOs (cf. Gladman et al. 1997; Bottke et al. 2002a).
Since the ECOs compose a subset of NEAs, this fact suggests that some fraction of the current
observed NEAs could be a remnant of disruption events more than 50 million years ago or older.
Also, since major part of the ECOs (or NEAs) in our numerical integrations have survived in
high-inclination range through the Kozai behavior in our integrations. We cannot deny the
possibility that some of the NEAs with high inclination are leftovers of old disruption events in
the main asteroid belt.
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(c) Implications for dispersion of ancient asteroid families: Our integrations first
showed that after 100 million years integrations, some of the survived particles still form as-
teroid “families” (such as (4)(5)(6) in Fig. 9), but other particles do not show such family-like
dynamical structure because of the long-term perturbations. It is possible that the family-like
structures shown for (4)(5)(6) might disappear on billion year timescale. This implies that
there could have been many asteroid families in the distant past that have already disappeared
by now. Some of them could have formed with a larger initial ejection velocity than what we
estimate from the currently existing asteroid families.

(d) Collision peak sequence: Our integrations showed the detailed collision peak sequence
of asteroid fragments for terrestrial planets and the Sun. The peak of collision flux comes first
to Mars, then to the Earth, Venus, and finally to Mercury. The timescale depends on the initial
location of disruption and ejection velocity. The peak of the collisions to the Sun, as well as the
peak of the particles that go too far away from the Sun, comes even earlier than the peak of
the collisions to Mars. This is because many of the particles have their eccentricity enhanced
very quickly due to the strong vg resonance or the Kozai mechanism, which produces a lot of
sun-grazing objects as well as Jupiter-encountering particles.

(e) Collision probabilities on Sun and on each planet: The relative collision proba-
bilities on planets and on the Sun in our numerical integration are somewhat similar to the
result by Gladman et al. (1997), especially in the cases close to the resonance center (such as
(1)(2)(3)(7)): more than 70% of the particles hit the Sun, and more than 10% went too far
from the Sun. The biggest difference between our and Gladman et al. (1997)’s result is that
we observed more collisions on Venus than on the Earth (see Table 1) whereas Gladman et al.
(1997)’s result indicates smaller collision probability on Venus. We believe that Venus could
have slightly larger collision probability than the Earth due to the reason that we described
in 3.2 (see also the point (f) below). The difference might also be ascribed to the fact that
Gladman et al. (1997) used much fewer particles (~ 150) for their integrations, resulting in the
small number statistics.

(f) Effect of Mercury: We included Mercury in our numerical integrations, which no
previous studies did. According to our test integration without Mercury for comparison, the
collision probability of test particles on Venus is about 4.5% without Mercury, slightly less than
the 5.06% when we included Mercury (Table 1, case (2)). The fraction of the solar colliders
increased from 71.6% to 73.0% when we excluded Mercury. This result suggests that Mercury
has a small but possibly measurable effect on the collision probability of test particles on Venus,
deflecting a part of sun-grazing objects that would otherwise collide with the Sun.

(g) Implications for the Oort cloud objects: In our numerical integrations, about 10%—
15% of the particles were “removed” because their heliocentric distance exceeded 100 AU. This
probability is slightly enhanced (+2% to +3%) when we used a smaller elimination distance
such as 10 AU that many other previous studies have used. Our test integration also indicates
that when we use a larger elimination distance than 100 AU such as 1000 AU or 5000 AU, this
probability is not significantly changed. The particles that reached a distance of O(1000AU)
probably do not return to the planetary region for a very long time largely because their orbits
are likely circularized by galactic tidal force. This mechanism might have contributed to the
addition of asteroid fragments to the Oort cloud. Since there could be many disruption events
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near the resonance zones in the main asteroid belt, a significant number of asteroids might have
migrated to the Oort cloud region through this mechanism, depending on the magnitude and
the total number of such disruption events.

Acknowledgments

The authors have greatly benefited from stimulating discussions with and encouragement
from David Kring and Robert Strom. Fumi Yoshida provided us some useful information on
the observational fact of current asteroids. RM acknowledges research support from NASA
grant NAG5-11661. Part of the numerical calculation was performed at Astronomical Data
Analysis Computer Center, National Astronomical Observatory of Japan, Tokyo.

References

Benz, W., Asphaug, E., 1999. Catastrophic disruptions revisited. Icarus 142, 5-20.

Bottke, W.F., Vokrouhlicky, D., Broz, M., Nesvorny, D., Morbidelli, A., 2001. Dynamical spread-
ing of asteroid families by the Yarkovsky effect. Science 294, 1693—1696.

Bottke, W.F., Morbidelli, A., Jedicke, R., Petit, J.-M., Levison, H.F., Michel, P., Metcalfe, T.S.,
2002a. Debiased orbital and absolute magnitude distribution of the near-Earth objects.
Icarus 156, 399-433.

Bottke, W.F., Vokroulicky, D., Rubincam, D.P., Broz, M., 2002b. The Effect of Yarkovsky
Thermal Forces on the Dynamical Evolution of Asteroids and Meteoroids. In: Bottke, W.F.,
Cellino, A., Paolicchi, P., Binzel, R.P. (Eds.), Asteroid III, Univ. Arizona Press, Tucson,
pp- 395-408.

Bulirsch, R., Stoer, J., 1966. Numerical treatment of ordinary differential equations by extrap-
olation methods. Num. Math. 8, 1-13.

Cellino, A., Michel, P., Tanga, P., Zappala, V., 1999. The velocity and implications for the
physics of catastrophic collisions. Icarus 141, 79-95.

Duncan, M., Quinn, T., Tremaine, S., 1987. The formation and extent of the solar system comet
cloud. Astron. J. 94, 1330-1338.

Farinella, P., Froeschlé, CH., Froeschlé, C., Gonczi, R., Hahn, G., Morbidelli, A., Valsecchi, G.B.,
1994. Asteroid falling onto the Sun. nature, 371, 315.

Froeschlé, CH., Morbidelli, A. (1994) The secular resonances in the solar system. In: Milani, A.,
Di Martino, M., Cellino, A. (Eds.), Proceeding of the 160th TAU Symposium, Asteroids,
Comets, Meteors 1993, Kluwer Academic Publishers, Dordrecht, pp. 189-204.

Froeschlé, CH., Hahn, G., Gonczi, R., Morbidelli, A., Farinella, P., 1995. Secular resonance and
the dynamics of Mars-crossing and near-Earth asteroids. Icarus 117, 45-61.

18

52



Fujiwara, A., Cerroni, P., Davis, D.R., Di Martino, M., Holsapple, K., Housen, K., Ryan, E.V.,
1989. Experiments and scaling laws for catastrophic collisions. In: Binzel, R.P., Gehrels, T.,
Matthews, M. (Eds.), Asteroid II, Univ. Arizona Press, Tucson, pp. 240-265.

Gladman, B., Migliorini, F., Morbidelli, A., Zappala, V., Michel, P., Cellino, A., Froeschlé, C.,
Levison, H.F., Bailey, M., Duncan, M., 1997. Dynamical lifetimes of objects injected into
asteroid belt resonances. Science 277, 197-201.

Ivezi¢, Z., Lupton, R.H., Juric, M., Tabachnik, S., Quinn, T., Gunn, J.E., Knapp, G.R., Rock-
osi, C.M., Brinkmann, J., 2002. Color confirmation of asteroid families. Astron. J. 124,
2943-2948.

Kinoshita, H., Nakai, H., 1991. Secular perturbations of fictitious satellites of Uranus. Celes.
Mech. Dyn. Astron. 52, 293-303.

Kokubo, E., Yoshinaga, K., Makino, J., 1998. On a time-symmetric Hermite integrator for
planetary N-body simulation. Mon. Not. R. Astron. Soc. 297, 1067-1072.

Kozai, Y., 1962. Secular perturbations of asteroids with high inclination and eccentricity. Astron.
J. 67, 591-598.

Levison, H.F., Duncan, M.J., 1994. The long-term dynamical behavior of short-period comets.
Icarus 108, 18-36.

Makino, J., Aarseth, S.J., 1992. On a Hermite integrator with Ahmad-Cohen scheme for gravi-
tational many-body problems. Publ. Astron. Soc. Japan 44, 141-151.

Martelli, G., Ryan, E.V., Nakamura, A.M., Giblin, 1., 1994. Catastrophic disruption experi-
ments: recent results. Planet. Space Sci. 42, 1013-1026.

Michel, P., Thomas, F., 1996. The Kozai resonance for near-Earth asteroids with semimajor
axis smaller than 2 AU. Astron. Astrophys. 307, 310-318.

Michel, P., Benz, W., Tanga, P., Richardson, D.C., 2001. Collisions and gravitational reaccu-
mulation: Forming asteroid families and satellites. Science 294, 1696-1700.

Michel, P., Benz, W., Tanga, P., Richardson, D.C., 2002. Formation of asteroid families by
catastrophic disruption: simulations with fragmentation and gravitational reaccumulation.
Icarus 160, 10-23.

Michel, P., Benz, W., Richardson, D.C., 2003. Disruption of fragmented parent bodies as the
origin of asteroid families. nature 421, 608-611.

Milani, A., Knezevié¢, Z., 1992. Asteroid proper elements and secular resonances. Icarus 98,
211-232.

Morbidelli, A., Gladman, B., 1998. Orbital and temporal distribution of meteorites originating
in the asteroid belt. Meteor. Planet Sci. 33, 999-1016.

19

53



Morbidelli, A., Henrard, J., 1991. Secular resonances in the asteroid belts: theoretical pertur-
bation approach and the problem of their location. Celes. Mech. Dyn. Astron. 51, 131-167.

Morbidelli, A., Nesvorny, D., 1999. Numerous weak resonances drive asteroids toward terrestrial
planets orbits. Icarus 139, 295-308.

Nakamura, A., Fujiwara, A., 1991. Velocity distribution of fragments formed in a simulated

collisional disruption. Icarus 92, 132-146.

Press, W.H., Teukolsky, S.A., Vetterling, W.T., Flannery, B.P., 1992. Numerical Recipes in
Fortran (2nd edition), Cambridge University Press, Cambridge, UK.

Wetherill, G.W., 1979. Steady state populations of Apollo-Amor objects. Icarus 37, 96-112.
Wetherill, G.W., 1985. Asteroidal source of ordinary chondrites. Meteoritics 20, 1-22.

Wetherill, G.W., 1987. Dynamical relations between asteroids, meteorites and Apollo-Amor
objects. R. Soc. London Philos. Trans. 323, 323-337.

Wetherill, G.W., 1988. Where do the Apollo objects come from?. Icarus 76, 1-18.
Wisdom, J., 1983. Chaotic behavior and the origin of the 3/1 Kirkwood gap. Icarus 56, 51-74.

Wisdom, J., Holman, M., 1991. Symplectic maps for the N-body problem. Astron. J. 102,
1528-1538.

Zappala, V., Cellino, A., Dell’oro, A., Migliorini, F., Paolicchi, P., 1996. Reconstructing the
original ejection velocity fields of asteroid families. Icarus 124, 156-180.

Zappala, V., Cellino, A., Gladman, B., Manley, S., Migliorini, F., 1998. Asteroid showers on
Earth after family breakup events. Icarus 134, 176-179.

20

o4



Case O @ 6 @& 6 © O

a (AU) 205 205 205 23 205 215 2.08

e 005 010 020 025 010 010 0.15

I (deg) 143 287 573 240 287 287 430

w (deg) 3301 181.3 2065 3105 311.3 81.3  35.9
Q (deg) 149.8 1037 1927 37.3 1147 121.0 103.7
I (deg) 55.5 102.6 56.0 1554 97.9 2054 66.5

v (km/s) 02 02 02 02 08 01 01
N 1973 2962 1978 1000 2173 1975 1972

Sun (%) 66.3 716 70.0 040 457 519 747
Mercury (%) 0.71  0.68 1.11 0 1.06 0.56 091

Venus (%) 618 506 516 0 341 319 517
Barth (%) 421 317 349 0 290 238 3.14
Mars (%) 0.51 064 0.76 0 0.92 091 0.30
Jupiter (%) 1.01  0.57 0.30 0 0.46 0.10 0.61
Saturn (%) 0.05 0.03 0.05 0 0 0 0.05
Uranus (%) 0 0 0 0 0 0 0
Neptune (%) 0 0 0 0 0 0 0
> 100AU (%) 14.2 13.0 118 0 9.62 11.3 128
survivors (%) 5.47  4.02 6.22 99.6 34.7 285 0.96

Table 1: Osculating orbital elements of the locations of each disruption center in our numerical
integrations, ejection velocity vg, the number of test particles N, and the collision probability
(%) of test particles that hit the planets and the Sun or went beyond 100 AU over 100 million

years, as well as the probability of survivors.
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Figure captions

Figure 1. Initial osculating orbital elements of the asteroid fragments in our numerical in-
tegrations. (a) Eccentricity e and semimajor axis a. (b) Inclination I and semimajor axis a.
Approximate location of the secular resonance v is shown by dashed lines in each panel (cf.
Morbidelli and Henrard, 1991).

Figure 2. Relative fraction of active (survived) test particles started from each of the initial
conditions (1)(2)(3)(5)(6)(7).

Figure 3. The number of particles that collided with the terrestrial planets and the Sun, and
that went beyond 100 AU over 100 million years starting from the initial conditions (1; left
panels), (2; middle panels) and (3; right panels).

Figure 4. Same as Fig. 3, but for the initial conditions (5; left panels), (6; middle panels),
and (7; right panels).

Figure 5. Examples of the typical evolution of the orbital elements (osculating eccentricity,
semimajor axis, inclination, perihelion distance) of three particles from the case (2). The first
particle in the panels (1[a—d]) hit the Earth, and the other two particles in (2[a—d]) and (3[a—d])
hit Venus.

Figure 6. More examples of the typical evolution of the orbital elements (osculating eccen-
tricity, semimajor axis, inclination, argument of perihelion) of three particles from the case (2).
The first two particle in the panels (1[a—d]) and (2[a—d]) collided with the Sun, and the third
particle in (3[a—d]) survived over the 100 million year integration.

Figure 7. Time-dependent orbital distribution of ECOs of the initial condition (3) over 50
million years. (Top left) Semimajor axis. (Top right) Eccentricity. (Middle left) Perihelion
distance. (Middle right) Inclination. (Bottom left) Argument of perihelion. (Bottom right)
Longitude of ascending node. The maximum probability density (= average number of ECOs)
is different from panel to panel.

Figure 8. Same as Fig. 7, but for the particles that belong to the initial condition (6) over

100 million years.

Figure 9. Final semimajor axis, eccentricity, and inclination of the particles that survived 100
million years for each initial condition. All elements are averaged over final 5 x 10° years.

Figure 10. Distribution of the inclination of the survivors of the cases (1)(2)(3) and (5),
currently known ECOs, and main belt asteroids. (a) 1,413 ECOs out of 2,335 NEAs (Atens,
Apollos, and Amors), (b) near-Earth survivors from our (1)+(2)+(3), (¢) near-Earth survivors
from our (5), (d) 234,230 MBAs with semimajor axis 2AU < a < 4AU, (e) other (non-near-
Earth) survivors from our (1)+(2)+(3), and (f) other survivors from our (5).

Figure 11. An example of the initial distribution of 6155 test particles using the size-velocity
dependence vy x D795, (a) Osculating eccentricity and semimajor axis. (b) Osculating incli-
nation and semimajor axis. The initial distribution of the particles of the initial condition (2) is
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also plotted as a reference, concentrated around the point of a = 2.05AU, e = 0.1, and I = 2.87
degree.
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GPS

On the Positions of GPS Stations Determined
by Point Positining Using GPS Pseudo Ranges

Kawal Masashi(Toyama National College of Maritime Technology)

Abstract

There are periodic fluctuations of about 12-hore period in post-fit range residuals in orbital analysis of
geosynchronous satellites. It is considered that the cause of the periodic fluctuations is movement of the
satellite tracking station. The verification on the cause was tried using GPS pseudo ranges observed every 30
seconds in 2003 at Toyama, Wakkanai and Y onakuni GPS stations. These GPS stations are operated by
Geographical Survey Institute(GSl).

As results of spectrum analysis and average processing of these stations coordinates determined by point
positioning, it was revealed that they move several meters with about 12-hour period. It is considered that the
cause of GPS stations' movements is the Earth's plates which move horizontally periodically with flows in
the mantle due to tidal generating forces, such as ocean currents and tidal currents.

Keywords. GPS, GPS stations, Earth's plates
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Fig. 1: An example of 12-hour period fluctuations in post-fit range residuas
in orbital andtsis of geosynchronous satellites.
Table1 Earth-centered, Earth-fixed coordinates of GPS stations operated by GSI I TRF97
Station Station No. | Station Code Latitude Longitude Height above ellipsoid
Toyama | 950249 5437715501 | 36 38 3.62"N | 137 11'42.70"E 75.30m
Wakkanai | 940001 6841068001 45 24'10.78'N | 141 45 156"E 74.62m
Yonaguni | 950499 3622574501 | 24 27'15.03'N | 122 56' 34.22"E 47.34m
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Abstract

It has been proved dynamically that Near-Earth Asteroids (NEAs) originate from
small members of the Main-Belt Asteroids (MBAs). However, this has not been
confirmed yet observationally, because of the faintness of the source objects of
NEAs. So, we used one of largest telescopes: the 8.2m Subaru Telescope and a wide
field CCD camera: the Suprime-Cam, then we detected a large number of the small
MBAs having the same size-range with NEA population. In this paper, under the
hypothesis that the physical properties of NEAs should reflect those of the source
objects, we compared directly the physical properties (taxonomic type and size
distribution) between the NEAs and small MBAs.

Our observations was performed in 2001 October 21 (UT) with the R- and B-bands,
the limiting magnitude was ~ 24.5 mag with the both bands. About 1000 MBAs
were detected with the absolute magnitude (H) range of 13.6 < H < 23.0. We
divided the detected asteroids into two groups, S- and C- type groups based on the
B-R color of each asteroid.

We found that the ratio of S- to C-type in the surface density of MBAs varies from
3:2 in the inner-belt, 3:7 in the middle-belt, to 1:4 in the outer-belt. Basically the
C-type asteroids dominated in the main-belt. We also found that the size

distributions of the S- and C-type asteroids are similar with each other at the faint
end: D < 1 km, their Cumulative Size Distribution (CGSD) slopes (b) (1.e. N(> D) o

D”-b) were obtained as: b ~ 1.3. While the size distributions of larger asteroids (D >
1 km) seem to be different: the bs were 1.8 for the S-type and 1.3 for the C-type,
respectively. Considering the large fraction of S-type asteroids in the NEA
population comparing with the MBA population (e.g. Binzel et al. 2002), the source
of NEA population should be the inner-belt asteroids because of the large fraction
of S-type asteroids in there. There is an inconsistency on the size distributions
between the NEAs population and S-type MBAs in the inner-belt. There must be
some selection mechanisms on the transportation phase from the main-belt to near

Earth region (e.g. Yarkovsky effect).

Our data on small MBAs can be the base in the study on a quantitative evaluation of
the dynamical evolution of NEAs.
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1. Introduction

So far about 3000 NEAs have been discovered by eager surveys. The physical
properties of NEAs have been revealed gradually, for examples, (1) the average size
of NEAs are remarkably smaller than that of MBAs ; (2) the S-type asteroids
dominate in NEA population comparing with MBA population, even after applying
observational bias-correction (Binzel et al. 2002, Stuart and Binzel 2004); (3) the
slope index (b) of the Cumulative Size Distribution (hereafter GSD) (N(>D) o« D*-b)

of NEAs is 1.95 at the range of 14 < H < 18.5 (Stuart 2001) or 1.75 at the range of
15 < H < 22 (Bottke et al. 2000)); (4) there are several very fast rotators in NEAs
group. It has been predicted by several theoretical studies that the main source of
NEAs seems to be small MBAs. However, it has not been confirmed observationally
yet, because the small MBAs are very faint and past asteroid surveys with the small
or middle class telescopes have not reached to the small MBAs population which has
the same size-range with that of NEAs population. However, the 8.2 m Subaru
Telescope which equipped with the wide field CCD camera: the Suprime-Cam are
now available. This observation system allows us to detect a large number of small
asteroids in the main-belt in a single wide field of view and examine the physical
properties of the huge number of asteroids at the same time. This paper is a first one
to investigate the source of NEAs by direct detection of the NEAs-sized MBAs.
Since the taxonomic type determination of each asteroid is important to estimate
the asteroid size, we measured the B-R color of each asteroid. Although the strict
classification of asteroids into several taxonomic types is impossible by only their
B-R color as you will see in Fig.5, we can divide roughly asteroids into two groups by
the B-R: 1.e. S- and C-types which they are main components of MBAs. If the main
source of NEA population 1s truly the small MBA population, the physical properties
(e.g. taxonomic type and size distribution) should be similar with each other under
the assumption that NEAs have not been undergoing any physical or chemical
evolutions during the transportation from the main-belt to near Earth region. Under
this assumption, we compared the size and taxonomic distributions of NEAs with
those of our detected asteroids.
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2. Observations and Data
Reduction

Our observation
was carried out on
2001 October 21
(UT). We used the
8.2 m Subaru
telescope at atop
of Mauna Kea in
Hawaii, which
was equipped with
the Suprime-Cam
to the primefocus.
Image reduction
was performed
using the standard
method with
IRAF. First, the
Suprime-Cam covers a very wide field of view (~0.25 deg?) average value of
the overscan
region of each

B} CCD was
O b servations subtracted from
each CCD image
data. Second, the
; 1 : ; images of each
Date: 2001 October 21 (R S - band were

5 ‘ ’ ‘ Dflat-fielded by

dividing them by a
median dome flat
at each band.
Next we made the

Subaru telescope
+ Suprime-Cam

""Subaru Prime Focus Camera
“Suprime-Cam” — .

Survey area : ~ 4 deg?

Near the opposition

DEC (deg)

Limiting magnitude: ‘ i composition
R=~24.5 mag for MBAs O - images of each
L S N field by usin
B_‘R_band for S_ and C- 28 27 26 25 24 2 22 21 20 h Y g
type classification R (e three 1images to

detect moving
objects: 1.e. the
B-band image was
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added to the first R-band image and then the second R-band image was subtracted
from 1t. After this procedure, moving objects appear along a line as a trio of
white-white-black dots on the combined images (see Fig. 1). With careful
eye-inspection for all the composite images, we found 1838 moving objects in the 16
fields (table 1). After we detected the moving objects, we measured their motion and
brightness by using IRAF APPHOT package on the single image. For the measured
magnitude of each moving object, a correction of the atmospheric extinction was
applied by using the Landolt standard stars. And also a correction of chip-by-chip
sensitivity difference was done by comparing counts of the sky background
brightness of the object image to 10 ccd chips.

Table 1

Fig. 1. Moving objects on the
combined image. One can see two
moving objects in this image (one
object is at the upper left and
another one is at the bottom of
middle). The stars slightly shifted on
the combined images because of the
error of the telescope pointing. This
image is a part of one CCD image,
its field of viewis 1.5 X 1 square
arcminutes.

Observational log and the detection number of moving objects

Field No. Filter UT-start Airmass Cc Cc D I D total

Field No. Filter UT-start Ainmass C C D I D total
001 2 3 4 5 6 7 8 9 01 2 5 & 7T & O
Fozs 1+ R 1300211 138 9 11 & 9 12 20 13 15 14 15 126 FI5 1 R 0843209 1055 &5 7 10 5 6 14 13 18 7 & 92
Foz 2 B 13200328 1511 F15 2 B 09:03:42.1 1.034
Foz 3 R 1341170 16W FI5 3 R 0923213 1021
Fo4 1 R 1266241 1375 9 7 10 21 16 13 9 15 13 9 122 ME @ CH TeaEEiE  DUeT 48 i 4§ qH d4. i8O8 ¥ 9 498
Fot 2 B 1316362 1496 FI6 2 B 0859424 1.039
Fo4 3 R 1337246  1.660
F16 3 R 09:10:332.2 1.035
Fos 1 R 1204543 1177 9 23 9 10 5 13 14 12 10 13 118 Sie L o m meaia Th P AR i BEmasa B
Fos 2 B 1224401 1244
FIT 2 B 0911210 1.032
Fos 3 R 12144419 1327
FI7 3 R 0931182 1.021
Fo6 1 R I1LG6470 1163 11 17 14 15 8 17 12 16 10 12 132
Fis 1 R 1105403 1068 11 9 17 17 & 18 10 13 13 10 126
Foe 2 B 1217005  1.22
F1s 2 B 1125480 L1102
Fos 3 R 12370014 1.306
F18 3 R 1145123 1145
Fos 1 R 0847170 145 10 5 7 10 11 14 11 13 & 8 97
Fl9 1 R 1109505 1077 9 11 10 12 11 12 7 24 9 10 115
Fos 2 B 0907325  1.026
Fos 3 R 0927200 1014 LR L
Fii 1t R 11:43370 1075 13 10 & 13 9 8 9 & 9 14 100 Fl ¥ R LAEEDD L1
Hiie 3 B Gisnane iits F2o0 1 R 1252310 138 7 13 6 10 8 11 & 3 0 11 85
Fi1 3 R 1LE2502 1158 B0 2 %5 ASd28did. LED3
Fi2 1 R 1200834 1181 12 19 18 s 16 12 12 11 12 7 127 Fao 3 RO1333311  L.668
F12 2 B 1290512 1248 F22 1 R 1304102 1412 0 & 16 14 16 17 17 12 12 18 130
Fi2 2 R 1240540 1333 F22 2 B 13:24:27.0 1.544
Fi3 1 R 1208513 1196 16 13 19 13 13 11 11 12 13 12 133 F22 3 R 1345271 L7
Fia 2 B 1228499 1.267 total 158 186 186 201 166 215 175 206 171 174 1838
F13 3 R 1248342 1.3%
Fi4 1 R 1101436 1062 9 12 13 16 7 7 11 15 11 14 115
Fi4 2 B 11:220019 1.095
Fl4 3 R 11141259 1136
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In order to estimate the detectable limiting magnitude of MBAs at the each
observing field, we used artificial objects which mimic the image of the actual
inner-belt MBAs. At first, we made 80 artificial object trails with offset by magnitude
difference of 0.2 mag by using the IRAF MKOBJECTS package and then put them
on the combined image which we used to detect moving objects. We detected the
artificial objects by eye-inspection, then we counted the number of objects detected
at each magnitude. We defined the 90 %-detection-magnitude of the lowest
detection efficiency as a limiting magnitude in this survey. The MBAs move with the
rate of 1.17, 1.04, and 0.92 arcsec during the exposure (2 minutes) at a=2.6 AU, 3.0
AU, and 3.5 AU, respectively. The mean seeing size on our observing night was ~ 0.8
arcsec. Trailing loss effect was explored by the different length of the artificial trails.

100

[o2] ©
o o
T T

Detection efficiency
S
o

20 |

0
23.5

Apparent magnitude (B-band)

Fig. 2. Artificial trails on the combined image.  Fig. 3. Detection efficiency of the
artificial trails

Table 2 Limiting magnitude for MBAs in our survey

Region of Apparent magnitude Absolute* Diameter (km)*

main-helt H-band  B-band magnitude S-type C-type
Inner (2.0 < a(AU) < 2.6)  23.00 23.85 21.25 0.16 0.32
Middle (2.6 < a(AU) < 3.0) 24.05 24.08 20.61 0.21 0.43

Outer (3.0 < a{AU) < 3.5)

24.21 24.25 19.895 0.29 058

*We calculated the absolute magnitude H at V-band by using the mean V-R value of the known S-type and C-type
asterouds.

**We converted from the absolute magnitude to the diameter by using the mean V-R value and the mean albedo each
S- and C-type group, respectively. See text for more detail in subsection 3.3.
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3. Identification of MBAs

3.1. Estimation of Semi-major axis and
Inclination for Each Moving Object

The apparent velocities of 1734 objects among 1838 detected objects were
measured.

30

20 |

10 f

20 F

Motion along the ecliptic latitude (arcmin/day)

-30

4%

-30

-25 -20 -15
Motion along the ecliptic longitude (arcmin/day)

a=—
2"‘;'
3]
tan = —
a—1
v = A+ 32,

K = '\;2 —_ 4#)\’\‘ — 4;32,32.

-10 -5 0

1 (ﬁ;‘._QkAi \/ﬂ)

Fig. 4. Apparent motions of moving
objects. One can see the moving objects
divided into several groups of the
various populations.

Lines in Fig. 4 show the motion of the
moving object whose the orbital
eccentricity (e) are zero at various
semi-major axis (a) and inclination (I) at
opposition. We chose 1001 objects within
a=2.0-3.5 AU and I = £40 degrees as
MBAs. When we detect asteroids near
oppositions, we can calculate
approximately the a and I of each
asteroid from its apparent motion
assuming its ¢ = 0 by using the Bowell’s
equations. The a and I obtained by the
equations include the errors of ~ 0.1
AU and 1 ~ 5 degrees,
respectively, because the

Absolute magnitude distribution ¢ actually not zero (0.1

~ 0.2) for real asteroids

(Bowell et al. 1990;

Limiting magnitude

300

250

200

150

Number

100

50

D=5km

11.5 14

19.8 mag (D=0.5km)
Ikm

Known NEAs as of July
10, 2004: 2871

Nakamura & Yoshida,

& Known NEAs 2002, YOShida €t al.
—_— 2003). The error on the
a would bring an

This work: 1001 MBAs uncertainty of ~ 20% to

16.5 19 21.5

Absolute magnitude

24

asteroid diameter.

+The absolute
265 29 magnitude distribution of
detected asteroids by

H=V-5log{aX(a-1)}
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3.2. Estimation of Taxonomic Type

The S- and C-type asteroids seem to be classified by their B-R and/or V-I colors
based on the known MBAs data (PDS Asteroid DataArchive,
<http://www.psi.edu/pds/archive/ecas.html> <http://www.psi.edu/pds/archive/t
ax.html>). As we mentioned in the introduction, since this survey is related to the
origin of NEAs, it 1s important to distinguish between the S- and C-type asteroids in
order to investigate the source region of the S-type asteroids among the NEAs
population. Moreover, the diameter of the C-type asteroid with a certain brightness
is two times larger than that of the S-type one with

12 the same brightness, because of the difference of
" oo their albedos. Thus, for estimating accurate asteroid
R x .: . . . .
1 wh g et 2 | size, the S- and C-type asteroids must be divided.
< 09 N Y]
~ 08 : '.,," M' .
or o300 P Fig. 5. Colors of know asteroids (the top panel) and
06 . the B-R color of asteroids detected in this survey
05 (the last four panels). In the top panel, one can see
oot 1‘QB_R1 41118 that the S, C, D, and M-types are splitted on the B-R
i TR s—— (2.0<a(AU)<3.5) vs. V-l diagram. The last four panels show the

histograms of the B-R colors of our asteroids for
different main-belt regions.

o nwmm 3.3. Estimation of

5| Ter main belt 20<a(AU)<2.6) ASterOid Size

Number

g 15 The asteroid diameter (D) is calculated based on its
“ 0 albedo (p) and its H by the following equation.
0 logD =3.1295-0.5logp —02H (5

Middle main belt (2.6<a(AU)<3.0)
We used the mean albedos obtained from the
asteroids database ”Small Bodies Node” (PDS

o 1 Asteroid Data Archive,
s IRAS-A-FPA-3-RDR-IMPS-V4.0,

[1Fi%] e <http://www.psi.edu/pds/archive/albedo.html>)
Outer main belt (3.0<a(AU)<3.5)

Number
>

for each S- and C-type group, namely, p = 0.21 for

5 2 I S-type asteroids and p = 0.06 for C-type asteroids,
ERE respectively. After we calculated the diameter of
< 10 1001 MBA:s, it turned out that more than 80 %
5 MBAs which we detected in this survey are smaller
o e L than 1 km in diameter.
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4. Heliocentric Distribution

of S- and C-type MBAs

(a) (c)

Now oW A A
o O OO
[

n
(=]
Relative density

Relative density

[
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Semi-major axis (AU) Semi-major axis (AU)
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Semi-major axis (AU) Semi-major axis (AU)

(b) (d)
Fig. 6 (a) and (b) show the observed surface density of asteroids and the fraction of
each type to the total surface density as a function of heliocentric distance for 1001
MBAs. (c) and (d) are bias-corrected surface density and the fraction of both types,

respectively.

One can see the depletion of asteroids around a = 2.5 AU and 2.8-3.0 AU in Fig.
6(a). These region are corresponding to the mean motion resonances (3:1, 5:2 or 7:3)
with Jupiter. The S- and C-type asteroids are indicated by solid line and dot line,
respectively. The distributions of two types asteroids are obviously different: the
S-type asteroids dominate in the inner main-belt, the C-type asteroids dominate in
the outer main-belt. Fig. 6 (a) and (b) include the observational bias so that we could
not detect the faint asteroids in the outer region of main-belt and much more S-type
asteroids are discovered at any limiting magnitude than C-type are, because of their
high albedo. Taking account of such observational bias, we re-plotted these figures
in Fig. 6 (c) and (d); (c): surface density and (d): fraction of each type by using the
asteroids larger than 0.6 km which seems to be completed in our survey.
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5. Size Distribution of S-
and C-type MBAs

Main-belt (2.0<a(AU)<3.9) Inner-bel (2 0<a(AU)<2.6) We investigated the size distributions of
o Dot o o i 7] our MBASs for each type in the different
main-belt regions: 1.e. the whole-belt
(2.0 < a(AU) < 3.5,), the inner-belt (2.0
: < a < 2.6), the middle-belt (2.6 < a <
AL 1] ‘ 1 T 3.0), and the outer-belt (3.0 < a < 3.5)

24
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3
8
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i
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Siype asteroids (D < 1 km), the GSD-slopes
5" index of each type are similar with
2 each other in any regions (the slopes
. | were listed in table 3). Their slopes are
s —awa—ww» == 1.0-1.2 in the inner-belt and the outer

Absolute magnitude Absolute magnitude

o Danr ) _ Dansty - belt. In the middle- belt, the slopes

' (1.3-1.4) are slightly larger than others.
We reported before that the size
distribution of asteroids may have
differences between the inner-belt and

14 16 18 20 22 24 14 16 18 20 22 24 M M M
Absolute magnitude Absolute magnitude Outer-belt reglons ln OLII' pI"CVIOUS
Middle-belt (2.6<a(AU)<3.0) Outer-belt (3.0<a(AU)<3.5) SUI‘VCY (Yoshida et al. 2003) as WCH as
00, Di_gmeler (km) D\_?_meter (km) . . .
T i T i 7] previous studies (e.g., Jedicke &

Metcalfe 1998). However the Sloan
Digital Sky Survey (SDSS) did not find
any evidence that the size distribution

| varies with the heliocentric distance

14 16 18 20 22 24 14 16 18 20 22 24
Absolute magnitude Absolute magnitude

Diemete ) Diameter im (Ivezi'c et al. 2001). Since all previous

1 0.1 1

Stype studies, except SDSS, assumed the
5 mean albedo of asteroids because of
%0 the lack of their color information,

‘ despite significant differences in the
Pt T mean albedo and heliocentric
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Diameter (km Diameter (km)
1

distribution on the major two different

groups in the main-belt, we must think

about the possibility that the mean

albedo assumption brought apparent
difference in the cumulative size

T metemanisse " mewenenne — distribution in the main-belt.

Fig.7 Size distributions of MBAs in the different regions in the main-belt.
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In this new survey, we distinguished between S- and C-type, then we did not find
that there 1s a clear difference of size distributions. However, Cheng (2004)
mentioned that MBAs larger than 5 km in diameter are remnants which have
survived over the collisional evolution in the main-belt until now. It is likely that the
size distribution of planetesimals varies with the heliocentric distance in early solar
system. We would like to keep getting more data and then confirm the size
distribution differences.

Table 3 The CSD-slopes (b) in each main-belt region and each type asteroid. The
fitting regions are shown in parentheses.

Types  Whole-belt [nner-belt Middle-belt Outer-belt
Sand C 1.29 +0.02 1.02 £ 0.03 1.31 £ 0.07 1.11 £ 0.02
(17.8-20.2 mag) (19.0-21.4 mag) { 18.2-20.6 mag) (16.2-20.2 mag)

1.75 = 0.02 1.72 = 0.0& 216 = 0.18 L.&89 = 0.07
i 14.6-17.4 mag) (16.6-18.6 mag) (15.8-17.8 mag) ( 14.6-15.8 mag)

S-type 1.29 + 0.02 0.99 + 0.04 1.26 = 0.05 1.22 + 0.09
(17.4-20.2 mag) (19.0-21.4 mag) (17.4-206 mag) [ 18.6-20.2 mag)

244 = 0.09 1.58 = 0.12 3.25 + 0.44 0.56 = 0.06
(15.4-17.0 mag) (16.6-18.6 mag) (16.2-17.0 mag) (17.0-18.2 mag)

155+ 0,13
i 15.4-16.6 mag)

C-tvpe 1.33 = 0.03 1.09 =+ 0.03 1.39 = 0.10 1.12 = 0.03
(14.6-20.2 mag) (19.0-21.4 mag) (18.2-20.6 mag) (14.6-20.2 mag)

263 = 0.06 271 = 0.44
(17.8-18.6 mag) (17.0-17.8 mag)
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6. Spatial Distribution of S-
and C-type MBAs
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Fig. 8. The normalized surface density of the S- and C-type populations as a
function of inclination.

We examined the spatial distributions along the ecliptic latitude of S- and C-type
asteroids. We calculated the normalized surface density as a function of inclination
as follows. At first we divided asteroids into the bins having the range of 0.2 AU in
the a and 5 deg in the I, and then counted the number of asteroids in each bin, next
calculated the percentage of the number of asteroids at each bin to the total number
of asteroids including in the range of 0.2 AU in the a.

The solid line in Fig. 8 shows the normalized surface density of S- type population
(517 asteroids) detected in the whole main-belt, the dotted line shows that of C-type
population (484 asteroids). The error bars indicate the variation of the normalized
surface density changing with the heliocentric distance. There is no significant
difference of the distribution between S- and C-type. Asteroids of both types
decrease exponentially with increasing their inclinations.
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7. Summary and
Discussion

The fraction of the S- to C-type asteroids from this survey varies with the
heliocentric distance: for samples defined by the same absolute magnitude cutoff, the
ratio of the S- to C-type asteroids changes from 4:1 ata ~ 2 AU, 1:1 ata ~ 2.8 AU,
to about 3:7 at a = 3.0-3.4 AU (see figure 4 (a) (b)), for samples defined by the same
size cutoff, namely for D > 0.6 km until which our survey is completed in the whole
main-belt, the ratio of the S- to C-type asteroids is 3:2 in the inner main-belt, the
ratio reverses around 2.5 AU, it becomes 1:4 in the outer main-belt (see figure 4 (c)
(d)). The ratio of S- to C-type is 1:2.3 in the whole main-belt. These results are
roughly consistent with the results obtained by the SDSS (Ivezi'c et al. 2001). Based
on our estimation of size distribution of smaller MBAs (D < 1 km), we predict that
the number fraction of the S- to C-type asteroids (1:2.3) would be invariable

until much smaller MBAs (D ~ 0.1 km).

We estimated the size distribution in the entire main-belt for S-type population down
to D = 0.29 km and for C-type population down to D = 0.58 km. The CGSD-slopes
of the asteroids smaller than | km in diameter are very close to ~ 1.3 for both types.
This result is consistent with that of SDSS found the CGSD-slope (1.3) for asteroids
with the size range of 0.4 < D(km) < 5. However, for S-type asteroids larger than 1
km in diameter, the SDSS and our survey have an inconsistency, namely our
CSD-slope is close to 2, the SDSS’s CSD-slope is 1.2 (Ivezi'c et al. 2001). About 80
% asteroids detected in our survey are smaller than 1 km in diameter. The small
sampling number of large S-type (D > 1 km) in our survey might induce the
inconsistency.

100000

Fig. 9. Size distributions of
LINEAR, SDSS, and our
asteroid survey.
The solid line shows the
size distribution of NEAs
from Stuart and Binzel
(2004). The + and © show
the size distributions of the
SDSS red (S-type) and SDSS
N i ; blue (C-type), respectively.
oTF N ko 1 The = and O show the size

"Linear_diff" u 1:($3/10) -+
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We compared our size distributions for both types with that of NEAs obtained by
Stuart and Binzel (2004) and those of SDSS (Ivezi'c et al. 2001) in Fig.9. The solid
line shows the differential size distribution of NEAs. The + and o are the differential
size distribution of SDSS S-type and C-type, ® and O are our Subaru S-type and

C-type asteroids in the inner-belt, respectively. Our survey extended the faint end of
the SDSS down to 0.16 km in the inner-belt region. The slopes of the SDSS and
ours are similar with each other. However, the shape of size distribution of NEAs
seems to be different from those of the SDSS and ours in any size-ranges. Based on
the excess of S-type asteroids in the NEAs population obtained from observations, if
it is truly de-biased data, the large fraction of the S-type asteroids in the inner-belt
obtained from our survey (Fig.6 (d)) must be an evidence that the NEAs population
originate from the inner-belt region. However, when we compared the size
distribution of NEAs with that of our S-type asteroids of the inner-belt and those of
the SDSS, they are different from one another. This means that there must be some
selection mechanisms for the transportation phase from the main-belt to near Earth
region (e.g. Yarkovsky effect).

Our data of the small MBAs can be the base on the study on the dynamical

evolution of NEAs. Especially, it would be a good data for estimating quantitatively
the contribution of the Yarkovsky effect into the dynamical evolution of NEAs.

We thanks Z. Ivezi'c, J. Stuart and B. G. Strom for providing their data.
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