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Abstract

This thesis is the results of the first systematic investigation of very small
Main-belt Asteroids ( sub-km MBAs ) using the 8.2m Subaru telescope ; we call
this survey SMBAS ( Sub-km Main-belt Asteroid Survey ). Asteroids belonging
to this size region in the main-belt has never been explored before, due to their
faintness.

Recent theoretical works and laboratory experiments on collisional evolution
of asteroids highlight the importance of sub-km MBAs from the two viewpoints :
1) the majority ( ~ 70—80 % ) of the near earth asteroids ( NEAs ) are
sub-km-sized and are supposed to be originated from the main-belt, and 2) this
size region lies near the border-line size separating the two catastrophic impact
mechanisms, namely those in the strength regime and the gravity regime.
Therefore, the research of the sub-km MBASs contributes to the estimation of the
production rate of NEAs in the main-belt, and furthermore would give us clues

on the mechanism of the collision evolution among the small bodies.

For the analysis of this survey, we developed a method to derive the size
distribution of sub-km MBAs, based on statistical estimates of the semi-major
axis ( a ) and inclination ( /) for each detected asteroid, because the traditional
determinations of orbits for sub-km MBAs by follow-up observations are
practically impossible owing to strict telescope-time of the Subaru telescope or
other 8 —10m large telescopes. Hence, our SMBAS cannot determine other
orbital elements except the a and /. In addition, we cannot avoid some errors in

our a- and /-estimates, caused by the lack of information on eccentricity ( e ).
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Therefore, we evaluated those errors from Monte Carlo simulations by adopting
Bowell’s equations which assume e = 0. We confirmed that these errors could
vary the slope of Cumulative Size Distributions ( hereafter CSD ) for the
main-belt asteroids ( MBAs ) detected from the SMBAS within the range of only
+ 0.1. It is found that the slope of the CSD from our statistical method ( see
Chapter 2 ) has a precision comparable to that from the past MBAs survey
observation. Then we applied the above estimation of errors to analyze our

SMBAS data, which were taken in February 2001.
The main results of the survey observations are summarized as follows :

1) The sky number density of MBAs is found to be ~ 260 per deg” down to R
( y y per deg

~ 26 mag near opposition and the ecliptic.

(2 ) The slope of the CSD for small MBAs ranging from a few km to sub-km
seems to be fairly shallower ( ~ 0.8 —1.2, depending upon locations in the
main-belt ) than that for large MBAs obtained from the past asteroid surveys
( ~ 1.8 ). This means that the number of sub-km MBAs is much more
depleted than a result extrapolated from the size distribution for large

asteroids.

( 3 ) The spatial distribution of sub-km MBAs resembles that of larger MBAs.
The I-distribution of sub-km MBAs suggests that a larger number of small
asteroids with high inclination may exist compared with that of larger
MBA:s.

Finally, the implication for depletion of sub-km MBAs is discussed in relation

to collisional mechanisms such as the formation of rubble pile asteroids.



Chapter 1

Introduction

The current size, spatial and compositional distributions of the main-belt
asteroids ( MBAs ) have been believed to reflect long-term history of collisional
evolution ( e.g., Wetherill, 1989 ). Generally the size distribution of asteroids is
represented in the form of a cumulative size distribution, ( hereafter, we
abbreviate it as CSD ). A high resolution analysis of the main-belt CSD will
bring about an insight into the interrelation between different objects, in terms of
the production rate of meteoroids and near-earth asteroids ( NEAs ), the cratering
rate on the inner planets, and the early accretion processes in the main-belt region
of our solar system. It may also be able to estimate the impact risk to
interplanetary spacecraft, the original mass in main-belt and the impact strengths
of the asteroids ( e.g. Kuiper et al, 1958, Anders, 1965, Jedicke & MetCalfel,
1998 ). From such motivations, some systematic survey observations of MBAs
have so far been done and the CSDs for MBAs have been revealed down to a few
km in diameter.

However recently, the importance of the study of sub-km MBAs has been
pointed out mainly from two viewpoints : 1) majority ( ~ 70—80 % ) of NEAs
are sub-km-sized and are supposed to be originated from sub-km MBAs

( http://cfa-www.Harvard.edu/iaw/mpc.html ), and 2) this size region lies near the

border-line size separating two catastrophic impact mechanisms, namely those in
the strength regime and the gravity regime ( e.g., Melosh & Ryan, 1997, Durda et
al., 1998).
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Concerning the first point, it is generally accepted that NEAs originated from
MBAs through collision processes among asteroids and subsequent gravitational
perturbations associéted with the Kirkwood gaps ( e.g., Wisdom, 1983,
Morbidelli & Moons, 1995 ). Hence, the study for the CSD of sub-km MBAs
may shed light on a physical relation between NEAs and sub-km MBAs.

If the second point above is correct, the possible difference between the CSD
slope for sub-km MBAs obtained from SMBAS and that for known MBAs larger
than a few km in diameter may be interpreted as the difference in collisional
nature between the strength regime and the gravity regime. In other words, we
may give a clue ( or an answer ) to the question of whether sub-km MBAs are
rubble piles ( aggregates of impact fragments ) or monolith-like bodies. For these
reasons, we consider that the observational study of sub-km MBAs is very
important.

In this chapter, we first review the history of the past asteroids surveys and
discuss their size and spatial distributions of known MBAs and NEAs. Then we

mention the purpose of this study.

1.1 Historical aspects of asteroid surveys

Four previous asteroid surveys are described in this section. They are also

listed in table 1-1.

1) The Yerkes-McDonald survey ( YMS ) is the first systematic photographic
asteroid survey. It was carried out in 1950 — 1952 and detected 1,550 asteroids
for 14,400 deg® within £ 20° of the ecliptic. The survey was complete down

to the photographic magnitude ( Vp ) 16.5 ( Kuiper et al., 1958 ).

2) The Palomar-Leiden survey ( PLS ) in 1960s is also a photographic survey. It

discovered more than 2,000 asteroids for 216 deg2 area of the sky centered on
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opposition at the vernal equinox. Orbits for about 1,800 objects were
determined and their magnitude-frequency distribution up to a photographic
magnitude of about 20 mag ( corresponding to a few km in diameter of

asteroids ) was estimated ( van Houten et al., 1970 ).

3) The Spacewatch survey during 1992 —1995 found out as many as 59,226
asteroids for 3,740 deg’ with the limiting magnitude V < ~21 ( Jedicke &
Metcalfe, 1998 ). Since this survey is the program specially designed for the
automated search and study of NEAs, the duration of each observation was too
small to determine the orbit of each MBA. So their orbital elements needed for
estimating their absolute magnitude ( H ) were obtained from a statistical
method. For the purpose of translation from H to size of each asteroid, they
used relative numbers of existing asteroids for various taxonomic types and the

corresponding typical albedos among MBAs ( Ivanov et al., 2001 ).

Table 1-1
The previous asteroid surveys and SMBAS
Survey Observation Telescope Limiting Sky coverage Number of
time size(m) magnitude (deg) detected asteroids

Yerkes-McDonald 1950-52 0.25 Vp <14-16 14,400 1,550
Palomar-Leiden 1960 1.25 Vp <20-21 216 > 2,000
Spacewatch 1992-95 0.90 V<21 3,740 59,226
Sloan Digital Sky survey  1998-2000 25 r¥<21.5 500 ~13,000
Our SMBAS 2001 8.2 R~26 3.26 L1111

Vp : photographic magnitude
r* : R-band ( the effective wavelengths is 6280 A )in SDSS
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4) The Sloan Digital Sky Survey ( SDSS ) also contributed to studies of asteroid
size distribution, though it is basically designed for systematic survey
observations of galaxies and quasars ( Gunn et al. 1998, York et al., 2000,
Ivezic et al. 2001 ). This survey found 10,000 asteroids, and estimated that the
main-belt contains about 700,000 asteroids larger than 1 km in diameter.
Moreover, the SDSS could distinguish between carbonaceus asteroids
( C-type ) and rocky asteroids ( S-type ), because it observed in five bands.
Since the albedos between the S-type asteroids and the C-type asteroids are
different, the C-type asteroids are twice times larger than the S-type ones for
the same apparent magnitude. The size of each asteroid was estimated more

correctly, because its type could be identified in SDSS.

1.2 Size and spatial distributions of known MBAs

We describe here the size distribution of known MBAs obtained from the
above surveys, in comparison with theoretical works. First we discuss theoretical
results. The first theoretical work on the size distribution of asteroids was started
by Dohnanyi ( 1969 ). For a simplified system of asteroids in equilibrium in
which a self-similar collision cascade occurs, Dohnanyi ( 1969, 1971, 1972 ) and
Hellyer ( 1970, 1971 ) predicted that a power-law CSD was expected to take
place over a wide range of sizes.

From observations, however, for large asteroids with D ( diameter ) > ~ 100
km, it is known that the CSD is not a power-law. This s usually interpreted as
remnants of the primordial size distribution near the main-belt location in our
solar system. For small asteroids, on the other hand, one usually supposes that
asteroids obey a power-law CSD, which it can be represented with the following

relation,

N(>D) < D7, (1.1)
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where N ( > D ) is the total number of asteroids with diameters larger than D km.
Dohnanyi ( 1969 ) found that the typical value of b is equal to 2.5.

Next we discuss the observed CSDs for the surveys mentioned above. When
we talk about the size of asteroids, we must be careful about that there are two
kinds of diameters. They are the diameter estimated from infrared observations
( represented by the IRAS data ) and the one obtained by optical observations
with some assumption for albedos. Though the estimation of albedos needs both
infrared and optical observations, albedo’s data allow us more precise
determination of the diameter of each asteroid. However, since all surveys listed
in Table 1-1 are optical observations, when a diameter of each detected object is
estimated, an typical albedo would be assumed. Although the infrared diameter is
important, we do not discuss here about it in detail, since we are mainly
interested in the comparison of the results for optical surveys.

Kuiper et al. ( 1958 ) found from YMS that the CSD appears to consist of two
parts, separated by the asteroid size near 30 km in diameter. They suggested that
the discontinuities of the CSD possibly reflected the division of condensation by
accretion and fragments by collisional breakup. They also estimated that the
value of b is 2.4010.12 in the absolute photographic magnitude range of 6 to 11.
One can see that the value of b in YMS is consistent with the Dohnanyi model
(Figure1-1(a)).

Van Houten ez al. ( 1970 ) obtained from PLS that the 4 is equal to 1.75 in the
photographic magnitude up to about 20 ( Figure 1-1 (a ) ). Cellino ef al. ( 1991)
found from the IRAS data that the CSD of MBAs larger than 20—40 km in
diameter cannot be fit to a single power-law.

Jedicke & Metcalfe ( 1998 ) found that the variation of power-law index from
1.23 to 2.79 for MBAs larger than 2 km in diameter, depending upon locations in
the main-belt and the size. They stated that it is impossible to represent the CSD
of MBAs by a single power-law. Since they gave only differential size
distributions, we did not cite their figures. According to Jedicke & Metcalfe

( 1998 ), the power-law index varies over the H range of 8.0 to 17 for the whole
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main-belt region. Moreover the value of b seemed likely to vary greatly for H ~
13.

In SDSS ( Figure 1-1 ( b ) ), the power-law index is 3 for D > 5 km and 1.3
for D < 5 km, respectively. Ivezic et al. ( 2001 ) said that the number of smaller
asteroids extrapolated from previous studies using the data for D > 5 km was an
overestimate. That is, it seems that the small asteroids were not as plentiful as
had been expected from observations of larger ones. This result is consistent with

our result from SMBAS, as will be mentioned in Chapter 3.
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Figure 1-1 (a)
The CSDs for the Yerks-McDonald survey ( 1950 —1952 ) and the
Palomar-Leiden survey ( 1960s )
This figure was taken from Soberman ( 1971 ). The histograms are for YMS and PLS. For
comparison, distributions are shown also for power-law indexes of —3 ( Piotrowski 1953 ),

—2.5 (Dohnanyi, 1969 ), —2 ( Anders, 1965 ) ,and —1.75(PLS).
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Figure 1-1 (b)

The CSD of entire main-belt for the Sloan Digital Sky Survey ( 1998-2000 )
r*( 1,0 ) is “uncorrected” absolute magnitude, which is defined by r*( 1,0 )=r*—51log(R»),
where R is the heliocentric distance, p 1is the earth-asteroid distance, and p =—
cos( ¢ y+Hcos( ¢ )*R*—1]1"*, where ¢ is the phase angle. The symbols ( circles, likely C-type
asteroid ; triangles, likely S-type asteroids ) show the nonparametric estimates. The lines are

analytic fits to these estimates ( Ivezic et al,. 2001 ).

Next, we describe the spatial distribution of known MBAs. The data are taken
from September 2001 version of Lowell Observatory asteroid-orbit database

( ftp://ftp.lowell.edu/pub/elgb/astorb.html ). Their diameters were calculated

10



CHAPTER 1 INTRODUCTION

from H-mag by assuming appropriate albedos. In this paper, we define the region
within 2.0—3.5 AU as the main-belt. And also we define the asteroids which
have the as of this region as MBAs. We divided here known MBAs into four
groups with respect to the diameter as: D (km ) > 100, 10 <D <100, 1<D<
10,and D< 1.

Figure 1-2 ( a )—( ¢ ) show their q, I, and e distributions, respectively. From
Figure 1-2 ( a ), we see that the g-distribution is roughly uniform over the
main-belt except asteroids with D < 1 km ( namely sub-km asteroids ). We also
notice that the number of asteroids decreases rapidly in the locations
corresponding position to the Kirkwood gaps in every size region. There are
many sub-km MBAs in the inner main-belt. However, this is likely to be affected
by the observational bias rather than their intrinsic distribution, because of their
faintness.

Figure 1-2 ( b ) shows that the e-distribution of large MBAs has a peak near
0.2. On the other hand, the eccentricity range of sub-km MBAs is seen to be
wider than that of other MBA groups. Figure 2 ( ¢ ) shows that the inclination
range of MBAs is within ~ 50 degree.

11



CHAPTER 1 INTRODUATION

Main-belt asteroids
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Figure 1-2 (a)
The a-distribution for known MBAs.
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Figure 1-2 (b)
The e-distribution for known MBAs.
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MBAs
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Figure 1-2 (¢)
The /-distribution for known MBAs.
The size range indicated by each line is as follows : MBA1 : D (km )> 100 ; MBA2 : 10 <D

<100; MBA3:1<D<10;MBA4:D<1.

Now we discuss the spatial distribution of asteroids as far as beyond the orbit
of Jupiter, in the ( @, /) plane. This allows us to grasp the three-dimensional
spatial distribution of asteroids. The situation is indicated in Figure 1-3. The
swarm near 4 AU is the Hilda group, and that of near 5.2 AU is the Trojan group.
It is well known that the two dense groups with high [ near 2 AU are the groups
divided by three kinds of secular resonance and one mean motion resonance.
Though arguments about the resonance in the main-belt are important in the
orbital evolution of MBAs, we avoid here a detailed explanation about it because
it exceeds the scope of this thesis. One can see that the /-distribution of asteroids
in the inner-planet regions is extended up to / = 70°, and the orbital distribution
of such asteroids i1s almost uniform in the whole sky when viewed from the earth.
This 1s one reason why the systematic survey of NEAs is not easy.

It is likely that those distributions discussed above reflect more or less the true

13
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nature of special distributions of asteroids as a whole. But we must notice that the
Lowell Observatory database is a mixture taken from varied sources. Telescopes,
detectors, reduction procedure, and so on are all quite different. Those factors
introduce various observational biases ; in particular for sub-km MBAs which are
near the detection limit. This is just the reason why a systematic survey
observation is needed, in which we can detect many sub-km MBAs in a unified

and less-biased condition.

a-l

80 : ———

70

Incliration{de g

Semimapr axis(AL)

Figure 1-3
The ( a, 1) spatial distribution of asteroids within the orbit of Jupiter.

The data are from the Lowell Observatory asteroid-orbit database.

1.3 Size and Spatial distributions of known NEAs

Since it is generally believed that NEAs come from the main asteroid belt, it is

necessary to examine the distributions of NEAs as well, in relation to the Subaru

14
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survey of sub-km MBAs. Scientifically, orbital and taxonomic distributions of
NEAs are greatly meaningful for studies of the orbital evolution of MBAs, their
material property, and so on.

Socially, it is also important to study the size and spatial distributions of NEAs
in order to estimate an impact risk of dangerous asteroids that may bombard the
earth. For the purpose, Space Guard Project is underway.

NEAs are classified into three groups by their perihelion distances ( g ),
aphelion distances ( ) and semi-major axes ( a ) : Amors ( 1.017 <q ( AU ) <
1.3), Apollos, (a < 1.0 AU, g < 1.017 AU ) and Atens (a < 1.0 AU, 0 > 0.983
AU). Figure 1-4 shows their absolute magnitude distributions. Each group has a
peak of histogram near 19—20 mag, which is corresponding to sub-km in
diameter. Their size range just matches the size range that we would investigate
for MBAs. Their CSDs are indicated by curves of dots. The slopes of the CSD
for Amors, Apollos, and Atens are 1.60, 1.86, and 1.46, respectively. Their slopes
are roughly comparable with the value of PLS ( 1.75).

15
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Figure 1-4

The differential and cumulative absolute-magnitude distributions of NEAs.
The black, red, and blue lines for Amors, Apollos, and Atens, respectively. Their cumulative
H-distributions are indicated by dots. Diameters corresponding to the A are shown on the top
of figure. The data are from Lists of known NEOs of MPC ( Minor Planet Center ) :

http://cfa-www.harvard.edu/iau/NEOQ/ThenEOPage.html ).

From Figure 1-3, it seems that the orbital distribution of NEAs is almost
uniform in the whole sky with respect to a and I. So one may think that
a-distribution seems non-biased. However, when they are classified by the size,
one can see that there are many large NEAs near the inner main-belt and they are
not in the neighborhood of the earth. Small NEAs ( D < 1 km ) are distributed

uniformly from near-earth orbits to the inner main-belt ( see Figure 1-5 (a ). The

16
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classification of the size is the same as that for MBAs in the former section. ).
From the Figure 1-S ( a ), one can find that asteroids which are larger than 10 km
in diameter and have orbits similar to the earth’s orbit have been never
discovered so far.

Figure 1-5 ( b ) shows the e-distribution of NEAs. The e-range of NEAs with
D <10 km is spread up to 0.8. This trend is also seen for MBAs with D < 10 km
( see Figure 1-2 ( b)) ). The peak position of the e-distribution of NEAs shows a
slightly smaller value than that of MBAs of the same size region ( see Figure 1-2
(b) and 1-5 ( b ) ). Though it seems that NEAs are the asteroids that have been
thrown out the main-belt and the e of those asteroids should have undergone such
large orbital evolutions, it is interesting to note that the e of large NEAs is
smaller than that of large MBAs.

From Figure 1-5 ( ¢ ), it is seen that the I-distribution of small NEAs ( D <
lkm ) is analogous to that of MBAs for all size range. Namely, asteroids with
larger I is scarce. For large NEAs, it seems that there are ten times more asteroids
with 7 = 20° than asteroids with other /. These facts may express the
characteristics of orbit evolution of NEAs which are presumably originated from
the area of MBAs.

Although we believe that at least the overall characteristics of orbits and size
for NEAs explained so far are real, it is certain the well-known NEAs list of
MPC which we investigated here contains the observational bias as well as that
of well-known MBAs. In near future, the systematized survey by the Space

Guard Program may give an unbiased view of NEAs.

17
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Near earth asteroids
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Figure 1-5(a)
The a-distribution for known NEAs.
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Figure 1-5(b)
The e-distribution for known NEAs.
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NEAs
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Figure 1-5(c¢)

The /-distribution for known NEAs.
The size range indicated by each line is as follows : NEA1 : D (km )> 100; NEA2 : 10 <D<
100; NEA3 : 1<D <10; NEA4: D <.

1.4 Purposes of this study

As we mentioned before, the orbit distribution of asteroids has the size
dependence. All asteroids near the earth’s orbit are small-sized ones. As for the
observations made so far, the systematic observation of small asteroids has never
been done because of the limitation of the performance of the telescope. In
particular, the sub-km asteroids in the main-belt have never been investigated.

For these reasons, the purpose of this thesis study is focused on the systematic
investigations of the size and spatial distributions of sub-km MBAs. In particular,
we want to know how the size distributions of sub-km MBAs depend upon
locations in the main-belt. We are also interested in whether the /-distribution of
sub-km MBAs is different or not from that for large MBAs. With these results,

we expect that we can give a contribution for understanding the relation between

19
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sub-km MBAs and NEAs, and impact mechanism and collisional evolution of

small asteroids.

20



Chapter 2

Statistical method to derive size

and spatial distributions of sub-km
MBAs

Even if the motion of an asteroid was observed for only one night, the orbit
can be determined at least in principle from three measured positions. However,
the orbit determined with this method can include large errors. The International
Astronomical Union ( IAU ) has adopted currently the rule that if a new asteroid
was observed at more than three nights, the asteroid is given a temporary
designation. And then after more follow-up observations are made at a few other
oppositions, it acquires a permanent number when its orbit becomes definitely
reliable.

However, the above procedure is true only for bright asteroids that
medium-sized telescopes can observe. Practically, it is impossible to make
follow-up observations of faint asteroids discovered by the Subaru telescope or
with other 8 — 10 m class large telescopes, because of the severe restriction of the
allocated telescope times. So it is probably hard to determine the precise orbital
elements for those faint asteroids using traditional astrometric means.

Instead, we noticed that, for asteroids near the ecliptic and opposition, an
approximate semi-major axis ( @ ) and inclination ( / ) of a MBA can be

statistically estimated from its sky motion vector without follow-up observations
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( Nakamura, 1997, Yoshida and Nakamura, 1999a, 1999b, & H, 1999 ), thanks
to the special geometry in near-opposition observations. Moreover, if the as and
Is are calculated for many asteroids by the statistical method, we can estimate the
mean errors of the a and 7 for those asteroids. This approach is appropriate for
our purpose, since it is expected for us to detect a large number of sub-km MBAs
in SMBAS using the Subaru telescope ( Yoshida ez al., 2001b ). Similar methods
in order to estimate the orbits of asteroids were also adopted in the Spacewatch
survey and SDSS. We describe in this chapter a method of statistical estimates of

orbits and their errors of MBAs detected in our SMBAS.

2.1 Method for deriving their semi-major axis and
inclination from sky motion vector of each
asteroid

In the Subaru survey, the observed data in hand are only the apparent daily
motion and its position angle for each asteroid. Thus, we must infer some of
orbital elements of asteroids from those data only.

Figure 2-1 represents a correlation diagram between the as and the daily
motions for existing asteroids observed in a near-opposition window. Similarly,
Figure 2-2 shows a correlation between the /s and the position angles of their sky
motion vectors for the same asteroids. From these figures, it is understood that
approximate a and [ for each asteroid can be obtained from only its apparent sky
motion without making exact orbit determinations. However, for quantitative
analysis, we need a more refined mathematical procedure, because possible

correlations between a and / are not taken into account in Figure 2-1 and 2-2.
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Figure 2-1

a vs. daily motion correlation for known asteroids.
Calculations were made for an assumed opposition window ( 4° X5° : near the vernal
equinox ) on  September 23, 1999 for about 40,000  asteroids
( ftp://fip.lowell.edu/pub/elgb/astorb.html ) which were available as of September 1999. The

solid curve is for circular ecliptic orbits. This relationship means that the value of a can be

approximately determined from the observed daily motion of each asteroid.

In 1990, Bowell et al. proposed a method to derive approximate a and / from
the sky motion vector, based on geometrical and kinematical relations of the
two-body problem. They showed that if the eccentricity ( e ) of an asteroid’s orbit
is zero, its semi-major axis ( @’ ) and inclination ( /’ ) of the asteroid which are
near opposition on the ecliptic are represented by the next equations using the
apparent motion vector of the asteroid: ( Bowell et al., 1990, Nakamura &
Yoshida, 2001 ),
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Figure 2-2
I vs. position angle of motion correlation for known asteroids.
The data used are the same as in Figure 2-1. The solid line correspond to the motions whose
position angle motions are 180° * . Based on this relation, it is expected that the value of

can roughly be inferred from the observed position angle of each asteroid.

a'= %(y—2k}ti |K‘|) (2.1)
tan 1'=—V’|k— (22)
A+
a-1
y = 22 +ﬂ2 (23)
Kk =y’ —4kAy — 4k*B?, (2.4)

where A is the component in longitude of the motion vector, 3 is the latitude

component and k is Gauss constant. In Equation ( 2.1 ), the last term of the
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second member should be added if « <0 in Equation ( 2.4 ), and be subtracted
if k > 0. Note that these equations are valid only for near-opposition and
near-ecliptic observations. For convenience, we call Equations ( 2.1 )—( 2.4)
“Bowell’s equations” and use them throughout this paper. In order to distinguish
the semi-major axis and inclination calculated using the above equations from the
ones obtained by the traditional follow-up observations ( in other words, true
orbital elements ), we hereafter write the former as ¢’ and I’ and the latter as a

and 1.

2.2 The accuracy of a and I estimated from sky
motion vector of each asteroid

The most important point in applying Equations ( 2.1 )—( 2.4 ) to the Subaru
observations is to confirm whether the calculated a’ and I’ should have no
systematic deviations from the true a and / of each asteroid in a statistical sense ;
stochastic random deviations are out of our control. To check the above
systematic deviations, we made some Monte Carlo simulations as follows, rather
than using the data of existing asteroids. The reason why we had to perform the
simulation was that the number of actual asteroids in our specified window was
too small for statistical analysis, as seen in Figure 2-1, 2-2.

First, we generated many hypothetical asteroids with various orbital elements
with the Monte Carlo simulations and picked up 5,000 asteroids in our specified
window. The orbital element ranges of the generated asteroids and the assumed
observational windows are listed in Table 2-1. The sampled number 5,000 of
hypothetical asteroids and the observational window size in Table 2-1 may need
explanations. The window size is comparable with that for our SMBAS. As for
the sample number, the more the smaller random error we have ( the relative
error is 1 % for 10,000, for instance ). However, the available telescope time for

the Subaru is probably 3 —4 nights at most and an expected number of detectable
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sub-km MBAs per night was 1,000 — 1,500 from our past experience ( Yoshida et
al., 2001a ). So, the number 5,000 is a result of compromise between statistical
accuracy and available resources.

Next, we calculated their daily motions at opposition using a two-body
ephemeris generator. We then compared the a and [ for each hypothetical asteroid
with the a’ and [’ calculated from its motion vector. Here in the statistics we
removed unusual asteroids of about 1 % whose orbits became out of the asteroid
belt. Such a result seems to be an inevitable drawback of the estimation from
Bowell’s equations. However, this removal did not affect the statistical result,
because of the small number. Figure 2-3 shows the a and a’ calculated by above
simulation. From Figure 2-3 it seems that there is no systematic difference
between the a and the a’, though the scattering is roughly equal to 0.1 AU. Also
Figure 2-4 shows the / and I’ calculated by above simulation. From Figure 2-4,
one can see that the difference between the / and the I’ is considerably large,
especially for 7 > 10 deg. In Table 2-2 and 2-3, we listed more quantitative
results for the systematic difference between the true orbital elements and ones
calculated by Bowell’s equations which were shown in the Figure 2-3 and 2-4.

From these tables, we see that, if the systematic deviation in the a, that is,
mean ( a—a’ ) in Table 2-2 is corrected, we can estimate the a for individual
asteroids to the error level ( i.e., SD ) of 0.13 ~ 0.15 AU. Though such errors are
rather larger than the width of the Kirkwood gaps, they are enough for our survey
purpose because we are mainly interested in an overall structure of sub-km
MBA:s.

As for inclination, on the other hand, the estimations by Bowell’s equations are
not good. In particular, the errors for medium- and high-inclination orbits are
fairly large ( ~ 6 deg). This seems to be a drawback inherent to Bowell’s
equations, since Bowell et al. ( 1990 ) also reported a similar tendency.
Fortunately, however, the inclination errors do not affect the estimation of size
distribution for sub-km MBAs, in which we are most interested. Moreover, since

sub-km MBAs are distributed up to the inclination of ~ 30 deg ( see Chapter 3 ),
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with even an error of / ~ 6 deg, we will be able to grasp the global 3-dim

structure of the sub-km size region of the main-belt.

Table 2-1
The orbital-element ranges of the generated asteroids and the assumed
observational window.

a(AU) 2.75 + 0.75

1(deg) 15 + 15

e 02 = 0.2

Angular elements uniform over 0—360°
Observational window 2° X 2°

27



CHAPTER 2 STATISTICAL METHOD TO DERIVE SIZE AND SPATIAL
DISTRIBUTIONS OF SUB-KM MBAS

e T

rg 4 _,,pﬁ

3.5

Bowell's semi—-major axis (AU}

2 21 22 23 24 25 26 27 28 29 3 31 32 33 34 35

Generated semi~major axis (AU)

Figure 2-3
Generated a vs. Bowell's a’ plot.
The horizontal axis : the value of a generated in a computer run. The vertical axis: the value

of a’ from Bowell’s equations. The input parameters are from Table 2-1.

Table 2-2

Errors of semi-major axis obtained from Bowell’s orbit.

Zone range (AU ) mean( a—a’) SD(a—a’)
Inner-belt 20<a<2.6 0.075 0.14
Mid-belt 26<a<3.0 0.070 0.13
Outer-belt 3.0<a<3.5 0.083 0.15

SD : the standard deviation
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Figure 2-4

Generated / vs. Bowell's I’ plot.

The horizontal axis: the value of / generated in a computer run. The vertical axis: the value of

I' from Bowell’s equations. The input parameters are from Table 2-1.

Table 2-3

Errors of inclination obtained form Bowell’s orbit.

Zone range( deg ) mean( /—1") SD(I—1")
Low-incl. 0<I<10 0.27 1.5
Medium-inct. 10 <7<20 2.35 4.4
High-incl. 20<71<30 6.37 5.8

SD : the standard deviations
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2.3 Estimation of size distribution based on 4’ from sky
motion vector of each asteroid

We found out in Section 2.2 that the error of a’ estimated only from the
apparent sky motion vector is about 0.1 AU. Next, we must confirm how the
a-error affects the CSD of sub-km MBASs, which will be inferred from our
SMBAS.

2.3.1 Translation from a’ to absolute magnitude or size

In this sub-section, we calculated the H of each asteroid with a’ and I’
estimated from Bowell’s equations. If the albedo ( p ) of an asteroid is known or
assumed, its diameter ( D ) can be obtained from the equation ( Bowell et al.
1989 ) which is a modified version of the formula by Bowell and Lumme
(1979 ):

log D=3.1295—0.5logp—0.2 H. (2.5)
The H of an asteroid near opposition and near the ecliptic is given by
H=V—5logr(r—1)— 46V, (2.6)

where ¥ and § V stand for the apparent magnitude and light variation in V-band,
respectively, and r is the heliocentric distance. We need the heliocentric distance
r of this asteroid to calculate H-magnitude. But, because of r =a (1 —e?) /(1 +
e cos w ) near the ecliptic, its » can never been estimated without knowledge of
this asteroid’s e and o ( argument of perihelion ), whose determination is
impossible from only a few observations. For the known MBAs, we know that
their es are near zero and the values of the ® seem to be distributed uniformly.

Thus, by averaging r over various ecosw for many asteroids, the mean r is
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expected to near a. So we assumed here from the beginning that » ~a’(ore ~0)
for each asteroid. For this sample-averaging; the light variation (6 V' ) of
asteroids will also be averaged out, so that we put here 0 ¥ = 0 in applying the
Equation ( 2-6 ).

Since we cannot measure albedos of asteroids in SMBAS, we must assume a
certain albedo for detected MBAs in calculating the D based on the H for
individual asteroids.

It is well known that a cumulative number distribution for MBAs brighter than

magnitude H is expressed as
logN(<H) = C+ aH. (2.7)

where o and C are constants. The value of a corresponds to the slope for log
N vs. H plot. If we rewrite Equation ( 2.7 ) with the help of Equation ( 2.5), the
result is equal to the Equation ( 1.1 ). The power-law index ( b ) in Equation
( 1.1 ), which corresponds to the slope for log N vs. log D plot, is connected to
a byb=5ca.

2.3.2 Error estimation of the slope of the CSD obtained from
the @’

Using the semi-major axis ( a’ ) calculated from the motion vector of
hypothetical asteroids obtained from a few nights observations, Nakamura &
Yoshida ( 2001 ) obtained the CSD for the population of the asteroids and
evaluated its relating error. In this sub-section, their evaluation process is
reviewed shortly.

As mentioned above, the a’ and I’ obtained from a few nights observations
contain the uncertainty of both e and « for individual asteroids. So we
examined how this uncertainty will influence the power-law index b. This is

needed for the estimate of the error in the b that we get from the SMBAS
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observations. We performed the following simulation and compared the original
slope of the CSD with the slope estimated from a’.

The step-by-step procedure was:

1. Generate likely orbit distributions of asteroids with Monte Carlo simulations.
The produced parent populations have various a, I, and e within the ranges
designated in Table 2-4. Since we have no information at all on the orbital
distribution for the sub-km MBAs, we assumed, as commented at the
footnote of Table 2-4, that the orbital distributions for sub-km MBAs are
similar to those for currently known MBAs. The slope of CSD for generated
population is taken to be equal to 1.75, which is the value from PLS.

2. Pick up 5,000 asteroids in an observational window assumed ( 4° X5° ),
for each distribution in table 2-4. Because a very long computation time
was required for a narrow window, we had to take this observational
window which is larger than that for SMBAS ( about2° x2° ) .

Generally, since a larger observational window includes asteroids that
have more various orbits, the values of the SD (a—a’) and the SD ( I—1")
in the table 2-2 and 2-3 become larger than ones for a narrower window.
Thus we expect that the result from SMBAS will give a better agreement
between the original slope and the one obtained from Bowell’s equations
than the results from this simulation, because a narrower window reduces
the fraction of the orbits with unusual @’ and /°.

The reason that we pick up 5,000 asteroids is same as that mentioned in

the simulation of Section 2.2

3. Calculate apparent motion velocities in longitude and in latitude, with a

two-body ephemeris generator, for each picked-up asteroid.

4. Calculate a’ and I’ of each asteroid using Bowell’s equations ( 2.1 )—(2.4)
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from its apparent motion vector.

5. Assume that » = a’, and calculate the H’ of the asteroid with Equation

(2.6)

6. Assume typical albedo among known MBAs because we also have no
information at all on the albedos for the sub-km MBAsS, translate the H’ to D
of the asteroid with Equation ( 2.5).

7. Produce the size distribution from various Ds of picked 5,000 asteroids for
every population and get the slope ( 5’ ) of the cumulative size distribution
by a least squares method.

8. Compare the original slope ( b ) of the generated population with the b’

estimated from a’.

Figure 2-5 (a )—( ¢ ) show logN vs. H plot for the three cases ( A, B and C in
Table 2-4 ) with b = 1.75. N is the cumulative number of asteroids as a function
of their H. In Figure 2-5 ( a )—( ¢ ), straight lines stand for the slope for a=
035 ( 5 = 1.75 ). Open circles show the original cumulative H-distribution
generated as input data. We regard this distribution as the true CSD of sub-km
MBA:s. Filled circles represent the cumulative H-distribution obtained from a’
calculated using Bowell’s equations for the asteroids that lie within the
observational window. What we obtain from our SMBAS is this distribution. The
open circles and filled circles are linearly fitted by a least squares method,
respectively.

One can see from Figure 2-5 ( a )—( ¢ ) that agreement between the input
H-distribution and the one obtained from Bowell’s equations is fairly good for all
of the three model populations for hypothetical sub-km MBAs. The obtained b’s

for each case are listed in Table 2-5, along with « ’s. The original slopes « (G)
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in Table 2-5 were not exactly equal to 0.35, due to the statistics of a finite sample
number ( 5,000 ). If we could do simulations without computer limitations, «
(G) should tend to 0.35.

Table 2-4
Orbital-element ranges for three model populations of sub-km MBAs
case-A case-B case-C
a(AU) 2.6=%05 2.7£0.6 2606
I(deg) 1010 15+15 7.5%5
e 0.2%0.1 0.2£0.2 0.175%£0.08

A : most similar to the orbital distribution of currently known MBAs.
B : slightly wider in range than the orbital distribution of currently known MBAs.

C : corresponds to the FWHM of the orbital distribution for currently known MBAs.

Table 2-5
Generated and Bowell’s slopes for three model population of sub-km MBAs.
case-A case-B case-C
a (G) 0.335 0.352 0.352
a '(B) 0.343 0.329 0.349
b(G) 1.675 1.760 1.760
b’(G) 1.715 1.645 1.745
Ab=b—b’ —0.040 0.115 0.015
Apb—<KLAb> —0.070 0.085 —0.015

a (G) : the H-slope for open circles, « ’(B): the one for filled circles.

< Ab> represents the mean of A b, namely 0.030.
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Figure2-5(a)
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Figure 2-5(b)
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Figure 2-5(¢)

Comparison of simulation-generated H-distributions with those estimated by

Bowell’s equations.
The former and the latter distributions are expressed by open and filled circle, respectively. A
straight line in each graph shows the slope of o =0.35. Figure 2-5 (a )—( ¢ ) correspond to
case-A—C in Table 2-4.

In the previous discussion, we assumed the slope of the CSD for the original
populations is a= 0.35 ( b = 1.75 ). However, in the actual SMBAS, we do not
know the true b of the CSD for sub-km MBAs. What we have from the SMBAS
observations is only the b’ estimated from Bowell’s equations. Therefore, we
must investigate here by simulations like Figure 2-5 (a2 )—( ¢ ) how the b’ is
related to the b, for a wide range of observed b’. So, we determined the
correction value for the b’ by calculating the difference between b’ and b for
various model populations.

We adopted here the nine kinds of b = 1.0, 1.5, 1.6, 1.7, 1.75, 1.8, 1.9, 2.0 and
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2.5, for each original orbital distribution shown Table 2-4. Therefore, we made
27 orbital distributions in total. Figure 2-6 shows the correction values calculated
for each parent orbital distribution with the various b’s. For the data points on
this graph, we draw a straight line coming as close as possible to all the data
points in a least-squares sense. The error bars for each data point correspond to
the standard deviation of the b’ (error bar of x-component) and that of the b —b’
(error bar of y-component). Both of which were derived from the variation for
the three parent orbital distributions. Note that the errors of all the correction
values are less than £0.1 in all cases. This means that if there is a difference of
slope larger than 0.1 between the size distribution for sub-km MBAs and that for
km-sized MBAs, the statistical method mentioned above can easily distinguish
the difference. When the correction value » —b"’ is applied to the CSD derived
from observed a’s, we will obtain the true CSD of the sub-km MBAs.

A simplified analysis of only several tens of sub-km MBAs observed with the
Subaru on June 12, 2000 suggests that the CSD for sub-km MBAs is likely to be
appreciably different from that for larger ones ( Yoshida et al. 2001a ). This result
is encouraging, since it implies that even if that the method developed in this
chapter has an error of ~ 0.1 in the estimate of the CSD slope, our method still

gives a sufficiently meaningful result.
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Figure 2-6
Correction to be applied to the slope ( 5 ) calculated by Bowell’s equation, as a
function of .

The straight line is a least-squares-fitted curve to each data point. The error bars for each data

point correspond to the standard deviation arising from variations among the three cases in

Table 2-4.
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Chapter 3

Survey Observations and Results

In this chapter, we describe the two systematic survey observations of sub-km
MBAs which we conducted using the Subaru telescope for exploring their size
and spatial distribution. The first preliminary survey has a small sample number,
because the survey was a part of the test runs for the camera performance and did
not satisfy the observational conditions which we would intend as described in
Section 3.1. The second main survey which we call SMBAS has enough number
of sub-km MBAs as described in Section 3.2. The size distributions for sub-km

MBAs obtained from both surveys showed the same trend.

3.1 Preliminary survey

We report here first observations of sub-km MBAs obtained with the
prime-focus mosaic CCD camera for the Subaru telescope. We have detected 27
moving objects in a single image of the sky ( field of view : 27° X 27°), whose
location was 41° off opposition. From their positions and projected motions on
the sky, all the detected objects were found to be new and consistent with the
characteristics of MBAs. The V-magnitudes of the discovered asteroids range
approximately from 19 to 24. Under some simple but reasonable assumptions, we
estimated the CSD for the asteroids. This is a report on the first attempt to obtain
the CSD of sub-km MBAs ( the minimum diameter corresponds to about 0.6
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km ) by a statistical analysis of their Subaru images. In the following, we
describe the image reduction method, the resulting CSD, a preliminary
comparison of it with the CSD for asteroids larger than a few kilometers deduced
from the past survey observations, and discuss implications for our obtained
CSD.

3.1.1 Observations and data reduction

Observations were made at 14" 26™ UT of June 12, 2000 at the prime focus of
the 8.2m Subaru telescope atop Mauna Kea, Hawaii. We used the wide-field
mosaic camera called the Subaru Prime-Focus Camera ( Suprime-Cam )
( Komiyama et al., 2000 ), which covers the field of view of 27° X 27’ at the
prime focus ( F/1.9 ) with eight chips ( 2048 X 4096 pixels each, the pixel size
1s 0.2” ). The narrow gaps exist between the exposure areas, namely eight chips.
Each CCD has an overscan region.

Since our observations were performed as a part of a Suprime-Cam testing run,
we could not help pointing the telescope to the sky with the elongation angle
( Sun-Earth-object angle ) of 139° off opposition ( RA = 20" 10.0™ and Dec =
—16° 45’) near the ecliptic plane, to avoid both the moon and the Milky Way.
The exposure time was 5 min with V-filter. We took two images of the same field
in succession with a time interval of 9 min, to detect moving objects. The mean
seeing sizes for the two images were 0.8 and 0.9”, respectively.

Image reduction was carried out using IRAF on a chip-by-chip basis. First, the
overscan region was trimmed, and then an average dark level corresponding to
each chip was subtracted. In order to correct the difference in pixel sensitivity,
the flat-field calibration must be done. For this purpose, we took several images
of the twilight sky with the field-center offset slightly each other. And from them
a median flat-field image was constructed, with which each observed image was
divided. Finally, a cosmic-ray removal procedure was applied for each chip.

Because of the short exposure time and the not-so-good seeing, asteroids could
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not be identified in a single image. So, we subtracted the second image from the
first one, in an attempt to easily recognize moving objects. Figure 3-1 shows a
part of the differenced image, where one can see moving objects as pairs of
separated black-and-white dots. By careful eye-inspection of segmented and
enlarged images, we could eventually detect 27 moving objects in total over all

the eight chips.

Figure 3-1

Two detected asteroids from Subaru Suprime-cam observations.
Moving objects appear as pairs of black-and-whites dots, since the second image was
subtracted from the first one. A black rim attached to each star was caused by the telescope
guiding error and the change of the seeing during the two exposures. The field-of-view of this

figure i1s 2.5 X 2.5°.
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3.1.2 Daily motion and photometry

To estimate daily motions of the detected moving objects, we picked up from
each chip about 10 stars that have entry in the USNO-A2 catalog
( http://tdc-www.harvard.edu/software/catalogs/ua2.html ). The positional
measurements of those stars were made with the APPHOT task in IRAF. The
position for each moving object was also measured relative to the catalog stars
for both the first image and the second one, and the apparent velocity for the
object was calculated. The centroiding error of each object was much smaller
than the seeing size.

We made a simulation using a two-body ephemeris generator, to deduce a
statistical relation between the semi-major axis ( a ) of asteroids and their
apparent daily motions in the position of this observational window. It was found
that the motions of all the detected moving objects were consistent with those for
MBAs, though it was difficult to surely distinguish MBAs from NEAs. However,
considering that the number of discovered yet MBAs ( approximately one
hundred thousand ) is almost a hundred times larger than the total number of
other small bodies including NEAs ( nearly a thousand )

( http://cfa-www.harvard.edu/iauw/lists/Unusual.html ), it is very unlikely that our

detected moving objects include considerable number of objects other than
MBAs by chance. In fact, given an expected number of non-MBA objects in our
observations ( ~ 27 / 100 = 0.27 ), the Poisson statistics teaches us that
probabilities for our result to include one or two of non-MBAs by chance
respectively are 0.20 or 0.03. This means that 27 objects detected in this
observation are substantially all MBAs. We have also confirmed that those
moving objects are all new by referring to the asteroid database of the CBAT’s
Miner Planet Service.

Then, we describe here photometric reduction of our observations. Again
APPHOT in IRAF was used to do aperture photometric measurements. For some

reasons, we needed to follow the reduction procedures mentioned below. First,
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we could not have chances to observe photometric standard stars separately but
instead had to use background stars in the asteroid images for photometric
calibration, because the observations were performed as a part of a Suprime-Cam
test run. For the magnitude range of the detected asteroids ( ¥ ~ 19 —24 mag ),
the only available star catalog was USNO-A2. Moreover, this catalog gives B-
and R-magnitudes only, whereas our observations were made with V-band.
Because of this band mismatch, we assumed, as an inevitable compromise, an
average ( ¥—R ) for the background stars, whose average value was derived
from populations of stars with known spectral types. Namely, we adopted an
averaged value ( ¥—R ) ~ + 0.37, which was calculated from the color frequency
distribution for photometric standard stars observed over the whole sky ( Landolt,
1983, Mermilliod & Mermilliod, 1994 ). By applying this color correction, we
suppose that the observed V-mag for each asteroid can be tied to the R-mag of
USNO-A2 catalog at least approximately. In this way, the magnitudes of the
detected asteroids were found to range from 18.8 through 23.8 in V-band ( see
Table 3-1 ). It is inferred that thus obtained V-magnitudes of the asteroids can
bear an error (o .) of ~ 0.27, which is the standard deviation of ( ¥—R ) s for
various spectral types from the above mean ( ¥—R ). In addition, the USNO-A2
catalog notifies us that each catalog star has a magnitude error (o ,, ) of 0.25 on
the average.

Next, we make estimation of absolute magnitudes ( H ) or equivalently the
sizes for the observed asteroids. In order to calculate H-mag of an asteroid, we
need to know its distances, since H-mag and the apparent V-mag are connected

by the relation ( Ephemerides of Minor Planets for 2001 ) :

H=V — Slog( A -7) —p(a)— 29V, (3.1)

where A and r stand for the geocentric and heliocentric distances ( in AU )
respectively, p ( a« ) is the phase function ( « : phase angle, namely

Earth-asteroid-Sun angle ), and ¢ V is the light variation.
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To calculate » or A, we must know the semi-major axis ( g ) and eccentricity
( e ) of each asteroid. However, it is surely impossible to obtain e from such a
short time arc as in this observation. As mentioned in Chapter 2, the a can be
estimated with an error of ~ 0.1 AU from the apparent daily motions, if asteroids
are near opposition ( Nakamura and Yoshida 2001 ). It also mentioned there that
the slope of the CSD can be determined with an error of 0.1 or so through
extensive model calculations under the assumption of e = 0 ( or » = a ) for all the
asteroids. Hence, the assumption of » = @ was also taken in this work. Practically,
we hypothesized here as if all the detected asteroids were located in the middle of
the main-belt ( ~ 2.7 AU ). This is because, for our observations ( 41° off
opposition ), the correlation between the daily motion and a was not so good as
near opposition. How this seemingly crude assumption placed here on the a of

the observed asteroids affects the resulting CSD will be discussed later.

3.1.3 Results

Table 3-1 summarizes the measured daily motions, V-magnitudes and
H-magnitudes of the 27 asteroids. In conversion of V-mag to H-mag using the
Equation ( 3.1 ), we adopted the phase function ( with « = 14° for the
observation date ) corresponding to the photometric slope parameter G = 0.15,
which is the widely used value for the majority of asteroids ( Ephemerides of
Minor Planets for 2001 ). From these H-magnitudes, one can calculate the
corresponding diameters by assuming an appropriate albedo. Before doing this,
however, let us estimate the overall error ( ¢ ) contained in the H-magnitude.
The o consists of several component errors discussed in the previous Section
3.1.2 and other components, and the error breakdown will be expressed by the
equation:

62= 6+ ol+ o0+ ol (3.2)
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Table 3-1

Summary of asteroids detected in this observation.

Asteroid chip Apparent Absolute
number No. Apparent motion magnitude magnitude
(arcmin/day) (mag) (mag)
1 2 5.93 23.13 18.86
2 2 9.21 21.40 17.13
3 3 (7.0 (23.5) (19.2)
4 3 7.03 22.96 18.69
5 3 3.15 20.84 16.57
6 3 3.66 19.02 14,75
7 3 4.51 22.64 18.37
8 3 6.55 23.19 18.92
9 4 5.38 22.24 17.97
10 4 3.38 21.98 17.71
1 4 (5.5) 22.75 18.48
12 4 (6.8) (24.0) 19.7)
13 5 4.86 19.30 15.03
14 5 7.18 23.06 18.79
15 5 6.10 22.27 18.00
16 5 6.04 19.76 15.49
17 5 1.29 21.08 16.81
18 6 7.08 23.80 19.53
19 7 7.86 23.37 19.10
20 7 4.60 19.38 15.11
21 7 8.05 20.74 16.47
22 8 6.11 23.69 19.42
23 8 4.64 18.77 14.50
24 8 5.55 21.91 17.64
25 8 (6.2) 21.98 17.11
26 8 (3.6) 18.95 14.68
27 8 6.75 20.72 16.45

Note. The values in parentheses are low-accuracy data.
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where o , is the error caused by the assumptions that a = 2.7 AU and e = 0 for
all the observed asteroids. We found out o, ~ 0.63 by an orbital simulation as
mentioned in Section 2.2 for an ensemble of the MBAs with realistic ranges of a
and e. As for the light vanation error ( ¢ , ) caused by the rotation of asteroids,
nothing can be known for our asteroids since the observation time was only 10
minutes. Therefore, we inferred it by regarding as o, a mode value for the
distribution of the peak-to-bottom light variation amplitude of asteroids ( & H,
1999, Ephemerides of Minor Planets for 1998 ). The resulting o , 1s 0.25.

Since other errors like o . and o ,, have already been estimated in Section
3.1.2, we can obtain the & from Equation ( 3.1 ) as ( 0.63% + 0.27% + 0.25° +
0.25%) '# = 0.77. 1t is noted that the value is for a single asteroid. If there are n
asteroids in a H-bin of Figure 3-2, the error for this bin should be ¢ i n.

Figure 3-2 shows the differential ( white-box histogram ) and cumulative
( black and white dots ) H-mag distributions, drawn based on Table 3-1. The two
asteroids whose measured magnitudes are fairly uncertain because of partial
overlapping with stars in the asteroid of Table 3-1 are omitted in Figure 3-2. The
error bar attached to each dot is o /Y n for the above & = 0.77. The diameter
( D) scale in the upper abscissa was calculated from the lower H-mag scale for
the averaged albedo of C- and S-type asteroids, that is, using an empirical
formula log D = 3.65—0.2 H. One can see from the formula that the faintest
asteroid in Table 3-1 corresponds to the diameter of about 550 m.

Next, we will examine the slope of the cumulative size distribution in Figure
3-2. Near the limiting magnitude, it is possible that some fraction of very faint
asteroids escaped visual detection. To take into account this possible detection
failure, a straight line slope was fitted by a least-squares method only for the
asteroids indicated by filled ( black ) dots, which are at least 1.5 magnitude
brighter than the detectable magnitude. The slope of the fitted line was then
found to be 1.0.

Although the least-squares fitting error for the slope was calculated to be 0.1,

this value should be taken as a formal error rather than a practical one, since the
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H-mag error attached to each data point in Figure 3-2 is as large as 0.40—0.77 as
a result from the assumption that all asteroids have a = 2.7 ( AU ). Hence, in
order to estimate the realistic error of the slope, we produced in a computer a
hundred sets of synthetic data points by generating random values that obey a
Gaussian distribution with the standard deviation of 6 // n , and with them a
hundred slopes were calculated. The mean deviation of these slopes from 1.0 was
about 0.3. We consider, therefore, this value as a realistic error for our observed
slope. Then the slope of CSD for MBAs from this observation is 1.0£0.3.

The dashed line in Figure 3-2 represents the slope ( ~ 1.75 ) estimated from
the Palomar-Leiden ( Van Houten et al., 1970 ) and Spacewatch ( Jedicke and
Metcalfe 1998 ) surveys, which covered the size range of D > a few kilometers.
As this line is intended to only show their slopes for comparison, the zero point is
arbitrary. One can see from Figure 3-2 that our slope for the size range of 6—1
km is much gentler than the Palomar-Leiden and Spacewatch slope. This
suggests that, for a specified size range, the sky number density of sub-km MBAs

is fairly more depleted than that extrapolated from the slope of the past surveys.
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Figure 3-2 The differential ( white-box histogram ) and cumulative ( black and
white dots ) H-mag distributions for our observed asteroids.
The diameter ( logarithmic ) scale in the upper abscissa is calculated from an empirical
relation: log D = 3.65—0.2 H. The solid line is least-squares-fitted to the black-dot points. As
for the error bars, see text. The dashed line is drawn only to represent the slope for the past

systematic surveys ( the Palomar-Leiden and Spacewatch ).
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3.2 Sub-km Main-belt Asteroids Survey ( SMBAS )
3.2.1 Description of SMBAS

To confirm the results of the preliminary survey mentioned in Section 3.1, the
second observations were carried out on February 21 and 24, 2001 by the same
instruments as in the preliminary observation. This survey is our main survey :
Sub-km Main-belt Asteroids Survey ( SUBAS ). By this time, the Suprime-Cam
has been improved, the number of CCD chips increased from eight to ten, and a
field of view could cover the sky area of 34° x 27°. The ten CCD chips are
arranged as in Figure 3-3. The lower-left CCD did not work in our observations.
So we actually used nine CCD chips.

A large number of MBAs stay near the ecliptic plane and each asteroid is
brightest near opposition because of the short distance between the earth and the
asteroid. For these reasons, we pointed the telescope to near opposition with an
elongation angle ( Sun--Earth--object angle ) of ~180° near the ecliptic plane. We
selected seven observational fields shown in Table 3-2 on Feb. 21. Figure 3-4
shows our observational fields including the ecliptic, which they are near the
base of the forefeet of the lion in the Leonis constellation. We observed the same
seven fields also on Feb. 24. The total survey sky area is about 3.26 deg®. The
R-band filter was used with 7 min exposure. The seeing size was ~ 0.8 —1.0
arcsec on Feb. 21 and ~ 0.7—0.9 arcsec on Feb. 24. We performed two
observational modes : 1 ) Wide Field ( WF ) survey mode and 2 ) Deep Field
( DF ) survey mode. In WF survey, we selected five observational fields shown in
Table 3-2 and in Figure 3-4. We took three images of the same field with a time
interval of about 55 min. In DF survey, two fields shown in Table 3-2 and in
Figure 3-4 were also selected, and eleven images of the same field were taken
every 11 min in succession including the read out time of about 4 min. We also
observed six photometric standard stars ( see Table 3-3 ). The size of an image

file is about 160 MB. So the total file size that we obtained is 23518.44 MB.
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y
X
188 2046 2046 1972 2046 188
*0.fits *1.fits *5.fits *4 fits *9 fits g
MIT SITe SITe MIT ~
*7 fits *2 fits *3.fits *8.fits g
MIT SiTe SITe MIT ~
1 1959 2046 175 2046 175 2046 1 1959 2046

Figure 3-3

The CCD array of Suprime-Cam.
The MIT and SITe devices are used in mixture. The yellow region of each CCD is the
overscan region. The top or bottom and right-hand numbers which attached to each CCD

show effective areas. The leftmost CCD of the bottom was not available.
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WF Survey 1 -~ '

"DF Survey 1 .

ecriptic

. WF Survey3

WF Survey5 ; . WF Survey4

Figure 3-4
SMBAS observational fields and the ecliptic plane.
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Table 3-2

The center coordinates ( J2000.0 ) of the observational fields.

DEC. +09:52:00
DEC. +09:23:00
DEC. +09:23:00
DEC. +10:21:01

WF Surveyl RA.10:18:00 DEC. +10:23:00
WF Survey2 RA.10:20:00 DEC. +10:21:00
WF Survey3  RA.10:21:25
WF Survey4  RA.10:20:50
WF Survey5  RA.10:22:50
DF Surveyl RA.10:22:00
DF Survey2 RA.10:23:05

DEC. +10:50:00

Table 3-3
Photometric standard stars ( Landolt ).
Name RA. DEC. Vmag V-R

SA97 224 5:58:44 -00:05:13 14.085 0.553
RU 152B 7:29:56 -02:05:39 15.019 0.29
PG0918+029A 9:21:35 +02:46:20 14.49 0.325
PG1528+062A 15:30:49 +06:01:24 15.553 0.433
SA104 338 12:42:31 - 00:38:32 16.059 0.348
PG1047+003B 10:50:09 -00:02:00 14.751 0.391

3.2.2 Data reduction

Obtained images were divided into the three kinds of frames as follows: bias
frames, sky-flat frames and object frames. A frame includes nine CCD-chip
images taken during one exposure. Image reduction was carried out on a

CCD-by-CCD basis in a standard method using NOAO IRAF, which we mention

in the next section.
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3.2.2 (a) Procedure of the standard image reduction

Here is the step-by-step reduction procedure:

1. The average value of the overscan region for each CCD was first subtracted

from each CCD image.

2. The overscan region was trimmed and then the image which consists only of
the effective area was made. The information of the area had been written in

the image’s header.

The first and second operations can be performed at the same time by using

IRAF —noao —imred —bias —colbias ( see Figure 3-5).

3. In order to correct two-dimensional bias pattern of each CCD, the bias image
was subtracted from each CCD image. The bias image was made by

averaging two raw bias frames which ware taken every night.

This operation is effective to reduce the deviations ( o ) of the sky.

4. In order to flatten any difference in pixel sensitivity within a CCD, a flat-field
calibration must be done. For that purpose, we took several images of the
twilight sky with the field-center offset slightly from each other. Then, a
median flat-field image was constructed from them, by which each CCD

image was divided.
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£ Color xtenn

Figure 3-5

IRAF window: noao — imred — bias — colbias.

3.2.2 ( b ) Detection of moving objects

After we finished the above procedure for all the object frames, as the fifth
operation, we finally subtracted the first image from the second one, and added it
to the third image, in order to recognize easily moving objects in the WF survey.
When multiple images are combined, their sky levels were adjusted to a certain
level. This operation increases the dispersion of the sky level to some extent, if
the number of combined images is small. However, the easy detectability of
asteroids shown as trains of black and white dots is much more advantageous
than some degradation of S/N. We also performed similar operations for sets of
11 images taken in the DF survey.

Figure 3-6 shows an example image for which the above operations were
applied to a series of images obtained from the WF survey. One can see moving
objects as trains of separated black-white-black dots. Figure 3-7 shows one
image for which the above operations were similarly performed for a series of
images of the same CCD chip in the DF survey. One can see moving objects as a
sequence of black-white-black-- -+ dots.

This black-and-white image technique bears some other advantages as well.
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Figure 3-6

The moving objects detected on the one CCD images in the WF survey.
Some trains of black-and-white dots as asteroid images are marked by red lines for clarity.
Fifteen moving objects are detected in this image altogether. Black-white-black dots appear
fairly separated because of long exposure intervals ( about 55 min. ). Field stars and galaxies
appear as slightly shifted black-white-black dots, due to the telescope guiding error during the
three exposures. Up is north and left is east in this image. All moving objects moved from left

side to right side ( due to retrograde motions near opposition ).
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Figure 3-7

The moving objects detected on the one CCD images in the DF survey.
Twenty-three detected moving objects are included in this image. They appear as black-white
straight bars because of short exposure intervals ( about 11 min. ). Field stars and galaxies
appear as black images. Up is north and left is east in this image. All moving objects moved

from left side to right side ( due to retrograde motions near opposition ).
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This enables us to easily identify moving objects as a time sequence. For
example, in the WF survey, as for white moving objects, we can surely confirm
that the white dot corresponds to the image taken at the second exposure. It may
also help us judge whether one elongated object is either a moving object or a
galaxy. Because all galaxies are always seen as black images, we can confidently
regard all white images as moving objects. This technique is also useful to
confirm that a moving object is the same one even on the neighboring CCD

chips.

3.2.2 (¢ ) Number of detected moving objects

We checked by a careful eye-inspection all of the magnified images that
finished the operations mentioned in Section 3.2.2 (a ) and ( b ), and then we
detected 1,194 moving objects ( see Table 3-4 ). Then, after removing the same
moving objects that strode over neighboring CCDs, we eventually detected 1,111

moving objects.
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Table 3-4
Summary of the numbers of detected moving objects.
Date: 21 February, 2001

— — — —

Froid UT  |Armess] RA DEC r -
| — ‘M (3 14 1617 (619 |
WF Survey 1 | B84213| 1.704] 10:18:00[+1023:0001 | 3 |16 |8 |7 |7 |6 | (137 [ 73

7-z7m| 1326
8:3303) 1.135
WF Survey2 | 8:53:18] 1.622[ 10:20:00[+10:21:00.00 |10 (13 |0 |8 |13 | 4 |15 [5 | 7 | 04
74843 1280
84747| 1107 | |
[WF Survey 3| 7:0423]  1.88| 10:21:26|+09:6200.17 11 |7 | 7 |8 12| B [ ® |11 0 | 80
75048 126
85853  1.00
WF Survey 4 | 7:1628| 1.473| 10:00:60/+08250033 | 9 |9 |8 |6 |9 |8 | 6 |10 9 | 71
s1053 1211
909:58( 1074
[WF Survey 8 | 72633 1.417] 1022560[+00:2300.04 [14 [® | 7 [8 |6 |0 |10 [12[| 8 | 63
e2158) 1183
e2103| 108

Deop Survey 1 | B:57:21| 1.022] 10:2200[+10:21:0115 |10 | B |3 (4 |8 |8 |4 |3 |9 | S8

[Deep Survey 2
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Date: 24 February, 2001

Fleld UT [Airmass| RA DEC Detected number -
] oI T2IsTals[7[8]9 [Totsl
[WF Survey 1 6:25:35( 1.752] 10:18:00(+10:225999 [ 8 |8 [14 |6 (11 |14 (10 |7 |11 | 68
N0 135
8:1628) 1.147
(WF Survey 2 6:30:41| 1.084| 10:20:001+10:210034 | @ |ID |8 | B |7 | B |10 |4 |11 | 77
73208 1.307
82733| 1.125 _
Survey 3 wm—'l—"—l.m 102125[+0%6200.30 |12 |6 |11 |9 |16 (16| 8 |9 |10 | 92
743:11] 1.269
8:38:38| 1.108
Suvey 4 0:58:51 I.SOSI 10:20:50{+08:220081 |16 |8 |8 | B |5 |16 |11 |8 | 8 | 84
754:17] 1.228
84043 1088] _
[WF Survey 6 700:56] 1.446] 102250]{+08:230039 | 4 |12 |7 |8 |7 |8 |10 |12 16 | 83
80522| 1197 F
90048| 1074
|Dosp Survey 1 | &:11:53] 1.052] 102200[+10:21:00.50 |14 |15 | 7 |11 |14 |15 |23 |12 ]| 17 | 128
92268  1.04
03403 1.3
94508 1022
858:13] 1017
1007:18| 1.014
10:18:23| 1.014
102928 1016
10:4033] 1.019|
105138( 1.028
i 11:0243] 1034 | _
Deop Survey 2 | 112747 1,08| 102306|+10:6000.31 | 16 [ 11 |10 |16 |16 |11 |14 |14 | 12 | 118
1138483 1477
114960 1,097
1201:04 112
121200 1.148
12918 177
123420 1211
124528| 1.251
126631 1.208
130738] 1.8
131041] 1407
870
1194 |
3.2.3 Photometry

3.2.3 (a ) Measurement of brightness

We carried out aperture photometric measurements for detected moving
objects and the other objects ( stars or galaxies ) listed in the USNO-A2
catalogue on the same image, by using IRAF —apphot ( see Figure 3-8 ). Next

we added the following corrections to the measured brightness of the moving
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objects:
(1) The correction of difference in sensitivity between CCDs
( about this, we will mention in the Section 3.2.3 (b ).)
(2) The correction of atmospheric extinction arising from the variation of airmass
( about this, we will mention in the Section 3.2.3 (¢ ). )

We found that a large number of moving objects detected in the DF survey
showed appreciable light variations over 11 exposures ( for about two hours ),
probably caused by rotations of asteroids. Thus we regarded here the averaged
value of light variation over 11 exposured as the apparent magnitude for each

object.

2. Calor xterm

interacki.
mode

x Yy wcsl key [emd
p [x y wesl key [omd]

- = apphat
= datapars

1k =
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8. Calor xterm

EReg For

2. Caolor xterm

Figure 3-8
The parameters used in IRAF —apphot.
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3.2.3 (b ) Correction of sensitivity among nine CCD chips

In a mosaic CCD camera, each CCD has a slightly different sensitivity when
compared with its neighbors. In order to flatten the relative response for each

CCD to the incoming radiation, we need to perform the following calibrations:

1. We measure the mean value of a sky background area ( e.g., 10X 10 pixel® )
where there is no star in the object frame. We compare the average signal
values of several measured areas for one CCD with those in other CCDs ( see

the second column in table 3-5).

2. Practically, we calibrate the sensitivity of each CCD with respect to the
No.2-CCD, for which images of the standard stars were taken ( see the third

column in table 3-5).

3. The difference of sensitivity for each CCD was translated into the difference of

magnitude ( see the fourth column in table 3-5).

4. After considering the difference of magnitude for each CCD, we can get the

corrected magnitudes of moving objects.
3.2.3 ( ¢ ) Correction of airmass

We observed several Landolt standard stars at some different airmasses and
then measured their brightness using the IRAF—apphot ( Landolt, 1992, see
Table 3-3 ) . Figure 3-9 shows an example of extinction for 24 February
observations. From this figure, we got a correction of 2.8726 mag, to convert the
observed magnitudes to atmosphere-less magnitudes.

We added this correction to the magnitude obtained in Section 3.2.3 (b ). In

this way, brightness for all moving objects was corrected. As mentioned in
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Section 3.2.3 ( a ), since each object has a light variation, we must measure the
brightness of each object for every exposure. We found that the average
amplitude of the light variation is about 0.25 mag This value is about ten times
larger than the measuring photometric error ( about 0.03 mag ) of each object.
Therefore, this error of ~ 0.25 mag may affect the absolute magnitude for each
object nearly by the same amount, especially for asteroids in the WF survey

where only three exposures were made.

Table 3-5
The difference of sensitivity between CCDs

Chip | Average value of sky | The difference of | The difference of [Non-uniformity
No. background sensitivity magnitude within the CCD (%)
0 11144.47 1.309691 0.293 0.96
| 12670.8 1.489065 0.432 0.38
2 8509.233 1 0.000 0.27
3 8216.5 0.965598 -0.038 0.30
4 8861.9 1.041445 0.044 0.14
5 10471.87 1.230647 0.225 0.29
7 12970.4 1.524274 0.458 0.40
8 10712.7 1.25895 0.250 0.30
9 11111.93 1.305868 0.290 0.57

% Note that there is no chip for No.6. It is seen that the non-uniformity within a CCD is not

larger than 1 %.
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Figure 3-9

The extinction curve.
The horizontal axis shows the airmass of the observed standard stars, and the vertical axis
shows the relative magnitude of the observed standard stars for the magnitude entries in the
Landolt catalogue. For the data on this graph, we fitted a straight line (y = —0.0869 x +

2.8726 ) to all the data points by a least squares method.

3.2.4 Measurements of positions and velocities of moving
objects

To estimate the daily motions of the detected moving objects, we picked up
from each CCD about 10 stars that have entry in the USNO-A2 catalogue
( http://tdc-www.harvard.edu/software/catalogs/ua2.html ). Positional

measurements of those stars were again made with IRAF —apphot. The position
for each moving object was also measured relative to the catalog stars for all
CCD images. The apparent velocity for the object was calculated from its

positions corresponding to all of the exposure times.
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3.2.5 Calculation of ecliptic components of objects’ motions

In order to estimate the semi-major axis ( @ ) and inclination ( 7 ) of the orbit
for each sub-km MBA by using our method described in Chapter 2, we must
calculate the ecliptic components of the moving velocity for each moving object.

So we obtained their ecliptic components as follows.

1. If the field of view of a CCD is small enough ( < 1° ), we can assume that the
celestial sphere projected on the CCD is approximately plane, because an error
between the sphere and the plane is negligible. For example, an asteroid near
the center of the main-belt moves about 0.6’ per hour. The difference in the
hourly movements of the asteroid seen on the celestial sphere and on the plane
is only 0.005”. This value is much smaller than the pixel size of Suprime-Cam

(0.2”).

2. We determined the directions of the north pole and the equator on the CCD
image by using the position ( right ascension ( « ), declination ( & ) ) of stars of
the USNO-A2 catalog. We used the positions («,0 ;) and (a,,0 ;) of two
known stars, and calculated the scale factor ( /) that relates the unit of the
standard coordinate to the ( X, y ) pixel unit of the CCD image. The £ is the
number of pixels corresponding to [(6,—¢8) 2-+-( ar— a 1)2 cos® & | ”2,
where & = (8 ,+ &) /2. We can translate the ( a,d ) of the object to the
ecliptic longitude ( A ) and latitude ( 3 ) using Equations ( 3.3 )—( 3.5).

cos 3 cos A =cos & cos (33)
cos 3sin A =sin § sin ¢ +cos J sin a cos € (34)
sin 3 =sin d cos € —cos d sin a sin € , (3.5)

where ¢ is the obliquity of the ecliptic for the observational day, and
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e =23° 26" 217 .448=23° 4392911  (J2000)  (3.6)

3. When the positions of two stars in the standard coordinate system are ( § 1, 7 1)
and ( £ 2, 7 2 ), and the positions of the two stars in the pixel coordinate system
are (X ,,y¥1) and ( X ,,y 2), the relation between the standard coordinate ( &,

7 ) and the pixel coordinate ( X, y ) is represented as follows.

Ax/f=AAE+BA y (3.7)
Ay/f =CAE+DA gy (3.8),

where A & =(&,—€&1), Ayp=(n2—n1), AX=X,—X;,and Ay =
v,— v,. The A, B, C and D are constants. We can determine these constants

from the positions of two stars as shown in Figure 3-10.

4. By measuring the position of two known stars in the xy pixel coordinate, we

obtained A x(=x,—Xxpand Ay(=y,— V).

w1 a 1=10:22:53.378, ¢ 1=+11:00:52.56
x1=1791.04, y1=3247.56

w2  «2=10:£3:06.943, 6 2=+10:53:06.90
x2=802.95, y2=924.39

Figure 3-10
Example of the positions of USNO-A2 stars on a CCD chip.

66



CHAPTER 3 SURVEY OBSERVATIONS AND RESULTS

5. We calculated the positions (A4, 31), (A2, 32) of two stars in the ecliptic
coordinate from the positions (a 1,0 1), (a2,0 ) of the USNO-A2 catalog
using Equations ( 3.3 )—( 3.6 ). Next, we obtained the A £ and A z

using the following Equations ( 3.9), ( 3.10 ) ( Mueller 1969 ).

cos B,sin (A, — 4,)
A& = ! 1 2 39
J sin #,sin B, + cos B,cos B,cos (4, — A,) (3.9)
Ap = 8o B,cos B, — cos B,sin B,cos (A, — 4,) (3.10)

" sin B,sin B, + cos B,cos B,cos (4, -~ 4,)

6. On the other hand, since the relation between the x’y’ coordinate and the

ecliptic coordinate is shown in Figure 3-11, we can write the relation as

follows.

X’=&cosf + ysinf (3.11)
y’=npcosf — &sinf (3.12)
xX=—x’ (3.13)
y=vy’ (3.14).
Therefore,

A&=—AXxcosfd —Aysinf (3.15)
Ap=—AXsinf +A ycost (3.16).

Finally we obtained 6 =21.445°.

Therefore we can calculate the ecliptic components of moving velocity for
individual moving objects from Equation ( 3.17 ) and ( 3.18 ), after the

measurements of its (A X ,A y).
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AE=—A xcos(21.445° )— A ysin(21.445° )  (3.17)
A p=-—Axsin(21.445" )+ A ycos(21.445° ) (3.18)

A& and A pcorrespond to A and 3 in Bowell’s equations, respectively.
Now we can calculate the a and / of each moving object using Bowell’s
equations (2.1)-(2.4) from Equations ( 3.17 ), ( 3.18 ) and its position measured

in the xy pixel coordinate.

7? )
4
é .........................
A ............... i
’ / S y ’
|
; XB
<
B
3
ecliptic
Figure 3-11

The relation between the ( X,y ) pixel coordinate and the ( ¢, 7 ) ecliptic

coordinate.
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3.2.6 Observational bias corrections

SMBAS was conducted in a very small sky area only near opposition and near
the ecriptic. For such observational conditions, we must consider some
obserbational biases. Observational biases of asteroids were already investigated
by several researchers ( e.g., Bendix et al., 1992, Jedicke, 1996, Jedike &
Metcalfe, 1998, Tancredi, 1998 ). Generally, two kinds of biases exist : 1) the
absolute bias and 2) the relative bias. The absolute bias correction is necessary to
estimate the H-distribution of asteroids which are in specific orbital region and
are brighter than a limiting magnitude. The relative bias concerns only a relative
number of asteroids normalized with the asteroid number in a specified orbital
region. Any observational biases must be adjusted correctly to match
observational conditions of each survey.

Nakamura & Yoshida ( 2001 ) and Yoshida ( 1999 ) have already estimated
observational biases for a small area near opposition and near the ecliptic ( see
Figure 3-12, 3-13 ). They calculated the relative biases as functions of a and /
that are major bias-affected components for the observational field of view ( 5
X 4° ), centered at opposition and near the ecliptic. Figure 3-12 shows the
relative bias as a function of a. The relative bias is defined here as the number
ratio between near-ecliptic asteroids with » ~ 6 AU and those with » = a ( AU ).
Three relative bias curves are calculated for circular, near-circular, and elliptic
orbits. Figure 3-13 shows the relative bias as a function of 1. The relative bias is
defined here to be the number ratio between near-ecliptic asteroids ( / ~ 0 ) and
those with 1. Three relative bias curves are calculated for the inner- ( 2.3 AU ) ,
middle- ( 2.7AU ) , and outer-MBAs ( 3.1 AU ) . In this paper, we applied
the bias corrections shown in Figure 3-12 and 3-13 to SMBAS, and corrected the
a-distribution and I-distribution for MBAs obtained from SMBAS.

69



CHAPTRE 3 SURVEY OBSERVATIONS AND RESULTS

1 L ' I | 1 M
1k _
7))
.© N
0
o ]
2 0.5} l
K
o N i
0
B i
i e=0.21+0.1,i=1%1 |
e=0.01+0.005,i=0.01*0.005
N €=0,i=0 ( circular orbit ) i
| L | L | i | 2 |
2 4

Semi—maijor axis (AU)

Figure 3-12

The relative bias as a function of a.
The relative bias is the number ratio between near-ecliptic asteroids with » ~ 6 AU and those
with » = a ( AU ). The relative bias curves are calcurated for circular, near-circular and

elliptic orbits.
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Relative bias
o
10|

Inclination (deg)

Figure 3-13
The relative bias as a function of 1.

The relative bias is the number ratio between near-ecliptic asteroids ( / ~ 0 ) and those with .

Three relative bias curves are calcurated for the inner-, middle-, and outer-MBAs.
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3.2.7 Results
3.2.7 (a) Overview of results

We detected 1,111 moving objects down to R = 26.5 mag in the sky area of
3.26 deg’ near opposition and the ecliptic. Following the methods in Capter 2 and
3, we calculated the a and / from the measured position and brightness for each
detected object using Bowell’s equations. The as of moving objects estimated
from their daily motions ranged from 0.2 to 45 AU. Since we are mainly
interested in the structure of the main-belt, we intended to pick up only MBAs.
Here, we defined the main-belt zone as a = 2—3.5 AU according to the past
surveys, and we regarded all the moving objects which fell in between 2 and 3.5
AU as MBAs. Then the detected MBAs were 861 asteroids in total. From this,
we found that the sky number density of MBAs is 264 per deg® down to R = 26.5
mag near opposition and near the ecliptic. Moreover, using methods mentioned in
Section 2.3.1, we found that the H’s range for MBAs from SMBAS is 13.2 < H
( mag ) <23.0, and then also found that the D’s range for them is 0.1 <D (km)
< 10. Of course, we applied the systematic corrections shown in Table 2-1 and
2-2 of Section 2.2 to the a and [ calculated of each MBA.

Figure 3-14 ( a ) shows the ag-distribution of 861 MBAs detected in the
SMBAS. The green, yellow, and gray boxes indicate, respectively, the
a-distribution of 861 MBAs from SMBAS, that of MBAs corrected by the
relative bias calculated for elliptic orbits, and that of MBAs corrected by the
relative bias calculated for circular orbits in Figure 3-12.

Figure 3-14 ( b ) shows the a-distribution of 85,150 known MBAs
( ftp://ftp.lowell.edu/pub/elgb/astorb.html ). In the a-distribution of the existing

MBAs, it 1s well known that the diminution of asteroids near 2.1, 2.5 and 2.9 AU

is reflected by the existence of the Kirkwood gaps. In order to fairly compare the
result of known MBAs with that for the MBAs of our SMBAS, we drew Figure
3-14 ( b)) by intentionally degrading the resolution for the a. It is interesting to
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note that, for the MBAs discovered with SMBAS, one can see the same trend in
the a-distribution ( depression near @ = 2.5 AU ) as that of the known MBAs.
This might imply that, even for sub-km MBAs, the 3:1 Kirkwood gap still gives
strong dynamical effects.

To compare with a-distribution ( Figure 3-14 ( d ) ) of MBAs with 3 < D
( km ) < 22 obtained from the Spacewatch survey, we rewrote the vertical axis of
Figure 3-14 ( a ) by the logarithm scale and then drew Figure 3-14 ( ¢ ). From
Figure 3-14 ( ¢ ) and 3-14 ( d ), one can see that both of the a-distributions
resemble each other. This suggests that there is no clear the size dependence in
the a-distribution of MBAs for the size ranging from a few hundred m to a few
10 km. However, we can not surely understand the detail structure near the

Kirkwood gaps because of a the rough resolution of about 0.1 AU in SMBAS.

73



CHAPTRE 3 SURVEY OBSERVATIONS AND RESULTS

180
160
140
120
100
80
60
40
20

Number

» Semi-major axis (AU)
L i ~ o

Figure 3-14 (a)
The a-distribution of MBAs ( 0.1 <D (km ) < 10 ) detected in our observations.

The green, yellow, and gray boxes respectively indicate the a-distribution of 861 MBAs from
SMBAS, that of MBAs corrected by the relative bias calculated for ecliptic orbit, and that of

MBASs corrected by the relative bias calculated for circular orbit in Figure 3-12.
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Figure 3-14 (b)
The a-distribution of known MBAs.

74



CHAPTER 3 SURVEY OBSERVATIONS AND RESULTS

100

Number

10

20 21 22 23 24 25 26 27 28 29 30 3.1 32 33 34 35

Semi—major axis (AU)

Figure 3-14 (¢)
The a-distribution

scale ).

of MBAs detected in our observations ( by the logarithm

107
E De-Biased Spacewatch Asteroids
4— B e
o % Gk
510
e =
g ey e e e vl {ipe ’—%
i i
1% o~
i ] Known Asteroids {_,...—
10 __l
| L 1 | I Il L 1 | 1 | 1 1 i
2 215 3 3.5

Figure 3-14 (d )
The a-distribution
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of MBAs ( 3 <D ( km ) <22 ) detected in the Spacewatch
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Figure 3-15 ( a ) shows the /-distribution of MBAs detected in SMBAS. The
green and gray boxes indicate respectively the /-distribution of 861 MBAs from
SMBAS and that of MBAs corrected by the relative bias calculated for
middle-belt asteroids in Figure 3-13. On the other hand, Figure 3-15 ( b ) shows
the I-distribution of known MBAs. Though the I-distribution of known MBAs
steeply decreases along with the increase of /, that of the relative-bias-corrected
MBAs is seen to be comparatively uniform over the /-range shown in Figure
3-15 (a), except the lack of asteroids near I ~ 12° . It is not clear now whether
the lack is real or an artifact caused by statistics of small sample number.

To compare with the I-distribution ( Figure 3-15 ( d ) ) of MBAs with D
(km ) > 5 obtained from the PLS, we changed Figure 3-15 ( a ) into Figure 3-15
( ¢ ). From Figure 3-15 ( ¢ ) and 3-15 ( d ), one can see that both of the
I-distributions ~ resemble considerably. Moreover, to compare with the
I-distribution ( Figure 3-15 ( f ) ) for three regions of the main-belt obtained
from the Spacewatch survey, we divided the main-belt into three regions ( inner ;
20 <a <26, middle ; 2.6 < a < 3.0, outer ; 3.0 < a < 3.5), and plotted
I-distributions for each region ( see figure 3-15 ( d )). Both the /-distributions
shown in Figure 3-15 ( e ) and 3-15 ( ) also resemble each other. These may
mean that there is not any size dependence in the I-distribution of MBAs which

are down to a few hundred meters.
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Figure 3-15(a)

The [-distribution of MBAs detected in SMBAS.
The green and gray boxes indicate the I-distribution of 861 MBAs from SMBAS and one of

MBAs corrected by the relative bias calculated for middle-belt asteroids in Figure 3-13. Note

that there are two detected asteroids near / = 37 and 38 deg.
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Figure 3-15(b)
The [ distribution of known MBAs.
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Figure 3-15(c)
The /-distribution of MBAs detected in SMBAS ( shown by the linear scale ).
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Figure 3-15(d)

The [-distribution of MBAs ( D ( km ) > 5 ) detected in PLS.
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Figure 3-15(e)
The I-distributions for each region for MBAs detected in SMBAS.
Blue : inner-belt ( 2.0 <a<2.6 ), black : middle-belt ( 2.6 <a<3.0 ), and red : outer-belt

(3.0<a<35) .
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Figure 3-15 ()
The /-distribution for each region for MBAs detected in the Spacewatch survey.
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Figure 3-16 shows the H-distribution of MBAs detected in SMBAS and the
known MBAs. In a previous Section, we said that H-mag of each asteroid in the
SMBAS result can have a mean error of ~ 0.25mag. However, note that the
magnitude error in the histogram of Figure 3-16 is generally much better,
because the statistical H-error in a H-bin is improved by the amount of AH// n
( A H: the mean light variation error for a single asteroid, n: data number in a
H-bin ), unless the data number is too small.

From Figure 3-16, we see that the peak of the H-distribution for known MBAs
is about 15 mag ( corresponding to about 4.5 km in diameter ), whereas the peak
for the MBAs obtained with SMBAS is about 20 mag ( corresponding to about
450 m in diameter ). Therefore, one can understand that our SMBAS could
observe the size region of MBAs roughly by one order of magnitude smaller than
that of known asteroids. Thus, we expect that our observational data on sub-km
faint asteroids will give a new insight into the collisional evolution in the

main-belt in various respects. This point is discussed more in Capter 4.
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Figure 3-16

The H-distribution of the MBAs detected in our observations and that for the
known MBAs (blue column: the MBAs detected in our MBAS; red column: the
known MBASs.).
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3.2.7 ( b) Size distribution in the whole main-belt

When we discuss the CSD of sub-km MBAs, we must be aware of that to what
magnitude is the statistics in question reliable. This is because some fraction of
asteroids is always lost by chance near the detectable limiting magnitude,
whatever measuring approach ( automatic/visual ) we may take.

In Section 3.2.2, we have mentioned that our black-and-white image
overlapping method degrades the sky S/R to some extent. The degree of
deterioration was about 2 ¢ for three exposures and 3 ¢ for 11 exposures,
where o represents the standard deviation of the sky-background fluctuation
for a single exposure image. Statistics teaches us that a signal level higher than 2
~ 3 o can surely be detected. Hence, we can also say that the detection of
black-and-white trailed asteroids which we performed in Section 3.2.2 is least
affected by accidental detection loss, to the limiting magnitude of overlapped
images.

Nevertheless, for a modest estimate, we defined here, as a critical magnitude
for completeness, the magnitude below which 90 % of detected MBAs is
included ( roughly corresponding to the level of two magnitudes brighter than the
faintest magnitude, H ~ 23 in Figure 3-17 ). From this definition, we found that
the critical magnitude is about 20.9 for all of the MBAs detected in SMBAS.
More exactly, this critical limiting magnitude depends upon the heliocentric
distance, and this will be discussed in the next Section.

Figure 3-17 shows the differential ( white-box histogram ) and cumulative
( black dots ) H-magnitude distributions for 861 MBAs detected from our
SMBAS. The solid line was drawn to compare with the slope ( & ~ 1.75 ) of the
CSD from PLS and the Spacewatch survey. It seems that the slope of the CSD for
asteroids brighter than H ~ 16 is a little more steep than 1.75, and that of
asteroids for the H-range ~ 18 to 20.9 1s much more gentle. As the Spacewatch
( Jedicke & Mefcalfe, 1998 ) and SDSS ( Ivezic ef al., 2001 ) ascertained ( see
Capter 1 ), we could also confirm that the slope of the CSD of small MBAs is
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shallower than previous estimates and cannot be represented by a single

power-law.
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Figure 3-17

The H-distribution of MBAs detected with SMBAS in the whole main-belt.
The white-box histogram is the differential H-distribution and the H-distribution with black
dots stands for the CSD. The solid line was drawn to compare with the slope ( & ~ 1.75 ) of

the CSD from PLS and the Spacewatch survey.
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3.2.7 ( ¢) Size distribution in three regions of the main-belt

In this section, we partitioned the main-belt into the inner, middle and outer
regions defined by 2.0 <a <2.6,2.6 <a<3.0, and 3.0 < a < 3.5AU, respectively.
This division is conformable to the previous surveys : YMS, PLS and the
Spacewatch survey. Since the limit of the detectable magnitude becomes brighter
along with the increase of asteroid’s heliocentric distance, it is important to take
such an effect into account when we examine the CSD of MBAs for each region
of the main-belt.

The H-distribution for each region of the main-belt is shown in Figure 3-18.
One can see that the peak of the H-distribution from the inner region to outer
region shifts to the left, i.e., to the brighter H-mag. Here again, just as done in the
previous section, we adopted 90% limit of the detected MBAs in each region as a
critical magnitude for completeness. The resulting critical magnitudes are found
to be about 21.1, 20.7, and 19.7 for the three regions ( see Table 3-6 ).

Table 3-6
a-, I-, and H-ranges of SMBAS asteroids for three regions and critical limiting
magnitudes.
Inner-belt Middle-belt Outer-belt
20<a<2.6 26<a<3.0 3.0<a<35
03<71<27.1 03<7<288 03<71<36.3
132<H<23.0 141<H<228 140<H<214
Critical mag. 21.1 20.7 19.7
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Figure 3-18

H-mag distributions of the three regions in the main-belt.

Blue : inner-belt ( 2.0 <a <2.6 ) ,black . middle-belt ( 2.6 <a<3.0 ) , red . outer-belt
(3.0<a<35)
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The size distributions for each region in the belt are shown in Figure 3-19. It
seems that, for asteroids with H > ~ 15, the slope of the CSD for the outer region
( red dots ) is gentler than that for the inner region ( blue dots ). However, when
seen more in detail, the slope of the CSD changes continuously with the H-range
for any of the three regions. So, we calculated the local slope values as a function
of H, and then drew them in Figure 3-20. In Figure 3-20, the blue, black, and red
curves in the figure show the changes in the CSD slope of MBAs for the inner,
middle and outer main-belt, respectively. For asteroids with H > ~ 17.5, it is seen
that the slopes of the CSDs becomes gentler in order of the inner-, middie-, and
outer-belt. On the other hand, for asteroids with H < 17.5, the slope is steepest in
the middle-belt, though it is possible that this trend may be an artifact of small
sample statistics.

For the main purpose of this paper, we especially focus on the CSD slopes of
sub-km MBAs ( < 1 km in diameter ). Assuming a mean albedo for known C-
and S-type MBAs, the brightness of an asteroid with 1km in diameter is found to
be H ~ 18.3 mag. So one can understand that the H-mag ranges where the slopes
of the CSDs should be calculated are 18.3 to 21.1, 18.3 to 20.7, and 18.3 to 19.7
for respective main-belt regions ( see Table 3-6 ).

Any observed slopes of the CSDs must be corrected using the results shown in
Figure 2-6, since the size distﬁbutions here were obtained with Bowell’s
equations ( see Section 2.3.2 ). Therefore, we calculated the corrected values of
slopes based on Figure 2-6. The resulting mean slopes covering the above
H-ranges are 1.061+0.11, 0.87%0.11, and 0.8710.12 for the inner-, middle-, and

outer- regions, respectively.
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Absolute magnitude (mag)

The size distribution detected with SMBAS in three regions of the main-belt.
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The blue, black, and red-box histograms are the differential H-magnitude distribution of the

MBAs of the inner, middle and outer main-belt, respectively. The blue, black, and red-dots

show the cumulative H-magnitude distribution in the inner, middle and outer MBAs,

respectively.
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Figure 3-20

Local slopes of the CSDs shown as a function of the absolute magnitude.

The blue, black, and red lines show the change of the CSD slope of MBAs in the inner-,

middle- and outer-region, respectively.

3.2.7 ( d ) Spatial distribution in the whole main-belt

Figure 3-21 shows the spatial distribution of MBAs detected in SMBAS. Note

that each data point includes the errors for the a and / mentioned in Section 2.2

( also see Tables 2-2,

2-3 ). Probably due to these errors, one cannot confirm the

well-known Kirkwood gaps in Figure 3-21. Instead, however, there seem to be

several vague gaps near / ~ 5 deg in the middle and outer belts, and near / ~ 12

deg for all three regions. Furthermore, it seems that asteroids with a larger a

show a trend to have a higher /. The situation can be seen more clearly seeing in

Figure 3-22. Currently, 63 families are known as shown in Figure 3-23. The
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swarm of asteroids with @ ~3.1 AU and / ~ 1° and that with @ ~2.9 AU and / ~
2 ° in Figure 3-21 might correspond to the Themis and the Koronis families
shown in Figure 3-23, respectively, though a further confirmation is required for

our rough estimation of the a and / of each asteroid.
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Figure 3-21

The spatial distribution of MBAs detected in the SMBAS.
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Figure 3-22

The fraction of high inclination asteroids in each belt region.
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Chapter 4

Discussion

In this chapter, we discuss the CSD of sub-km MBAs obtained from our
observations. We suggest several causes for the difference of the CSD between
sub-km MBAs and large MBAs in this section. The difference of the slopes
between inner-belt and outer-belt was also discussed from the viewpoint of the
taxonomic-type ( or material ) distribution of MBAs. In addition, we also

examined some characteristics seen in the spatial distribution of sub-km MBAs.

4.1 Size distribution of sub-km MBAs

We found that the CSD slope for sub-km MBAs is about 1.0 from our
preliminary survey mentioned in Section 3.1 ( Yoshida et al., 2001a ) and also
from our SMBAS in Section 3.2. Obviously, these slopes are shallower than that
( 1.75 ) for multi-km asteroids estimated with YMS, PLS, and the Spacewatch
surveys. On the other hand, SDSS ( Ivezic et al., 2001 ) found that the slope is
1.3 for asteroids smaller than 5 km in diameter. In their paper published just
recently, Ivezic et al. concluded that the number of smaller asteroids extrapolated
from previous studies which could detect only asteroids with the size of 5 km or
larger was an overestimate. Namely, it seems that small asteroids were not as
plentiful as had been expected from observations of larger ones.

Our analysis of SMBAS shows that our result is consistent with that of SDSS,
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and our CSD slopes are shallower than that obtained in SDSS. This implies that
the number of sub-km MBAs detectable sub-km MBAs only in SMBAS is much
more depleted compared with the prediction by Ivezic et al. (2001 ).

Given that our obtained slopes are true, let us consider physical implications of
our finding. As possible causes of the depletion of small asteroids in the

main-belt, researchers have so far proposed some physical processes as follows:

( 1) Small asteroids may become a part of large asteroids that have the structure

of strengthless “rubble-piles”.

Possible existence of rubble-pile asteroids which consist of re-accumulated
impact fragments was theoretically predicted for the first time by
Weidenschilling ( 1981 ). In fact, the asteroid (253) Mathilde observed by the
NEAR spacecraft ( Veverka et al., 1999 ), and (216) Kleopatra observed by radar
( Ostro et al., 2000 ) have been regarded as having the rubble pile structure,
because of their observed low bulk density.

Recent collisional theories and experiments suggest that the impact energy
needed to disperse an asteroid is greater than that to thoroughly shatter it, for
asteroids larger than a few km to sub-km in size. This means that it is difficult to
disperse collisional fragments for asteroids of such sizes. If this is the case, it is
likely that a large number of known MABs observed so far should have the

rubble pile structure.

( 2 ) Small asteroids would have been thrown into the Kirkwood gaps by the
Yarkovsky effect and then they would have been removed from the main-belt (e.g.
Farinella & Vokrouhlicky, 1999 ).

According to calculations by Farinella & Vokrouhlicky ( 1999 ), the
semi-major axes of the asteroids with 1 —10 km in mean radius can be moved by

a few hundredths AU by the Yarkovsky effect during their collosional lifetime
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( 10— 1000 million years ). Especially, the semi-major axes of small asteroids
with 10—100 m in mean radius will change more effectively. Since this size
region spans a part of the size region observed with our SMBAS, the Yarkovsky

effect can be another candidate for depletion of small MBAs.

( 3 ) Small asteroids would have been thrown out of the main-belt with high speeds

acquired in a collision beyond the escape velocity.

Seemingly, this is the simplest process to remove asteroids from the asteroid
belt. However, since many collisional theories and the experiments so far have
indicated that it is difficult that the release velocity of fragments in a collision far
exceeds the escape velocity of the parent body, it is unlikely that impacted
asteroids can be ejected from the asteroid belt only with the velocity acquired in
a collision. In fact, it is generally believed that NEAs have been removed from
the main-belt, not by the direct impacts, but by the subsequent strong chaotic

perturbations in the Kirkwood gaps in which they were thrown in after impacts.

Presently we cannot say from only our SMBAS which process among the
above three candidates is more plausible. For this purpose, more observations of
NEAs are necessary. If small asteroids have been removed selectively from the
parent population, their number would decrease in the parent population and the
CSD of the removed population should reproduce the original CSD of the parent
population. In other words, the CSD of NEAs is expected to be the same as the
CSD of large MBAs. Actually, the CSD of NEAs ( ~ 1.6 ) in the range of D =
500 m ~ 5 km seems to resemble to that of large MBAs ( 1.75 ), rather than that
of sub-km MBAs ( ~ 1.0 ) ( see Section 1.3 ). However, we must remember that
since all of NEAs have not yet been discovered, the CSD of NEAs may change
after more discoveries of NEAs.

Here we summarize all of the size distributions of MBAs known so far,

including our investigation:
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1) The classical CSD slope is 2.5 for a self-similar collision cascade system in
equilibrium ( Dohnanyi, 1969 ). From available observational data, on the
other hand, the CSD slopes of Hirayama families which have been believed

to be collisional products are 3.6 ~ 4.2 ( Klacka, 1992).

2) The observed CSD slope for large asteroids with 30 km < D <300 km is ~
2.4 (YMS : Kuiperetal., 1958).

3) The CSD slope for asteroids with D > 5 km is 1.75 ( PLS : Van Houten et al.,
1970, the Spacewatch : Jedicke & Metcalfe, 1998 ) .

4) The CSD slope for asteroids with 1 km <D <5 km is ~ 1.3 ( SDSS : Ivezic
etal., 2001).

5) The CSD slope for asteroids with ~ 500 m < D <1 km is ~ 1.0 ( this work,
and Yoshida et al., 2001 ).

6) The CSD slope for NEAs with ~ 500 m <D <5 km is ~ 1.6,
( http://cfa-www.harvard.edu/iaw/lists/Unusual.html ).

From the CSDs in several size regions as listed above, it seems that smaller
asteroids are more depleted in the main-belt region. As mentioned before, from
only the observations on the size distribution of MBAs, however, one cannot
surely judge which is the main cause of this depletion among the
above-mentioned physical processes. Possibly, all processes had occurred or are
still occurring, and as a result the present distribution of the MBAs was created.
The predominate process will better be determined based on the location and
size of parent bodies in the main-belt, the material property ( for example,
strength, thermal conductivity, etc ) and the relative velocity and frequency of

collisions. In any case, we would say that our investigation of the CSD for
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sub-km MBAs ( namely NEA-sized asteroids ) plays a very important role in
estimating the supply rate of NEAs and the formation rate of rubble piles
asteroids.

Next, we discuss the CSDs of sub-km MBAs investigated for three regions of
the main-belt. As we have already seen in Section 3.2.7 ( ¢ ), it is not clear
whether the difference of the slopes between the middle- and the outer-belts is
real or not ( see also Table 4-1 ). However, it is fairly certain that there is a
difference of the slopes between the inner-belt and other regions ; the slope of the
inner-belt is steep ( ~ 1.1 ), while that of the outer-belt is shallow ( ~ 0.9 ). Even
the slope in the inner-belt of the SMBAS data is much shallower than that of
larger MBAs. However, we must remember here that transformation from the
brightness ( H-mag ) of asteroids to the size considerably depends on their albedo.
For well-observed MBAs, we know that S-type asteroids with a high albedo are
abundant in the inner main-belt and C-type asteroids with a low albedo are
dominant in the outer region of the main-belt. Figure 4-1 ( a ) and ( b ) show the
distributions of the S-type and C-type asteroids in the whole main-belt

( http://pdssbn.astro.umd.edu ). One can see from these figures that the number

ratio of the S-type and C-type asteroids varies with the heliocentric distance.
Note that the size of a C-type asteroid is about twice larger than that of a S-type
asteroid for the same absolute magnitude, because of the difference in albedo. Xu
et al. ( 1995 ) showed, in the Small Main-belt Asteroid Spectroscopic Survey
( SMASS ), that the majority of the small main-belt asteroids ( D < 20 km ) are
C- and S-type asteroids, and their distributions are similar to the one of large
asteroids. Thus, assuming that the trend shown in Figure 4-1 (a ) and ( b ) can
also be applied to the sub-km MBAs detected in SMBAS, we attempted here
again to re-estimate the CSD slopes for the three main-belt regions by taking the
albedo effects into account. Namely, we assumed that the inner-belt consists of
asteroids with the albedo of S-type asteroids, the middle-belt with a mean albedo
between S-type asteroids and C-type asteroids, and the outer-belt with the albedo
of C-type asteroids.

97



CHAPTER 4 DISCUSSION

80

70

60

. [ % ol Yooy

. / D s

) // i ) \"y\ \\
<\l

115 2 2.5 3 315

Number

-10
Semi—major axis (AU)
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Figure 4-1 ( b ) The number ratio of the known S-type and C-type asteroids in

the main-belt.
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Table 4-1 The H ranges and the mean slopes of the CSD in each region of the

main-belt.
Inner-belt Middle-belt Outer-belt
20<a<2.6 26<a<3.0 30<a<35
183 <H<21.1 183<H<20.7 183<H<I19.7
mean slope 1 1.06+0.11 0.87+0.11 0.87£0.12
175<H<21.1 183<H<20.7 19.0<H<I19.7
mean slope 2 1.19+0.11 0.8710.11 0.83+0.14

Note : mean slope 1 ; the mean slope of the CSD for asteroids of the H-range ( < 1 km in
diameter ) estimated based on the assumption that any asteroids have the mean albedo of
well-known MBAs, mean slope 2 ; the mean slope of the CSD for asteroids of the H-range ( < 1
km in diameter ) estimated in considering the ratio of the S-type and C-type asteroids in the

main-belt.

So we found that the resulting H-mag ranges for asteroids smaller than 1km in
diameter ( see Section 3.2.7 ) are respectively 17.5 to 21.1, 18.3 to 20.7, and 19.0
to 19.7 for the inner-, the middle-, and the outer-belt regions. For each H range of
each region of the main-belt, we obtained again the slope of the CSD, and then
we calculated the correction values of slopes based on Figure 2-6. The resulting
slopes ( we call them mean slope 2 ) were 1.1940.11, 0.87 =£0.11, and 0.83 £
0.14 in each region, respectively. These results were listed in Table 4-1. That is,
the “ mean slope 1 ” and the “mean slope 2” represent the slopes obtained in
Section 3.2.7 ( ¢ ) and the new slopes, respectively. From comparison of the two
mean slopes in Table 4-1, unless the S / C number ratio for sub-km MBAs is
unacceptably different from that for larger MBAs, it seems that the slope of CSD
for sub-km MBAS in any part of the main-belt is certainly shallower than that for
large known MBAs.

Kresak ( 1977 ) mentioned that the results of PLS contradicted the difference
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between the CSD of asteroids in the inner region of the belt and that in the outer
part of the belt, which had been found from previous observations. However, we
again propose this difference in the size region of sub-km MBAs. Namely, as for
the slope of the CSD of sub-km MBAs, it is comparatively steep ( # = 1.2 ) in the
inner main-belt, and shallow ( » = 0.8 ) in the outer main-belt. From this, we may
infer that some mechanism to remove a large number of small asteroids had
existed or rubble piles asteroids have been produced in the outer belt rather than
in the inner belt.

However, according to the latest taxonomic distribution of asteroids with D >
1km obtained from SDSS ( Ivezic, 2001 ), there are an overwhelming majority of
S-type asteroids in the inner belt and the abundance ratio of C- and S-type
asteroids reverses near 3.2 AU. It is also possible that we may be able to consider
that the difference of the CSD between the inner-belt asteroids and the outer-belt
asteroids is a result of the difference in the distributions between S-and C-type
asteroids. For larger asteroids, Anders ( 1965 ) had suggested that the frequency
of collisions is different between the inner-belt and the outer-belt: in the inner
belt, impact frequency is only a few times throughout its history, while highly
fragmented in the outer-belt due to the greater proximity to Jupiter. However, for
sub-km asteroids, it seems that the degree of the fragmentation is more important
rather than the frequency of collisions. We know that C-type asteroids and S-type
asteroids are like carbonaceous chondrites and silicate rocks, respectively. Since
it is likely that a C-type asteroid is more fragile than a S-type asteroid from a
viewpoint of materal strength, we can infer that the difference of the slopes of
the CSD in the individual regions of the main-belt originates in the material
strength of the asteroid. Furthermore, by recent space probe investigations, we
know that the densities of (243) Ida ( S-type asteroid ) and (253) Mathilda
( C-type asteroid ) are ~ 2.6 g/cm’ and ~ 1.3 g/cm’, respectively. It is likely that
the different outcomes would occur in collisions of bodies which have the
different material and density.

Figure 4-2 shows the CSDs of the well-known three families. As far as we
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know in the previous observation data, most members of the Themis family are
C-type asteroids. In the Koronis family, all members are S-type asteroids. The
Eos family consists of C-type and S-type asteroids. From Figure 4-2, it seems
that the slope of the CSD of S-type member's family and that of C-type member's
family are different.

On the other hand, Nolan et al. ( 2001 ) found by their numerical simulations
that since a shock wave fractures an asteroid in advance of crater excavation flow,
impact results are controlled by gravity ; the tensile strength is unimportant
whether asteroids are initially intact or rubble-piles. This means that the
dispersion of fragments after a collision is independent from the tensile strength
of parent bodies.

In short, whether or not a correlation exists between the size distribution of the
collisional fragments and the tensile strength of the parent bodies is not yet
known. Therefore, in order to pursue the cause of the difference of slopes of the
CSDs in three regions of the main-belt that we found, it is necessary to

investigate separately the size distributions of C-type and S-type asteroids.
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Figure 4-2 The cumulative size distributions of the well-known families.
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4.2 Spatial distribution of sub-km MBAs

Finally, we shortly discuss the spatial distribution of sub-km MBAs. The
spatial distribution obtained from SMBAS contains the error ~ 0.1 AU in the a
and the error of 2° ( for high inclination ~ 6° )in the I for each asteroid. Since
the error of the semi-major axis is larger than the width of the Kirkwood gaps, it
is natural that one cannot see gaps in Figure 3-21. Instead of it, one can see in
Figure 3-21 a small number of asteroids with high inclination in the
neighborhood of the distinct Kirkwood gaps at 2.5, 2.8, and 3.0 AU.

Generally, once an asteroid gets trapped into a gap, it will undergo a chaotic
orbital transition, its eccentricity grows unexpectedly to a very high value, and
finally it is delivered from the main-belt to the near-Earth region or the other
regions in the solar system. In some cases where a mean-motion resonance is
coupled with a secular resonance or the Kozai resonace, it is shown that the
inclination also pumps up to a high level ( Morbidelli and Moons 1995 ). So it is
possible that the high-inclination asteroids near the Kirkwood gaps in Figure
3-21 might be correspond to such chaotic asteroids.

It is also said that the Yarkovsky effect or mutual collisions will play an
important part in this delivery process. Both the Yarkovsky effect and collisions
are considered to be more effective for sub-km MBAs than for several-km MBAs.
Farinella & Vokrouhlicky ( 1999 ) cited as a piece of evidence for the Yarkovsky
effects the size dependence of the asteroid distribution that Nakamura ( 1994 )
found “smaller asteroids more abundantly exist closer to the centers of the gaps”.
In the Figure 3-21, asteroids near the gaps ( at 2.5, 2.8, and 3.0 AU ) may be in
the process of delivery outside the main-belt. These might indicate that the
spatial distribution of the smaller-sized asteroids is wider-distributed than that of

larger-size asteroids.
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Chapter 5

Conclusions and future prospect

5.1 Summary and conclusions

We carried out for the first time a systematic survey observation of sub-km
MBAs using the 8.2m Subaru telescope to investigate their size and spatial
distributions.

We found the following results:

(1) We detected 1,111 moving objects down to R = 26.5 mag in the sky area of
3.26 deg’ near opposition and the ecliptic. Then, we identified 861 MBAs by
estimating the a of each moving object by using Bowell’s equations. Therefore,
the sky number density of MBAs is 264 per deg’ down to R = 26.5 mag near

opposition and the ecliptic.

( 2 ) The slope of the cumulative size distribution for small MBAs ranging from
a few km to sub-km seems to be fairly shallower ( ~ 0.8 —1.2, depending upon
locations in the main-belt ) than that for large MBAs ( ~ 1.8 ) obtained from
the past asteroid surveys. This means that the number of sub-km MBAs is
much more depleted than a result extrapolated from the size distribution for

large asteroids.

( 3 ) The CSD slope of the inner sub-km MBAs is some steeper than that of the
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outer sub-km MBAs. This may reflect the difference of the spatial distribution
between S- and C-type asteroids.

(4 ) The spatial distribution of sub-km MBAs resembles that of known MBAs or
that obtained from past asteroid surveys. However, if investigated more detail,
the I-distribution of sub-km MBAs suggests that a large number of small

asteroids with high inclination may exist compared with that of larger MBAs.

From these results, we conclude that overall size and spatial distributions of
very small asteroids are fairly different from those for large asteroids. However,
one possible weak point of our survey described in this paper might be smallness
of the survey area, only covering about ~ 3.3 deg”. In this respect, we plan to
widen the survey area in near future observations, in order to make our

conclusions more reliable.

5.2 Future prospect

First we must clarify and well interpret the difference of the slopes of the CSD
in the individual regions of the main-belt. For the purpose, it is necessary to
investigate each size distribution for C-type and S-type asteroids. Their types can
be judged from ( B—V ) or ( ¥—R ) color observations. We performed such
observations on October 20, 2001. Data reductions are now progressing. As
above mentioned, since there is some correspondence between the asteroid
material and taxonomic types, such a survey observation will also allow us to
argue some correlation of the collisional process, orbital evolution and material
distribution of MBAs.

Furthermore, for asteroids detected in the DF survey of SMBAS, we had the
data of lightcurves, covering only about two hours. Although we didn’t examine

them yet in detail in this paper, we found that some asteroids have the large

104



CHAPTER 5 CONCLUSIONS AND FUTURE PROSPECT

lightcurve amplitudes, as high as about 2 mag. This finding may be related to a
reported excess of fast rotators seen among small asteroids, which are regarded
as monolith-like rather than rubble-piles ( e.g., Harris & Burus, 1979, Donnison
& Wiper, 1999 ). According to them, it is likely that the angular momentum
distributed into the sub-km fragments in a collision is relatively larger than that
given into the several-km fragments. Thus the rate of the fast rotators is expected
to become high among sub-km asteroids. If the size region where fast rotators
occur is determined by observations, the boundary region of the strength regime
and the gravity regime in impact fragmentation of asteroids may also be
established. Since SMBAS could discover about one hundred asteroids within
single observational field at a time, we will be able to obtain lightcurves of
several hundreds asteroids from one-night observations with the same strategy as
in SMBAS. It is enough amount of sample for the subsequent statistical analysis.

We hope that those observations will be put into practice in near future.
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Abstract

Although theory and experiments point to the importance of sub-km-sized

bodies in the collisional history of the asteroid belt, it is difficult to estimate the
global distributions of the sub-km asteroids from traditional approaches such as
orbit determination of individual asteroids. Therefore here, we propose instead a
statistical method to deduce the spatial and size distribution of sub-km main belt
asteroids (MBAs), only from their apparent motion vectors on the sky.
By using the Bowell’s scheme, we estimate statistically semi-major axis(a) and
inclination(/) of each asteroid from its apparent motion vector. The estimated
error of a and I determined by our method are about 0.1 AU and about 0.8 degree
(near the ecliptic plane), respectively. When the estimated a is adopted as the
heliocentric distance, the original size distributions generated by simulations are
well reproduced. The slope(b) of cumulative size distribution reproduced has
error of about 0.1. If there is a difference in b larger than 0.1 for the size
distribution of sub-km MBAs and for km-sized MBAs, then it will be detectable
in our proposed SUBARU sub-km MBAS survey.
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Keywords: faint main belt asteroid, size distribution
1. Introduction

The collision plays a very important part in the origin and the evolution of the
MBAs, and the size distributions caused by the mutual collisions reflect a direct
result. The size distribution of the MBAs down to 1km in diameter has been
determined from the Palomar-Leiden survey (PLS : van Houten et al. 1970), and
the Spacewatch survey (Jedicke and Metcalfe 1998). On the other hand, sub-km
asteroids have never been observed systematically because of their faintness.

The observation of the sub-km asteroids is especially important from the
following two viewpoints.

1) Theory and laboratory experiments suggest that the structure of asteroids

changes from rubble-pile to monolith in the sub-km size region (e.g. Melosh &

Ryan 1997).

2) It is predicted that there is no regolith on the surface of small asteroids

(D<1km) due to the their low gravity.

With the background in mind, we have planed to deduce the global size, space
and taxonomic type distributions of sub-km asteroids which anybody have never
known, with the SUBARU telescope + Suprime-cam (wide-field mosaic camera).
Asteroids with 150-300m in diameter are detected at the center of main belt
(a=2.7AU) by using the Suprime-cam. We estimate that the number of detectable
asteroid is 2,000-4,000 for three nights. The number of this sample is enough for
the subsequent statistical interpretation.

Our approach is unique in that we estimate the spatial distribution of sub-km
MBAs statistically, rather than determine orbits of individual asteroids.
Traditionally, orbit’s determination has been done, based on a few follow-up
observations. But it is practically impossible to follow-up the asteroids detected
by SUBARU with other 8-10m large telescopes. So we introduced a method to
estimate statistically a and / of each asteroid from its motion vector on the sky

without follow-up observations (Nakamura 1997, Yoshida 1999 master thesis).
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In this paper, our goal is to estimate quantitatively the size distribution of

asteroids, using the above-obtained a and 1.

2. Procedure for estimation of size distribution

Figure 1 represents a correlation diagram between a and daily motion on the
sky for existing asteroids, observed in a near-opposition window. Similarly,
Figure 2 stands for a correlation between / and the position angle of the sky
motion vector for the same asteroids. From these figures, it is understood that
approximate a and / for each asteroids can be obtained from only apparent
motion vectors, without making exact orbit determination. However, for
quantitative analysis, we need a more mathematical procedure.

In 1990, Bowell et al. proposed a method to derive approximate a and / from
the sky motion vector. They showed that if the eccentricity (e) of an asteroid’s
orbit is zero, its semi-major axis (a’) and inclination (I’) of the asteroid are
represented by the next equations from the apparent motion vector of the

asteroid:

a'=2ly(y—2k,14_r\/ﬂ)

y=x1+p

K=y’ —4kAy -4k’ B*,

in which A is the component in longitude of motion vector, /3 is the latitude
component and & i1s Gauss constant. Note that these equations are valid only for
near-opposition and near-ecliptic observations. We call these “Bowell’s

equations” in this paper.
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What 1s most important in applying Bowell’s equations is that the averaged a’
over many asteroids has no systematic deviation from the true a ; as seen in
Figure 3, each a’ can be considerably different from the corresponding true a. To
check the requirement, we made some Monte Carlo simulations in a computer by
generating hypothetical a and 7 from some model population of asteroids. And
we calculate the sky motion vector from the a and 7 with a two-body ephemeris
generator. Then we estimate a’ from Bowell’s equations based on A and J3
of an asteroid obtained from this model observation.

It is found that the averaged difference between the generated a in Monte
Carlo simulations and the a’ from Bowell’s equation based on the motion vector
is nearly equal to or less than 0.1 AU over the main belt (2.1-3.3AU) (See Fig.3
and Table 1). Therefore, we can regard the averaged a’ approximately equal to
the average of the original a, without appreciable systematic deviation. Since we
will be able to detect many new asteroids in SUBARU survey, the averaging
procedure mentioned above is feasible in practice.

Next we will discuss the estimation of size distribution for SUBARU asteroids.
Lets us assume that the above-estimated a’ of an asteroid is equal to its
heliocentric distance (R), and then we calculate the absolute magnitude (H’) of

the asteroid from the next equation,

H'=V -5loglr(r-1)}. - +v-oe - (1)

in which V is apparent magnitude and (r-/) is the geocentric distance of the
asteroid.

Although the assumption adopted here that the e for each asteroid is zero may
seem to be unacceptably crude one, it i1s shown in the following that the
assumption works reasonably well. A similar but rougher approach than ours was
adopted by Jewitt et al.(2000) to estimate of the size distribution of several ten
new Trojan asteroids.

The asteroid size (R) is calculated from absolute magnitude using the following
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relation,

H oc —2.5l0g(AR?), -+ -+ )

where H is absolute magnitude and 4 is albedo.

Our simulations proceed along the procedure summarized in the next paragraph.

Procedure

1. Generate likely orbit distributions with Monte Carlo simulation. The
produced parent population has various a, /, and e.
The slope (b) of cumulative size distribution of generated population is
taken to be equal to 1.75, which is the value from the PLS.

2. Pick up asteroids in the observational window assumed for observations by
SUBARU.

3. Calculate apparent motion velocities in longitude and in latitude, for each
asteroid.

4. Estimate a’ and I’ of the asteroid using Bowell’s equations from the
apparent motion vector of the asteroid (Bowell et al. 1990).

5. Assume that r=a’, and calculate the H’ of the asteroid with equation (1).

6. Assume an albedo of the asteroid, translate H’ to the radius (R) of the
asteroid with equation (2).

7. Produce the size distribution from various R of asteroids and get the slope
(b") of cumulative size distribution by a least squares method.

8. Compare the b generated by simulations with the b’ estimated from a’.

3. Reproduction of the original size distribution

Now we describe the simulation results.
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3.1 Parent populations of asteroids

It is essential that the size distribution slope calculated from Bowell’s orbits is
independent from or weakly dependent upon the assumed parent populations of
asteroids in the simulations, since we have no information at all on orbital
distribution for the sub-km MBAs in question. In other words, we cannot help
assuming that the orbital distributions for sub-km MBAs are similar to those for
currently known faintest MBAs (namely 1-2km in diameter). Among those
distributions, we selected in Table 2 three typically likely combinations of a, /,
and e-range. For those likely three kinds of populations generated in the
simulations, we calculated the slopes of the cumulative size distribution in each

case, following the procedure mentioned before.

3.2 Results

Fig.4-6 show logN vs. H plot for each of the three cases, where N is the

cumulative number of asteroids and H is calculated from equation (1) with r=a’.
The solid line represents the H-slope ( a ), 0.35, corresponding to the b of the
PLS, 1.75. Because the H and the R is connected by the equation (2), we can
have the following relation, =5 a .
For Fig.4-6, open circles show the cumulative H-distribution generated by the
simulations and filled circles show the cumulative H-distribution based on a’.
The open circles and filled circles are linearly fitted by a least squares method,
representatively.

Thus obtained b’ for each case listed in Table 3, along with « s.

4. Discussion

As Table 1 shows, the estimated error of a’ determined by our method is about

0.1AU. This error is small enough to grasp roughly the global spatial distribution
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of sub-km MBAs. It has been shown in Table 3 of the previous section that, by
applying the correction 45 to the b obtained from a’ and the assumption r=a’,
we can recover the original slope with errors less than 0.1 for each of three cases.
This therefore means that if there is a difference in b larger than 0.1 for the size
distribution of sub-km MBAs and for km-sized MBAs, our proposed SUBARU
survey will easily detect such a difference. Considering the first viewpoint in
section 1, it actually seems likely that the size distribution for sub-km MBAs is

appreciably different from that for larger ones.

5. Future Work

For likely different slopes of cumulative size distribution, for example 1.5 or

2.0, we will repeat the former procedure, and estimate the correct factor 45 .
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Fig 1. avs. daily motion correlation.
Calculations were made for an assumed opposition window on September 23, 1999 for about

40,000 asteroids (Bowell 1998). The solid curve is for circular ecliptic orbits. This
relationship means that the value of a can be approximately determined from observational

daily motion of asteroids.
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Fig 2. [Ivs. position angle of motion correlation.
The solid line correspond to the case that the position angle motion is 180° =£1I. For other

details on conditions of calculation, see Fig.1. Based on this relation, it is expected that the

value of I can roughly inferred from observational position angle of asteroids.
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The horizontal axis: the value of a generated in a computer run. The vertical axis: the value of

Generated a vs. Bowell's a’ plot.

a’ from Bowell’s equation. Table 1 shows error in a obtained from Bowell’s equation.
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Fig.6 (right) logN vs. H based on Case III

Table 1 Errors in a obtained from Bowell’s orbit

a ave(a—-a’)
21=a=25| 0094
25<a=<29]| 0.102
29<a=3.3]| 0.113

Table 2 Adopted orbital populations

Case I I il

a 2605 27+06 27+06

I 10+10  [15x15 [7.5%5

e 0.2+0.1 (0.2+0.2 (0.175%0.08
limiting mag25mag  |25mag 25mag

Table 3 The slopes of the size distributions

I I 11}
Generated o 0.347 0.361 0.353
Bowell's a’ 0.309 0.297 0.292
Generated b 1.735 1.805 1.765
Bowell's b’ 1.545 1.485 1.460
Ab=b-b’ 0.190 0.320 0.305
A b-average of A -0.082 0.048 0.033
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Abstract

We have attempted to estimate the size distribution of the sub-km Main Belt
Asteroids (MBAs), using large telescopes such as SUBARU telescope, for study
of the collisional process among MBAs. However we cannot make the precise
orbit determination by the successive follow-up observations, because of the
limited observing times of large telescopes. So we are interested in estimating the
orbital elements of the asteroids with the short observational arc (e.g. one day).

We have shown that the semimajor axis (a) and inclination (I) of MBAs can be

statistically estimated from apparent motion vectors projected on the celestial
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sphere. However it is impossible to determine actually the eccentricity (e) of the
asteroid without follow-up observations. The uncertainty of the e influences the
estimation of the a for each asteroid and it also affects the size distribution of
MBAs through translating the brightness of the asteroid into the size. So it is
necessary to evaluate the error of a caused by the uncertainty of e and the
resulting error on the size distribution of MBAs.

In this paper we used various orbital distributions of asteroids generated by the
Monte Carlo simulations to evaluate the error of the a estimated from an apparent
motion vector for individual asteroids. The simulations produced for three sets of
orbital distributions, nine cases of size distributions respectively. Each case
includes 5000 asteroids. In order to estimate quantitatively the error of a, we
calculated the motion vectors of asteroids from orbits generated in the above
simulations, by Bowell’s equations which assumed e = 0, and estimated the a’ for
each asteroid (hereafter we express the semimajor axis calculated by Bowell’s
equations; a’ ). And the a’ of the asteroid was compared with the true a. The
difference between the a’ and a corresponds to the error of the a which includes
the uncertainty of its e.

Next in all orbital distributions, we constructed the size distributions based on
the a’ and the a respectively. Then we obtained the corresponding two slopes of
the cumulative size distribution for each orbital distribution.

Finally we found that the differences of the two slopes was less than £0.1 in all.
This means that if there is a difference in the observed cases slope larger than 0.1
for sub-km MBAs and km-sized MBAs, the difference will be detected by the
method mentioned above. A preliminary analysis of our Sub-km Main Belt
Asteroids Survey (SMBAS), which was performed on Feb. 21 and 24, 2001,
seems to suggest that the size distribution for sub-km MBAs is appreciably

different from that for larger ones.
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1 Introduction

In the origin of the solar system, the study on the origin and the evolution of
the MBAs is a very important issue. Especially, it is worth knowing their
collisional process to estimate the relative velocities or the material strength of
MBAs. The size distribution of the current MBAs reflects direct results caused
by the mutual collisions among the MBAs. The size distribution of the MBAs
down to a few km in diameter has been determined from the Palomar-Leiden
survey (PLS : van Houten et al. 1970), and the Spacewatch survey (Jedicke and
Metcalfe 1998). On the other hand, sub-km asteroids have never been observed
systematically in the past because of their faintness.

However, the Suprime-cam, which is a wide-field mosaic CCD camera,
attached to the prime focus of the 8. 2m SUBARU telescope, allows us to detect
the MBAs with about 150-300m in diameter at the center of main belt (¢ =
2.7AU). Now we can examine the size distribution of sub-km MBAs which
anybody has never explored before.

Even if the motion of an asteroid was observed only one night, the orbit can be
determined in principle from the three measured positions of the asteroid.
However the orbit determined with this method can include large errors. The IAU
has adopted currently the rule that if a new asteroid was observed more than three
nights, the asteroid is given a temporary number and after a few more
observations at opposition, it can be numbered. Practically it is impossible to
follow-up the faint asteroids discovered by SUBARU on other days or with other
8-10m large telescopes, because of the restriction of the telescope’s allocated
times. So it is probably impossible to determine the precise orbital elements for
those faint asteroids. But we noticed that the approximate a and / of an MBA can
be statistically estimated from its motion vector without follow-up observations
(Nakamura 1997, Yoshida 1999 master thesis), thanks to the special geometry in
near-opposition observations. Moreover, the inferred ¢ and 7 of many asteroids

allow us to calculate the statistical errors of their ¢ and I Fortunately it is
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expected to detect a large number of sub-km MBAs in the SMBAS using
SUBARU telescope (Yoshida and Nakamura 2000).

The goal of our paper is to determine the difference between the simulated size
distribution of MBAs and that calculated from the a based on the apparent
motion vector of each asteroid. This is to infer the true size distribution of the
MBAs from SMBAS with the short observational arcs. We argue the difference
between the true a and the a’ calculated by Bowell’s equations for individual
asteroids (section 2). In section 3 we investigate the influence of the error of the
a’ on the size distribution of the MBAs. Finally we refer to the correct values on

the slope of the cumulative size distribution for sub-km MBAs.

2 a and I estimated from motion vector

First, by generating various orbital elements with the Monte Carlo simulations,
we made the orbital distributions of various objects in the solar system and
calculated their daily motions using a two-body ephemeris generator, under the
condition that they locate at oppositions. Fig.1 represents a correlation diagram
between a and daily motion for various objects in the solar system. From this
figure, it seems that we can distinguish the a estimated from their motion vector
for inner MBAs from ones for outer MBAs. However, for quantitative analysis,
we need a more mathematical procedure.

In 1990, Bowell et al. proposed a method to derive an approximate a and 7 of
an asteroid from the sky motion vector, assuming that its e = 0. They showed that
a and ] of the asteroid are represented by the following equations from the

apparent motion vector of the asteroid:
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where A is the component in longitude of motion vector, 3 is the latitude
component and k is Gauss constant. Note that these equations are valid only for
near-opposition and near-ecliptic observations. We call these “Bowell’s
equations” and express the semimajor axis calculated by Bowell’s equations as
“a’” to distinguish from true g determined by traditional orbit determination in
our paper. What must be careful in applying Bowell’s equations is that the value
of a’ are calculated as e = 0. Generally, it is difficult to determine the e of an
asteroid without the follow-up observations. It is the same in our SMBAS
because of the short observational arc. So we must assume e = 0 and estimate the
a from the motion vector only. However, actually the e distribution of MBAs
ranges from 0 to 0.4. Therefore the a’ of one asteroid includes the uncertainty of
its e.

In an orbital distribution of asteroids generated by the Monte Carlo simulation,
we compared the a for each asteroid, which we defined as the true a, with the a’
calculated by Bowell’s equations from the motion vector of the asteroid. As seen
in fig.2, individual a’ can considerably be different from the corresponding true a.
However one can see that the averaged a’ over many asteroids has no systematic
deviation from the true a. We divided the main belt into three regions, i.e. inner,
middle and outer regions and examined the difference between the o’ and a (see
table 1). It is found that the averaged difference is nearly equal to or less than
0.1AU over the main belt (2.1-3.3AU). Therefore, we can regard that the error of

the a’ derived from the uncertainty of its e is about 0.1 AU for each region.

a-15



30

z
3 NEAs
<
€ 20p el St L
e
. inner
_5 middle MBAS
° g A 7outer R e
€ Jof ; . :
= Hilda & Trojan
0
Centaur ]
0— L 1 n 1 " 1 " L
0] 20 40

Semi—major axis (AU)

Fig.1 a vs. daily motion for various objects in the solar system.

w

Bowell's semi—major axis (AU)
N
)

Generated semi—major axis {AU)
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generated by the simulation.
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The difference between a” and a 1s about 0.1 AU.
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Table 1 The differences between the a’and a in three belt regions.

a ave(a—a’)
inner belt 21225 0.094
middle belt 25¢2=<2.9 | 0.102
outer belt 2.9<a2 3.3 0.113

3 Estimation of size distribution based on a’

We found out in section 2 that the error of the a’ estimated from the apparent
motion vector only is about 0.1 AU. We now examine in this section how the a’
error affects the size distribution inferred from our SMBAS. For this purpose, we

carried out simulations by the following procedure.

1. Generate three likely orbital distributions with Monte Carlo simulation (see t
able 2). We produced nine parent populations with different size distribution
slopes, each population with 5000 members of asteroids. Individual asteroids
of each parent population have various a, I and e within the range designated

in table 2. Therefore, we made 27 orbital distributions in total.

2. Pick up asteroids in an observational window assumed for observations by our

SMBAS, for each distribution.

3. Calculate apparent motion velocities in longitude and in latitude, with a

two-body ephemeris generator, for each asteroid picked up.

4. Calculate a’and I’ of each asteroid using Bowell’s equations from the apparent

motion vector of the asteroid.

5. Assume that the heliocentric distance (r) of each asteroid is equal to its a’, and

calculate the absolute magnitude (H ) of the asteroid by the following
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equation,
H=V-5log{a’(a’-1)}......... (D),
where V is apparent magnitude of the asteroid.

6. Assume an albedo of the asteroid, and translate the H to the radius (R) of the

asteroid with the following equation,
H oc -2.51log (AR%)............ (2),
where 4 is the albedo.

7. Produce the size distribution from various R of asteroids for every population
and get the slope (b’) of the cumulative size distribution by a least squares

method.

8. Compare the slope (b) of the original cumulative size distribution generated in

simulations with the 5’ estimated from a’.

Since we have no information at all on orbital distribution for the sub-km
MBAs, we assumed that the orbital distributions for sub-km MBAs are similar to
those for currently known MBAs. Among those distributions, we selected in table
2 three typically likely combinations of a, I, and e-range. For those likely three
kinds of the populations generated in the simulations, we calculated the slopes of
the cumulative size distribution in each case, following the procedure mentioned
before.

Next we investigated whether or not the b’ inferred from a’ using Bowell’s
equations can reproduce properly the original b, in comparison of the b’ with the

b for each population. We adopted the nine kinds of » = 1.0, 1.5, 1.6, 1.7, 1.75,
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1.8, 1.9, 2.0 and 2.5, for each original orbital distribution. Fig.4(a)-(c) show logNV
vs. H plot for the three cases (I ,II and I in table 2) with b = 1.75 whose
value was determined by the PLS. N is the cumulative number of asteroids as a
function of their H. The solid line represents the slope ( « ) as a function of H,
namely 0.35. Because H and the size ( or R ) are connected by the equation (2),
we can find immediately the following relation, » = 5 « . In fig.4(a)-(c), open
circles show the original cumulative H-distribution generated by the simulations
and filled circles show the cumulative H-distribution derived from Bowell’s
equations. The open circles and filled circles are linearly fitted by a least squares
method, respectively. The obtained b’s for each case are listed in table 3, along
with ¢ 's. Due to the observational bias that the field observed by our SMBAS is
very small compared with the whole sky, the slope of the H-distribution
represented by open circles is different slightly from the original one ( « = 0.35)
generated by the simulation.

The true size distribution of asteroids that will be detected in the SMBAS is
regarded as that (b) expressed by open circles in fig.4 (a)-(c), on the other hand,
the size distribution that we will obtain from the analysis of SMBAS data
corresponds to the distribution (b”) expressed by filled circles in fig. 4(a)-(c),
which is estimated from the apparent motion vector for each asteroid. Therefore,
we attempt to determine the correction value for the b’ by calculating the
difference between b’ and b. When the correction value is applied to the size
distribution derived from a’s, we will obtain the true size distribution of MBAs.

Fig.5 shows the correction values calculated for each parent orbital distribution
with the various b’s. For the data points on this graph, we draw a straight line
coming as close as possible to all the data points in a least-squares sense. The
error bars for each data point correspond to the standard deviation of the 4’ (error
bar of x) and b - b’ (error bar of y), both of which are derived from the three
variations of the parent orbital distributions. Note that all the correction values

are less than=+0.1 in all cases.
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Table 2 Adopted orbital populations
1 : It is most similar to the orbital distribution of currently known MBAs.
I : It is slightly wider in range than the orbital distribution of currently known MBAs.

I : It corresponds to the FWHM of the orbital distribution for currently known MBAs.

Case I I 11}
a 2605 (27406 |27+06
/ 1010 |15+15 |75+5
e 02401 (02402 |0.175008

limiting mag| 25mag  |25mag  |25mag |

obselBs :2.6 +0.5,6:0.2+0.1,:10+£10,H:15,V:25 window:177.5,2 obseiBs a:2.7 +0.6,e:0.2+0.2,i:15+15,H:15,V:25 window: 177.5.2
6 /
4t
z
[=)]
°
)
q
o . o -
14 16 18 14 16 18
Absolute magnitude(mag) Absolute magnitude(mag)
Fig.4 (a) logN vs. H based on Case I . Fig.4 (b) logN vs. H based on Case II .

obsel8s a:2.7+0.6,e:0.1751+0.08,i:7.5+ 5,H:15,V:25 window:177.5,2
T Y T

Table 3 The slopes of the size distributions

I I I
Generated o/ 0347|0361 035
Bowell's o 0309| 0297| 02

% Generated b 1735 1806] 1765

= Bowell's b° 1565| 1485| 1460
Ab=bb’ 01%[ 030[ 0305
Abaverageof Ab| -0082| 0048] 0033

0 =
14 16 18
Absolute magnitude(mag)

Fig.4 (c) logN vs. H based on Case[ll.
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Fig.5 The correction value of 5.

This means that if there is a difference of slope larger than 0.1 between the size
distribution for sub-km MBAs and that for km-sized MBAs, one can expect that
the difference will be detected using our statistical method as mentioned above.
Our SMBAS was performed on Feb. 21 and 24, 2001. According to the
preliminary analysis, it actually seems likely that the size distribution for sub-km
MBAs is appreciably different from that for larger ones. Furthermore, a more
simplified analysis of only several tens of sub-km MBAs observed with
SUBARU on June 12, 2000 also seems to support the conclusion discussed
above (Yoshida et al. 2001).
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Abstract

We report first observations of sub-km main belt asteroids (MBAs) obtained
with the prime-focus mosaic CCD camera for the Subaru telescope. We have
detected 27 moving objects in a single image of the sky (field of view: 27’ X
277), whose location was 41° off opposition. From their positions and projected
motions on the sky, all the detected objects were found to be new and consistent
with the characteristic of MBAs. The V-magnitudes of the discovered asteroids
range approximately from 19 to 24. Under some simple but reasonable

assumptions, we estimated the cumulative size distribution for the asteroids. This
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is the first statistics for sub-km MBAs (the minimum diameter corresponds to
about 0.6km). It is found that the slope of the cumulative size distribution for the
observed asteroids is 1.0 with an error of about 0.3. We note that our slope is
fairly smaller than that obtained in the past survey observations for asteroids

larger than a few kilometers( ~1.75).

Key words: Asteroids, Size distribution, Rubble piles, Main belt

1. Introduction

Sub-km objects in the main asteroid belt had never been observed before due
to their faintness, at least except for serendipitous detections. The recent advent
of 8-10m gigantic telescopes with the wide field-of-view like Subaru, however,
enabled us to access sub-km main belt asteroids (MBAs) systematically for the
first time. The study of sub-km MBAs is important mainly from the following
two viewpoints: 1) the majority (~70%) of near-Earth asteroids (NEAs) which
are supposed to originate from the main asteroid belt are sub-km-sized (CBAT:
Central Bureau for Astronomical Telegrams for IAU,
http://cfa-www.harvard.edw/iau/mpc.html), and 2) this size region lies near the
border-line size separating the two catastrophic impact mechanisms, namely
those in the strength regime and the gravity regime (e.g., Melosh and Ryan 1997,
Durda et al. 1998).

This is a report on the first attempt to obtain the size distribution of sub-km
MBAs by a statistical analysis of their Subaru images. In the following, we
describe the image reduction method, the resulting size distribution, a
preliminary comparison of it with the size distribution for asteroids larger than a
few kilometers deduced from the past survey observations, and discuss

implications for our obtained size distribution.
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2. Observation and Data reduction

Observations were made on 2000 June 12 at 14h 26m (UT) at the prime focus
of the 8.2m Subaru telescope atop Mauna Kea, Hawaii. We used the wide-field
mosaic camera called the Subaru Prime-Focus Camera (Suprime-Cam), which
covers the field of view of 27° X 27’ with eight chips (2048 X 4096 pixels each).
Since our observations were performed as a part of a Suprime-Cam testing run,
we could not help pointing the telescope to the sky with the elongation angle
(Sun-Earth-object angle)of 139° off opposition (RA=20h 10.0m and Dec=-16°
45%) near the ecliptic plane, to avoid both the moon and the Milky Way. The
exposure time was 5 min with V-filter. We took two images of the same field in
succession with a time interval of 9 min, to detect moving objects. The mean
seeing sizes for the two images were 0.8” and 0.9” respectively.

Image reduction was carried out using IRAF on a chip-by-chip basis. First, the
overscan region was trimmed, and then an average dark level corresponding to
each chip was subtracted. In order to correct the difference in pixel sensitivity,
the flat-field calibration must be done. For the purpose, we took several images
of the twilight sky with the field-center offset slightly each other. And from them
a median flat-field image was constructed, with which each observed image was
divided. Finally, a cosmic-ray removal procedure was applied for each chip.

Because of the short exposure time and the not-so-good seeing, asteroids could
not be identified in a single image. So, we subtracted the second image from the
first one, in an attempt to easily recognize moving objects. Fig. 1 shows a part of
the differenced image, where one can see moving objects as pairs of separated
black-and-white dots. By careful eye-inspection of segmented and enlarged
images, we could eventually detect 27 moving objects in total over all the eight

chips.
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3. Daily motion and photometry

To estimate daily motions of the detected moving objects, we picked up from
each chip about 10 stars that have entry in the USNO-A2 catalog
(http://tdc-www.harvard.edu/software/catalogs/ua2.html).

Positional measurements of those stars were made with the APPHOT task in
IRAF. The position for each moving object was also measured relative to the
catalog stars for both the first image and the second one, and the apparent
velocity for the object was calculated. The centroiding error of each object was
much smaller than the seeing size.

We made a simulation using a two-body ephemeris generator, to deduce a
statistical relation between the semi-major axis (a) of asteroids and their apparent
daily motions. It was found that the motions of all the detected moving objects
were consistent with those for MBAs, though it was difficult to surely distinguish
MBAs from NEAs.

However, considering that the number of discovered yet MBAs
(approximately one hundred thousand) is almost a hundred times larger than the
total number of other small bodies including NEAs (nearly a thousand)
(http://cta-www.harvard.edu/iau/lists/Unusual.html), it is very unlikely that our
detected moving objects include considerable number of objects other than
MBAs by chance. In fact, given an expected number of non-MBA objects in our
observations (~27/100=0.27), the Poisson statistics teaches us that probabilities
for our result to include one or two of non-MBAs by chance respectively are 0.20
or 0.03. This means that 27 objects detected in these observations are
substantially all MBAs. We have also confirmed that those moving objects are all
new by referring to the asteroid database of the CBAT's Miner Planet Service.

Then, we describe here photometric reduction of our observations. Again the
APPHOT in IRAF was used to do aperture photometric measurements. For some
reasons, we needed to follow the reduction procedures mentioned below. First,

we could not have chances to observe photometric standard stars separately but
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instead had to use background stars in the asteroid images for photometric
calibration, because the observations were performed as a part of a Suprime-Cam
test run. For the magnitude range of the detected asteroids (¥ ~ 19--24 mag), the
only available star catalog was USNO-A2. Moreover, this catalog gives B- and
R-magnitudes only, whereas our observations were made with V-band. Because
of this band mismatch, we assumed, as an inevitable compromise, an average
(V-R) for the background stars, whose average value was derived from
populations of stars with known spectral types. Namely, we adopted an averaged
value (V-R) ~ +0.37, which was calculated from the color frequency distribution
for photometric standard stars observed over the whole sky (Landolt 1983,
Mermilliod and Mermilliod 1994). By applying this color correction, we suppose
that the observed V-mag for each asteroid can be tied to the R-mag of USNO-A2
catalog at least approximately. In this way, the magnitudes of the detected
asteroids were found to range from 18.8 through 23.8 in V-band (see Table 1). It
is inferred that thus obtained V-magnitudes of the asteroids can bear an error (O
c¢) of ~0.27, which is the standard deviation of (V-R)s for various spectral types
from the above mean (V-R). In addition, the USNO-A2 catalog notifies us that
each catalog star has a magnitude error ( 0'm) of 0.25 on the average.

Next, we make estimation of absolute magnitudes (H) or equivalently the sizes
for the observed asteroids. In order to calculate H-mag of an asteroid, we need to
know its distances, since H-mag and the apparent V-mag are connected by the

relation:

H=V-5log(A-r)-p(a)- 8V, (1)

where A and r stand for the geocentric and heliocentric distances (in AU)
respectively, p( @ ) is the phase function ( & : phase angle, namely
Earth-asteroid-Sun angle), and § V light variation.

To calculate » or A, we must know the semi-major axis (a) and eccentricity

(e) of each asteroid. However, it is surely impossible to obtain e from such a
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short time arc as in this observation, though a can be estimated with an error of ~
0.1AU from the apparent daily motions, if asteroids are near opposition (Yoshida
and Nakamura 2000). They also showed through extensive model calculations
that, under the assumption of e=0 (or r=a) for all the asteroids, the slope of the
cumulative size distribution can be determined with an error of 0.1 or so. Hence,
the assumption of »=a was also taken in this work. Practically, we hypothesized
here as if all the detected asteroids were located in the middle of the main belt
(~2.7AU). This is because, for our observations (41° off opposition), the
correlation between the daily motion and a was not so good as near opposition.
How this seemingly crude assumption placed here on the a of the observed

asteroids affects the resulting size distribution will be discussed later.

4. Results

Table 1 summarizes the measured daily motions, F-magnitudes and
H-magnitudes of the 27 moving objects. In conversion of V-mag to H-mag using
the equation (1), we adopted the phase function (with & =14° for the
observation date) corresponding to the photometric slope parameter G=0.15,
which is the widely used value for the majority of asteroids (Ephemerides of
Minor Planets for 2001). From these H-magnitudes, one can calculate the
corresponding diameters by assuming an appropriate albedo. Before doing this,
however, let us estimate the overall error ( 0 ) contained in the H-magnitude.

The O consists of several component errors discussed in the previous section,

and the error breakdown will be expressed by the equation:

ol=0o*+0c*+om’ +0 v (2)

where O o is the error caused by the assumptions that a=2.7AU and =0 for all
the observed asteroids. We found out 0 o ~ 0.63 by an orbital simulation for an

ensemble of the main belt asteroids with realistic ranges of a and e.
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As for the light variation error (0 v ), nothing can be known for our asteroids,
since the observation time was only 10 minutes. Therefore, we inferred it by
regarding as O v as a mode value for the distribution of the peak-to-bottom light
variation amplitude of asteroids (Yoshida 1999). The resulting O v is 0.25.

Since other errors like O c and O m have already been estimated in Section 3,
we can obtain the O from the equation (1) as (0.63° + 0.27* + 0.25% +
0.25%)"2=0.77. It is noted that the value is for a single asteroid. If there are n
asteroids in a H-bin of Fig. 2, the error for this bin should be o /{ n.

Fig. 2 shows the differential (shaded histogram) and cumulative (black and
white dots) H-mag distributions, drawn based on Table 1. The two asteroids
whose measured magnitudes are fairly uncertain because of partial overlapping
with stars are omitted in Fig. 2. The error bar attached to each dot is o /4 n for
the above 0 =0.77. The diameter (D) scale in the upper abscissa was calculated
from the lower H-mag scale for the averaged albedo of C- and S-type asteroids,
that is, using an empirical formula log D = 3.65- 0.2H. One can see from the
formula that the faintest asteroid in Table 1 corresponds to the diameter of about
550m.

Next, we will examine the slope of the cumulative size distribution in Fig. 2.
Near the limiting magnitude, it is possible that some fraction of very faint
asteroids escaped visual detection. To take into account this possible detection
failure, a straight line slope was fitted by a least-squares method only for the
asteroids indicated by filled (black) dots, which are 1.5 magnitude brighter than
the detectable limiting magnitude. The scope of the fitted line was then found to
be 1.0.

Although the least-squares error for the slope was calculated to be 0.1, this
value should be taken as a formal error rather than a practical one, since the
H-mag error attached to each data point in Fig. 2 is as large as 0.40--0.77. Hence,
in order to estimate the realistic error of the slope, we produced in a computer a
hundred sets of synthetic data points by generating random values that obey a

Gaussian distribution with the standard deviation of O /Y n, and with them a
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hundred slopes were calculated. The mean deviation of these slopes from 1.0 was
about 0.3. We consider, therefore, this value as a realistic error for our observed
slope.

The dashed line in Fig. 2 represents the slope (~1.75) estimated from the past
systematic observations such as the Palomar-Leiden (1970) and Spacewatch
(1998) surveys, which covered the size range of D > a few kilometers. As this
line is intended to only show its slope for comparison, the zero point is arbitrary.
One can see from Fig. 2 that our slope for the size range of 6--1km is gentler than
the Palomar-Leiden and Spacewatch slope. This suggests that, for a specified size
range, the sky number density of sub-km MBAs is fairly more depleted than that

extrapolated from the slope of the past surveys.

5. Discussion

One may consider the slope of 1.0 obtained in this work to be somewhat
premature because this is an outcome from small number statistics, and a
confirmation observation with an enlarged sample number is necessary.
Concerning this, we mention that a preliminary analysis of recent Subaru
observations with many more asteroids also seems to support the depletion of
sub-km MBAs. Furthermore, it is pointed out that a similar statistical analysis of
small Jovian Trojans with a small sample number (several tens) by Jewitt et al.
(2000) gave a meaningful result.

Given the slope of 1.0 being real for sub-km MBAs, let us consider its
physical implications. Recent collisional theories and experiments show that the
impact energy needed to disperse an asteroid is greater than that to thoroughly
shatter it, for asteroids larger than sub-km size. Thus, asteroids larger than the
sub-km size range should probably be considered to be strengthless “rubble
piles”(e.g., Melosh and Ryan 1997). The considerably low bulk density (~1.3) of
the asteroid Mathilde measured by the NEAR spacecraft (Veverka et al., 1999)

also seems to evidence the existence of rubble-pile asteroids.
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If the above discussion is correct, it is expected that the number of small
asteroids (say, less than 1km in diameter) is much smaller than the number from
the classical collisional theory (Dohnanyi 1969). Our work’s result (Fig. 2) is
therefore consistent with the formation of rubble piles. In other words,
considering common occurrence of rubble piles among the MBAs shown in
impact simulations (e.g., Campo Bagatin et al. 2001), our gentle slope in the size
distribution for sub-km MBAs could be interpreted as substantial depletion of
sub-km fragments in the main belt caused by their incorporation into rubble piles

as building blocks.

We thank The Suprime-Cam team for allowing us to use it, and the Subaru
telescope supporting staff for our observations. We are also grateful to Dr. T. Ito
and the staff of the Astronomical Data Center, National Astronomical

Observatory, whose advice in data reduction was very helpful.
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Figure 1: Two detected asteroids from Subaru Suprime-cam observations.
Moving objects appear as pairs of black-and-whites dots, since the second image was
subtracted from the first one. A black rim attached to each star was caused by the telescope

guiding error during the two exposures. The field-of-view of this figure 1s 2.5> X 2.5".
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Figure 2: The differential (white-box histogram) and cumulative (black and white
dots) H-mag distributions for our observed asteroids.
The diameter (logarithmic) scale in the upper abscissa is calculated from an empirical
relation: log D = 3.65 - 0.2H. The solid line is least-squares-fitted to the black dot points. As
for the error bars, see text. The dashed line is drawn only to represent the slope for the past

systematic surveys (the Palomar-Leiden and Spacewatch).
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Table 1: Summary of the asteroids detected in this observation.

Asteroid chip Apparent Absolute
number No. Apparent motion magnitude magnitude
(arcmin/day) (mag) {mag)
1 2 5.93 23.13 18.86
2 2 9.21 21.40 17.13
3 3 (7.0) (23.5) (19.2)
4 3 7.03 22.96 18.69
5 3 3.15 20.84 16.57
6 3 3.66 19.02 14.75
7 3 4.51 22.64 18.37
8 3 6.55 23.19 18.92
9 4 5.38 2224 17.97
10 4 3.38 21.98 7.1
11 4 (5.5 22,75 18.48
12 4 (6.8 (24.0) (19.7M
13 5 4.86 19.30 15.03
14 5 7.18 23.06 18.79
15 5 6.10 22.27 18.00
16 5 6.04 19.76 15.49
17 5 1.29 21.08 16.81
18 6 7.08 23.80 19.53
19 7 7.86 23.37 19.10
20 7 4.60 19.38 15.11
21 7 8.05 20.74 16.47
22 8 6.11 23.69 19.42
23 8 4.64 18.77 14.50
24 8 5.55 21.91 17.64
25 8 (6.2) 21.98 17.71
26 8 (3.6) 18.95 14.68
27 8 6.75 20.72 16.45
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