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Abstract

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

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

We found that the ratio of S- to C-type in the surface density of MBAs varies from
3:2 in the inner-belt, 3:7 in the middle-belt, to 1:4 in the outer-belt. Basically the
C-type asteroids dominated in the main-belt. We also found that the size
distributions of the S- and C-type asteroids are similar with each other at the faint

end: D < | km, their Cumulative Size Distribution (CGSD) slopes (b) (i.e. N(> D) U

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

Earth region (e.g. Yarkovsky effect).

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

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

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

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

Subaru telescope
+ Su prime—Cam

= CCD was
Observations subtracted from
each CCD image
data. Second, the
D T I = images of each
- 2001 October 21 " , ‘ band were
- | | Dflat-fielded by
1 [ ~4deg’ : dividing them by a

median dome flat
at each band.
Next we made the

Near the opposition

DEC (deg)

\g magnitude * composition
R=~24.5 mag for MBAs L images of each
e ‘ field by using
K-De¢ C for S- and C- 28 27 26 25 é4 23 22 21 20 th . t
type classification ki ree 1images to

detect moving
objects: 1.e. the
B-band image was
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added to the first R-band image and then the second R-band image was subtracted
from it. After this procedure, moving objects appear along a line as a trio of
white-white-black dots on the combined images (see Fig. 1). With careful
eye-inspection for all the composite images, we found 1838 moving objects in the 16
fields (table 1). After we detected the moving objects, we measured their motion and
brightness by using IRAF APPHO'T package on the single image. For the measured
magnitude of each moving object, a correction of the atmospheric extinction was
applied by using the Landolt standard stars. And also a correction of chip-by-chip
sensitivity difference was done by comparing counts of the sky background
brightness of the object image to 10 ccd chips.

Table 1

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

Observational log and the detection number of moving objects

Field No. Filter UT-start

Alrmass C C D HERRE b total Field No. Filter UT-start Airmass C C D L i total
01 2 3 4 5 6 7T 8 9 01 2 5 6 T 8 9
Foa 1 R 1300211 138 9 11 8 9 12 20 13 15 14 15 126 FiIs 1 R 084%209 1085 & 7 10 & 6 14 13 19 7 & 92
Foz 2 B 13208328 1511 FI5 2 B 09:03421 1.034
Fo3 3 R 1341170 167 F15 3 R 09:23:213 1021
Toe, 1 By Gambadd. S1A7E; 0 10, 2T A6 A8 g8 1 g8 0 13 Fl6 1 R 0839306 1061 13 12 13 18 11 16 9 9 8 9 18
Foa 2 B 1316362 1496 FI6 2 B 0859424 1.039
Foa 3 B 138Tades 660 FI6 3 R 09:19322 1.025
Fos 1 R 1204543 1177 9 23 9 10 5 13 14 12 10 13 118 G 3 I hemias e B B miGh B BT B R %
BOm; 4 B da2aedls 34 FIT 2 B 0911210 1.032
Fos 3 R 1244418 1327
FIT 3 R 0931182 1.021
Fos 1 R 1156470 1163 11 17 14 15 & 17 12 16 10 12 132
Fi18 1 R 1105403 1.068 11 9 17 17 & 18 10 13 13 10 126
Fos 2 B 1217003 122
- = Fi8 2 B 1125480 1.102
06 3 12:37:014  1.306
F18 3 R 1145123 1145
Fos 1 R 0B4T170 1045 10 5 7 10 11 14 11 13 & & 0OF
R T — Fl9 1 R 1LO®EOSE 1077 9 11 10 12 11 12 7 24 9 10 11§
Fos 3 R 0927201 1014 He 2 B Laged i
F11 1 R 11:13:37.0 1.075 13 10 8 13 9 B 9 8 9 14 101 Fi9 3 15 i
Wi @ B Siassun: sadts F20 1 R 1252310 1380 7 13 6 10 9 11 6 3 9 11 85
2. 8 W SisEia By F20 2 B 1312394 1508
Fiz 1 R 1200634 1181 12 19 18 8 16 12 12 11 12 7 127 F20 3 R 1333311 1668
F12 2 B 1290513 1948 F22 1 R 1304102 1412 9 & 16 14 16 17 17 12 12 18 139
Fi2 3 R 1240540 1333 F22 2 B 1324270 1544
Fi3 1 R 12:08:551.3 1196 16 13 19 13 13 11 11 12 13 12 133 F22 3 R 1345271 1726
F13 2 B 1228400 1267 total 158 186 186 201 166 216 175 206 171 174 1838
F13 3 R 1248343 135
Fi4 1 R 1101436 1062 © 12 13 16 7 7 11 15 11 14 115
Fi4 2 B 11:22019 1085
Fi4 3 R 11413258 1136
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In order to estimate the detectable limiting magnitude of MBAs at the each
observing field, we used artificial objects which mimic the image of the actual
inner-belt MBAs. At first, we made 80 artificial object trails with offset by magnitude
difference of 0.2 mag by using the IRAF MKOBJECTS package and then put them
on the combined image which we used to detect moving objects. We detected the
artificial objects by eye-inspection, then we counted the number of objects detected
at each magnitude. We defined the 90 %-detection-magnitude of the lowest
detection efliciency as a limiting magnitude in this survey. The MBAs move with the
rate of 1.17, 1.04, and 0.92 arcsec during the exposure (2 minutes) at a=2.6 AU, 3.0
AU, and 3.5 AU respectively. The mean seeing size on our observing night was ~ 0.8
arcsec. Trailing loss effect was explored by the different length of the artificial trails.
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Fig. 2. Artificial trails on the combined image.  Fig. 3. Detection efficiency of the

artificial trails
Table 2 Limiting magnitude for MBAs in our survey
Region of Apparent magnitude Absolute* Diameter (km)*
main-halt R-hand B-band magnitude S-tvpe C-type
Inner (2.0 < a(All) < 2.6)  23.00 23.85 21.25 016 032
Middle (2.6 < a(AU) < 3.0) 24.05 24.08 2061 021 0.43
Cuter (3.0 < a(AU) < 3.5) 24.21 24.25 19895 0.28 0.58

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

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

3.1. Estimation of

Semi-major axis and

Inclination for Each Moving Object

The apparent velocities of 1734 objects among 1838 detected objects were

measured.

30

Fig. 4. Apparent motions of moving

I=4Q ¢deg
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Motion along the ecliptic latitude (arcmin/day)
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objects. One can see the moving objects
divided into several groups of the
various populations.

Lines in Fig. 4 show the motion of the
moving object whose the orbital
eccentricity (e) are zero at various
semi-major axis (a) and inclination (I) at
opposition. We chose 1001 objects within
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Absolute magnitude distribution

a =2.0-3.5 AU and I = £40 degrees as
MBAs. When we detect asteroids near
oppositions, we can calculate
approximately the a and I of each
asteroid from its apparent motion
assuming its ¢ = 0 by using the Bowell’s
equations. The a and I obtained by the
equations include the errors of ~ 0.1
AU and 1 ~ 5 degrees,
respectively, because the
e 13 actually not zero (0.1
~ 0.2) for real asteroids

(Bowell et al. 1990;

Limiting magnitude Nakamura & YOShidaa
300 19.8 mag (D=0.5km) T 2002) Yoshida et al'
D=5k 1k v
250 " " s work 2003). The error on the
el Known NEAs as of July .
. Y Mr This work: 1001 MBAs uncertainty of ~ 20% to
£ 150 THHEY By
5" il ie asteroid diameter.
50 II l 1
mlilgnk “—
8 . ..-..all'“ : ll. ! : The absolute
9 115 14 16.5 19 21.5 24 26.5 29 magmtude distribution of
Absolute magnitude detected asteroids bY

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

The S- and C-type asteroids seem to be classified by their B-R and/or V-I colors
based on the known MBAs data (PDS Asteroid DataArchive,

<http://www.psi.edu/pds/archive/ecas.html> <http://www.psi.edu/pds/archive/t

ax.html>). As we mentioned in the introduction, since this survey is related to the
origin of NEAs, it is important to distinguish between the S- and C-type asteroids in
order to investigate the source region of the S-type asteroids among the NEAs
population. Moreover, the diameter of the C-type asteroid with a certain brightness

1.2
11
1
— 09
>
0.8
0.7

0.6

0.5
0.

70

60

50

40

Number

30
20
10

0

25

20

15

Number

10

5

0

25

20

15

Number

10

5

0

25

20

15

Number

10

5]

0

Fumi

D-type X

Whole main belt (2.0<a(AU)<3.5)

Inner main belt (2.0<a(AU)<2.6)

y

Middle main belt (2.6<a(AU)<3.0)

is two times larger than that of the S-type one with
the same brightness, because of the difference of
their albedos. Thus, for estimating accurate asteroid
size, the S- and C-type asteroids must be divided.

Fig. 5. Colors of know asteroids (the top panel) and
the B-R color of asteroids detected in this survey
(the last four panels). In the top panel, one can see
that the S, C, D, and M-types are splitted on the B-R
vs. V-I diagram. The last four panels show the
histograms of the B-R colors of our asteroids for
different main-belt regions.

3.3. Estimation of
Asteroid Size

The asteroid diameter (D) 1s calculated based on its
albedo (p) and its H by the following equation.

logD =3.1295-051logp U 0.2H ()

We used the mean albedos obtained from the
asteroids database ”Small Bodies Node” (PDS
Asteroid Data Archive,
IRAS-A-FPA-3-RDR-IMPS-V4.0,

Outer main belt (3.0<a(AU)<3.5)

0.6 0.8 1 1.2 1.4 1.6
B-R

Yoshida & Tsuko Nakamura

<http://www.psi.edu/pds/archive/albedo.html>)
for each S- and C-type group, namely, p = 0.21 for
S-type asteroids and p = 0.06 for C-type asteroids,
respectively. After we calculated the diameter of
1001 MBAs, it turned out that more than 80 %
MBAs which we detected in this survey are smaller
than 1 km in diameter.
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4. Heliocentric Distribution
of S- and C-type MBAs
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(b) (d)
Fig. 6 (a) and (b) show the observed surface density of asteroids and the fraction of
each type to the total surface density as a function of heliocentric distance for 1001
MBAs. (c) and (d) are bias-corrected surface density and the fraction of both types,
respectively.

One can see the depletion of asteroids around a = 2.5 AU and 2.8-3.0 AU in Fig.
6(a). These region are corresponding to the mean motion resonances (3:1, 5:2 or 7:3)
with Jupiter. The S- and C-type asteroids are indicated by solid line and dot line,
respectively. The distributions of two types asteroids are obviously different: the
S-type asteroids dominate in the inner main-belt, the C-type asteroids dominate in
the outer main-belt. Fig. 6 (a) and (b) include the observational bias so that we could
not detect the faint asteroids in the outer region of main-belt and much more S-type
asteroids are discovered at any limiting magnitude than C-type are, because of their
high albedo. Taking account of such observational bias, we re-plotted these figures
in Fig. 6 (c) and (d); (c): surface density and (d): fraction of each type by using the
asteroids larger than 0.6 km which seems to be completed in our survey.
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5. Size Distribution of S-
and C-type MBAs
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We investigated the size distributions of
our MBAs for each type in the different
main-belt regions: 1.e. the whole-belt
(2.0 < a(AU) < 3.5,), the inner-belt (2.0
<a < 2.6), the middle-belt (2.6 < a <
3.0), and the outer-belt (3.0 < a < 3.5)
(Fig.7). We noticed that for small
asteroids (D < 1 km), the GSD-slopes
index of each type are similar with
each other in any regions (the slopes
were listed in table 3). Their slopes are
1.0-1.2 in the inner-belt and the outer
belt. In the middle- belt, the slopes
(1.3-1.4) are slightly larger than others.
We reported before that the size
distribution of asteroids may have
differences between the inner-belt and
outer-belt regions in our previous
survey (Yoshida et al. 2003) as well as
previous studies (e.g., Jedicke &
Metcalfe 1998). However the Sloan
Digital Sky Survey (SDSS) did not find
any evidence that the size distribution
varies with the heliocentric distance
(Ivezi“c et al. 2001). Since all previous
studies, except SDSS, assumed the
mean albedo of asteroids because of
the lack of their color information,
despite significant differences in the
mean albedo and heliocentric
distribution on the major two different
groups in the main-belt, we must think
about the possibility that the mean
albedo assumption brought apparent
difference in the cumulative size
distribution in the main-belt.

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

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

Types  Whole-belt Inner-belt Middle-belt Outer-balt
Sand C 1294 0.02 1.02 = 0.03 131 = 0.07 1.11 = 0.02

(17.8-20.2 mag) (19.0-21.4 mag) (18.2-20.6 mag) (16.2-20.2 mag)
Th 002 L.72 = 0.06 216 =018 L.89 = 0.07

(14.6-17.4 mag) (16.6-18.6 mag) (15.8-17.8 mag) (14.6-15.8 mag)

S-type  1.20 + 0.02 0.99 + 0.04 1.26 -+ 0.0

1
s
ba
8]
-

244 009 1.58 = 0.12 325 0 044 0.56 &+ 0.06

L.55 &+ 0.13
(15.4-16.6 mag)
C-type 1.33 = 0.03 109 = 003 139+ 0,10 112 =+ 0.03

263 + 006 271044

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

We examined the spatial distributions along the ecliptic latitude of S- and C-type
asteroids. We calculated the normalized surface density as a function of inclination
as follows. At first we divided asteroids into the bins having the range of 0.2 AU in
the a and 5 deg in the I, and then counted the number of asteroids in each bin, next
calculated the percentage of the number of asteroids at each bin to the total number
of asteroids including in the range of 0.2 AU 1n the a.

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

Fumi Yoshida & Tsuko Nakamura Size distribution of Sub-km Main-Belt Asteroids

106



7. Summary and
Discussion

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

until much smaller MBAs (D ~ 0.1 km).

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

100000 Fig. 9. Size distributions of

LINEAR, SDSS, and our
asteroid survey.

The solid line shows the
size distribution of NEAs
from Stuart and Binzel
(2004). The + and © show
the size distributions of the
SDSS red (S-type) and SDSS
blue (C-type), respectively.
The = and [1 show the size
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We compared our size distributions for both types with that of NEAs obtained by
Stuart and Binzel (2004) and those of SDSS (Ivezi'c et al. 2001) in Fig.9. The solid

line shows the differential size distribution of NEAs. The + and o are the differential
size distribution of SDSS S-type and C-type, ® and [l are our Subaru S-type and

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

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

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

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