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1992�wK	P�o=}
xkx)0UR ( o=~0UR) x2�Wr.kBa��Z��PxkD�ya� o=~0UR�9��i`URIP�V�d~2P395P�Y8H�(O�. o=~0UR%IP�V�ZwURIPf9�9\(O�V� o=~0UR%IP�qez|)�� (1)  o=~0UR�9�*OEA�}
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� 100 �������V���Q�y�5������� 27 ��
2 �"q?�D��Sg*t) 1930��o=*9���q�U�PJ Leonard [1] ./}
xEPE�<MfG(�EQBa��
k�SLN�E�lZ�7�E=E (*=�s=��C�/=) �q~0E=E (l�/=��=PO��Ba"w 2∼4AU) �7�E=E (�=�d=�Uo=��o=) �5;Ba��I	?u!!Uf�o=}
��n)�o=�}
k�S%x)/<�E=uUBa'E�)sP���75U�PJ Edgeworth Mf [2,3] �)�o=�}
k�{N�0UR1?0URPx)�/f�50UR
��QH��xxa�Ba�BZP�=� 1950��d6/U�PJ Oort�Mf [4] �) 105 AU xk�k℄
{N0URlZ���CR&f%u|Ba��=�;��=�2����)XPw�7I& (Oort Cloud) �

1951 ��q�U�PJ Kuiper [5] )j��U�A (Yerkes Observatory)50n�VG+oP�vBa�2��'[�KuiperZw)�>�Banu�k℄
4R�W�lZ��y=&�=&\�����9w5BZPE=�<q2P)�=Ba�℄}℄lBa=&�dEA�9�sEA)7�E=Q{f�HT�5)�o=}
Pk�Uq�)&N��o�BZ7�E=�3jo�<\GP�o=}
k�Ba=&}��<\�D2�	i�)sE���=&+��Z%x�yD�0=��/�Z��=%.�Æs�
Kuiper �Y)�o=�}
Pk�k℄
{N0URlZ��yE��AuU;X� o=~ (Kuiper Belt) �=�+n,�= (Vhwn,0� 200 a ��=) �2����� o=~�G(*Wr��PC���R	 20�H 70��� Joss [6] ) 1973�Vf�wK	�+n,�=%N��	�7I&2l���5Y�2��1980 ��Fernández [7]).+n,�=2��V�fNP�o=}
k0E=~�x)�<GP=�BZ�℄"�<Zw) 35∼50AU PO�dBa=&	�U� 10 ℄�CN�uR�
��I��$H�BZP"w 1011 ℄N�U� 1018 g �=� [8] ��5=�\��9BZP{�0UR (N"w 1023∼1026 g) �P��
�0URPO�{�=%�	�EE0UR�}
0h	�o=Q{<*=-�htBZ+n,�=�sk� Fernández %.�50UR�'wKHPE��=r)�=Ba 40∼50AU ��ABZ�N"w 1024 g �M$/=<`w 0.5(`�o=) ��n=r��=�w 17∼18 mag ��s�S'x*wK	� 1988 ��
Duncan [9] .+E�?a+n,}
�=�%NxEPE��9�=r��2�k℄^-℄H�C&y�2�� (A�7I&) �5�2���o=}
Pk��=~�4| CCD �{��	� 1992 � 8 $� Jewitt � Lun [10] )�sr�h�3UmU�A (Mauna Kea Observatory) 9�P�k℄ o=~0UR (Kuiper Belt Object, KBO)1992

QB1 � 1993 � 3 $� Williams �W���9�P�8��g℄ o=~0UR 1993 SB �
1993 SC [11,12] �P��#2#3� o=~0UR*wK	�a 1 ���� o=~)Ba�f�}℄�) o=~0UR 1992 QB1 *9��℄�� Levison � Duncan [13] E	%TA<}�P)Ba� 4 ℄7�E=��I	���o=}
k0 :`��?a�0UR (VN�_R) }
��$HB. (℄"[ 109 a) �i����` 1992 QB1  ���0 :`��?a}
�0UR��$��
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b 1 �!p>�*Cb�g�~^�{bu#hH� http://imgsrc.hubblesite.org/hu/db/images/hs-1995-26-b-pdf.pdf

3 �"q?�Sq o=~�V}��o=}
k�0URlZ��yE��k Zw o=~0UR�,,Ba���Z^{E=��IZ� o=~�9��0P.Ba�V��9H��E9 o=~il�2��z|�w)�=�Ba�99��Z��5;=�owV�kBa�,,�BZ�℄"Mf</le�"9�gY	 2008� 1$�wK	� o=~0URw�U�P 1 200℄�=r�R�3+'{�
100 km�a 2���� o=~0UR�*OEA (%ÆG� http://cfa-www.harvard.edu/iau/

mpc.html) �wPAi2W�℄}
"R� a >100AU � 17℄0UR^^B) 100AU l�'

b 2 �!p>�1VS�+PFB



� 102 �������V���Q�y�5������� 27 ��x9�� o=~0UR�*OEA�{�5) 39AU Q{� 42∼48AU PO�|z���=���℄�x'��,z�aÆwK	� o=~0UR}
�%IPIG�{\'x℄=rEw`� 47 [14−17] �
(1) �  o=~UR (Classical KBOs) �{"7 2/3 �=r3+}� 42∼48AU PO��|0�}
 :`���}
?a (Wa 3) �` 1992 QB1 (a = 43.872AU, e = 0.069,

i = 2.2◦) ��{2�wK7z�sE��%x)|%�kEE;�%IP�V��0UR�=r�|{�}
?a (	{U� 30◦) [18] �
(2) ��o=9}''%}
iC�UR (Resonant KBOs)1 "7 25% �=r�{�}
 :` (3+) 0.05∼0.3PO) �I9��iC0URqe=f)��o=9} 3:2 iCl (a ≈ 39.4AU) �5�o=i}��A��s 3:2 iCl�0URid���0UR

(Plutino) [19∼21] �)�o=� 5:4, 4:3, 5:3, 7:4, 2:1 �''%}
iCli�qN� o=~0UR�= (Wa 3) �

b 3 �!p>�1VS�~�b&FB
(a) ��$T� a �!;a e GC� (b) ��$T� a ��b i GC

(3)htUR (Scattered KBOs)�=r)�o=k2R�i�}
o'E�}
 :` e)
0.2∼0.85PO�?a i < 40◦(Wa 4) �̀ 1996 TL66 (a = 82.902AU, e = 0.578, i = 24◦) [22] �htUR�{℄��= q "w 35∼40AU�%<=r�
��o=��Iht	5�\�9�2R}
��5 q < 40AU�htUR 	�o=td��IT%�=r�}
+) 1.0×109 a��5�9}U3�hP{℄��={k�htUR�}
IG�+n,�=%7.��s=r'��+n,�=�qe2� [23∼26] �htUR"7wK%Æ� 8% ����_	wK�O/H3��/�F,F�S,{�

(4) E=�UR (Detached KBOs) �=r�}
"R� a > 50AU �{℄��=,htUR{ (q > 40AU)(Wa 4) �` 2000 CR105 (a = 219AU, q = 44.16AU, i = 22.8◦) �e	
(Sedna: a = 485AU, q = 76.21AU, i = 11.9◦) �
��50UR!=Ba��5 	7�E=��1 X2XT��q?���o.℄T�L'- |p/q|�<kEb φ �EM2� 180◦ 
φ = pλ+qλN+mω̃+nω̃N+rΩ+

sΩN �0h λ � ω̃ � Ω G:8�XT�(�*�}^��*��`��*��6 N 8��q?�&�O� p, q, m, n, r, s�L'�< p + q + m + n + r + s ≡ 0.



� 2 - <�[��X�!p>�jmC[&JQ 103��I	CQd�)Ba��W��=r�+��o=9}v{_+ [27,28] �Yk�%�kk*Xw"Wi0E= (Centaur)��=7 (;)0UR�=rEA� 5∼30AUPO (Wa 4)�R�'z	%� km(`�_ (Chiron): a = 13.706AU, e = 0.381, i = 6.9◦) [29] �g[�9�w�9�PU� 100#"Wi0E=�"Wi0E=�}
�7�E=%_��sl�%IP��$�yD�k Zw�=r'��w o=~0URw3Z+n,�=��=�fOUR [30,31] �

b 4 �iuVS�F>�VS�#Xj1F>�~�b&FB
(a) ��$T� a �!;a e GC� (b) ��$T� a ��b i GC7 1 Sf��k5{� o=~0UR (R�w 1 000 km NB) �� 1 z?` 1 000 km G8&Bs�#iZX| Y �0?� /mag >=a S� /km 9 A�{? (Eris) −1.2 0.86 ±0.07 2 400 ±100 jv2XT�q? (Pluto) −1.0 0.6 2 320 3:2 kE2XT

Orcus 2.2 0.04/0.12 ≈ 1 500 3:2 kE2XTfÆ
 (Sedna) 1.6 0.2? < 1 500 G?�2XT��m (Charon) 1 0.4 1 270 3:2 kE2XT
2005 FY9 0.3 0.6? 1 250? jv2XT
2003 EL61 0.4 0.6? 1 200? �"2XTp{? (Quaoar) 2.6 0.12 1 200 ± 200 �"2XT
Ixion 3.2 0.09 1 065 ±165 3:2 kE2XT;f� (Varuna) 3.7 0.07 ± 0.02 900 ± 140 �"2XT
2002 AW197 3.2 0.1 890 ± 120 jv2XT�o=1~}
�2�kR�℄�I��O��℄E=�}
w�(
w'3+l��v(�o=�"w 17◦ �}
?a�Yk��o=�}
%��{� :` (e ≈ 0.25)��k, ({℄�Q{) }
|[)�o=�}
x�����g℄iC5`&NP/'%�R,�$H [32]: (1) �o=��o=l� 3:2 ''%}
iC��s=rPO��=i{� 18AU ��+9}v{_+ [33]; (2) �o=�{℄�a� ω ) 90◦ Q{C% (swr) (Kozai) iC [34,35]) ��s�o=){℄��!=/<E='%�}
w� (3) �o=��o=�~_��)PO Ω −ΩN �x%n,��o=�{℄�a� ω �C%n,9}



� 104 �������V���Q�y�5������� 27 �����A 1:1 UBiC [36] �� Ω −ΩN = 0◦, ω = 90◦ ���o=�}
 :`z		0�}
?az		{�� Ω − ΩN = 180◦, ω \w 90◦ ��o=�}
 :`z		{�}
?az		0��sU0P�o=.�o=�s% [37] �
1978��Christy� Harrington [38] 9�P�o=��=��k�=�R�"w 1 200 km�N"w�o=� 1/8 [39] �	{�wK�� [40] �hP��kPk��o=%�YkM℄0��=���8 (Nix) ���g (Hydra) ��℄-=�^'�2��M℄UR��x [41∼43] �`uw9� o=~0URf	{�<���o=�5��z= [44] �=�R�{"w 2 400 km �p{��o=� 2 300 km �M�
��z=�9���2P$Pnv�E=$|�J��J�℄/��o=kSaBa�E=�ES�) 2006 � 8 $�A1\>���FU�PK�+ (IAU) � 26 r{+o�2�^�U�Pn��7_%\��}��o=℄�(}��E=�PS�5*^Bw�E= (dwarf planet) �

4 "q?�kn�D\7bwa 3 �a 4 f�r'x�	� o=~0UR�}
7�f,z��:9yD�{�2Mf�'��BZ5`qe�x� 5 k�
(1) {=�ht� Morbidelli � Valsecchi Mf [45] �2��W 1∼5 (��CN�{=�*�o=ht	�� o=~f�=r:9P o=~0UR�}
 :`�?a�<;℄{N�0URhtfJ���� o=~8�P{EE�N� Petit �W [46] \GPL���}��i�	P�o"7.�i���S}���BZ o=~f0UR)�o=� 3:2 iCQ{��=�%=��S}��YP*� 3:2 iC}℄�Yk�{=�2��x)�Jio�Rf�NÆ�
(2) Uo=��o=�*^��)��=�d=�uR�z	"w 15 (�CN��=r�wBa=&A{N�94R�N,01{BZ�E=��E�Vf [47] �)�= − d=E� (4∼10AU) f'�%�Yk 2∼3 ℄"w 15 (�CN�E=��=ro��9	4R�N1{�5�*�=1?d=htfJ��M℄	iBZPUo=��o=�
��M℄*htf2�E=�:9P o=~0UR�}
 [48] �
(3) �=_+��={3ZPZfP}��s)=13=�^�+4��.�)Ba�BZ�,,�`��Yk#�=wQ{���℄+T%<:9Ba��UR�}
� Ida �W [49] Nz�k℄�BaN��=w�=Ba{" 100∼200 AU ��A���0�'�E:9 42AU k�  o=~0UR�}
�;��)�o= 3:2iCl�0UR��k}�%EEl�P o=~�NM��1n�O�
(4) R,iC6t�R,iC�V�=��{℄�1~_�x%�u�&`�Ba��kIG&`%��9? ({℄�) �iC�o:9=��}
 :`�5�? (~_�) �iC+:9=��}
?a�)x)=&4R�,,Ba�f�4|=&4R�h�4R�I�U3�R,iC�}℄
+9}6t��\ o=~0UR� :`�}
?a 	:9 [50] �Q5�R,iC6t�<l��o=� 3:2 iCl0UR��=�Yk�
�R,iC.=�}
?a�:9CQ�3��  o=~f℄�+�` 1992 QB1  ��?a0URx)�
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(5) 7�E=�}
6t� Fernández � Ip \�%T}�9� [51] �7�E=BZn,�IZ�=��%�n�a%N��o=�Uo=�d=0�a%N-k6t�5�=0�Ja%N-�6t� Malhotra )s3jo94PiCO05` [52,53] �4|�o=-k6t��/9}''%}
iC�}℄k��=���	i�5iC (I9� 3:2 � 2:1 iC) O0P{N�0UR�<�3�:9P=r�}
 :`�3Q$PJrw o=~�BZ�_x,PM3�℄�a����	�9wY�%o�Y�kk5`'x�(�l� o=~;��wKil�/f�7�E=�}
6t�iCO0}���9	\E���'x,��l� o=~il�BZ�

5 "q?��KI�sg
Q o=~�9�IG�kBa�,,�℄"�v�'E���sV� o=~0UR�%IP'xwPlkBa�BZ�K℄�_Mf{N�NT�"9�Yk�%,�V�7�E=�x5Y� o=~'x�[1�Wr3��v7�E=wBZ	}
℄"Aw�<���w�℄w%IPAw�"kBa�,,�℄"�;/Lel�� o=~�IG>qe�O�
5.1 2^jKu(/y %hYW���wK}R����%�kEE� o=~0URl���o=9}''%}
iC�}℄ (Wa 3) �I9� 3:2 iCl (39.4AU) �Yk) 5:4 (34.9AU) � 4:3 (36.4AU) � 5:3

(42.3AU)�7:4 (43.7AU)� 2:1 (47.7AU)�iCli�k$%N�0UR�=�Malhotra [54]E	'w�B!`HgR}��̀ fP o=~f�o=''%iC�}℄�-)�5 35AU��E�
�iCl#�\-��C�o�0URx)�.� o=~�kiCil�BZ�7�E=�}
6t�iCO0}�`fP,��l��)Ba�BZ,,�7�E=3+0���)%��NP��\��IZ�=��%�	9}a%N_'�d=�Uo=��o=0�a%N-k6t (}
"R�3{) �5�=0�Ja%N-�6t (}
"R�U0)[51] �Malhotra [52,53,55] )s3jo94PiCO05`�?�aPk℄M(�I	�7�E=o�*�=r�"R�9}y �3"�}�E=6t��_�aÆ�V℄"� [56] �4|�o=&l�-k6t��/9}''%}
iC�}℄k��=��<O0P{Nd}�0 :`��?a}
o�0UR (I9� 3:2 � 2:1 iC0UR) ��7z�o"5`�o:9*iCO0�=��}
 :`��s'x\��o=���0UR (3:2 iC0UR) �9�}
 :`EA2qD�o=}
6t��=b) [55] �
∆e2 =

k

j + k
ln

a

ai
=

k

j + k
ln

aN

aN,i
, (1)�A ∆e �0UR}
 :`�U3N� ai � a �0URd��9�}
"R�� aN,i�)0UR*iCO0��o=�}
"R�� aN ��o=�)�}
"R�� j �

k �M℄K%�7� j + k : j ''%}
iC�M$ 3:2 iC0URd}�{�}
o
(e ≈ 0) �aÆ=r�)	{� :` (emax ≈ 0.35) �'xq2f�o=�}
[q-k0



� 106 �������V���Q�y�5������� 27 ��:P 9AU �Yk�Malhotra [57] 9�)s6t�_f�
�R,iC�	��o=�}
?ai+ 	:9�

b 5 ��p>�~�#S�^#�$8�z!8v�K$8�68I�8v�8v�6y 2 × 107 a

Malhotra Mf�}� [52,53,55] l�P0UR)��o=9} 3:2 iCl�=�k5 o=~il�leIG��/�K�0UR) 2:1iCl{N�=0�wK���N��Fo�7�E=�}
6t<��y ��
�E=pvht=�59}}
U3��Y'�(G�45���s/}
6t�_�S�k$�45H�����R�6tA-�-�1?-k [51,58] �
Zhou�W [59] � Li�W [60] )7�E=}
6t��_f�a453� (a 5)�Ze�l�P�o=� 2:1 iCl� o=~0UR�M���	P�wKwf{�EA (a 6) ��s}�f0UR�}
?a<o�*E:9�) o=~0UR*�o=''%iCO0��_f� Li �W [60] � Gomes [61] .}
?a�:95`P���V��9�3Q�kEEiC0UR'x0�{�}
?a����wK%Æ,�/%N� :9�_)'%.0��n�)7�E=}
6t�iCO0�_P91?P���J�/<�5` (`�=_+�R,iC6t�) :9P o=~0UR�}
Æ�

b 6 �*8�F>~�7u��`g�b564���eÆ~� 28∼48 AU QP��`S�
j~�b&FB [60]
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Nesvorný � Roig 9� [20,62] �iC0UR�}
�$HyX�/iCaCL�{0�=r�iCaCL,0�0')Ba��W�&a�$�5�5iCaCL%.{�0UR4|�O ("w 109 a NB) �℄"=�PiCE�=r
��JPiC&�5��o=9}v{_+���
BZP+n,�=�Kotoulas � Voyatzis [63] E	'w�B!`HgR}��.�o=� 5:4 ''%iCEP'��V��;	P/f��$}
�<Vf o=~0UR 2003 FC128 O�l���o=9} 5:4 iC�}℄� Kotoulas � Hadjidemetriou [64]\GPkk3�'��v71�^�8�t}��<r	s}�V�P�o= 4:3 iCEA�0UR)'w>gz*Of�℄"�)'w}�f (A0UR�?a i = 0) � 	 4:3 iC&��0UR'x){ :` (e ≈ 0.44) i�}
o�$�'E5���o=9}v{_+�4|�5iC0UR}
?a�1{� 4:3 iC��$E�#2#0�� i > 10◦ ��iCE3�mL-���l�Pw�n)�FwKf 4:3iCE�C�o�?aU� 10◦ �0URx) (a 3(b)) � Lykawka � Mukai [65,66] \�%T}�V�Pl��  o=~f� 7:4iC�<r9�) (4∼5)×109 a ��Ob)�� 7:4 iC'x&l�:9iCE�>/nu0UR� :`�}
?a (a 3) �.�?a i < 5◦ � 7:4 iC0UR5Y�/�$E�w

0.25 < e < 0.3 �5?a i > 10◦ �0UR0l�<��$�}
o���o". 4:3 iC�V�i�%7.�) o=~f%x)|k7I!�iC0UR —— �o=�Igo0E= (Trojan

asteroid)�;�Igo0E=V���/qE=�|%.�}
"R��)E=9� 60◦�1\6℄� (L4� L5)Q{��E=k2uUBa'%�0E=�Igo0E=�/qE=��C�%℄�}
n,��sk ,=r�l�E=� 1:1''%}
iCf�wK����9�o=i� 6℄Igo0E= (W7 2�%ÆG� http://cfa-www.harvard.edu/iau/lists/Neptune

Trojans.html) �/f 4 ℄'){���?a�}
o'E�5YkM℄Igo0E= (2005

TN53 [67] � 2007 VL305) N��Z�}
?a (i > 25◦) ��9.��o=Igo0E=2��V��{3�\G)l��=Igo0E=�BZ5`�3jo�`Ba=&4R��e	 [68] �=��x2}R [69] �7�E=�}
6t [70,71] �iCl# [72,73] �E=N1R [74,75] ����)o"5`f�Z�BZ�}
?a�Igo0E=� Li �W [76] Mf�)o"�7�E=}
6t9}P9��o='�k)l�Z :`�}
o [48,77] �
�nu=���%IP�F	�=� :`�,(U	"w 0 �℄�,0-�6t (℄"�5w 105 a) �)s,06t�_f��o=℄k5dZ?a�=�O0x/Igo}
���o=z	{�}
P��Igo0E=4|�o=� 1:1iC-k6t	z�)� 2 3_k&UHsimk| Y �_ a/AU e i/(◦)

2001 QR322 L4 30.262 0.031 1.3

2004 UP10 L4 30.171 0.027 1.4

2005 TO74 L4 30.151 0.052 5.3

2006 RJ103 L4 30.036 0.027 8.2

2005 TN53 L4 30.143 0.064 25.0

2007 VL305 L4 30.007 0.062 28.1



� 108 �������V���Q�y�5������� 27 ���}℄�BZ7.� 2005 TN53 � 2007 VL305 ��Z?aIgo0E=��Fo�s5`�vX)��o=}
6t�0)�Ze�o=6t��o,�/ 1:1iC
'xO0	=��5�=� :`{0�v���`��o=d}�{�}
o�=�I�=���%�	+�\/&l�-k6t�6t�5"w 107 a NB [58,60] �)`s&l�6tf��o=��<O0	Igo0E=� [78] �
5.2 >'Ar�"hYWN:%T-+�Wrk)Zw�l� 42∼48AU PO�0UR�iC0UR>ht0UR�℄�=r�}
C�� �o=�I	��)�%&a|Ba�BZd,�:��yD�A)0 :`��?a�}
o'E��i�XPw�� � o=~0UR������wK7z�)�  o=~f�%�%��;�%IP�V��0UR�=r�{�}
?a (	{U� 30◦) ��5Z?a0UR�2��� o=~V�df��Pk�wP�N o=~0UR}
?a�B�EA� Brown [18] MfPkk9�A<�ZJeO
0UR*9���}
?a�℄:(
{)�A'O$/}
?a�� EA (unbiased

distribution) ��℄A</��R���_	�℄?a�0UR)(
Q{'E��OR)�℄�Z�N�5*9��({) 0.5◦ x��0UR�<℄p℄0UR�℄%^xKl sin(i) ��
'xhJwK�
{)�/5P}�O/H3���	� �}
?aEA�aÆsA<�'x9��  o=~0URz�Ew�?a�Z?aM℄EE (W� [18]f�a 10) �
Levison � Stern [79] .�  o=~0UR�E�9��=r
M℄z��℄�EE�Z�%IP�V���%IP�:���9?�{�}
?a (	{U� 30◦) �{�by

(	{"� r > 330 km) �5�?�}
?a i < 5◦ �byi,0 (r < 170 km) � Tegler �
Romanishin [80] � Trujillo � Brown [81] x> Tegler �W [82] �V�i�����  o=~0UR�lV% (B − R color) �=r�}
?a�z��v��Z?a0UR�[l 4��?a�0UR[l ��Q5��0UR (3:2 iC0UR) N�s�[l − ?a�.�v��k ZwUR�[l (7w�Z) �UR}Z�;l�$�x>�B�℄"�_�v��sWr
Zw�  o=~f%IP�V� (Z?a) �%IP�:� (�?a) ��M70UR�S�BP�℄�℄"���℄�2��

Gomes [83] 	%TA<}�P%	Ba� 4 ℄7�E=x> 10 000 ℄��=� (�N���b=�PO�s%) ��^�℄"�)��=� (a < 28AU) �	��7�E=9}}
6t�{N=�m#�o=�}
<*/-kht��5=�4A'��BR,iC�r)iC1?''%}
iC��5iC�o+�^�=��}
 :`��=r�}
�(��o=}
%_�4|�o=-k6t��5=��wiC}℄f�℄�f2�Zw�)wK	� :`01f�N��{}
?a�%IP�V���  o=~0UR�Yk�i�q�k5k�=� (28 AU < a <50AU) �=r�=7�E=!��s|�B}
m#�3Q*6tf�''%iCk��=r\&a0�}
?a�BZ%IP�:���  o=~0UR���s}��	{�O)���5�:��0UR�<)����O�)��RZ�Yk%�k℄�O�3Q�5�V��0UR�}
 :`)R,iC�r)iC�''%iC�	�U0���/U0�_)�!�xBZwK	� :` e < 0.1 �Z?a0UR�
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Nagasawa �WVf [50] �Ba=&4R�h'x�2R,iC6t��\ o=~0UR}
?a�:9���� o=~0UR?a� :9_)��EyX�=&4Rfw�Ba��3'w�Ia δ [84] �;Z�W [85] V�P)Ba�v\lB (4 ℄7�E=9}}
6tP9�}
.s%�0�yD)f�R,iC6t.��  o=~0UR}
?a�:9	�9�� (1) �=&4Rfw�Ba��3'wl��A δ=0 ��R,iC6t���3�:9�  o=~0UR�}
?a�A�1{E=%.��3'w�?a�0UR}
?a�3"nQ�0� (2) �=&4Rfw�(
wl��A��3'w�{"

δ = 1.6◦ �Ia�0UR�}
?a'x*R,iC:9	 30◦ xo (Wa 7) �ez	�k3��L)7�E=�� o=~0URBZP��k�ZY�IZ�=&4Rv)"w	0NBa=&4R� 0.1% �h�5"w 1.7 × 107 a(��wK	�s�Æ T �=�=&4R�h�5 3× 106∼107 a %N� [86]) �Yk�0UR�}
 :`o� 	:9�\&a0�T (e < 0.01) ��wK	�Z?a0 :`��  o=~0UR�7.�

b 7 �S-jD7u/�!!p>�1VS~��;:
5.3 {FOQV�9 o=~��NZ"w�CN� 1/10 [87−89] ���aÆ�9}� [90−93] �e)����O� (107∼108 a) BZR�w 100 km NB�0UR�d o=~[q�	�%�℄�CN�uR��n��5�`�/����i�/T|Wr�k℄O�.� o=~N�M���)k �Mkl�5` [94] �

(1)2��W 1∼5(��CN�{=�*�o=ht	�� o=~�=r:9P o=~0UR�}
 :`�)� o=~ (a < 42AU) �{3%�0UR*�o=ht	��$�}
o�w5=�P o=~�)k o=~ (a > 42AU) �*:9P :`�0UR%�x25*�7��\P{EEN�/� [45,46] ���S5`℄�iA*P�o= 3:2iCl�0UR��wK%m2�Yk�io�Rf�NÆ��{=��2�x)�
(2)  o=~0URk)�|{� :`�}
?a��BP%�POsTx2��_��\P�{3%R�0� 100 km�0UR*�7ZwW��P��BaKtT� Poynting-

Robertson 3�℄�5W�qh [95,96] ���s5`ix)W�O�=eD�{EE o=~0UR�R�'0� 100 km �5R�{� 100 km �0UR℄%0��){\%��Yk� o=~fx)k5%�!�)= (` 1998 WW31, 2001 QW322) �)`s:T�x2$�f=r℄�x)[u [97] �



� 110 �������V���Q�y�5������� 27 �� o=~0UR�N�\�M$=r�=<` (albedo) 'w 0.04(`℄�=��=�)qD�	����{2.by{� o=~0UR�wK7z�=r�=<`e,�=��=�Z 3 (�Æ�
�0UR�N�/=<`� 2/3 vAZ=,��n"w 0.1 ℄�CNZ� o=~�No!�/�FN'�Z�" 0.02 ℄�CN [28] �
5.4 >'Ar�"%℄�<wa 3 f'x�	��  o=~)"w 48AU l�z��k1n (A�o=� 2:1 iC}℄Q{) � Trujillo � Brown [88] )/hPwK�O/H3�P��V�P o=~0UR��-EA�N�Psk1n�x)��  o=~�k1niM�=	��W�H� o=~w�)s`Qf-�$PJr�P{N�d�<MfP3k5`2l�=�Z��

(1) Ba�BZ��rw%��$H (magnetorotational instability, MRI) :9P�=��f�e\��YP=��kEE� (48AU xk) =��}R [98] �
(2) �Ba=&f�uR�4R�wv)P, η U��kUnT��=&fwQ{��uNB�uR#H'x\��I��$HBZ5uNB�=����
�4R�I�x)�uR#H9}-��$t��\uR��-wv)4|℄:�=�1{5�U;L)#2#{�)�}℄>/Pkl� η T^	sUnTx���s�<BZ=��w5P}P=���k1n [99,100] �
(3) )Ba�BZ,,�U{�{N�=��kKtLVPBa=&4R�kEE��*LV�4RI~|uRW�F9	=F*O (AyF93�� photoevaporation) �w5BZP�  o=~�k1n [101,102] �
(4) ) o=~BZP���Ykk#�=wBa�Q{���/:{�V��I	�� o=~) 48AU Q{*g- [49,103] �
(5))� o=~f�k℄/={0�0E= (a ≈ 60AU, e ≈ 0.15∼0.2)�=℄ 50∼70AU?u��{3%�0URht	��o=%_�}
o�BZP 50AU Q{�k1n [104] �s��qe�O)����n5`���#0E==�PBa��J0=�'�FfWr��h [105] ����xo�5`�℄i℄�M��3Q'xBZ�  o=~�k1n�N�<l�w�sk1nM�l��o=� 2:1 ''%iCQ{� Levison� Morbidelli Mf [106] �;�� o=~0UR') 35AU x��E�BZ�Q�=r*�o=� 2:1 iCg	�)�}℄�)s�_f�o=��~45H�6t� (6t�|-��-k�45H����A-�-k) k^o℄�P%�%N��:��0UR�BZ�?a��  o=~0UR�5 2:1iCf�R,iC0l�P�50UR}
�� :`�sa�w�  o=~k1n�}℄MfPk℄�Q���l��Yk�
� 35AU ��=�Z�k0EE* 2:1iCO0<~	 o=~��s�)� o=~Z��0�N���s}��Jl�iC0UR>�V����:��� 0UR�%N,�0UR��F}
a%EA� o=~�L�il�%��L��}��Q_� Gomes �W [94] � Morbidelli [107] xkDVf�
��o=�}
6t+aN[=���k1nH[Y��sd=���k1n�'�
) 30AU Q{ (�)�o=�}℄) �
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5.5 pw%Ar�"

Gladman �W9� [27] � o=~f%�k79�Z��` 2000 CR105 (a = 219AU,

q = 44.16AU) � 1995 TL8(a = 52.388AU, q = 39.983AU) �=r�{℄��= q ≥ 40 AU �l�ht0UR�}
Pk�*XPw�X4�ht0UR��Emel’yanenko �WVf [108] �%�Wht0URi�|a�9�k7�
��50UR!=Ba� 	7�E=��I	CQd��s�)�X=rw�E=�0UR��k Zw�E=�0UR��E=�fIZ���."���=r�`�BZ<	z�9�}℄��Ba�,,B	V�f�Yk℄vXH�O�E=�0URf	�{�e%e	 (a = 485AU, q = 76.211AU) �=�}� o=~��7I&PO�k#0E=�9���=Ba"w 90AU ����WrwO�Ba�f�=Ba	!��UR [109] �Yk�e	�R� ("w 1 700 km) Z,�o= ("w 2 300 km)b0�k)%*Zw�Ba����#{E=�.�E=�0UR 2000 CR105 �e	�I~}
�2�� Morbidelli � Levison MfP 5 k'��5` [110] � (1) Z :` (0.1 < e < 0.4) �o=�T%� (2) ) o=~1?ht�f�2���{NE=���x)� (3) �{N� o=~.Z?aht0UR�T%� (4) ,, o=~0UR 	Q{�=�T%� (5)�0N�=1?��=wBa�Q{����BaO0P=rnu�=��f�=��5/f	�'��0��=_+.!=Ba�0UR�T% [110,111] �
Gomes �W9� [112] �`�)!=Ba���A�k℄�o={0 (a ≈ 2 000AU) 1?�={0 (a ≈ 5 000AU) �URx)�=��IT%'x���5ht0UR�{℄��=1{�Fh�o=��I#R�	z7.E=�0UR 2000 CR105 �e	�}
�

5.6 Tj5*jd[G 1978 �9�P�o=��=��kP�� 1998 ��;	P�8℄ o=~)=�^
1998 WW31 [113,114] �gY	�9�w�9� 28℄ o=~0UR��=�/f� 2℄g=�^� 1℄-=�^ (�o=���k���8���g) (W http://www.boulder.swri.edu/ekonews/

objects/binaries.html) � o=~f�)=�^���t�I�� 2 ℄UR{0%��)Z :`�}
o%�Uw�M?%�%�[%5(R��=��^a%N{ [115] � Kern �
Elliot �qD�� [116] � o=~f�vv)=e,!�)=3�3�v� o=~f)=�2�[uo�mn�l��,�o=���k�){��%�}
o'E�vv)=�MR�x�	'��2��M℄by%�;%.0)�0�UR9}7�x (oblique impact) ��x�P}Pq=>/nu
)7URBZ����f�\�9�BZP�= [41] �5 Stern Vf [117] �\�MR�xBZ)=�V`���%��xl� o=~f)=�%N� Goldreich �WMf [118] ��M℄{� o=~0URm#.s� Hill "� (MR%�	{�Ba��I�)) ��BZ+��)=�^�n�nu0=��%IP�F1?\�ht�g℄{=��s)=�^hP�N5�$P/il�s5`'x�\3vv)=�BZ�5 o=~f�!�)=�|�℄�vv)=�2�� Weidenschilling Mf [119] �`�M℄0UR)�gR��I	?u�9}�x��9�BZPk℄9�0UR��n
�



� 112 �������V���Q�y�5������� 27 ��s�_fhP�o3��N��℄9BZ�0UR�o*�gRO0BZ)=� Funato�WVf [120] �o"}�fZ�P}){�}
o%�Uw�)=��<l�wK	��5l�Z :`}
o�)=�<rMfPYkkk5`�{N�q= a �0N��= b lZ�)=�^��� a N%���g℄=� c %�	�� b *htfJ�5 c 0G�P
b �}℄�'E)�= a !;%. :`{�}
o�)���)=�^BZ}�f�'Mw,, o=~�v),�){�3 (100∼1 000() �`�sZYZG��n
'xZw)=�BZ�jl'9})=�YYBZ�.%,�T�,,�5�x�)=ww�w��x2�Gx? [28] �
6 k $ ��9�. o=~�E9w�ZwU�PJ�k*l{V�(O���� o=~0UR�=�CCQd!�3QwK�,�-xD���$Pn[u\Q.=rOP|q�ws�q��J
*
U� (NASA) w 20 �H�
�{)xE�o=� o=~UR�EK�$PJr�r\�.�"d!E��E9'xe�Ba�2��℄"Pt�

2006 � 1 $ 19 ℄��o=EK39�hÆDo (New Horizons spacecraft) )q�IeAzp��z17a�)��
Uf:9t~*�9�hÆDo� 2007� 2 $��P�=<ou/�{��IM0�L0D-Ba��1 ��D 2015� 7$�z�o=�)��o=�=vfk�P�=℄GN9x�� 2016 �[ 2020 �OE9 o=~0UR�9�hÆDo℄EK�o=� o=~0UR�7wH��l.��Eil�{4M��H�we�Ba��2��℄"Mf3�"9���ae�
[1] Leonard C. Leaflet Astron. Soc. Pacific, 1930, 30: 121

[2] Edgeworth K E. JBAA, 1943, 53: 181

[3] Edgeworth K E. MNRAS, 1949, 109: 600

[4] Oort J H. Bulletin of the Astronomical Institute of the Netherlands, 1950, 11: 91

[5] Kuiper G P. On the origin of the Solar System, In: Hynek J A ed. Astrophysics, McGraw-Hill, New York,

1951: 357

[6] Joss P C. A&A, 1973, 25: 271

[7] Fernández J A. MNRAS, 1980, 192: 481

[8] Kuiper G P. Celest. Mech., 1974, 9: 321

[9] Duncan M, Quinn T, Tremaine S. ApJ, 1988, 328: L69

[10] Jewitt D C, Luu J X. Nature, 1993, 362: 730

[11] Williams I P, Fitzsimmons A, O’Ceallaigh D. IAU Circ., Edited by Marsden B G, 1993, 5869: 1

[12] Fitzsimmons A, O’Ceallaigh D P, Williams I P. IEEES, 1994, 1: 24

[13] Levison H F, Duncan M J. ApJ, 1993, 406: L35

[14] Luu J X, Jewitt D C. ARA&A, 2002, 40: 63

[15] Schulz R. A&A Rev., 2002, 11: 1

[16] Elliot J L, Kern S D, Clancy K B et al. AJ, 2005, 129: 1117

[17] Lykawka P S, Mukai T. Icarus, 2007, 189: 213



� 2 - <�[��X�!p>�jmC[&JQ 113�
[18] Brown M. AJ, 2001, 121: 2804

[19] Yu Q, Tremaine S. AJ, 1999, 118: 1873
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Dynamics of the Formation of the Kuiper Belt

LI Jian, ZHOU Li-yong, SUN Yi-sui

(Department of Astronomy, Nanjing University, Nanjing 210093, China)

Abstract: As early as the middle of 20th century, Edgeworth and Kuiper independently conjec-

tured the existence of a disk of small objects that orbit the Sun beyond Neptune—the presently

called Kuiper Belt. With the discovery of the first member of the Kuiper Belt Objects (KBOs

hereafter) 1992 QB1 by Jewitt and Luu in 1992, the Kuiper Belt was transformed from the

theoretical conjecture to a bona fide component of our Solar system. By now, more than 1200

KBOs have been observed. Since these objects are thought to be the remnants after the planets

had accreted most of their masses, they may provide us with many clues to the formation and

primordial evolution of the outer Solar system.

Here, the paper aims to give an overview of the recent progress in the study of the Kuiper

Belt. In section 2, the history of the Kuiper Belt is briefly introduced. In section 3, the main

observed properties of the Kuiper Belt are presented. In section 4, the mechanisms that have been

proposed so far on the origin of the belt is reviewed. In section 5, some outstanding problems

that need to be explained in detail are discussed.

Key words: asteroids; Kuiper Belt; Solar system dynamics; Solar system formation; numerical

simulation


