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% I P ' x w P l k B a � B Z � K ] � _ M f { N � N T � " 9 � Y k � % , � V � 7 �

E = � x 5 Y �  o = ~ ' x � [ 1 � W r c 3 � � v 7 � E = w B Z 	 } 
 ] " A w � <

� � � w � ] w % I P A w � c " k B a � , , � ] " @ c ; / L e l � �  o = ~ � I G >

q e � O �

5.1 2 ^ j K u ( / y  % h Y W

� � � w K } R � � � � % � k E E �  o = ~ 0 U R l � � � o = 9 } ' ' % } 
 i

C � } ] ( W a 3) � I 9 � 3:2 i C l (39.4 AU) � Y k ) 5:4 (34.9 AU) � 4:3 (36.4 AU) � 5:3

(42.3 AU) � 7:4 (43.7 AU) � 2:1 (47.7 AU) � i C l i � k $ % N � 0 U R � = � Malhotra [54]

E 	 ' w � B ! ` H g R } @ � ` f P  o = ~ f � o = ' ' % i C � } ] � - ) � 5 35 AU

� � E � 
 � i C l # � \ - � � C � o � 0 U R x ) �

. �  o = ~ @ k i C i l � B Z � 7 � E = � } 
 6 t � i C O 0 } @ ` f P , c �

� l � � ) B a � B Z , , � 7 � E = 3 + 0 � � � ) % � � c N P � � \ � � I Z � = � �

% � 
 	 9 } a % N _ ' � d = � U o = � � o = 0 � a % N - k 6 t ( } 
 " R � 3 { ) �

5 � = 0 � J a % N - � 6 t ( } 
 " R � U 0 )[51]
� Malhotra [52;53;55]

) s 3 j o 9 4 P i

C O 0 5 ` � ? � a P k ] M ( � I 
 	 � 7 � E = o � * � = r � " R � 9 } y  � 3 " �

} � E = 6 t � � _ � a � � V ] " @ c

[56]
� 4 | � o = & l � - k 6 t � � / 9 } ' ' %

} 
 i C � } ] k � � = � � < O 0 P { N d 
 } � 0  : ` � � ? a } 
 o � 0 U R ( I 9

� 3:2 � 2:1 i C 0 U R ) �

@ c 7 z � o " 5 ` � o : 9 * i C O 0 � = � � } 
  : ` � • s ' x \ � � o = �

� � 0 U R (3:2 i C 0 U R ) � 9 � } 
  : ` E A 2 q D � o = } 
 6 t � � = b )

[55]
�

� e2 =
k

j + k
ln

a
ai

=
k

j + k
ln

aN

aN;i
; (1)

@ A � e � 0 U R } 
  : ` � U 3 N � ai � a � 0 U R d 
 � � 9 � } 
 " R � � aN;i

� ) 0 U R * i C O 0 � � o = � } 
 " R � � aN � � o = � ) � } 
 " R � � j �

k � M ] K % �7 � j + k : j ' ' % } 
 i C � M $ 3:2 i C 0 U R d 
 } � { � } 
 o

(e � 0) � a � = r � ) 	 { �  : ` (emax � 0:35) � ' x q 2 f � o = � } 
 [ q - k 0
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: P 9 AU � Y k � Malhotra [57]
9 � ) s 6 t � _ f � 
 � R , i C � 
 	 � � o = � }


 ? a i +  	 : 9 �

b 5 � � p > � ~ � # S � ^ #

� $ 8 � z ! 8 v � K $ 8 � 
 6 8 I � 8 v � 8 v � 6 y 2 � 107 a

Malhotra M f � } @

[52;53;55]
l � P 0 U R ) � � o = 9 } 3:2 i C l � = � k 5  o =

~ i l � l e I G � � / � K � 0 U R ) 2:1 i C l { N � = 0 � w K � � @ N � � F o � 7 �

E = � } 
 6 t < @ � y  � � 
 � E = p v h t = � 5 9 } } 
 U 3 � � Y ' � ( G � 4 5

� � • s / } 
 6 t � _ � S � k $ � 4 5 H � � � � � R � 6 t A - � - � 1 ? - k

[51;58]
�

Zhou � W

[59]
� Li � W

[60]
) 7 � E = } 
 6 t � � _ f � a 4 5 3 � ( a 5) � Z e � l � P

� o = � 2:1 i C l �  o = ~ 0 U R � M � � � 	 P � w K c w f { � E A ( a 6) � � s }

@ f 0 U R � } 
 ? a < o � * c E : 9 � )  o = ~ 0 U R * � o = ' ' % i C O 0 � � _

f � Li � W

[60]
� Gomes[61]

. } 
 ? a � : 9 5 ` 
 P � � � V � � 9 � 3 Q � k E E i C

0 U R ' x 0 � c { � } 
 ? a � � � � w K % � , c � / % N �  : 9 � _ ) ' % . c 0 �

� n � ) 7 � E = } 
 6 t � i C O 0 � _ P 9 1 ? P � � � J � / < � 5 ` ( ` � = _ + � R

, i C 6 t � ) : 9 P  o = ~ 0 U R � } 
 � �

b 6 � * 8 � F > ~ � 7 u � � ` g � b 5 6 4 � � �

e � ~ � 28� 48 AU Q P � � ` S � 
 j ~ � b & F B

[60]



� 2 - < � [ � � X � ! p > • j m C [ & J Q 107�

Nesvorn�y � Roig 9 �

[20;62]
� i C 0 U R � } 
 � $ H y X � / i C a C L � { 0 � c

= r � i C a C L , c 0 � 0 ' ) B a � � W � & a � $ � 5 � 5 i C a C L % . c { � 0 U

R 4 | � O ( " w 109 a N B ) � ] " = � P i C E � = r 
 � � J P i C & � 5 � � o = 9

} v { _ + � � � 
 B Z P + n , � = � Kotoulas � Voyatzis [63]
E 	 ' w � B ! ` H g R }

@ � . � o = � 5:4 ' ' % i C E 
 P ' � � V � � ; 	 P / f � � $ } 
 � < V f  o = ~

0 U R 2003 FC128O � l � � � o = 9 } 5:4 i C � } ] � Kotoulas � Hadjidemetriou [64]

\ G P k k 3 � ' � � v 7 1 � ^ � 8 � t } @ � < r 	 s } @ V � P � o = 4:3 i C E A

� 0 U R ) ' w > g z * O f � ] " � ) ' w } @ f ( A 0 U R � ? a i = 0) �  	 4:3 i

C & � � 0 U R ' x ) {  : ` (e � 0:44) i � } 
 o � $ � ' E 5 @ � � o = 9 } v { _

+ � 4 | @ 5 i C 0 U R } 
 ? a � 1 { � 4:3 i C � � $ E � # 2 # 0 � � i > 10�
� � i

C E 3 � m L - � � @ l � P w � n ) � F w K f 4:3 i C E � C � o � ? a U � 10�
� 0 U

R x ) ( a 3(b)) � Lykawka � Mukai [65;66]
\ � % T } � V � P l � �   o = ~ f � 7:4

i C � < r 9 � ) (4� 5)� 109 a � � O b ) � � 7:4 i C ' x & l � : 9 i C E � > / n u

0 U R �  : ` � } 
 ? a ( a 3) � . � ? a i < 5�
� 7:4 i C 0 U R 5 Y � / � $ E � w

0:25 < e < 0:3 � 5 ? a i > 10�
� 0 U R 0 l � < @ � $ � } 
 o � @ � o " . 4:3 i C � V

� i � % 7 . �

)  o = ~ f % x ) | k 7 I ! � i C 0 U R || � o = � I g o 0 E = (Trojan

asteroid) � ; � I g o 0 E = V � � � / q E = � | % . � } 
 " R � � ) E = 9 � 60�
� 1

\ 6 ] � (L4 � L5) Q { � � E = k 2 u U B a ' % � 0 E = � I g o 0 E = � / q E = � �

C � % ] � } 
 n , � • s k  , = r � l � E = � 1:1 ' ' % } 
 i C f � w K � � � � 9 �

o = i � 6 ] I g o 0 E = ( W 7 2 � % � G � http://cfa-www.harvard.edu/iau/lists/Neptune

Trojans.html) � / f 4 ] ' ) { � � � ? a � } 
 o ' E � 5 Y k M ] I g o 0 E = (2005

TN53 [67]
� 2007 VL305) N � � Z � } 
 ? a (i > 25� ) � � 9 . � � o = I g o 0 E = 2

� � V � �{ 3 � \ G ) l � � = I g o 0 E = � B Z 5 ` � 3 j o � ` B a = & 4 R �

� e 
 	

[68]
� = � � x 2 } R

[69]
� 7 � E = � } 
 6 t

[70;71]
� i C l #

[72;73]
� E = c

N 1 R

[74;75]
� � � � ) o " 5 ` f � Z � B Z � } 
 ? a � I g o 0 E = � Li � W

[76]
M

f � ) o " � 7 � E = } 
 6 t 9 } P 9 � � o = ' � k ) l � Z  : ` � } 
 o

[48;77]
�


 � n u = � � � % I P � F 
 	 � = �  : ` � , ( U 	 " w 0 � ] � , 0 - � 6 t ( ]

" � 5 w 105 a) � ) s , 0 6 t � _ f � � o = ] k 5 d 
 Z ? a � = � O 0 x / I g o

} 
 � � � o = z 	 { � } 
 P � � I g o 0 E = 4 | � o = � 1:1 i C - k 6 t 	 z � )

� 2 3 _ k & U H s i m k

| 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
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� } ] � B Z 7 . � 2005 TN53 � 2007 VL305 @ c � Z ? a I g o 0 E = � � F o � s 5

` � v X ) � � o = } 
 6 t � 0 ) � Z e � o = 6 t � � o , � / 1:1 i C 
 ' x O 0 	

= � � 5 � = �  : ` { 0 � v � � � ` � � o = d 
 } � { � } 
 o � = � I � = � �

� % � 
 	 + � \ / & l � - k 6 t � 6 t � 5 " w 107 a N B

[58;60]
� ) ` s & l � 6 t

f � � o = � � < O 0 	 I g o 0 E = �

[78]
�

5.2 > ' A r � " h Y W N : % T - + �

W r k ) Z w � l � 42� 48 AU P O � 0 U R � i C 0 U R > h t 0 U R @ ] � = r � }


 C � @  � o = � I 
 	 � � ) � % & a | B a � B Z d , � : � � y D � A ) 0  : ` � �

? a � } 
 o ' E � @ i � X P w � �  �  o = ~ 0 U R � � • � � � w K 7 z � ) �   

o = ~ f � % � % � � ; � % I P � V � � 0 U R � = r � c { � } 
 ? a ( 	 { U � 30� ) �

@ 5 Z ? a 0 U R � 2 � � �  o = ~ V � d 
 f � 
 � P k �

w P � N  o = ~ 0 U R } 
 ? a � B � E A � Brown [18]
M f P k k 9 � A < � Z J e

O 
 0 U R * 9 � � � } 
 ? a � ] : ( 
 { ) � A ' O $ / } 
 ? a � �  E A (unbiased

distribution) � @ ] A < / � � R � � � _ 	 @ ] ? a � 0 U R ) ( 
 Q { ' E � � O R ) @

] � Z � N � 5 * 9 � � ( { ) 0:5�
x � � 0 U R � < ] p ] 0 U R � ] % ^ x K l sin(i ) �

@ c 
 ' x h J w K � 
 { ) • / 5 P } � O / H 3 � � � 	 �  � } 
 ? a E A � a � s A

< � ' x 9 � �   o = ~ 0 U R z � E w � ? a � Z ? a M ] E E ( W �  [18] f � a 10) �

Levison � Stern [79]
. �   o = ~ 0 U R � E � 9 � � = r 
 M ] z � @ ] � E E �

Z � % I P � V � � � % I P � : � � � 9 ? � c { � } 
 ? a ( 	 { U � 30� ) � c { � b y

( 	 { " � r > 330 km) � 5 � ? � } 
 ? a i < 5�
� b y i , c 0 (r < 170 km) � Tegler �

Romanishin [80]
� Trujillo � Brown [81]

x > Tegler � W

[82]
� V � i � � � � �   o = ~

0 U R � l V % (B � R color) � = r � } 
 ? a � z � � v � � Z ? a 0 U R � [ l  4 �

� ? a � 0 U R [ l  � � Q 5 � � 0 U R (3:2 i C 0 U R ) N � s� [ l � ? a � . � v

� � k  Z w U R � [ l ( 7 w � Z ) � U R } Z � ; l � $ � x > � B � ] " � _ � v � •

s W r 
 Z w �   o = ~ f % I P � V � ( Z ? a ) � % I P � : � ( � ? a ) � @ M 7 0 U

R � S � B P @ ] � ] " � � @ ] � 2 � �

Gomes [83]
	 % T A < } � P % 	 B a � 4 ] 7 � E = x > 10 000 ] � 
 � = � ( � c

N � � � b = � P O � s % ) � � ^ � ] " � ) � � = � (a < 28 AU) � 
 	 � � 7 � E = 9 }

} 
 6 t �{ N = � m # � o = � } 
 < * / - k h t � @ 5 = � 4 A ' � � B R , i C �

r ) i C 1 ? ' ' % } 
 i C � @ 5 i C � o + � ^ � = � � } 
  : ` � � = r � } 
 @

( � � o = } 
 % _ � 4 | � o = - k 6 t � @ 5 = � � w i C } ] f � ] � f 2 � Z w � )

w K 	 �  : ` c 0 1 f � N � � c { } 
 ? a � % I P � V � � �   o = ~ 0 U R � Y

k � i � c q � k 5 k � = � (28 AU < a < 50 AU) � = r � = 7 � E = c ! � • s | � B }


 m # � 3 Q * 6 t f � ' ' % i C k � � = r \ & a c 0 � } 
 ? a � B Z % I P � : � �

�   o = ~ 0 U R � � � s } @ � 	 { � O ) � � @ 5 � : � � 0 U R � < ) � @ � � O �

) � � R Z � Y k % � k ] � O � 3 Q � 5 � V � � 0 U R � } 
  : ` ) R , i C � r ) i

C � ' ' % i C � 
 	 � U 0 � � � / U 0 � _ ) � ! � 
 x B Z w K 	 �  : ` e < 0:1 �

Z ? a 0 U R �
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Nagasawa� W V f

[50]
� B a = & 4 R � 
 h ' x � 2 R , i C 6 t � � \  o = ~ 0

U R } 
 ? a � : 9 � � � �  o = ~ 0 U R ? a �  : 9 _ ) � � E y X � = & 4 R f w

� B a � @ 3 ' w � I a � [84]
� ; Z � W

[85]
V � P ) B a � v \ l B (4 ] 7 � E = 9 }

} 
 6 t P 9 � } 
 . s % � c 0 � y D ) f � R , i C 6 t . � �   o = ~ 0 U R } 
 ?

a � : 9 
 	 � 9 � � (1) � = & 4 R f w � B a � @ 3 ' w l � � A � =0 � �R , i C 6

t @ � � 3 � : 9 �   o = ~ 0 U R � } 
 ? a � A � 1 { E = % . � @ 3 ' w � ? a �

0 U R } 
 ? a � 3 " n Q � 0 � (2) � = & 4 R f w � ( 
 w l � � A � @ 3 ' w � { "

� = 1 :6�
� I a � 0 U R � } 
 ? a ' x * R , i C : 9 	 30�

x o ( W a 7) � e z 	 @ k 3

� � L ) 7 � E = � � 
  o = ~ 0 U R B Z P � � k � Z Y � I Z � = & 4 R v ) " w 	 0

c N B a = & 4 R � 0.1% � 
 h � 5 " w 1:7 � 107 a(@ � w K 	 � s � � T @ = � = & 4

R � 
 h � 5 3 � 106� 107 a % N �

[86] ) � Y k � 0 U R � } 
  : ` o �  	 : 9 � \ & a

c 0 � T (e < 0:01) � � w K 	 � Z ? a 0  : ` � �   o = ~ 0 U R � 7 . �

b 7 � S - j D 7 u / � ! ! p > • 1 V S ~ � � ; :

5.3 { F O Q c V

� 9  o = ~ � � c N Z " w � C c N � 1/10 [87� 89]
� � � a � � 9 } @

[90� 93]
� e )

� @ � � O � (107� 108 a) B Z R � w 100 km N B � 0 U R �d 
  o = ~ [ q � 	 � % �

] � C c N � u R 
 c � � n � @ 5 
 c � ` � / � � � @ i � / T | W r � k ] 
 O �

. �  o = ~ c N � M � � � ) k  � M k l � 5 `

[94]
�

(1) 2 � � c W 1� 5 ( � � C c N � { = � * � o = h t 	 � 
 �  o = ~ � = r : 9 P

 o = ~ 0 U R � } 
  : ` � ) �  o = ~ (a < 42 AU) � { 3 % � 0 U R * � o = h t 	

@ � $ � } 
 o � w 5 = � P  o = ~ � ) k  o = ~ (a > 42 AU) � * : 9 P  : ` � 0 U

R % � x 2 5 * • 7 � � \ P { E E c N � / �

[45;46]
� � � S 5 ` ] � i A * P � o = 3:2

i C l � 0 U R � � w K % m 2 � Y k � i o � R f � N � � � { = � � 2 � x ) �

(2)  o = ~ 0 U R k ) � | c { �  : ` � } 
 ? a � � B P % � P O s T x 2 � �

_ � � \ P � { 3 % R � 0 � 100 km � 0 U R * • 7 Z w W � � P � � B a K t T � Poynting-

Robertson 3 � ] @ 5 W � 
 c q h

[95;96]
� � � s 5 ` i x ) c W � O � = e D � { E E  

o = ~ 0 U R � R � ' 0 � 100 km � 5 R � { � 100 km � 0 U R ] % 0 � � ) { \ % � �

Y k �  o = ~ f x ) k 5 % � c ! � ) = ( ` 1998 WW31, 2001 QW322)� ) ` s : T � x

2 $ � f = r ] � 
 x ) [ u

[97]
�
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 o = ~ 0 U R � c N � \ � M $ = r � = < ` (albedo) ' w 0.04(̀ ] � = � � = � )

q D � 	 � � � � { 2 . b y c { �  o = ~ 0 U R � w K 7 z � = r � = < ` e , � = �

� = � Z 3 ( � � � 
 � 0 U R � c N � / = < ` � 2/3 v A Z = , � � n " w 0:1 ] � C

c N Z �  o = ~ � c N o ! � / � F c N ' � Z � " 0:02 ] � C c N

[28]
�

5.4 > ' A r � " % ] � <

w a 3 f ' x � 	 � �   o = ~ ) " w 48 AU l � z � � k 1 n ( A � o = � 2:1 i C

} ] Q { ) � Trujillo � Brown [88]
) / h P w K � O / H 3 � P � � V � P  o = ~ 0 U R

� � - E A � N � P s k 1 n � x ) � �   o = ~ � k 1 n i M � = 	 � � W � H c �  o

= ~ w � ) s ` Q f - � $ P J r � P { N � d 
 �< M f P 3 k 5 ` 2 l � = � Z • �

(1) B a � B Z � � r w % @ � $ H (magnetorotational instability, MRI) : 9 P � = � �

f � e \ � � Y P = � � k E E � (48 AU x k ) = � � } R

[98]
�

(2) � B a = & f � u R � 4 R � w v ) P , � U � � k U n T � � = & f w Q { � � u

N B � u R # H ' x \ � � I @ � $ H B Z 5 u N B � = � � � � 
 � 4 R � I � x ) � u

R # H 9 } - � � $ t � � \ u R 
 c � � - w v ) 4 | ] : � = � 1 { 5 � U ; L ) # 2

# { � ) � } ] > / P k l � � T ^ 	 s U n T x � � • s � < B Z = � �w 5 P } P = �

� � k 1 n

[99;100]
�

(3) ) B a � B Z , , � U { � { c N � = � • k K t L V P B a = & 4 R � k E E � �

* L V � 4 R I ~ | u R W � F 9 	 = F * O ( A y F 9 3 � � photoevaporation) �w 5 B

Z P �   o = ~ � k 1 n

[101;102]
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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 2100 93, 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 �rst member of t he 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 �de 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 brie
y in troduced. 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


