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'!% 4��1���); 25�"#D$); �+����!��" �!6
3�7#8� �9)6" (+A� 3:2 � 2:1 " ) *+�&!�%�& B$E1
7�������4F2�

34��!C5 #�% Kuiper �"$5(65G!6� “6” �%�& ��$
5'&���77 (�&$� 30◦ ). )6877%�&�8: � Kuiper �7#9;"
8D�(� Gomes[9] '� �Æ�"#);�E"�<6 !;= �9!Æ 25AU :

3�%�&���77F7� B"G�*#� Kuiper �� Chiang * [10] �� #1
#�,9; 20-40AU  �'$:<�"#&%� “oligarchs”, ��7�� KBOs �4

F2���77�=:;* [11] �* #&1#��);�>HI ν8 ,$" 7��
(6�9!Æ 30AU $�%�&���4F2 ;3+3<D<=H%=��"#��
3<=J>;= I?��77F'&E?17��

Nagasawa * [12] '� %2#@=&�@ �,<8 SRS, I? KBOs �4F2�

��77>"7��� [12]!.7#�%23J��8 (�?�&1#)Æ*#�!6),

�*:#@=&�@ @K τdel - 107 A!A A SRS �� 40AU $%�&���7

77�"��!JJ�B�*#(-#- &1##+3'!�%��);�� [13,14],

%#LK#L�"#L�"#���M,>�A- 5.4 L 8.7 L 16.3 L 23.2AU (N-?

?�8). � [12] �:L�MC5#??�8" SRS 7� 40AU $%�&��77"

�!B5N� τdel - 108 A!A )0�!"�@BC T <#�#@=&�@ @K
(3× 106 − 107 A)[15] D�&�(�!A�A$ #)J��8�7#" Hahn* [16] �

* SRS ) KBOs ��77�7�E?C�BBÆ%2#@=&"C�%23OH�
C�C7 :#@=&"C�OH�CED (#� [12] " #@=&"C�E�CED),

DE 40AU $ KBOs 77�>7�E?�FP�%�
�Æ:L�M"D!GEFF)Æ'&� e H i IFE A$JGH"#&1#�

�);��%23�8�OGQL -�GR SRS 'K#DI�OJI7� 40AU $

%�&���77 B8��!"�877�% KBOs,'�Æ�EB&H)??�8"
SRS 7��% KBOs ��77)(LGH�'-P?�7#2Q��AGR�#%23
??�8" #@=&"C�OH�CED,M$�'%C7 δ �I8 (KR 1); �Æ
&1#���);@K�#@=&�@ @KN�'- 107 A!A [11,15], Q�JGR�

SRS �&1#��);S@���I8 ;-)� [12] �� [16] �ST�

2 34

#Q��&<" %23�%2 ?��%1# (%# K# �"#��"# �
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W 1 CKNAL///?�[\0/;RSXMS�5YTZOP]5QU;T
- δ ^U�T_`CKNAL//V</NWR δ ≈ 1.6◦ .

Fig. 1 The relationship between the midplane of nebula gas and the invariable

plane of solar system in space, for clarity, their included angle δ has been

magnified. When the midplane of nebula gas placed in the ecliptic plane,

δ ≈ 1.6◦ .

2.1 56789:
#'�" Q�a=O)N��%'!%2#@&< [12,17]:

ρrmH = 1.4 × 10−9
( r

1AU

)−11/4

exp

[
−

(
z/1AU

0.047(r/1AU)5/4

)2
]

g cm−3 , (1)

ρH �#@=&�V? (r, z) �,%2-7D�PQK�Q�[S 0.35AU < r <

150AU, |z| < 0.0472r
5/4
max. #/bEOJI #@=&�R'!�- 0.028M�. �Æ%

#�#@=& �c\;= #@=&#%#:3I8�W] Q��/W]�MX?
S- 2

√
3RH

[18,19], RH = (MJ/3M�)1/3aJ �%#� Hill M>�

#EB&H" -�Yd8K Q�a=#@=&(?@ &< [12]:

ρ(r, z, t) = ρ(r, z, 0) exp (−t/τdel) , (2)

τdel �#@=&�@ @K�
Q�XQ#Z(@[ t, #@=&�V?- ρ(r′, z′, t), A+# (r, z) )�<6T-2

V (r, z, t) =
∫

r′

∫
z′

∫ 2π

0

Gρ(r′, z′, t)r′dr′dz′dφ′√
r2 + r′2 + (z − z′)2 − 2rr′ cosφ′ , (3)

DE #@=&# r � z YD�<6�!-2

Fr(r, z, t) = −∂V

∂r
=

∫∫∫
Gρ(r′, z′, t)(r − r′ cosφ′)

(r2 + r′2 + (z − z′)2 − 2rr′ cosφ′)3/2
dV ′,

Fz(r, z, t) = −∂V

∂z
=

∫∫∫
Gρ(r′, z′, t)(z − z′)

(r2 + r′2 + (z − z′)2 − 2rr′ cosφ′)3/2
dV ′ , (4)
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# t0 @[ # r − z �C"H^Z[� B\= Gauss Y\) (4) US]]� �V3
^(�ZD"� Fr � Fz , �Æ2

Fr(r, z, t)
Fr(r, z, t0)

=
Fz(r, z, t)
Fz(r, z, t0)

= exp
(
− t − t0

τdel

)
, (5)

_�,\=^T�DeB\V3#W(@[ t LW(D (r, z) "� Fr � Fz.

2.2 ;7<=
#Q��EB&H" ?��%1#J�����ESU NASA �X=_`YTZ

%23!6�^V 4 , ���'!SU DE405 1C [20](C 1). #+K���EfgOH
�OJI Q�S1#��9��M,> ai = af − Δa, af �1#J����M,> 

)Æ%#LK#L�"#L�"# Δa �AS- −0.2 L 0.8 L 3.0 L 7.0AU[7], /_-

'�57#�%23??�8�

W 1 >?@ABCDEFGHI J2000 JKCLMFN*OÆPCXQR�%(CSMT�
Table 1 The masses of the four giant planets and their orbital elements referenced

to ecliptic and equinox of J2000 at the J2000 epoch

Planet GM�/GMP a (AU) e i◦ Ω◦ ω◦ M◦

Jupiter 1047.35 5.20 0.048 1.30 100.56 274.20 19.65

Saturn 3497.92 9.54 0.054 2.48 113.72 338.72 317.51

Uranus 22903.12 19.19 0.047 0.77 74.23 96.73 142.27

Neptune 19412.36 30.07 0.0086 1.77 131.72 273.25 259.91

A$ -7#�%1#��);) Kuiper �8��>H Malhotra Y'�);-

�I8U [6,7]:

a(t) = af − Δa exp(−t/τmig) , (6)

+" a(t) � t @[1#���M,> τmig -��);@K�#1#":O`5[?Y
D v̂ �aH6 [7]:

Δr̈ =
v̂

τmig

{√
GM�

ai
−

√
GM�

af

}
exp

(
− t

τmig

)
, (7)

�,&H"\���);�

3 UVWX

,$" ��J#8�3<DH]aD`!�`$^2�%23Z(+�^2JJ
@ #8���4F2H77_I>"7� [12]. #�%2L?��%1#L%2#@=
&���3b" 25#@=&�@  =&<6TaH ,$" �!6I��);�

4 http://ssd.jpl.nasa.gov/elem planets.html
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� (3) UFF"4F2 e ���77 I ��Yc B)+"�bY$cH Gauss �

b' �,3"�I�#@=&_!T [21,22]:

〈Rn〉 = C + T (a, t)e2 − S(a, t)I2,

T (a, t) =
a2

4

∫∫∫{
− −3 + 2r′/a cosφ′

(a2 + r′2 + z′2 − 2ar′ cosφ′)3/2
+

3(a − r′ cosφ′)2

(a2 + r′2 + z′2 − 2ar′ cosφ′)5/2

}
GρdV ′,

S(a, t) = −a2

4

∫∫∫{
− r′/a cosφ′

(a2 + r′2 + z′2 − 2ar′ cosφ′)3/2

+
3z′2

(a2 + r′2 + z′2 − 2ar′ cosφ′)5/2

}
GρdV ′ , (8)

C �PE�

DE )Æ���E- a L n(��!7^2) L e L I L� � Ω �#8 +D!G
E�,$c- [23]:

R = na2

⎡
⎣1

2
Ae2 +

1
2
BI2 +

4∑
j=1

Ajeej cos(� − �j) +
4∑

j=1

BjIIj cos(Ω − Ωj)

⎤
⎦ , (9)

+"2

A = +n
1
4

4∑
j=1

mj

m�
αjb

(1)
3/2 (αj) +

2
na2

T,

Aj = −n
1
4

mj

m�
αjb

(2)
3/2 (αj) ,

B = −n
1
4

4∑
j=1

mj

m�
αjb

(1)
3/2 (αj) − 2

na2
S,

Bj = +n
1
4

mj

m�
αjb

(1)
3/2 (αj) , (10)

)L�IK j �h�%1# αj = aj/a, b
(1)
3/2(αj) � b

(2)
3/2(αj) � Laplace 3E�

Æ�<`ZAH!2

h = e sin �, k = e cos�, p = I sin Ω, q = I cosΩ, (11)

#8��!YE�,d�2

ḣ = +
1

na2

∂R

∂k
, k̇ = − 1

na2

∂R

∂h
, ṗ = +

1
na2

∂R

∂q
, q̇ = − 1

na2

∂R

∂p
, (12)

(12) U�(-2

h = efree sin(At + β) −
8∑

j=5

υj

A − gj
sin(gjt + βj),
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k = efree cos(At + β) −
8∑

j=5

υj

A − gj
cos(gjt + βj),

p = Ifree sin(Bt + γ) −
18∑

j=15

μj

B − fj
sin(fjt + γj),

q = Ifree cos(Bt + γ) −
18∑

j=15

μj

B − fj
cos(fjt + γj) , (13)

+" efree L Ifree L β L βj L γ L γj L υj � μj �]�PE gj (j = 5, 6, 7, 8) �

fj (j = 15, 16, 17, 18) �%23??�8"� 8 �+�^2�J#83<D`!�`$^
2 A = gj H]aD`!�`$^2 B = fj, ,$" _��� �[7�#8���4
F2 c- ν5 L ν6 L ν7 L ν8(g5 > g6 > g7 > g8 > 0); %[7�#8���77 c-
ν15 L ν16 L ν17 L ν18(f16 < f17 < f18 < f15 < 0).

W 2 \/?�c]deL5a^CKNAde ρ \fRX�QIXM;gh5 ρH b_@`./?CKN
Ade_ (a) X�QI ν15 6 ν16 6 ν17 6 ν18 ;XM_ (b) X�QI ν5 6 ν6 6 ν7 6 ν8 ;XM_
Fig. 2 Estimated locations of the secular resonances as functions of ρ in the compact configuration

of the solar system, ρH is the density of the minimum mass solar nebula gas. (a) Locations of the

secular resonances ν15 6 ν16 6 ν17 6 ν18. (b) Locations of the secular resonances ν5 6 ν6 6 ν7 6

ν8.

�� (10) U�a #Z(@[ A � B e-#8��M,> a �dH!GE D

E� A = gj H B = fj, �,ic�/[,$" �!6 ($j,$" �fPgfK�
[12] �� [22]). �R 2a 5d 25#@=&V?�g% ,$" νj(j > 10) ihD$

);��Æ ν16 L ν17 L ν18 �!699# 30AU ,h 5/��)�% KBOs77�7

�N$kh���R 2a �:Lli J.(#@=&�V?- 10−3·ρH @ ν15 (!.�
%#<8) &�# 42.73438AU ) 25#@=&V?�g% ν15 D$3��% Kuiper

��#)L Q�!.GR,$" )�% KBOs ��77�7�;= 5/#EB&
H" ,#@=&V?- 10−3 ·ρH �@[;-Q�gf�@ MD�

A$ �R 2b 5d J#@=&�V?g%" 10−2 ·ρH �% ,$" ν6, ν7, ν8

)����% Kuiper � = ν5 �!6b99# Kuiper ��hjc,h�5/#EB&
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H" �% KBOs �4F2dmOIF ν5 L ν6 L ν7 L ν8 7��

N.�� #@=&�<6TOSÆ'D:�#N$#@=&�IiI ν15 = 0, _

eU# 7 �,$" [24]. 5-#@=&<6T�U# aH�,$" �!6�

4 YZ[\

#%23??�8" Q��A&H�2(1) #@=&"C�%23OH�CED(
(2) #@=&"C�%23OH�C$�'%C7 δ; (3) SRS �&1#��);S@�

��I8I SRS )�% KBOs ��77�7�;=�
#^k&H" Q�S 20 �i'!YT& ����9��M,> a # 40—50AU

 bf�l �9��77 i (J)Æ#@=&"C) �4F2 e NS- 0.001, =]aD

�? Ω, 3D7< ω, �3D7 M A# 0—2π  2L[S�

Q�[=^9j]�e [25], �� Mikkola * [26,27] �a` /]�e�,)IFZ
A_! ��'�"�#@=&<6 Fr � Fz , ,MaHg6 Δr̈. [S]�m,- 200

� &�-%#nhY$� 1/20.

4.1 789:]^_56<ij`^ab
fkGH#@=&"C�%23OH�CED�Ii�Q�S#@=&@ @K τdel

- 1.7 × 107 A (:i+Ag5 I�" τdel j-/B�/B�#@=&"C�E�CE
D@7��% KBOs ��77D 30◦5N τdel �Il fK 4.2 k), B�3b9'"�

108 A $o�R 3 5d�

W 3 CKNAL///?�[\0/NW5nhCKNAdeY 10−3 ·ρH, piRo τdel = 1.7× 107 �5�

mnf4 108 �5joA\_q 3 × 106 �l;0m6<r1_ (k) joA;_l6<pXn36<kpos
q_ (m) joA;_l6<pXn36<l-sq_
Fig. 3 The midplane of nebula gas is coplanar with the invariable plane of solar system. The density of

initial nebula gas is 10−3 ·ρH and the depletion timescale τdel = 1.7 × 107 yr. The system is integrated

for 108 yr, the final orbital elements of test particles are averaged over the last 3 × 106 yr. (right) Final

semi-major axes vs. eccentricities of test particles. (left) Final semi-major axes vs. inclinations of test

particles.

#%23??�8" J#@=&"C�OH�CED mn,$" ν15 tp1
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3��% Kuiper � r�YT&���77O'&F SRS $E17� (imax < 0.13◦ , �

R 3), )� Hahn * [16] )%23J��8�7#$o(?�-�a�#/ “"C” I8

�I #@=&@ @K τdel �,b)$o�>H�u Q�JsJ�� τdel n&"�
[12] "�liB —108 A =JT&�77�8eF SRS 7�"&� 0.3◦ . o"5\ 
##@=&"C�OH�CED�OJI SRS )�% KBOs��77�7�;=qv
+q�A$ _�Q�## 3k":L�M�p! YT&���4F2N$F7� (#
I�"�iN. Q�e,�YT&��9 a − e �lR Oq) e Hgf).

Nagasawa * [12] �� YT&77�H' Δi Z0Æ&1#���77��Æ,$
" ν15 !.��%#<8� =%#J)ÆOH�C�77 iJ e$ 0.31◦ , 5,�)J

T&���77�7�;=/w$l�-�7#J#@=&"C�%23OH�CED
@ Δi � iJ �j3 Q�o-1� iJ n&" 1.21◦ , R 4 rd��#/OJI3b9'
" 108 AYT&����E��,�* J%#���77n&% YT&77��&
B� 0.13◦n&" 0.4◦ , r�)�B�Z6�% KBOs 8G 30◦�77J0pnw% O

r,(*877�% KBOs �8:�5, ��\ iJ - 0.31◦�I8J0 '&� iJ G

Y$\Æ SRS 7�JT&���77 r>Hqq�A(YC s:%#���774
�G"�'&�B tnU#ZsLG (�=&�Lu��trv [28]) ;+#,%@ 
h9'"J���u�=#Q�57#�3b9'$s% #@=&)�vtw  w
8$LG';3%#�77g%"J���!B�

W 4 xW 3, wbqCyRt/?�[\0/;6<l-u`u;xxv 0.31◦w�4 1.21◦ .

Fig. 4 As Figure 3, but Jupiter’s orbital inclination is increased from the observed 0.31◦ to 1.21◦ with

respect to the invariable plane of solar system.

4.2 789:]^_56<ij`^cde
(-4g %23L=&��yÆ��"C�ED� 5/#@=&"C�%23

OH�C/dmED�GH"#&1#����);�%23�8�OGQL O'&
vz#??�8"r[$�'%C7 δ �I8�-�GR#OS�9OJI SRS )�%

KBOs ��77�7�;= Q��#@=&"CS-E�C (S� [12] �H\), A+
�OH�C$&� 1.6◦�C7�
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Nagasawa* [22] �� YT&��77>7��E?� √
τdel �Z0 (_,$" )

;3xp JT&��77>7��E?_x&), Q�)OS� τdel `1�EB&H 
�*J�+n&" 1.7 × 107 A@ SRS �,� 40AU $YT&���777�"��

!:J�B (> 30◦ ). R 5 rd�� δ ≈ 1.6◦ @ S τdel = 1.7 × 107 AB�3b]�"

108 A YT&��9���E��R 5 �K2 (1) YT&���77F SRS $E17
� �8G" 30◦,"( (2) 41AU )YT&��77�>7�E?�& 25 a �n
& YT&���77sz1{g��Æ#@=&V?�ytg% ν15 �!6D$);
B7�)Æyz)YT&���77 r+);�[?Ozn& I?)JT&��7
7�7�;=/#Oz1gw (i:L�M�$ou4 �Æ,$" ν15 ��9!6
# 42.73438AU :3 /)YT&���77dm�& Q�#-)�D!GEFF@
xy89c=<8�{|); (3) 40—50AU hYT&���77t}F SRS 7�" 15◦,

" N$v� (i < 4◦ ) U#( (4) YT&�4F2N$>"7� _��#+3'&�
�77�S@�,fg5w%���4F2 (e < 0.01).

W 5 xW 3, wbCKNAL///?�[\0/{�| 1.6◦;T-_
Fig. 5 As Figure 3, but the angle between the midplane of solar system and the invariable plane of

nebula gas is about 1.6◦ .

-�`(mGR SRS 7��% KBOs��77�E?) δ �|wj3 Q�Æ�a

H&1#�]aD�? � δ g%" 0.88◦ , $o�*YT&��77�>7�E?$5
5r1g% (imax < 12◦ ), )qkg5� SRS )�% KBOs ��77�7�E?C�B

BÆ#@=&"C�OH�C�C7�#,%�9;" Q��sJiIf"H`(m
�M )/|wj3,�4I"�S�(*�
4.3 SRS fg;7hijklmno

GH"&1#���);@K τmig �#@=&�@ @K τdel N�'- 107 A!

A Q�EB&H�&1#���); (S τmig = 2 × 107 A [11]) � SRS S@���I

8�U ρ = 10−3 · ρH 8�3b]� 3× 107 A /@ ρ/ρH ≈ 1.7× 10−4, �R 2a 5d ,

$" ν15 &)3��% Kuiper �"Gizz) +Oq)YT&���77$7�;
=�
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R 6rd��##@=&"C�%23OH�CED�OJI YT&9'" 3×107

A@�{@���E (YF%8). �+�N$#@=&U#=eGH&1#);�I8
(WF%{) J0'�,�* YT&��77�>7�E?|v(} SRSpxO'&

$E17�YT&���77�)LYT&��7��!.75�&1#���); 
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W 6 CKNAL///?�[\0/NW5nhCKNAdeY 10−3 · ρH , piRo τdel = 1.7 × 107

�5�mnf4 3× 107 �5joA;|R6<r1_ (a) joA;_l6<pXn36<kposq_ (b)

joA;_l6<pXn36<l-sq_}p}e~O SRS 3�~C6<MUxR}~5Rp}~~O
yz{�~CMU_

Fig. 6 The midplane of nebula gas is coplanar with the invariable plane of solar system. The

density of initial nebula gas is 10−3 ·ρH and the depletion timescale τdel = 1.7 × 107 yr. The system

is integrated for 3×107 yr, the final orbital elements of test particles are instantaneous. (right) Final

semi-major axes vs. eccentricities of test particles. (left) Final semi-major axes vs. inclinations of

test particles. The filled circles stand for the case of SRS along with the migration of giant planets,

the open circles indicate only the migration of giant planets.

R 7 rd��##@=&"C-E�C _ δ ≈ 1.6◦ @ # SRS �&1#���

);S@���>HI YT&9'" 3 × 107 A@�{@���E (YF%8). #/O
JI YT&���77�8�,F7�" 28◦,"�;-)0 Q�#R 7 "J,�
�N$&1#��);=eGH SRS �>HI YT&#S(@[ (3 × 107 A) �{@

���E (WF%{), �,�* �["YT&��77�>7�E?5r%Æ%[�
)��Æ&1#���aH ;3,$" ν15 y|1D$); (�:L�M$o #
t = 1.7× 106 A@[ �[" ν15 # 43.51563AU ) =%[" ν15 )"G 43.82813AU),

I?+)YT&�;=@ gb 5/JT&77�7�E?/J)'%�r�if�
u J#@=&"C-E�C@ _;$&1#��);�>H SRS p'&#DI�
@ h $E1� KBOs ���777�"��!JJ�B�
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W 7 xW 6, wbCKNAL///?�[\0/{�| 1.6◦;T-_}p}e~O SRS 3�~C6<MU
xR}~5Rp}~~Oyz{ SRS.

Fig. 7 As Figure 6, but the angle between the midplane of nebula gas and the invariable plane of solar

system is about 1.6◦ . The filled circles stand for the case of SRS along with the migration of giant

planets, the open circles indicate only SRS.

���8:- Kuiper �7#9;"�8D�( =,$" A��-�'�(*LG�
Nagasawa * [12] �� %2#@=&�@ �,<8 SRS, I? KBOs ��77�7

��r� KBOs 77�>7�E?bC�BBÆ#@=&"C�%23OH�C�C
7 δ[16].  ÆK��9; Q�GR�#%23??�8" OS�9OJI SRS )Æ
�% KBOs ��77�7�;=2

(1) J#@=&"C�%23OH�CED _ δ = 0 @ SRS O'&$E17�
�% KBOs ���77 _;n&1#J)ÆOH�C�77 YT&��77�H'
Δi |nw%�

(2) J#@=&"C�E�CED _�OH�C$&� δ = 1.6◦ �C7 YT&

���77�,F SRS 7�" 30◦,"�.G")sEo e.�9#@=&V?-�
%'!%2#@=&� 0.1%, @ @K τdel = 1.7 × 107 A )Æ�!"�@BC T <#

�#@=&�@ @K (3 × 106 − 107 A) J�D�A$ JT&���4F2N$>"
7� pfg'%�B (e < 0.01), )H��,(*�!"�D6877�4F2��%
KBOs �8:�

(3) J SRS �&1#��);S@�� : δ = 0, SRS )YT&���7�khq

% !.�&1#��);�>H(: δ = 1.6◦ , SRS p�,$E17�YT&���7
7 r�Æ&1#���aH;3,$" ν15 y|1D$); JT&��77�>

7�E?}%Æ&1#N$��);�I8�
Nagasawa* [12] Æ�:L�M�� #??�8" .� 40AU$YT&���77

7�" 30◦," 5N�#@=&@ @K τdel ≥ 108 A =#Q��EB&H"�* 
5N� τdel ∼ 1.7×107 A 0� [12]�p!%�(�!A�)��ÆD!GEFF)Æ'
&77Oq�= ry!.�75�'�#� [12] �??&<" #@=&"C�%2
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A YT&���77 i �,F SRS 7�" 12◦ , DE��:Lli Δi ∝ √
τdel, :.�

i 7�" 30◦ , 5N� τdel ≈ 1.1 × 108 A�

#'�" Q���9#@=&V? ρ0 S-�%'!%2#@� 0.1%, /@,$"

 ν15 )"G 40AU ,$ L ν6 L ν7 L ν8 )��� Kuiper � 5/# 40AU hf~

��77�4F2�#8 �R 8 5d (#@=&"C-E�C). DE #�"#D$
);��E" + 2:1 " �,*+)6#8B�+�" Kuiper �" 8��!"��
77�% KBOs[29]. N.���� �9#@=&V? ρ0 �(�wq��B : ρ0 '

& DE,$" ν6 L ν7 L ν8 I�A# ρ0 g% 0.231 · ρH L 0.141 · ρH L 0.067 · ρH @3

� Kuiper � 7� KBOs ���4F2 I? 2:1 " w8*+"#8B�+�`�%
Kuiper � [7]; A$ ,$" ν15 �# ρ0 ≈ 0.01 · ρH @i 30AU )F9D$3��"#

�$�#8� 7�#8���77 DE Kuiper ��8,8�J�5�!"��8�

W 8 xW 5, wbjoAnh6<pXn\ 30—50AU Sm~sq_
Fig. 8 As Figure 5, but initial semi-major axes of test particles are distributed uniformly in the range

30—50 AU.
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The Effect of Secular Resonance Sweeping in the
Classical Kuiper Belt

LI Jian ZHOU Li-yong SUN Yi-sui
(Department of Astronomy, Nanjing University, Nanjing 210093)

ABSTRACT The Kuiper Belt is a disk of small icy objects orbiting the Sun beyond Nep-
tune, and the region between 40-48AU in the Kuiper Belt is supposed to consist of ‘cold’
objects on low inclination orbits, which is called the classical Kuiper Belt. But recently,
observations show that a ‘hot’ population whose inclinations can be as large as 30◦ reside
in this classical Kuiper Belt, and the secular resonance sweeping mechanism is a probable
explanation: the residual solar nebula gas dispersal can cause secular resonance sweeping
(SRS), when the location of a secular resonance crosses the classical Kuiper Belt, the in-
clinations of the classical Kuiper Belt objects (KBOs) can be pumped up. The inclination
excitation due to SRS has been investigated in detail in the compact configuration of the
solar system (the orbits of four giant planets are closer to each other). It is shown that the
inclination excitation depends sensitively on the angle δ between the midplane of nebula gas
and the invariable plane of solar system. If the midplane of nebula gas is coplanar with the
invariable plane, i.e., δ = 0, the inclination excitation is very small. But if the midplane
of nebula gas is placed in the ecliptic plane, i.e., δ ≈ 1.6◦ , the inclinations of the classical
KBOs can attain values above 30◦ , as long as the residual nebula gas’s density is about 1%
of the minimum mass nebula model and the dissipation timescale is around 1.7 × 107 years
(e.g. T Tauri stars). Besides, by simulating the cases of more inclined Jupiter with respect
to the invariable plane, and SRS along with the migration of giant planets, we show that
the effects of both cases are much less than δ for exciting the inclinations of the classical
KBOs.

Key words Methods: Numerical, Kuiper Belt, Celestial Mechanics, Solar System: For-
mation
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