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� 2 } NATÆ-)�l��=~��)$A�+(�7z5LTV 153�v2d6�.,r 2003h[>'��k�< (Muses-C) �W��T+6}���x��dRh(��W}��'qG�k	�Ox}��'6M?,=���1�� 2005 h
�W�"�℄6}��x��O?zLE℄Em��G+ NASA � 2007h[>' Dawn �W�d&.Q"h}�� Ceres ? Vesta �Pi0'�W�D14K�>b'���*"	}��_�ri�?\�7'T}����
�k��T6>d(��RhmG	k���G��W�TF<%"	}��k��mqOC�|'�z'}������e�T�}���Wh�d�D�
Vn0e'JBSU�
(1) }��7nr|'f��n'}��O%D>T (S �) Wn'}��O3kD (M�) kÆD (C �) >T��FG�<1}���33#�Æ�W�/Q"���(hn'�luvp�(Nm6maO��3�"*9u?>_P℄>v�UdPnU�!��0-�h�'Vj#��1�7'�3�*�� 2050hwp;���SQ�M'oZ [7] n�}��'�33#.1�7v:'�3{[B�$S�1k�v|n'�3{M'�33#℄

(4 ∼6)×10−10 W$S}��7'�33#> (3∼6)×10−9 n'G?�� (2.5∼10)×10−8 �℄	NCa�'Q}��'f��jt℄��l?C�7'm��=3�
(2) }��'$1�<1}��'+����[n'v�MPn'Sun'℄�G���0-*�}��t1�m`m℄H�`�K-�\
4K}��(#;U'pB�<1}��`l1�'
�:��}��r`1�'��*pBOy*�r`Q1�HX'er,F℄EnSU'p���!^�Sq}���_#Pai�?\�7%�>�[�℄mrgSI\}'ern�}��'(#e[H4U�GKo}���K"}��T�'aVt1�'(#E$<n'G?e��1�(#t1�[Hr`�\
�k}��':�~℄(�0",+d8'O��h�(JNm,�m'�S�t3'T^℄\>}��t1�m`W�m'�
(3) Dq�W�l'R<�W�mr<1}��t1�'X.i�<Q1�'^�!}\
�(+6}��my>�(+6i�'{f�Wt℄�'N�(+6}��m<3G�
�l�
�=[m>�(Dq�Wr�C<�}��,Cqmy>8GI8�Dq�W'F[#G?mO�}��7aOu?�,Uf>�(Dq�W��G�0BD�
(4) B��;}��'G�Qq�}��'ESQq0�(#��}�9P��,�1P7&.G�W#d\m&".!�'��:�,I��eP'$)Fod�=*�d\��n�Qq0}��'oD#y�J�`oGJf1P'W#dM℄E`���'�Bp&"mf'qS=�j�W�'<Xk��W�&"01�'��Qq℄�(�H�7�OKN+B��;'W}��'D#?�J���Qqq℄�W�(#A�?*WoZF?�JB'qS�*mO℄G	�O'.q�O}�� Eros >�aWNQ�R��Xk��S(#qS{I���D#WKA�<XW%(#��St}��'<X(#RWqS8GI 2�D#yJ���Qq'��:�
(5) �=?i*4K�*TB;'℄���>b}��'m\t;U�T�℄	'�=,>}��℄t�>b'I�m'�tm}��'UD'U*monPD���*�UD
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'k��WQ}��3n'npmo8�oZm>1�7HX��'4K��
'w5�Ii [6] �*dPn!�P'=n�
2 >���B�-YG,)O NEAR ? Muses-C "	t℄>��a��}09 1 �Y [13,14] �	 1 NEAR " Muses-C +$��.

NEAR Muses-C�Y^* ?Z��Y���*5l�:Q� P�0#?ad2��=4
AbL*V��2EA|V*u �rT*�ge℄��Y:n��
W�<*^����b� QVEAbL-��l�NJ��s�E%�)^b�V.} V.A|VÆ`�;Æ`
 ~un�|VA2E��E% =�P�VE*|VnqAVqH�M�A	.
 .(G~.
�Y/r m��Z'm�{3e7 o)m��e7�P�?ad�YeN U"{nwM�u"YZM�? n�"nq�;��h�?JJ5"{M�	���XA|A 5"{M�A�M�u"�J?l"{M.
 �.
^7��� Eros, S �� Itokawa, S ��*o�Rr NJ / g·cm−3 2.67 2.5l^P~ / h 5.27 12.1�s / km3 2 503 2.41�Rg / km 40×14×14 0.550×0.298×0.2247l�Ar�
C20R2

0 / km2
−30.05 −6.6×10−3

C22R2
0 / km2 13.675 2.8×10−3Re#J R0 /km 16 0.37l^C %�

(Ixx/M) / km2 17.09 8.290×10−3

(Iyy/M) / km2 71.79 1.948×10−2

(Izz/M) / km2 74.49 2.050×10−2

2.1 b6fh>'odB�Rn}��'�/!B&.k��Q
J8�<X'�W�>
N!B'.�}��N<'��*WEOy�}��}<'(�k��'��*�!6?vB�,)��=G�t<X�W}��Mm�'X�=�*�X�t<}���W�'A



� 2 } NATÆ-)�l��=~��)$A�+(�7z5LTV 155��?*WoZ b����!(#�*?���*&d+,>℄GImj'*i�<%�>b}��'(#A�-!��m �'~`�
(1) }��'G�JBU�Qqn!�'4Ub<�*℄mr}��nSI��Æ�ny�'�}�m'�V��v}��momSI��0�MP}�� (rubble pile) ��M}���s�}��ym1O'�	[E[h'61'�;�W�*SGI�;a_VnSIm'�a��}?MI [51] *�\}m8$℄;}��'J�`�I?oG�Wt�>^�?!2G�Qk��<}��'k�(#℄Her�03}��G��rG;�X'&[a�%���G'%v���TQ'&["�Iy�'&[�nf*gY
J'[� �#'�� mO℄� 0◦ ∼ 180◦ 7'*S I*V�	}�����*7QW%�k�'�W�(#'er℄6�E''�
(2) $S}��'QqmOV<}����*WE4&y��[R7^�Sq}��'��*WEmVR�k��'(#�h|!�'EM;�G?mV74mg~���JB'℄�d}����*Qq'4U!�EM;��'(#B}'4Ub<Ce[H[,4U��0QrG�}��mQ&[Q'(#� ℄ 180◦ '�W�(#℄jdM;?��'��0-}��D#mQ!}*�m''(#mrg"�>v>2�'yjNejdEM;
N'k��G?m�{W~�at}��[Hr`|V℄'G�}��'<}����*WECVk��'(#A��h|v�r|'a4�
(3) g<}����*WE'erk��'A�?*WoZmEEm'��0NEAR�TQ}�� Eros'<X�W%M'(#g!t Muses-C �TQ}�� Itokawam*WM'(#\;E��Qr NEAR �Tmr Eros 'D#!�=OjW%(#'dX��mrk��(#g Eros '�a�&[a�?&[QdF'erk��(#A�0"&3k��t}��7VnM;'mQ(t�W1Ok��t}��[Hr`k�}���Qr Muses-C �W�mr℄6}��D#!}yk��!�'PrD#.W%(#*W'm��R\&"&3�\
1	*WxVk��n&�}��x>'GV'N�S�Js"*'S9?RW'}��J�`'�}��&�W�'vB�_ '"*��b<a�03k��7m'L�QE'*W'�_dXmO6�E'� NEAR �TB��}��'�WL�'SkiA��>^�\k'�kdxW Muses-C �Tk��'A�Vn,D7'E'
B��SkiA�t�>^�\k'_v�dx�*℄m}��'��*�6�℄;'WE℄mz{'A��j℄;'�
(4) �k��t}���e	G�0B'}��QqD+��;*�!��k��A�%MN�
A�'m,=m^[�IA�;6'y+�0-Q℄6}��67G9�A�'k��0"xD!SIm'(#?E''<X$<U;*Em1O1!�!�'A�?B�m,=�
k��J#�2\>0
�aW8�k��*WA�7	~�mS?�m�1&Q℄6}��'U����
(5) k��'A�?�d�jEVny_��*��G�j Muses-C ? NEAR t℄�vV�Muses-C ℄,Qjd}'}��WA�'�0-j Muses-C k����W Eros m.r

NEAR k���6m'i*W#��mj&'�WqS����9ÆD#C�e�WÆ
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l�1�yN6m*�W#*W� NEAR k��'A�_Dv Eros *?.!�'}��Sv�R!1PSv(�!S�{'WEF8���℄0- NEAR k��+j��W}r�L}'}��9�*W�jd~`E�E`j&��W'}���D#'i*W#qSC
J'k��Sv(�'�y�\
0-k��A�?*WoZQGt}��℄vk'�Q03Gt}��mNE℄vkG?Em��0-nhOS	}��'*Wm!B�F℄A�G	�QE'I�'}��_m8�n��W'k��[℄A�G	=�WBqG;U�Qq�p'[G�}��'k���
Dawn �T|krKGI�G��W�TFRhQ"h!�}��'W%k��n7�n}��'k!UDa�?�W}��'(�k��7��M'��*�D�k��'A�F0"d8*�er�<�h��*G/xNC[9'q#m m�'I$ [1∼5,9∼11,15∼40] �
2.2 3W℄Z�:`b6�'��lPj�-}���WF'G	JBO�℄k��<%}����'��**�F%�k!��?+v��"	dPC%�k���}��9P��'�}�v�4K'}��℄ Phobos? Deimos [15,16] h�
J-!℄G�*)'4KQ{ [17,18] � Phobos ? Deimos �!℄i�'H��
J'�ajdE$����* I�m��a>}��WÆmO1W
JEm℄+i�Cj'}���<%�G�}����8�'4KWrQ}��(#WE'4K�℄'℄5t�{�;�<k��%k}�� Gaspra ? Ida [19,20] �KG�I$�='-<}��'(#��*O� [21,22], =4K}�� Ida '�!H� Dacty1 W%}�� Ida '(#�� [23,24] �O	�?!*�W>m�mO��}��'J�`Y��mr*�Y�G�*)4K'k��<%+R�a'}��'(#�����;℄Ii [25] d8'_Æ&['}��?Vny�&[a�'}��'�}�[a�'�rk��<%}�� 433 Eros '(#����e	K'4K [27∼30] �WKxF�='k��<%Vn�#Qq4Ub<'}��'�� [1∼5,31,32] *�4KE7,Q[GV�}��[4Kk��W%}��(#��'G�G��'O�%�(#<��N|��?(#M;��G�+=N+j"G�}���Wt℄'oZ?A�7 [33] �*GO�2S�&"'�S*)'WS [34,35,50] ��rk��<%}��'+v��℄	'�yN��"k���W}��'8$+v��,T� [36∼38] �h�-nG�
'/xn�8GI��l��s}��b)F�mrQs}��m,��'{I4KgY
J'(#WEjdy� [39,40] �+aES*)Qk��'(#J�<�8�.�I4K [41∼44] ��FSq'4KTBd8'℄ J2 $�Q�I(#'er��Fn�C%�'"�t'<� [45∼47] ���*��='J�`F |C20| ≫ |C22| j)D℄1��
�y�>bF'TB����}��J�`Q�&[Qn!�'jQk�nNG? |C20| < |C22| �\
mOv,I��='O�t�)'J�<�n!�'E'��*GSU7�k��<%}����℄G	
O��*E79h�(#� 'e|<�7 [2,3] WÆ[9h�G;$�e(#�LNae|hEM;� [1] \
CmOv
O�℄g~��'G	�iVnG;'#"��*�'g~��



� 2 } NATÆ-)�l��=~��)$A�+(�7z5LTV 157�;'℄t(#kC{W$�U�J�'(#���WÆ�
��*b)F��SIN|(#r [5] �*�+=� |C20| ≫ |C22| N℄&E"'�
3Ii [48] ,4K'}��'��(#;U�Ii [49] ,4K'k��Q}��'d6vB,O��SE6�)�+aQ<}����*'4Ka�&.!9 [50] �
2.3 W℄Z�:`&5�Mn?IC. 200 Sh�'EO�W4K(�Q}��NCn'm S''.�;℄<~Lh��+i*	J&.1P�If8'�I!*?>99�HQ}��'U��U*,�D8�'od'�W?oZ�&.�#'oZ4Ki*	J,S"�Sq}��F℄G��aEE$� (=n9q!�'}��℄�a') 9P�T�+�!{'My9Zn3u{UD�S���>bF'}��qO~L7�}��'�r�}EGv�'8In 1 000 km wpv}'=nV:M�}�
J'D#E}�1�7m�W"'}��F��n 99% 8I�r 100 km �F�n 26 h}��'8I�r 200 km ��S'℄�1�7E"'G��}'}��.0G�8I> 1 km wp'}���}��'k[N|G�> 2∼20 h 
J'k[Q�x9R$�o�poG*�}��?����zGPk[GPk\x>%�>�[�
J�SqoG�i�t\�(#7(J�(#e"I� 2.17∼3.64 AU 7}���#Rx'�x#xT}����;U}��'��*WE�!'U�Qq0e� a. �(q℄ b. �} c. MI d. �a�J�`kMIoG e. 9P?aK�� f. &[�9?&[a� g. &[ �#mQ(#vP'dF h. _#(#,�}��'*�U�Qqn�mO&.1P�W+�;k+j;�:b<�*�U�Qqm�j�IW#dMW#��IW# (a, b, h t) &I (!4�k) W# (a, d∼g t) !zW# (b, c t) X�Sy�	�,vW# (a∼h t) ��IW#�*��WG�t}��'[h��h?���8�yn���+-y>}��m,'qS�XnWr8$�;}��'_#(#�&.�;}��'_(9 (albedo) �IW#Cm��}��'�}�0-Vj�BI'�IW# (0B9�H) Cm8$j��;℄u��}��'�(�}=�;�(}��'S9�&I (!4�k light curve) W#�!4�kW#m8$�;}��'&[N|?y�'&[a�|}���a'8$j;=m&.�W.Q�;�('a}�&.G�3
'��mO[^!4�kqS���}��'�a?&[ �#dxOyj;9P��'G��/�!zW#�&.W#}��'!zmO�;��;�Wj;�U*tm��iMI?9P_(9�_.�_(9Cm���MI�:'/j:=m����}��:'BI�	�W#�	�W#�W�k}��'`<0-Ojq���I'<Cm��VnOK<�'�o59W#*�mO℄Sy�W�CmO℄XW#�Q*�qS8�f4^mO[h}��'�a�&[a�Æ��|�W|�('|h���W#|}��'�a�}?&[a�''N	�W#[mO��}��' �#x#_=�����_#(#��:'BI��
73`<'�/m+j��	��evIaQ}��9PMI?}��!*I|j;�EVg}��'	��Wm��v�P?d�'



� 158 ���������J�+�9��������� 27 \�_�mr	�W#QW#$�ngo'B�C℄v/Qg"�$'W#� +�W'}��NC+�	W#�X�W.	�W#[mO℄vn�'��W#BI'dM�~�:vV'℄}��'Gt�p'W#~�m%�O7�n�IW#�X\>FGIW#dXFn�G�'a ���U���dP&dmOmDx�W%}��'(#��℄G	VnG;�h�'p�$S*dP'4KNCa��y�'��*WE+�,>℄OeQq'5q�}��'_#��a�&[?MI'NC%�k��'D#?Pr�
�4K'y��TB℄mrJ��&[y�>v>!2'nDyj℄H'�*�y�'nDyjnNmO+�oZ�QG�}��nDyj!T!1F��
m�7Cm�;1d8s�}��O�*q�
'O�'�q�
3 (℄)Z'ZÆL�b>'�:1�.O7Qqy<}����*,D�/,$OX%X�J�`>�8GI^n<}��(#��*'�6?+=�k��<%}��?��'(#��t�)'ay�(#nE�'E'�*TB℄mr}��G��aE$�?�kC'&["	~\*"	~\℄�D'O?r�mk���EL'NaC�!�'#? �#4U [1] �*Ih{�k��<%�>bTB��k�N℄Ee|h'�mr*�\}k��<%}����'4K℄Vn#"�'�s!k��<%}��'(#��'Neg"$SI$�0�
��'<���>!2���$�,�*�$�nNeQk��'(#nJB'erEM;0�d8k��<%i�'"h�aE$�'H�k�Nmrti�X!<i�'4�$�NEM;�,$Oj�oZ'd\xFd8}��&['J�`Qk��(#'er�*℄\>m.r�>!2?4�(#y��,$�}��J�$���=7nG�
�6n�8GI����Q}��j��&[J�$�'�=4Km,*iKm�d8�I$�'nD��~;|'℄}�� Ida nGh�!H� Dacty1 3Vt�	$�m.}��'J�`m!ST!1Fl�Q!�'}��℄0
�
3.1 �℄D3W℄Z�Æ�:`�M�QrG�'X�O�0-�;k��℄GD6���z6bF
'FAx# r 'X%!q,r�
�I F ��p�}[H�R$�$�e| F :{' r dxÆt r �}'vdm_.�*SEdF�^^�m℄GD6Cm℄D#_Æk_ÆoZ'���
'�T[��#m, Ixx = Iyy = Izz \
k��(#℄C8'ay�(#��(#�q�"eQ a �t�9 e ��� i �I�6wC Ω �<16w ω _℄dq�0-F�^^�℄G	�zr�>bTB��01�'&[22�Æ�&[Q℄
'QkQNk��'(#�+$�Wt�C8'ay�(#��+$�'(#
�I Ft�TF��'&[R��*℄\>Qr
'&[QW822�'�a℄Qk'�T�#P'�b℄ Ixx = Iyy < Izz �k��<%G22��'��k 20 Z� 60 h��G8+#14K�*N℄�	j6' J2(CN℄7n C20) '<�O��&d�}eQrG	<%22���'k���v�(#�q"eQ a �t�9 e ��� i 'v_:>d#�



� 2 } NATÆ-)�l��=~��)$A�+(�7z5LTV 159�I�6wC Ω �<16w ω ne|<��*�+-N+j�A�G�jH�'(#0�>'I(#�D+(#,�Qr}�����T�#PG�℄Em,' Ixx < Iyy < Izz �\
k��<%}�����
�I F t}��'&[nM�b�Vk��<%}��'��t�<%22��'��nE�E'�Qr�(#�q�vE77�� Ω , ω 'e|<�WÆ i Cne|<�G? a ? e �LNa_m[H!�'4U��G��}e*�4UmO℄1�'�Vk��'���G;qI7Em{W�*IEm{W�N℄G	g~��'�i�g~���ES��*b)F_���*��;'g~��b)℄;Q{W$�U�J�'��*b)�\
k��<%}����O�E7℄G	R�'�qO�C℄G	��*b)'�=O��Qrk��<%}��'(#��n~Id\mj���
�I F 'Y��G	d\N℄�}���Um2���W1!|
'J�\y�!q
'G%t!qN℄
�I F �3XId\℄jSP�Y�9Y�J�\�34Id\jJ�\'�����a��,)F/)xF0:k��<%}����'G��O�TB℄�}��'<�\9�>vJB'"	J�bq C20 ? C22 \>*"	bqmm[��#=G�;+D#6kUK|℄ C20 = −(2Izz − Izz − Iyy)/2  C22 = (Iyy − Ixx)/4 �*GY�℄��'��Rnk��<%}����'TB�/*	�/℄;k��'��gF��&['erWÆ�$S}��'J�`��bqF C20 ? C22 *"tq:!�Q�9 2 � 	 2 �e%#� Castalia �L/Lq;�SJ [9](r �r C̄ r S̄ r
0 0 1.0 −

1 0 0.0 −

1 1 0.0 0.0

2 0 −0.110 298 −

2 1 0.0 0.0

2 2 0.156 733 0.0

3 0 −0.015 112 −

3 1 −0.037 935 0.001 211

3 2 0.006 325 0.000 616

3 3 0.020 568 −0.013 715

4 0 0.036 630 −

4 1 0.002 706 0.000 407

4 2 −0.051 363 0.003 949

4 3 0.006 140 −0.001 747

4 4 0.050 334 −0.006 839
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3.2 b62l!0=C.Sh'.ZoZ�q:g+yR�j<3Ii [1] �|'��} − �a�(#M;�'�jOy"	tk��<%}��(#��M;�n�'�D���} −�a�(#M;'�j℄;(#'"eQ?t�9'_:℄d:�t
n�'"	�Do;℄�

(1) k���_Æ&['X%X�J�`F'�� �(#"eQ?t�9'4Uq�}N�(#�&d�}e�&t��} − �a�M;�_7�(#��} − �a�EM;�
(2) k���_Æ&['X%X�J�`F'��0-�(#��} − �a�M;k���&d�}e�Eekk`lF���_7k��H�ekk`lF���*G�j?"	�D�,)~dP'4Ka/6M1 b"G��n�'od0:mQ�Ii [1] �,)J60:k���_Æ[�'X%X�J�`F'���TBj℄k��<%}��'(#���*G��*b)G�℄Emro'�,I'℄6℄�.*G��*b)y>F��[�?D#oG'5q℄0B4U'�>'8�*GoZ?��Oj'Oe4I.I�_:d\��-oZ?N|(#���&.*�oZ��:1�.k��<%}��k�'1��/�*��/tk��<%1�?�	�>bTB��'��nE�'E'�Oj_:d\m|�z�4U'4#�Wj&tC�4U'4#�Rn(#'e|<��, 1 |'(#�#Pe|<�'�i [2] �FmO|E7I�6wC��e|<�(#� Cne|<��moF��E&[�℄C&[yz�&[4I�}8��=�Qr℄C&[Ii [2] 1!'k��(#'_:���. (Lagrange)����dq=+D
J?3m. (Jacobi) roG�|(#e|<�'G	61'Rn�mO[h�m_:$�eCN℄�(#��} − �a�M;$�e�4K'O�6�mro=m�Um�ro (quadrature) 5q� F��E&[N��ro5qm9�m2�5qy�ro [3] �

- 1 �H�)$(A$Qy$ [Hx, Hy, Hz] f}=A�j [2]



� 2 } NATÆ-)�l��=~��)$A�+(�7z5LTV 161�Qrz�&['�}(#��m�UmUW'22�'<�O� (| J2 <�O�) �*Ko4K'G	jN℄�=N|(#'��$���0�Ii [5] F�=' 1:2 rN|(#'��$���rk��<%}��e|<�'od0:mQ�Ii [2, 3] �(#'LN|��t�-��nM�b��Ii [1] F�|'�r�} − �aM;�'O��(#�-��'4KFm&"!:'.`���4K'b)F�-O�'|h℄\>tCIn�'"�t C22 '��Æmrk��'(#v_��t}��'[�mOVnQk��V���j2�}q�a�1!z�F}q�a'bq�*I}q�a℄,Q6k2�(#'"eQ?t�98�'�CN℄vQ a(t) ? e(t) 'z�F�a'u9�w:?mF8����WmO.`<�(#'"eQ?t�9'�����
3&.Q<�-(#'_:UmO.`>PD a(t) ? e(t) nNe�!L'NaC�!�'4UmO?�-roG�Q��} − �a�'M;�|'M;�;6�
3Q a(t) ? e(t) 'z�F}q�a[mj�oZN|(#O��0�Ii [5] Fj�oZ 1:2 N|(#r'���O��(#'M;�t�-�'M�bm�, 2 F_h|�od�=mQ�Ii [1] �

- 2 �N<uFN<)$�y [1]�N|(#'4KFIi [5] ff4K'�G�&['X%X�J�`' 4 	vF6
(�v�6) 3V'�F 2 	vF6i�℄EM;'03 2 	mM;CmEM;�=&"'
J'M;$� [5] 
M;�'$�mmF��&[�9 ωT �J�dq µ Oy 2 	J�bq C20 ? C22 =G�;�WK��'N|(#r��Oj'N|(#qm|�d\F|�' 2 	�a�[KP. (STM) F℄�F:'�/:��W�|'G	VnG;4$�'j�['p
� (Poincare’) h>mO.�|N|(#�*G�\!�:l�QM;'N|(#�℄0
�mr{W4U
7'3m. (Jacobi) �pV*Gd\m�G;'#uv7k�|�N|(#�&.��N|(#' STM [h'm9YN|(#M;�'�/pi�*��/pim+j�WbN|(#'M;��WKj*GmQk�'|�d\�|0N|(#[h'SIm,'N|(#r=�='�E'F��&[�9 ωT $�e*�N|(#'���?M;�,O��Ii [5] ;U'*
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- 3 5 
O})$s�H��i()$ [5]S�N|(#
J℄�<x	� (near direct) ���x	� (far direct) �� 1:1 �-��� 1:2�-�?�xK� (far direct) ,N|(#�[n�
G���h�N|(#��r*�N|(#70�sP!� (double lobe) �vR4 �� (smooth triangle) ,�*�N|(#R�mQ�, 3 od0:mQ�Ii [5] � =d8J�?&['erN&[}��'v��G�'��*�j℄
''I(#"IV��v℄t}��'&[Vnm'N|'�(#'�}?M;��QrG	;D#'}���^�dq+9Y> µ &[N|> T 
'�p''I"ImOm�X rs = (µT 2/4π2)1/3 ���mr}��'D#oGG�E℄_Æ��}��G�n 4 	�;$< rs 'FA��+2''I�� [1] |	P�"' 4 	vF6�mzr1�'�} [8] 
J�w#vP7Fr}��ve?vL'�Q7�Qr�SqVnN6�a'}���n*�'I(#_℄EM;'WÆ�
J}<aW'M;'{W(#G��~�7a�[Hr`k��*G��'+-2℄k��W%}��k��z"'~`',D~\�[R7Qr'I(#EM;'}���X}��D� 2∼3 	'I(#"Ia'��_�xrEM; (�, 3) �?r`(#�℄�vH&��(#'�� Q(#'M;�Cn!�'ervn�6'��℄�&[vPa'��CN℄.�� (# [1] �, 2 F℄O}�� Castalia >�8���'� d8��� ��Nv}M;"I�r�9�mO|G	M;?EM;�xy>"I?�� '5q'�x,�20N�℄3V'_?�w#vP7Æt&[dx_x'�� (f�(#) �(#��R�7m M;�mrJ�?&[℄H'm,�DyjVk��y$<}��Æt}��Vn!/mQ�I'(#��\>�EM;W4&Em��E�'℄2℄�*�(#7OjW#L�8�}��'mQW#NvVi*^^��G	DM�K℄�f�(#7k�*mO&3k���k<}��'eKNVnjd/'mQ�I��*?��'K-℄k��mQ}��9PVn!�'mQ�IÆ0"k��<}��(#K
go'~B�p�



� 2 } NATÆ-)�l��=~��)$A�+(�7z5LTV 163�
3.3 W℄Z Castalia A\<1}�� 4769 Castalia ℄m"h}��mOr`?^^W�m'�a0/EkPH
(�, 4) ��jSy�	�mvm_1 Castalia '4��aY�
Y��n 167 	Qq�
Castalia 'k[N|℄ 4.07 h �r℄ 0.671 km3, *m rv_"I> 0.543 1 km '���>'RnFAG�Oj}����� z6b (Asteroid body fixed coordinate) ��~6>Y�D�z6Q (x, y, z)o;Q'℄v}�F?v�T[��#Q�Y�'&[Q: zQdx��
z6bFn� −0.762 ≤ x ≤ 0.851, −0.462 ≤ y ≤ 0.519, −0.444 ≤ z ≤ 0.382 ��#P.�>� Ix/Iz = 0.37207, Iy/Iz = 0.93805 �

- 4 Castalia (��Ze-m	�_(9m�;1O�MI��> 2.1 g/cm3 ��my�u' 60% 'y&���M? 40% '3M%'tD (S �) ��Wm1O|�D# M = 1.4091× 1012 kg �J�Qq>� µ = GM = 9.40× 10−8 km3·s−2 *� G = 6.672 59× 10−20 km3·kg−1·s−2 �G�n"Id\m℄Hm'QrG;MIU�'J�`��Fdj'd\℄�;J�`'���abq�*Id\℄C8'
d\m�*SU�'J�`9�mGRj%+'�a�*�%+bq'�;mO&.QU��a'1	�r8�Jyro&"G�ro&"G	bq�0-�;D#_ÆoG�r'rom�U>QU�9P'ro�J�`���a'vJB'"tbq℄� C20 = −7.275× 10−2/R2
0, C22 = 2.984× 10−2/R2

0 *� R0 = 0.543 1 ℄ 1 	&GUQd"I�0-nq�S't+&t<zY\&d!}�9 2 |'℄&GUK' Castalia'y%y�J�`bq [9] �mO| C20 ? C22 'q:!�	bqB�$S�*C℄,IjX%X�J�`�9n}��J�`'G	~\�>'H)G	8�'`{��.��, 4 FS|'}�� Castalia '��,�z6'�F℄ km �G�W%�k�'�h(#R��imQ�, 3 od0:�Ii
[5] �, 2 S|'M;?EM;{W�(#'�x,mO|(#'M;�t�-�nM�b�W, 1 |'℄(#'e|<�'�i�
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4 ���?a9,I>D�P+a�}���Wt℄'n�℄UO���G�n�:'QdS��'N&.0:+3f8��QD�m'}��t℄'*WoZ�*WA�xG�	|*?{f4K=8�G��=���a9,I'0:?+=�^�G�X	?*)Q}���W'WS?wd�"qZ^w'yj=�8�I*?6�/'8GIDy�,I=j℄Q}��?<}����*'�P'=nW℄&.G�V�[�oZ}��?<}��(#��*G��6?+=�mO|<}���W�'(#tC8'k��<%�>bTB����'(#n!�'E'�*TBmr"	~\|}��G��aE$�?
kC'&[�*"	~\℄�D'O?r�mk���EL'NamC�!�'#? �#4U [1] �*Ih{�k��<%�>bTB��k�N℄Ee|h'�+a3ES*)Qrk��'J�(#<�8�.�I4K��FSq'4KTBd8'℄ J2 $�Q�I(#'er��Fn�C%�'"�t (0 C22) '<����*��='J�`F |C20| >> |C22| j)D℄1��
�y�>bF'TB���W}��J�`Q�&[QVn!�'jQk�nNG? |C20| < |C22| �\
mOv,I��='O�t�)'(#�*O�n!�'E'��*GSU7�k��<%}����℄G	
O��*E779h�(#� 'e|<�7 [2] �WÆ�G;$�e(#�LNae|hEM;� [1] �\
qmOv
O�℄g~��'G	�iVnG;'#"��*�'g~;'℄Q{W$�'U�J���_h"k��(#A�7�)'[fB�'(#A��jNE_j
'A��j℄;UG;q#'Bqk��?*W�p'� (*��pmO℄"*�!($�?<v%k,) =��j"�I�A'<}����*Y�F�&.O7oZG�8�(#A�?+=℄�

(1) f�(#M;0 NEAR �T�
(2) v1(#j0 Dawn �T�
(3) �hvF6'�j0 Muses-C �T�
(4) e|<�t(#� n��,I0:'J6℄k���<}���WNmz"'��*O��*�%�!6�B!?vB�*℄G	E�'4K/x!Bn�X	eN1EOl�Nn!��!��!R�'4Km-�P+"0h�℄u�[n�'�W��D8��., Muses-C�W�TPn<

1.5 RG|+-mOvEE�p�/),>}���Wt℄E77℄[	*��[	�F�[	�DG?[	+	'O�*O�x�D�+�Dy'dX�?v�jqf�NC℄ 5Z/[�'G	T��P+~AC�h%MO)D�=?���l>T�0-P+*)�[G/x�x&E+|NnmVP+�*GdPVnG;'[8��oY!K� ,I&"' NASA Jet Propulsion Laboratory G�p�'5t��	S�IFKoa/�.51|hr/)'qsaI=IF>'3rE')D'H)b)1H?�.QG�M�Dx�'6)?���
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The Characteristics of Near Asteroid Orbital Dynamics and

its Implication to Mission Analysis

HU Wei-duo 1, SCHEERES 2, XIANG Kai-heng 3

(1. School of Astronautics, Beihang University, Beijing, 100083, China; 2. Department of Aerospace Engineer-

ing, the University of Michigan, MI48109, USA; 3. Department of Spacecraft System Design, Chinese Academy

and Space Technology, Beijing, 100094, China)

Abstract: Asteriods and some significance of their exploration are presented first. Near asteroid

dynamics and its effect to mission analysis are analyzed by referring spacecraft NEAR and Muses-

C. Further discussions of the dynamics characteristics are performed. Detailed discussions are

given based on the analysis of the second order and degree gravity field models of asteroids. A

typical example of asteroid, Castalia, is introduced. A few typical trajectories are summarized.

And also some suggestions of asteroid exploration are given. We see that close asteroid orbital

dynamics is new and challenging, as orbits around asteroids are considerably different from the

classical Keplerian orbits in the two-body problem. This is due to two reasons: the irregular

shape of an asteroid, and the rotation of the asteroid. These two effects are coupled and can

cause the spacecraft orbit to experience large energy and angular momentum changes within short

time period, occurrence that are not seen for spacecraft motion around the Earth  or other

planets in Solar system. For some cases these changes are rapid, making the spacecraft motion

unpredictable to some degree, the unpredictability is an instance of chaotic motion, which exists

in many dynamics. Here we define “Chaotic” motion as sensitive dependence on initial conditions.

Thus, the problem of spacecraft motion around an asteroid is not only a practical engineering

problem of near asteroid operation, but also a theoretical problem in dynamical system as well.

Key words: Celestial/orbital mechanics; deep space exploration; asteroid; review; spacecraft

mission analysis


