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u(0) = − cos ωt
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r(0) = r0 − A cos ωt .
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r(0) = r0(1 − e cos ωt) ,
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ϕ = ωt + 2e sin ωt .
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x = r0e + r(0) cos ϕ
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y = r(0) sin ϕ
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x2 + y2 = r2
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ω2 = α/mr3
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ωt = ϕ − 2e sin ϕ
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u = u(0) + εu(1) = − cos ωt − ε cosωt +
ε

2
(3 − cos 2ωt) ,
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ε = e(1 − e)
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r = r0[1 − e cos ωt +
e2
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(3 − cos 2ωt)] ,
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ϕ = ωt + 2e sin ωt − e2
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(3ωt − 5

2
sin 2ωt)] .
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ωt = ϕ − 2e sin ϕ +
3e2
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sin 2ϕ) ,
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r = r0(1 − e cos ϕ + e2 cos2 ϕ + ...) .
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r/r0 = 1 − e cos ϕ + e2 cos2 ϕ + ... = 1/(1 + e cos ϕ) ,
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a = r0/(1−e2) = r0(1+e2 + ...)
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ae = r0e + ...
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ωT = 2π(1 + 3e2/2) ,
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cosϕ = x/(r0 − ex)
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sinϕ = y/(r0 − ex)
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Ω = ω(1 − 3e2/2) = (α/ma3)1/2 �í¢!£��¡D�7��_"¬	�C �¥'¨
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∆ω/ω = −3e2/2
�O ��7¬	�7�C�¯�7£��í¥:�A �¥C�O�¦�\�%��¤¦�� ¹��¡��7£��í�7�O�7�v ��� ��¯¥C�v ��7�7¤5%	¬	��¤L�v ����7�ï��£��J�7�C¥O�v ���²ù�v���	�C�

¥C¬�%	¤¦¥¥C�v�,�7�O¥O��¤L�v ��� ��4���,�,�,²ù�v���	�C�>_t¬����,�7¤¦¥¯¥O�v�7�,�C¥O�7¤¦�v ��7�g�7£��i�� �£����,�ü�� �¤¦¥.�g���7¤¦�v ö�
� n"ayn"h)��l��vn"a q h%��lÛu,�mn"lSwÕz�_ q n"a q)� ��l��+7��'�
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1,2 + v(r1,2) = E < 0 .
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U(r) = L2/2mr2+v(r)
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r − r0 = Au
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A/r0 = ε
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E = −u0 + mA2[u̇2/2 + ω2u2/2 − εβω2u3 + ε2γω2u4...] ,
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mω2 = 3v1/r0 + v2
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β = (2v1 − r2

0v3/6)/(3v1 + r0v2)
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γ = (5v1/2+ r3
0v4/24)/(3v1 + r0v2)

�
�°�;
t¤¦ 	±g¬	�7���¡@��£���C¥O¥C�O t�7�7¤L¥C¤L�«¨

e
���"�� ����¤%�¨

e2 = δ(1 − |E| /u0)
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δ = −(v1 + 2v0/r0)/(3v1 +
r0v2)
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e2 =
2ε2

ω2
(u̇2/2 + ω2u2/2 − εβω2u3 + ε2γω2u4 + ...) .
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ü + ω2u − 3εβω2u2 + 4ε2γω2u3... = 0 ,
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r = r0[1 − e cos ωt +
βe2
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(3 − cos 2ωt)] ,
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e = ε(1 + βε)
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ϕ =
√

v1/(3v1 + r0v2){ωt + 2e sin ωt − e2

2
[3(2β − 1)ωt − 2β + 3

2
sin 2ωt]} .
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√

v1/(3v1 + r0v2) = p/q
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v(r) = −α/r
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v(r) = const + αr2 ±v¤-���C� p/q = 1/2
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β = 1/2
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γ = 5/8

�'�
���C 	����¤L �±

1/ν =
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v1/(3v1 + r0v2)
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χ = νϕ
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χ = ωt + 2e sin ωt − e2

2
[3(2β − 1)ωt − 2β + 3

2
sin 2ωt] ,
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ωt = χ − 2e sin χ +
e2

2
[3(2β − 1)χ − 2β − 5

2
sin 2χ] .
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r = r′0[1 − e cos χ + (2 − β)e2 cos2 χ] ,
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r′0 = r0[1−2(1−β)e2]
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β = 1
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β = 1/2
©
χ = 2ϕ
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r = r′0[1 − e cos 2ϕ +
3e2
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cos2 2ϕ] .
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r2 = r′20 /(1+2e cos 2ϕ)
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ϕ̇ = (L/mωr2)(ω/ω′)ω′
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1/2 + m2ṙ
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2/2 − Gm0m1/r1 − Gm0m2/r2 − Gm1m2/ |r1 − r2| ,

� º b �
¼ R:&��R~�46+2}h�!B�-"}6+è-/FáBS$+�X-'F5F +,*B½�B6+2�X&)F -"}14E+`}��!B�½��:-'(%*<4h~)+�Bh~)2w�Ô4y2 (6��}6+��O&%+X(��X9!2 B�-'F B6$¥¾:()$�|�(�-'Bb4h~%+�¿�$O25(��,-�}E+�ZÀ�t2 (%*)BS46+7*:4

+`Á:?A-/(%B625$O(�I-Â�=I¿�$'2 (��,-�}E+"�IÃ,���r���`Ä�Å��2���=�rÆ¥����Ç���È�È·�=���"��Èz�+���R�R���1�(É�����Ê±��Èz���=ÄË�`�1Ìè-'&34h~)2 +`}6ZËÍ@2 F5Fá-�}ùB`�E¿�-�}E2áBmISU,]��OK'P�Î3>�=I�t2 (%*:Z
BS46+7*:42�?ÏtÐR���l���(�¥Ñ=��ÄÀ�ËÒ�����Ä5�(�����`���;�`��ÓR���l���(�lÔ1ÄÀ���=���EÒ��=Ä�ÅI�R���=�(��Õt�(�RÅEÄ5�wÒ����BÖ3� ×W�`�h�`��Ä5�(��È Ò"Èz�`�(��Å�����Ò"��>|BD4�}6$O(t=·T@-��R~t=òG�Ø1ÙJK3UOU
ISU,]']CK'P6P«=
Ú 0¬�C&%-/462 $'(ILK"�OPb2 B�4h~)+©Û�}ùBS4�4E+`}�� $��	4h~%+�BS+2}62 +,B�+�Á3?%-'(%B625$O(�$"�"4h~%+?|b+,F5F5Z5¾:()$�|�(´��F $OB6&I}E+©�X$'(%*)2À4E25$O(

∆ϕ/2π = (1/π)

∫

r2

r1

dr · (L/r2)/
√

3m(E − v(r)) − L2/r2 = p/q .

Ü ;-"¾C2 (Iªò&ABS+�$���4h~)+�BS&%8%BD4E2À4E&3462 $'(
r = 1/u

4h~)+�+2�C&%-/462 $'(´�Î$"}|4h~)+�4h}ù-�ÝD+2��46$�}69
u(ϕ)

}6+7-'*)B
u′′ + u = −(m/L2)∂v/∂u

�
|G~)$CBS+®B6$'F &3462 $'(�2 B©ªO2z§O+X(i8:9$�X2z}R��&)Fá-�}��Î&)(1�«462 $'(ABè$'()F 9��Î$"}m4h~%++ª�}E-¨§:254E-/462 $'(%-'F"?�$/46+,(C462á-/F

v ∼ u
-'(%*4�~)+!BS?A-[462á-/F�$CBh�X25F F -/46$�}

?�$/4E+X(C462á-/F
v ∼ 1/u2 =/Þ�~%2 B�$O8%B6+`}�§�-/462 $'(�2 B±�,-/F F5+7*®BS$���+X462·�®+�½�ß�+`}64h}ù-/(%*:à B�4h~%+X$"}E+`�$½mI � ="ß�+`}64h}ù-/(A*'�E�����R�����(É`���!ár�;��Èwâ�Ä-�(É`�����ã $���?)46+,BGäy+X(%*3&AB`�%>G�,-'*�=1RI��2¦=bHAH�]'W���IDU,]Eå[YCPSP«=

æ Þ�$®4h~)+�+`ÁC4E+X(C4ö46$l|G~)2ç�R~.-/(�2z}�}E-/462 $'(%-'Fv(C&��·8�+`}�2áBy-/?)?�}6$¨Á32·�®-/46+7*ò8:9<-+}E-/462 $'(%-'Fv(C&��·8�+`}7=
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�� ��ø��£��i�� 	±v¬��\�A�®�ü���ü�O t�7¬�� �,�:�;�	�

Ltot = m1r1 × ṙ1 + m2r2 × ṙ2 .
� º�»&�

ªù�è¤L�@�C���,¨i�����7�O����£��%�
Ltot

¤¦�@¥C�� ��7�O�2�v���ö�·�°�;
t¤L �±�¬��,����¡	��£���¥C�C ��7�C�X²ù��¡\²«�ü���,�|¥O���v�2��¤¦ ��A���
R = m1r1/M+

m2r2/M
©¬�ò£��C�,�

M = m1 + m2

©ö�� /�°��£��J�7�C�¦�A��¤(�v��¥C�"�v����¤L ��A�7�
r = r2 − r1

©b��£	�í�� �±�¬��\���<�g�v�ü�O ���¬��
%b�O¥C�v�g�C�

Ltot = MR × Ṙ + mr × ṙ ,
� ºvµ'�

�ò£��C�,�
m = m1m2/M

¤L�!��£���7�O�\�A�7¤-���.�½�A�7�C�¥ �¤L�ü¤L�\���,�L¨�©v��£���C 	�C�7±A¨ø¥:�� �%1�$�ò�,¤L�,���C ¹���

E = MṘ
2/2 + mṙ

2/2 − Gm0m1/ |R − m2r/M | − Gm0m2/ |R + m1r/M | − Gm1m2/r .
� º g �

 �¤¦ 	¥C�
r � R

�  �¬� �²=.·�A�,��£��¤¦�X�[�� �¥O�
r1 ' 15 × 107Km

©��¹�"�v �²=.����,�7£��¤L�,�[�A �¥C�
r ' 380 000Km

�®¤L�<¤¦�
¥C�v '���C �¤L�C ��¯���ï�/¸����� ����7£��í±v�7���"¤e�[�A�7¤¦�v ��A�ö�b�A���C ��7¤\���L��¤L  � º g �ò¤L ��b�����C�,�.��¡

rR/R2 �´P¯�C�C�	¤¦ �±ï�� ��L¨��7£��
_t¬��;���,¬��b���\���!¥O�v ����7¤-%�¬	�7¤¦�v ï�7£���C ��O�7±�¨�%1�C¥O�v�ü�O�

E = MṘ
2/2 + mṙ

2/2 − α/R − β/r − γ[3(rR)2/R2 − r2]/R3 ,
� º m �

�ò£��C�,�
α = Gm0M

©
β = GmM

�� ��
γ = Gm0m/2

©��v�

E = E1 + E2 + γv ,
� º n �

�ò£��C�,�
E1 = MṘ

2/2 − α/R , E2 = mṙ
2/2 − β/r ,

�cb o �
�� ��

v = −r2(3 cos2 χ − 1)/R3 .
�cb � �

¢!£��ø�� �±��¦�
χ
¤L  �cb � �i¤¦�i��£��ï�� �±v�L�x%1�O�=���C�C  ��£	�½�=���µ���C¥'���v�,�

r
�A ��

R
�� �¤L �¥C�

r/R ∼ 3 × 10−3 ¡D���
�¹�"�v �²�.����X��£�²� �¬�  � �� ��

(r/R)2 ∼ 10−5 �<�7£��í¤¦ ��7�C���A¥O��¤L�v  v
�ü�3¨A%1�F�"¤¦�"�����Õ�A�¯�½�7�ü���L�|�1�C�X��¬��2%��A��¤L�v ö©

�� ��
γ
¤¦  � º n �®�½�:¨ø�A¥O�����<��¡D�v�,�½�A�ö�b�O�,�7¬���%��%��¤¦�� ¹���A�����g�O�7�C�C�·ªù��¤¦�ò¥C�v '���C �¤L�C ��. ���� �7�ü�O�ü�	�¦�3¨ï�1�v�\�A�

¥C�"�v���	¤¦ ��A�7�C�ò�� /�¹�,���ò�7¤e��� �èb o �®���

E1 = MṘ2/2 + MR2(Θ̇2 + Φ̇2 sin2 Θ)/2 − α/R ,
�èb S �

�� ��ö©��,¤¦�g¤¦�¦���7�e¨v©
E2 = mṙ2/2 + mr2(θ̇2 + ϕ̇2 sin2 θ)/2 − β/r ,

�èb º'�
�ò£��C�,�

cos χ = sin Θ sin θ cos(Φ − ϕ) + cos Θ cos θ
¤¦  �cb � �'��¢!£��J�A �±v¬��¦���ò�ü�v�g�C ��7¬�� ��¡|��£��i�7�O�\�A�7¤-�v�

�ü�A��¤¦�� ��7�:�1���

lx = −mr2(θ̇ sin ϕ + ϕ̇ sin θ cos θ cos ϕ) , ly = mr2(θ̇ cos ϕ − ϕ̇ sin θ cos θ sin ϕ) ,

lz = mr2ϕ̇ sin2 θ ,

�cb&b �

�v�
lr = 0

©
lθ = −mr2ϕ̇ sin θ

©
lϕ = mr2θ̇

�+ �¤L�ü¤L�\���·�'¸����,�C�7�,¤¦�v 	��£��v�-��¡D�v�!��£����� �±v¬	�\���®�g�v�g�C ���¬	�
L
��¡

��£��¥O�C ����O����¡|�ü���7�O©k�� ��
Ltot = L + l

�zé
f.nth q)� h)j@� q)� _1a q3s nt_kh3x±��7��:�E�"¤¦ �±��A�7¤5�	��¡D�v���7£��.�g�v�g�C ����7£��.¤¦ ��7�C���A¥O��¤L�v 

v
©���_t¬��A�7¤¦�v 	� � ºvµ&�'© �èb S �·�� ��

�cb º&�+���C�,¥C�7¤-%b��=���ü¤L ����C�1�C /���C ����ü���7¤¦�v 	�C©��C��¥[£¹¤L ø¤L���ò���ò �±v���E�"¤L���A��¤L�v ����b�b���7�C ���¤¦���E© icjck�j �=���ü¤L ����C�1�C "²
���C ��0P¯�C���L�C��	5�¯���,�&%��L�C�g�C�í���C ����7¤¦ �±4%�¨��,¬��1�C�7�,¥C�,¤¦�	�

(0)
��£	�C¤¦�¯�,�C�L���A�� ��¥C�"�v���	¤¦ ��A�7�C�O©���£���,�v�¦¬���¤¦�� ��.��¡

ê QÛ($§:2 +`|�$���4h~%+3ª"}E+,-/4@*32 B6?%-"}6254D9�8�+�4è|�+X+,(
m1

-/(%*
m2
�A4h~)+¥��+X(C4E+`}@$"�t�®-OB6B@2 B@F5$��,-[46+7*�?I}E-��«4E2·�,-/F F59�$'(.4h~%+3Û�}ùBD4|8A$3*39

Ie01-�}64h~:�
M ' m1

P=�%-'(%*�4h~)+?}E+XFá-[4E2z§O+r�®$/4E25$O(´�X$"}�}6+7BS?�$'(A*)B�?I}E-��«4E2·�,-/F F59®4E$®4h~)+�B6+2�X$'(%*�8A$3*39�Ie;¯$:$'(,�
m ' m2

P«=



T,UrVWXJY�Z�[EU3\?X&]/^�U g

��£��O�7�<���7�;%��¦�O�ü��¥C�� ü�,�:�;�	¤¦�L¨0%1�>�ò�,¤L�,���C ��mª« ����O���ö©"¥[£��"�v�7¤L �±
Θ(0) = π/2

©v�7£��ò���;�	¤¦¬��
R(0) �A ��g�7£��ò��£����,�

Φ(0) �A�7�±v¤-���C A%�¨

R(0) = R0[1 − e1 cos Ωt +
e2
1

2
(3 − cos 2Ωt) + ...] ,

�èb »&�
�� ��ö©��,�C�,�b�O¥O��¤(�v�O�L¨v©

Φ(0) = Ωt + 2e1 sin Ωt − e2
1

2
(3Ωt − 5

2
sin 2Ωt)...] ,

�cb µ'�
�v�

R(0) = R0(1 − e1 cos Φ(0) + e2
1 cos2 Φ(0) + ...) = R0/(1 + e1 cos Φ(0)) ,

�cb:g �
�ò£��C�,�

R0 = L(0)2/Mα
©

Ω2 = α/MR3
0

�� ��
e1 = (1 − 2R0 |E1| /α)1/2 ¤L�g�7£��°�O¥C¥O�C ����,¤¦¥C¤e�«¨ ��¡��7£��

�C�L�¦¤¦����¤¦¥C��������%�¤e�:� ucë «k���!�A�� 	¤¦�7£	¤¦ �±<�C¥O¥C�C ��7�7¤¦¥O¤L�7¤¦�C� � .����X��£�	À�m�v�2%�¤L�@�O¥C¥C�O ����7¤L¥C¤e�«¨�¤L�
e1 ' 0.017

����£����7�v�L¬	��¤L�v ��
±v¤-���C  �;%1���v�ï�,�:�;�

R(0) = R0

�� ��
Φ(0) = Ωt

© icjck�j �°¥O¤¦�7¥O¬��\�A�����7�IH,�C¥'���v�X¨ � �� ��
E1 ' −α/2R0

�/���
�7¤L�ü¤L�\�����7�v�L¬	��¤L�v  £��v�-���í¡D�v���£��ø�,�C�\�%��¤-�����ü�A��¤¦�� ö©���£��v¬	±v£ ¤L���í¬��X��%b�4�ò�7¤e�7�7�C  ¡D�v�����7¤¦�e����� �,�O¡D�O�7�C 	¥C�
¡D�����g�����¹�;
t¤¦ �±¹¬��7�ü��¡ �cb º'�¯�� �� �èb&b �'©y��£	�½���1��¤¦¬��i��¡®�7£��g¥C¤¦�,¥C¬��¦����v��%	¤L�i¤¦�i±v¤-���C º%t¨

r0 = l(0)2/mβ
©

�� �� �,�½���L���v�7¥O¤¦�¦�¦�A��¤L�v ��i���,�v¬� ��V�7£�¤¦���b�v�,¤L�7¤¦�v Õ��¡ò��_t¬�¤L�¦¤5%	�7¤¦¬	�r¥:��  ���L�7�µ%1�ï¥O�v ��7¤-���C�,��� � �L¤5
A�ü¤L  �cb »;���'©
�ò¤L�7£{��¥[£��A����¥'���C�,¤¦�X��¤¦¥ï¡D�,��_t¬��O �¥O¨ ±v¤(�v�C »%�¨

ω2 = β/mr3
0

�
ω � Ω

�'� u=u  �¤L �¥C����£	���O¥C¥O�C ����,¤¦¥C¤e�«¨
e2 =

(1 − 2r0 |E2| /β)1/2 ¤L�ï�7�ü���¦� � �����v #	5�ï����%�¤e�ï�C¥O¥C�O t�7�7¤L¥C¤L�«¨ ¤¦�
e2 ' 0.055

�/©!��£�������%�¤e�ï¥:�A  �A±���¤¦ O%b�
�������,�:¸	¤L�½�%������%�¨ø�¥C¤L�7¥O�¦�¯��¡|���;�	¤¦¬��

r(0) = r0

�
.?_"¬��A��¤L�v ��ò��¡|�ü���7¤¦�v ü¡D�v�

θ(0) �� �� ϕ(0) ¥:�� ø�:�A�7¤¦�e¨q%1��&%	�[�A¤¦ ����ø¡D�,�v� �7£���\��±����� �±��:��  �èb º'�'©

d(mr2θ̇)(0)/dt − (mr2ϕ̇2 sin θ cos θ)(0) = 0 , d(mr2ϕ̇ sin2 θ)(0)/dt = 0 ,
�cb&m �

�ò£��v�,���,�v�¦¬	�7¤¦�v 	�®¥:�� A%1�$�ò�,¤L�,���C ø�X�����A¤¦±v£��7¡D���2���;���L¨ü¡D�v�
r = r0

©k���

θ(0) = π/2 + θ0 sin ωt + ... , ϕ(0) = ωt + ...,
�cb'n �

�ò£��C�,�
θ0 ' 5◦ = π/36

¤¦����£	�.¤¦ �¥O�¦¤L ��A��¤L�v ��¡@�����v #	5�®����%�¤e���A±���¤¦ 	�,�·��£����C¥C�L¤¦�	�7¤¦¥A��ucv�ªù�®¥:�A q%b���"¤¦�������ø�A�
�� ����7£��C���b�O�,��¬	��%��A�7¤¦�v ü�����7���ü�'���O�C�è¢!£��O�7�¯¤L�®���L�7�í�J¡D�,��_t¬��O �¥O¨½�7£�¤e¡Û�®±v¤(�v�C 4%�¨

ω′ = ω
√

1 − θ2
0

�ò£�¤¦¥[£�¤L�
 ��C±��¦�C¥'�����¹¤L  �èb'n �/©/�ò¤L�7£�¤¦ ï�7£�¤¦�!�v�2���C�ò��¡|�1�C�,�7¬���%��A��¤L�v ø¥C�v�g��¬	���A��¤L�v ��C�
.?_"¬��A��¤L�v ��!��¡@�g����¤L�v ï¥C���7�7�O�7�1�v ���¤L �±���í�7£��¯�\��±����� �±��:�� �±v¤(�v�O A%�¨ � º n ����� �cb º&��¥:�� ø�C���7¤L�L¨<%b���ò�,¤L�7�7�C ö�
«��v�

Φ
�� /�

Θ
��£��'¨��7�C�;�

d(MR2Φ̇ sin2 Θ)/dt − γ∂v/∂Φ = 0 ,
� » o �

�� ��ö©��,�C�,�b�O¥O��¤(�v�O�L¨v©
d(MR2Θ̇)/dt − MR2Φ̇2 sin Θ cosΘ − γ∂v/∂Θ = 0 .

� » � �
¢!£����7�v�L¬	��¤L�v ��ï��¡i��£	�C�7����_t¬��%��¤¦�� ������7�)�ò�7¤e�7�7�C  ���

Φ = Φ(0) + γΦ(1) + ...
©

Θ = Θ(0) + γΘ(1) +
...

�� /�
R = R(0) + γR(1) + ...

� ¢|�V�7£��µ���,�,�ø�v�2���C�ï¤L 
γ
©���_"¬��A��¤L�v �� � » o �ü�� /� � » � �ü±�¤-�v�

Φ(1) =
−(3r2

0/4Mω2R5
0) sin 2ωt

©
Θ(1) = 0

�A ��
R(1) = 0

© icjck�j .·�A�,��£#	5�í����%�¤e�0�	���O�J ����J¥[£��� �±��x�ò¤L�7£�¤¦ ���£�¤L�
�������,�:¸	¤L�½�%��¤¦��  �

R = R0

©
Θ = π/2

�'©·�'¸�¥O�C�	�ü¡D�v�����,�½�A�¦�®�1����¤L�7¤¦�v �����¥O�v ����7¤-%�¬	�7¤¦�v  ������£	�¹�A �±v¬��¦���
��£����,��©1���!±v¤(�v�O ¤%�¨ u y

Φ = Ωt − γ(3r2
0/4Mω2R5

0) sin 2ωt .
� » S �

ªù�<¤¦�ò���L�7�B���v�,�7£A�ò�,¤L��¤L �±D�����ò ¹�7£��i�� �±v¬	�\���®�g�v�g�C ���¬	�

L = Lz = L(0)
z − γ(3r2

0/2ωR3
0) cos 2ωt ,

� »Aº'�
{èì #I}E$"�

Ω2 = α/MR3
0

$'(%+©�,-/(��R~)+2�R¾<+,-'B62 F59!4�~)+�01-"}S4�~:à Bö9O+,-"} ∼ 365
*)-�93B,=

{�{`í }
ω = l(0)2/mr2

0

Î);¯$:$O(:à Bö?�+`}E2 $:* ∼ 27
*)-�93Bö2 BG�R~)+��R¾'+7*l��}E$"�

ω2 = β/mr3
0

=
{c� >G�«4E&%-/F F 9"�

θ0 = l
(0)
⊥

/l(0)
��|G~)+2}6+

l(0)
2 B!4h~)+-'(Iª'&)Fá-�}��®$"�®+,(O4E&I�ú-'(%*

l
(0)
⊥

2áB®4�~)+.4h}ù-/(%Bh§'+2}EBE-/F���$��®?A$O()+X(C4ò$��m4h~%+
-'(Iª'&)Fá-�}��®$"�®+,(O4E&I� I

l(0)2 = l
(0)2
⊥

+ l
(0)2
z

P�$"��4�~)+?}E+XFá-[462·§'+��®$/4E25$O(t=
{c� R:2 (���+

ω � Ω
�34�~)+©��}6+��C&)+X(��X9

Ω
~A-'Bö8�+X+X(¯*�}E$'?�+,*�$'&)4!|G~)+`}E+`§O+`}ö2À4!|ö-'B�2·}h}E+XF +`§[-'(O47=
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�ò£��C�,�
L

(0)
z = MR2

0Φ̇
(0) = MR2

0Ω
©k�� /�îCO�O ��C�,±�¨#C

E1 = E
(0)
1 − γ(3r2

0Ω/2ωR3
0) cos 2ωt ,

� » b �

�ò£��C�,�
E

(0)
1 = −α/2R0

�ò¤L�7£�¤¦ ��7£�¤¦�ò���	���7�:¸�¤¦�ü�A��¤L�v ö�
¢!£��i�7�C�¦�A��¤(�v�¯�g����¤L�v �¤¦�>���O�7¥O�7¤5%1���A%�¨��g�,�O����¡|��_t¬��A�7¤¦�v ��ò��¡m�ü�A��¤¦�� ��7¤¦�g¤¦�¦���3�ò¤L��£ø��£	�v�7�i±v¤-���C A%�¨ � » o �
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E = mṙ2/2 + L2/2mr2 − α/r ,

� » m �
�ò£��C�,�

m
¤L����£	������,�7¤¦¥O�¦�J�ü���,��� ��

L
¤L����£	���� �±v¬��¦�����g�v�g�C ���¬	�¹��7��O�

L = 0
¡D�v����£	��ü�v�g�C ��C©��� ��

E = −α/r0

��¢!£	�.�����X��¤¦¥O�¦���ò¤¦�¦�1�����,�®��£��,�v¬�±v£ü��£��¯�v�,¤¦±v¤L ½¬��ï�7�í��£����7�C¥O�v ��
r0

©"��£��O ��ò¤L�¦�k�7�'��¬��, ����J�7£��
¡D�v�7�g�C�

r0

©ö¤L ��ï�b�O�7¤L����¤L¥��g���v�O�ü�O t�C�F«��v�,�½�A�¦�L¨�©k¤L�.¥C�� )%1�F�"¤¦�������Õ���.���7¥C¤L�¦�¦�A��¤L �±<%1�O�=���C�O 
r = 0

�� ��
r = r0

©k���7�v¬	 ��
r0/2

��³·¨ � » m �'©�¤e�!¤¦�!�C���,¨��7�g±��O�
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