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�|�i�I�\�M� 1q98?3C�� �I���\� 25?_6��D�s�_6 � 9�� � 1 � 6J1 � � � 1q��� � �_� C � 2h6J1 �\� �h�\� �B� 1 �\� 6D� �a�
� �_9 � C�C�1 � 1 � �D�s�_C � 6s?�� �5���P� , ;�� �31 � � �I���P����� �D�s�_C � 6�9_�P?3�l? � � � ��93186��D� �(� 931 �
�B����� ?39qCD1 ����� CD�q�\? �P� CD1 � 1 �i����� C �\� ? �P� CD1 � 1 � 1 ��� C��A? � C � � ���\� : � 189 � �\��?_47� �B�� ? � � � 6J1 �P� �8?_C � �'1q�_C�1 �i� � �I�n� C�1�C�1q� � ? �P� 6 � � 1 � 6J1 � � � 1q��� � �_�~,d¡ �R� 189q?L� � 6J1 �
�D1 � � � 9_�P?3� � C � �¢93186��D� � � �31 � 1 �i� 9�C �B� 6J1 �n� 6J1£�\?L2��\� � 9q�¤�l? � �¥18�D� � �L? �n� C�1 �� � �M� C �i�7� 9 �s�%� C ��� , ; �D�P?39qC � C � �s¦�9_�P?3�l?L� �i�P� CD1 � 1 � 9 �D�%� C � � � �s�s�qC � 6s?%�D§ � �_� �9q?_4u� � � � �\?_9 � �A? ��� 1qC\C�� ��� 9_1 �i� �L?3CP?39 �P� 9q?_47� �\� ? � ��1 �n� C\? ��� § �B� 6 �\��� 1 ��� C��_��,
; �D�\?_9_C � C � �'9_9 �M�n� C � ? � � � �P?3�P? ��� �q� : ¦¨?3�P?36�� � � � 2B�D47� �\� ? � �D1 �<� CP? ��� § �B� 6 ���� 1 ��� CD� � 1_�_6 � 18C � C ��� � � Cs2B18�\? � C � � ���\�¥� �D�s�_C � 6s?�1_��1 �i�B�i�P�^��� �_� � §�C�1 � 1P,�© �M�
�31 � 1 � � ? � 1 � 1'�P?3�P? ��� �_�P? � § ���M�P� C\CD1 ���i�I�\�M� 1q98?3CP? � 93� ��� �\C\?L� � C�� �B� �P? �n� CP?A�
�D189 � �q¦�C�1 � � � �D�\?_9_C � C ���
� 9 �s�%� C � � : 1q� ��� �	9q?_4u�l?A��6�98?A2 �\� �A? ��� 1qCP?3�\C\� � 9_�P?3� �I�C � � � �D�s�_C � 6s? : � �P� 2h6 �D�ª�\�s�n� C � � � § �h� 6J1 � ��� �B���B�i�i�\�"� 1_1_�q9 � � � �_9L�D47� �B� 1 �i�P�^��� � �� � §\CD1 � 1 � �D�s�_C � 6s?k9 � �P?39 � �L? �\� 18C�C�1 � �D1 �\� ,D«�?_6 ��� 6\9q?A2 ��� �L? �\� 1qCP?3�\C�� � 9_�P?3� �I�
C � ���\� �M�P� ? � ? � � � � � § � �L?L� � C � 931_2 � �D� � C�C\� ���r� 9 �D�%� C � � ����� �s�s�_C � 6¨?�9�� �I���s�
��� 25?36\�D�s�_6 � , �|�i�M�P�M� 189q?_C ���
� C�� �B� �P? �n� C�1 � ��1q9 � �q¦�CD1 � � �¥� 9 �M�P� CD1�6�§ �\�M�P� C\CD1 �
� �¬� � � � C � 4­� � � � 1 �<� § �B� 681 � 6\�\? � 931 � 2A? � ?h§ ���\� ��C � 681q�31q��1 � 9 � ��1 � 1 � ?3� �I�n� C�1 �
�i�\� � �h� � �<��®�®~� � � C �\� ? �P� C��¯¦°�D�\?_9_C � C ���±� 9_�¤§ ���I�\� C � 4 6\9q?L2 ��� �A? �\� 1qCP?3�\C��¯¦
9_�P?3� � C �\� � 9L�J¦ �\� 6 � 1q9_� ����� �_1 � 1 � ,³²´186s?A25?_C\?�9_132 � 1 � CD1 � � � ��1 � �_��1 � C � ��6\9q? �
2 �\� �A? ��� 1qCP?3�\C��¯¦�9q�\?_� � C �\� ��1 � � �M�<� �_931 �µ��� C �P��� 25? �\����� � �B�\� ? �P� CD1 � 1�6\9q? � �P? �
� � § �B� 681 � 1 ® �DC�6 ��� 1qCP? � ?D,
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; ¾ ¶ :>¿hÀ ���i�I�\�M� 1q98?3C�1Á9 �n� �PC ���¥� 1q�\��1_� � 9 �P� C � ��?L� � 1 �i®~� �\� C\?°2A?36\�s�s�_6D�Â9

� � 1 � 681 � � � 18�D� � �_��C � 2h6J1 �\� �h�\� �B� 1 �\� 6s� �i� �_9 � C�C�1 � 1 � �D�s�_C � 6s?$� �5���P� ,Ã=ª�D�s�_C � 6
9_�P?3�l? �n� � 9_1q6\�s� �Á� 931 �B� �R� ?_9_C�1 � ��� CD�q�\? �P� CD1 � 1 �i� ��� C �\� ? �P� CD1 � 1 � 1 ��� C��L?
� C � � ���\� : � 1q9 � ���l?39_� �B�¢� ? � � � 681 �\� �8?3C � �Ä1_�_C�1 �i� � �i�P� CD1µC�1q� � ? �n� 6Å� � 1 � 681 �
� � � 18�D� � �q�~ÆÇ� �R� 189q?L� � 6J1q��1 � � � 9q�\?_� � C � �¥93186��D� � ����1 � 1 �P� CD1 � 1 �i� 9�C �B� 6J1 �n�A�
6J1��P?A2k��� � 9q�¤��? � ?È1q��� � �A? �n� CD�D4 � �R� 189L�D4 � 6J1q��1 � � � , ; �D�P?39_C � C � �D¦ � 9 �s�%� C � �
� �D�s�_C � 6s?�1q�_C�1 �i� � �I�n� C�1 �D� C��_�P? � ? �i� �D§ � �_�¤98? �n���i�(� �P?39 � �L? �\� 18C�C\� ��� 9_1 �i� �L? �
C\?_9 �n� 98?347� ��� ? � �D1 �<� CP? ��� § �B� 6 ���k� 1 ��� CD�q�~,8Éª� � �D�\?_9_C � C � � � 1 �n� � � ? �n�l� ? � � ��\?_�\? ��� �_� : ¦s?3�P?36�� � � � 2i�D47� ���¬� ?L� � � � ? �n� CD�D4Â? �i�P�^��� �_� � 4 � �s�s�qC � 6s? � ? � ��1 �n�s�C\? ��� § �B� 6 �\�
� 1 ��� C��5,�© � �31 � 1 ��� ? � 1 � 1��\?_�\? ��� �_�P? � § �\�M�P� C�C�1��8� � ? �\�i�M�P�M� 1q9q? �
C\? � 9L� ��� �\CP?A� � CD� �h� �\? �P� C\?L���D189 � �q¦�C�1 � � � �D�P?39qC � C �\�"� 9 �D�%� C � � : 1q� ��� �	9q?_47��?A�C � 93132 � �D� � C\C\� �´� 9 �D�%� C � � � �D�s�_C � 6s?�9k� �I���\��� 25?36\�D�s�_6 � ,

=Ê�D� �B� �_9 � C\C\� � 9 ¾ ¶ :>¿5À �q� � 1 �\� �M� ��1 � 1 �%� C ��� 1_�_C�1 �B� � �i�P� CD1 ® 1q� � � 9_C � � �
C �h� 1q�_1 � 1q§\6 �'� �D�s�_C � 6s?D,�Ë|C\? � § � �A? � ? �B� � ���n� � � 1 �¨� 1 � : ��� ?39qC�� � 1 �i� 6J1_�_1q��1 � 1�D1 � �D§ � C\� � 2 ��� ?39_C\�ª¦ ��� C��_�P? �n� C\�ª¦"1 �I�B��� C � � ���\��� �s�s�qC � 6s? �Ì� 9 �\� 1 � �D1Í1 �B�"���s�
C �P� ? �P� CD1 � 1 � 1 ��� C��A? � C � � ���\� , ; � � 2i� �P� �A?3� � 9q�¤�\? �%� C � � �\� �
6J1 � �D18C � CD��? � ��1 ��n� CP? ��� § �h� 6J1 � 1 � 1 ��� C��A?�186s?A25? �P�\�i� � � �B���\®~� § �B� 6 �\��� § � �qC�� ���Á� C � § � �_C\� ���
® �DC\6 ��� � ��� � ��� 1q9q�ª¦¥� � � �h��� C�C\�ª¦��A?_6 : §��31��D6s?A25?_C�CP?A� � CD� �B� �P? �n� CP?A����1q9 � �q¦ �CD1 � � ��� 1 � �_1h� � ? � 2�� � � � 1 �<� § �B� 6 � ¦$� � � � C ��� ,

; � ?_C�C�1 � �P?L�q1_� � �\? �i�B� ?3�_� � 9q? � � � ���D1 � �D� �B� �q9L�r�31_� �%�È� �s�s�_C � 6 : §D�31 � 9
¾ ¶ :>¿hÀÎ: CD1¥��� � �\�D1 � 2h9_1 �n� C�1 � 9325? �P� C�1 � �P? � �D1 � 1 �%� C ���Ï��� ?39qC��¯¦ �D� C��_�P? �n� C\�ª¦
1 �I�h�±� C � � ���\�Á�Á��� ?39_C\�ª¦±1 �i�B� � �\�n� � � 1 �s� ? � 1_�_1 � 18§�6 � , � CD� �h� �\? �P� C\?L�µ��1q9 � �q¦ �CD1 � � � C � 9_132 � �D� � C\CD1 � 1 � 9 �s�%� C � � � �s�s�qC � 6s?�9�� �i���P��� 25?_6��D�s�_6 � � � � � � � � �%�
C � � 1 � �31 � � � 2�� � � � 1 �<� § �B� 6 � ¦Å� � � � C ��� ,u/�1 �\�i� �31 � 1 : 25? � ?347� �D���i� �8� � � ��1
� � � � � CD� ��� ? � 1 � 1l�P?3�P? ��� �_�P?��P9 � �\4u� � � ® 18� � ? �P� C�� ���¬�$� 1 � �s� �M� � ��� � �l�n� � �
�\� ���\� � � �P�D�%� C\CD1 � 1(1q� ��� ?_C � ���\� �M�<� �L?39 � �P47� � ¦ � C�� � � �B� � � � � C �\� C\?�1 � �\?_C �s�
§ � C�C\�ª¦ : ¦81q�B� � ����1 � 1 ����� � �I�P� C��¯¦ � CD� � ��98? � ?5¦$9_� �h��� C � ,�« �h� C ����� C �i� : �\�i�M�P�M�� 189q?_C ���l� C�� �h� �\? �P� CD1 � �D189 � �q¦�C�1 � � � � � ? � � � � � 9 �B� � � 6�§ ���M�P� C\CD1 � � �\�i�M�P�M� 1q9q? �
C � 4Å� � � � 1 �<� § �B� 681 � 6\�P? � 9_1 � 2A? � ?h§ �l�P� �ÈC � 6J1q�31q��1 � 9 � ��1 � 1 � ?3� �I�n� C�1 ���B��� � �h� �
�n�\®�®|� � � C ��� ? �n� C\�ª¦��D�P?39_C � C ��� ,Ã²7186s?A25?_C\?��A?36 �%� 931_2 � 1 � CD1 � � �È�\�i�M�P�M� 189q?_C � �
� �31 � ��1q9 � �q¦�CD1 � � � ��1 � � �M�<� �_931 �Ä�^� C �\�^� 25? ���\��� � �B�\� ? �P� CD1 � 1¬6\9q? � �P?L� � § �B� 6J1 � 1
® �DC\6 ��� 1qCP? � ?D,
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=¯�s�s�qC � 6Õ�3� �n�h� � § � �A?3� � �_9 � � � � � � �i� 1 � : ��� CD�q� � ? �i� 6J1q�31q��1 � 1°Ö �_1q§\6s?

O
Ö � 9 �D�%� � � �Á�D1�C �B� 2 ��� C\CD1 � 6\�s� � 1q931 � 1q��� � � � 9_1q6\�s� � � �5���P� ,�× � �£25?_� �\�i�

�D�\?_9_C � C ����� 9 �s�%� C � � � �D�s�_C � 6s?�1q�_CD1 �i� � �I�n� C�1 ��� C��_�P? � ? �i� 9_9 �M�P�5� �_� � ���P?39q� �
�P� 6¨?_�D�_1q9_� �B��� � �h� �Ø6J1_18� �<� C\?3�h,

Ë|��� � �A? �P� C\?L� �i�\� � �h� ?
OX1X2X3

� 9L��25?3CP? � � � 1 � 681 � � � 4 1q��� � �_� � �D�s�_C � 6¨?
���I� 1 �D� C��_� � § �B� 6 �P� �P? �<� � � 1 �Ç� 9 � 6D�318�D1 � �31q§\6 �

O
,PË �i�

OX3

CP?3�\�P?39 �P� CP?�9 � 1 �n�
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� �31 � 1��P? �<� � � ? � 9 � 6��31q�P? : 1 �B� OX2

C\?_���P?39 �\� C\?r��1�9 � 6D�_1q�D�¥6 � C � � � § �B� 6J1 � 1 � 1 �
��� C��A?k1q��� � �A? �n� C�1 � 1 � 9 �D�%� C � � � �s�s�_C � 6¨?�,

= ��� � �h� ?
Ox1x2x3

1q�q�P?A2B189q?3CP? �R� ?_9_C\� ��� �D� C��_�P? �n� C\� ��� 1 � � ����� C � � �\�\�
� �D�s�_C � 6s?D,PË �i�

Ox1

�
Ox2

1q�_9 � §P?34u� �B� 1 ��� C �P� ? �P� CD1 � � �(� ?_6 �i�\� ? �n� C�1 � � � 1 �
��� C��A? �°� C � � ���\� ,

= ��� � �h� ?
Oy1y2y3

� 93�D25?_C\? � 9_C � �%C �B� 1q�_1 � 18§�6J1 ��� �D�s�_C � 6s? ����� ��1 �n� 2B� � � � �
��� � �\? � § � � �@�n�B�\� �_93�D47� �B� 1�C\?�C �B� 1�? � �D1 �n� CP? ��� § �h� 6J1 � 1 � 1 ��� C��A?D,sË|C\?|25?3C �P� ? �� ��C �B� 2 ��� C\CD1 � ��1 � 1 �%� C ��� 1q�_C�1 �i� � �I�n� C�1 �B��� � �h� �

Ox1x2x3

,
Ë|� �D� CD�L? �\� 4 �B��� � �h� � 6J1_1q� �<� CP?L�

Ox1x2x3

1_�_C�1 �i� � �I�n� C�1�1q��� � �A? �n� C�1 ���i�s�
� � �h� ��25? � ? �n�P��� ��1 � 18� � 4°� �R� 189

ψ : θ � ϕ : 6J1_�318��� � 1q�\� �M�P�i� �P4u� � � �M�\�I� �D47� �\�1_�8�\?L2B1 � ,n= �\� � �h� ?
OX1X2X3

� 1 �%� �k�8�@� � � � � � 9 �M�n� CP?%9 �i�\� � �h� �
Ox1x2x3

�_� �M�
� �È��1 �M�P�M� 1q98?L� �i�P� C�� �^� �D18931q��1_�L? ���ÃÙ ¶5Ú CP?"� � 1 �

ψ
931q6\�D� � 1 �i�

OX3
:\¿ Ú C\?"� � 1 �

θ
93186��D� � CD18931 � 1 �i�

OX2
:DÛ Ú CP?"� � 1 � ϕ 93186��D� � CD18931 � 1 �i� OX1

: � 189_�P? � ?347� �B�È�1 �i� 4
Ox1

, ; 9 �M�n� C�C\� � � ��� � �P��� 4u� �I�\�M� �D47� �\���B� � �M�ÜÙ
θ
Ö � � 1 �����I�l� �Ý1 �i� 4

Ox1

� � � 1 � 6J1 � � � 4±1q��� � �_�ØÞß� � 1 � 6J1 � � � 4
OX1X3

Ú : ψ ÖÕ� � 1 �k���I�l� ��1 �i� 4
OX1

�
����1 � 6 �\�D�h� 1 �i�

Ox1

CP?~� � 1 � 6J1 � � � 18�D� � �q� : ϕ Öà� � 1 � �D18931q��1_�L? � �s�s�qC � 6s?�9_1q6\�s� �
1 �i�

Ox1

,D©Ý?L�_� �\� ��� � � � ¦81 � ?~1q� �i��� � �h� �
Ox1x2x3

6 �i�\� � �h���
OX1X2X3

1q�_1325C\? �
§ �P�

‖ aij ‖
3
i,j=1

: �Ì�n� aij Ö 6J1 �i� CD� � � ��� ? ���I�l� ��1 � � ���
OXi

�
Oxj

,ÜÉ �P�h��� C��_�
� �31 �Ý� ?L�_� ��� �Â9_�	�\? � ?34u� � ��§ � � � 2�� ��� �

ψ : θ � ϕ � ��1 � 18� � 4 ® 1q� � � �

a11 = cosψ cos θ ,
a12 = − sinψ cosϕ+ cosψ sin θ sinϕ ,
a13 = sinψ sinϕ+ cosψ sin θ cosϕ ,

a21 = sinψ cos θ ,
a22 = cosψ cosϕ+ sinψ sin θ sinϕ ,
a23 = − cosψ sinϕ+ sinψ sin θ cosϕ ,

a31 = − sin θ ,
a32 = cos θ sinϕ ,
a33 = cos θ cosϕ.

©Ý?3�_� �\� � � � � � ¦81 � ?Å1q� �i�\� � �h� �
Ox1x2x3

6 �i�\� � �5���
Oy1y2y3

1_�_1_2hCP?h§ �\�
‖ bij ‖

3
i,j=1

: ���P� bij Ö 681 �i� Cs� � � ��� ? ���I�l� ��1 � � �^�
Oyi

�
Oxj

,ÇÉ �P�h��� C��_� � �_1 �� ?L�q� �\� � 9_�	�\? � ?_4u� � ��9 ® �DC�6 �\��� � �R� 189
γc
: αc � βc : C\?(6J1_�_1q�\� � CP? � 1¬�D189 � � �Cs�s� �r�i�\� � �h� �

Oy1y2y3

��1 �M�P�M� 1q98?L� �I�n� C�1r93186��D� � 1 �I�B�
Oy2

: Oy3

�
Oy1

: §��31_�8�� � � � 9 �B� � �¬�i� 9 �i�\� � �h� �
Ox1x2x3

,<=ª1_1_�q9 � � � �_9L�D47� �D� 9_�	�\? �%� C � � �\��� 4u��9 �s�

b11 = cosαc cos βc,
b12 = sinαc sin γc − cosαc sin βc cos γc,
b13 = sinαc cos γc + cosαc sin βc sin γc,

b21 = sin βc,
b22 = cos βc cos γc,
b23 = − cos βc sin γc,Û



b31 = − sinαc cos βc,
b32 = cosαc sin γc + sinαc sin βc cos γc,
b33 = cosαc cos γc − sinαc sin βc sin γc.

; �D�P?39qC � C � �s¦ � 9 �D�%� C � � � �D�s�_C � 6s?�1_�qCD1 �i� � �I�P� CD1 �D� C��_�P? � ? �i� �3� �n�h� �D§ �¨�
�_�¤98?L� ��� �P?39 � �L? �\� 18C�C\� �r� 931 �i� �L?3CP?39 �n� 9q?347� ��� ? � �D1 �n� CP? ��� § �h� 6 �\��� 1 ��� C��_��,á 1 � ��1qC � C��_� � �P?39 � �L? �\� 18C�C�1 � 1 � 1 ��� C��A?�9 �B��� � �h���

Ox1x2x3

25? � ?_4u� � ��9_�	�\? �%�M�
C � � �^� ¾â¿5À

Mgi = 3ω
2
0(Ik − Ij)a3ka3j .� �P�h�i�¬� C �P� 6 � �

i : j � k 1q�q�P?A2i�D4u��§ � �_C\� � � � � �B� �A?3C�1q9q6 � § ���I�i� ¶ :Ç¿ � Û�: ω0

Ö
� � �M� C �i�
� 9 �D�%� C �D�Ý� �s�s�qC � 6s?°Þã1q��� � �A? �n� CP?A�°§P? � �31_�L? Ú : Ii Ö � 1 ��� C��_� � C � � �\�\�
� �D�s�_C � 6s?k1q�_CD1 �i� � �I�n� C�1�1 �I�B�

Oxi
,

²|� � 9_�¤9_1 �n� 9_�	�\? �%� C ���'�P� ��? � ��1 �<� CP? �^� § �B� 6J1 � 1 � 1 ��� C��A?�9_C � ��C�474 1_�q1 �
� 18§�6D� � �D�s�_C � 6s? � § � �A? �h� � �\�P� � � 1 �s� 1 � : 6J1_�_1q�\� � 9 �i��� � �h��� 6J1_18� �<� C\?3� Oy1y2y325? � ? � � � ���D�P?39qC � C ���h�

(y1 −D1)
2

L2
1

+
(y2 −D2)

2

L2
2

+
(y3 −D3)

2

L2
3

= 1 .

+¤� � 1 �i®~� �s�±�D1 � ? � ? �5� C � �D1 � 9 �D� C�1 � 9 ?3� � 1 � 4u�_C�1 � ����1 � �q�\?_C � �_9 � : ? �i� � � 1_� �CD1 � � �
%
9 � 1 �P� 1q��� � �_� � �D�s�_C � 6s?��D1 � �315�\C\CD1 � ,d²7� � � �(� �s�s�_C � 6rC � �D1 � 9 �s�%� C�1q� �

CD1 �i� � �I�n� C�1�CP?L� �B� ?_47� �B� 1�? � �D1 �<� CP? ��� § �h� 6J1 � 1���1_�_1q6s? �
� 1 �\� 6s� � �µ9_132 � �J¦¨?"��� �� �31 � 6\CD189 � C �\��� 1 � �D�s�_C � 6J1 �à�\� ���¤�_�¤98?34u��?L� � 1 � 4u�_CD1�C � �D���D� �i�\� � � ?_�ä,Ç«t1 �Ì� ?
6J1 � ��1qC � C��_�Â? � �D1 �<� CP? ��� § �B� 6J1 � 1 � 1 ��� C��A?�9 �B��� � �h��� Ox1x2x3

�P��� 4u��9 �¨�

Mai = %v2S(a1j dk − a1k dj) , S = πL1L2L3

√

α2
1

L2
1

+
α2

2

L2
2

+
α2

3

L2
3

,

di =
3

∑

k=1

Dkbki , αi =
3

∑

k=1

bika1k (i = 1, 2, 3) .

� �P�h�i�
v
Ö �I� 1 ��� C��_� � § �B� 6s?A� � 6J1q��1 � � � �31q§\6 �

O : � C �P� 6 � � i : j � k 9�� � �\931 ��® 1q� �� � �P� 1q�q�P?A2i�D4u�
§ � �_C\� � � � � �B� �L?3C�1q9q6 � § �\�I�I� ¶ :X¿ � Û ,XÉÊ� ��® 1q� � � � �Â�\� �\� 1 � C\�
� 9 �M� �D§\? � : 6J1 �Ì� ?�� ��� 1q9q?L� � 6J1q��1 � � ��� �D�s�_C � 6s?�C � CP? � C�1 � 1���� � 9_�	��? � � ω0

,
¡|�P?39qC � C � � � 9 �s�%� C � � � �D�s�_C � 6s?�1_�qCD1 �i� � �I�P� CD1 ��� C��_�P? � ? �i� 931_2 �q���h� 9�9 �s�P�

�n� CP? ��� § �h� 6 � ¦k�D�P?39_C � C ��� É �s�P� �P? �P� �
6J1 � �D18C � C��
Ωi
?3� � 1 � 4u�_C�1 � � ��� 1q9_1 ��� 6J1 �

�D1 � � � � �s�s�_C � 6¨?�9 �i�\� � �h��� 6J1q1q� �n� CP?L�
Ox1x2x3

� 6 � C �h� ?3� � § �B� 6 � ¦��D�\?_9_C � C �\�
�\� ��� ��� 1q9

ψ : θ � ϕ , á 1 � �D18C � C��_�Â� ��� 1q931 ��� 6J1q��1 � � � �3� �P�5�µ� 2 ��� �8��� � 9 �I�n� C �s�
� ?A¦

ω0
: 9�6s?5§ �h� �_9 �"�M�<� C �\� � � 2 ��� � � C � �Ý9_� �h��� C �

t
�\� �\���5�

ω−1
0

,XË|�D� � �L? �n� C\� �
� � � � 1 � ��� � � �31 � �\?_9 � C 2π ,�¡|�\?_9_C � C � � � 9 �D�%� C � � �P��� 4u��9 �¨�

ϕ̇ = Ω1 + (Ω2 sinϕ+ Ω3 cosϕ)tg θ −
sinψ

cos θ
,

å



θ̇ = Ω2 cosϕ− Ω3 sinϕ− cosψ ,

ψ̇ =
Ω2 sinϕ+ Ω3 cosϕ

cos θ
− tg θ sinψ ,

Ω̇1 = µ(Ω2Ω3 − 3a32a33) + εS(a12d3 − a13d2) ,

Ω̇2 =
1− λ

1 + λµ
(Ω1Ω3 − 3a31a33) +

ελS

1 + λµ
(a13d1 − a11d3) ,

Ω̇3 = −(1− λ+ λµ)(Ω1Ω2 − 3a31a32) + ελS(a11d2 − a12d1) ,

λ =
I1
I3
, µ =

I2 − I3
I1

, ε =
%v2

I1ω2
0

.

� �P�h�i� �318§�6J1 � 1_�_1_2hCP?h§ � C�1 �<�\®~®~� � � C �\� �D189q?3C ��� �D179q� �h��� C � ,L²71 � 9_1 �h� � ®~� 2 � § �M�
� 6J1 � � �B� � �I� �

ε ≥ 0 : �\?_�\? ��� �_�\� λ
�
µ
� 1 �\� C\�Õ� � 189 �P� �_9318�8��� � C � �\?_9 � C � �_98? �

|µ| < 1 : 0 < λ < 2/(1 − µ)
,dæ � �\?_9 � C � �_98? �P� �

λ
�
µ
�M�P�M� �D4u� � 2�çaC � �P?39 � C � �_9

�_� � � � 1 �n� C � 6¨?nç �\� � � 1 ��� CD�_1q9 � C � � �\����� �s�s�qC � 6s?D,z²|�P?39_� � §\? � � � 9q�¤� ��� ?_C�C\�ª¦
�D�\?_9_C � C ��� �\9 � �P4u� � �

2π
� � � � � 1 �<� § �B� 6 �P���$® �DC\6 �\� � ���

ϕ
,

èd¸ ��Ò<éÇÑ�êÃëDéÜÒ¥ì_í�êÃëD¼�½ÇéÜÒ¥¹�ítî�ï<ìqéÜï<ìqëD½Äï<Ñ�ðn½�ë�ñ ¸ ��¼�ë�º¨ò3Ñ�ÒPî�ón¼�ÒnÓ
í�ï<¹<ºJÑäôÜ¼�ï<ì_ë\ó�ï<ÑÇ½�ºJ¼Çë�½ÇÑ�ï<¹<Ò<¼Ç¼�ï<ò_ï�»³¹n½ÇÔ'ºJ¼�½tÓ

²|� �M� �D1 � 1 ���\� : §��31 � �D�s�_C � 6'� �n� 2B186�6�1 �I�h�i�\�³��� �_� � §\C�1 � � � 1 �i� 4 � ?L� � � �s�
? �n� C�1 �¥�B�\�^��� �_� ���

Ox1

� §D�_1r9 �P� �\C ��� C\?�C �B� 1r? � ��1 �n� C\? ��� § �B� 681 � 1 � 1 ��� C��L?� ? � 1\, � C\� ���r�M� 1q98? ��� : |µ| ¿ 1 : εE ¿ 1 : E = maxLiLj|dk| (i, j, k = 1, 2, 3)
,

× � �Ï�D����1q� � C � � ® 18� � � � 1 � �A?_9 �P� �31 �P� 6J1£1 �n� C � ? � � � �P?3�P? ��� �_�
µ : �\� � CD�\9

ε = µε1
: ε1E ∼ 1

, ; ���B� �31�� � � �h��� C�C\�ª¦ Ω2,Ω3

9_9 �I�P�h� � � � �5��� C\C�� �

w2 = Ω2 cosϕ− Ω3 sinϕ , w3 = Ω2 sinϕ+ Ω3 cosϕ .

; �I�n� § � C�� w2, w3

��� �M�<� �A?_9 � �\4u� � 1_�_1 � �\�D1 � 6 �\�\� ?3� � 1 � 4u�_C�1 � � ��� 1q931 ��� 6J18�D1 � � �
� �D�s�_C � 6s?�CP?l1 �i��õd� 25? � � : ��1 � �D§\?_47� ���B� � � 2"1 �i�B� Ox2

�
Ox3

�\� �
ϕ = 0

,
; CD189_�ª¦$� � � �h��� C\C��¯¦(�D�P?39qC � C � � � 9 �D�%� C � � � �s�s�_C � 6¨?��\� � C �P� ?_4Í�È9 �s�

ϕ̇ = Ω1 + w3tg θ −
sinψ

cos θ
,

Ω̇1 = µ[Ω2Ω3 − 3a32a33 + ε1S(a12d3 − a13d2)] ,

θ̇ = w2 − cosψ , ψ̇ =
w3

cos θ
− tg θ sinψ , (1)

ẇ2 = −

(

λΩ1 + w3tg θ −
sinψ

cos θ

)

w3 + 3(1− λ) sin θ cos θ + µQθ ,

ẇ3 =

(

λΩ1 + w3tg θ −
sinψ

cos θ

)

w2 + µQψ .

ö



� �P�h�i�
Qθ = Q2 cosϕ−Q3 sinϕ , Qψ = Q2 sinϕ+Q3 cosϕ ,

Q2 =
λ

1 + λµ
[−(1− λ)(Ω1Ω3 − 3a31a33) + ε1S(a13d1 − a11d3)] ,

Q3 = −λ[Ω1Ω2 − 3a31a32 − ε1S(a11d2 − a12d1)] ,��� � § �h� � � � �h��� C�C\� �
Ω2
: Ω3

� 1 �\� C��£�8�@� � 9_�¤�P? �%� C��°§ � � � 2
w2
: w3

,8²|�\?_9_� � §\? �
� � � �D�P?39qC � C �\� Þ ¶5Ú � � � � 1 �n� § �B� 6 � 25?39 ��� ���%1_�

ϕ
� � � � � 1 � 1 �

2π
� ?3CP? �n� � � § �B� 6 �

25?39 ��� ���k1_�
µ
9l186�� �B� �qCD1 � � � �_1q§\6 �

µ = 0
,

²|� �
µ = 0

Þã1 �i�
Ox1

�\9 � � � � � �(1 �i� 4 � ?L� � � � ? �n� C�1 �$�B�\�^��� �_� ���$� �D�s�_C � 6s? : �? � ��1 �n� C\? ��� § �B� 6 �\�Ý� 1 ��� C��k1_� � �s� � �_93� � � Ú �D�\?_9_C � C � ��Þ ¶5Ú ��� � C �P� ?34u�È9 �s�

ϕ̇ = Ω1 + w3tg θ −
sinψ

cos θ
, Ω̇1 = 0 ; (2)

θ̇ = w2 − cosψ , ψ̇ =
w3

cos θ
− tg θ sinψ ,

ẇ2 = −

(

λΩ1 + w3tg θ −
sinψ

cos θ

)

w3 + 3(1− λ) sin θ cos θ , (3)

ẇ3 =

(

λΩ1 + w3tg θ −
sinψ

cos θ

)

w2 .

; �B�s� ��93�_1q��1 � 1��D�P?39_C � C � �ÅÞ ¿ Ú Ω1 = const : � C � 25?39 ��� �\� �D� 1q� ϕ �D�P?39_C � C � �
Þ Û Ú 1_�8�\?L2i�D4u��25? � 6�CD�s�L�D4 �i��� � �h� � : 9�6J1q�31q�D�D4 Ω1

9A¦81 �n� ��6¨?_6È�\?_�\? ��� �_�Ã,\= �\� � �M�
� ?ÝÞ Û Ú 18� �\� �¤98? � � � 9 �s�%� C ��� 1 �i� 1 �i� Ox1

1_�_C�1 �B� � �i�P� CD1È1q��� � �A? �P� CD1 ���B��� � �h� �
6J1_1q� �<� CP?L� : �D�\?_9_C � C � ��Þ ¿ Ú 1q� ��� �¤9q?_4u� � 9 �D�%� C ����� �D�s�_C � 6s?�9_1q6\�s� � � �31 � 1 �i� ,= ��� � �h� ?ÝÞ Û Ú � 1q�D� � 6s? � � � �L? �\� 18C\?_��C\� � � � � � C � �

θ = 0 , ψ = ±
π

2
, w2 = w3 = 0 , (4)

6J1_�318��� � �\� � C �\� ?_4u� � ��9$6s?5§ �h� �_9 � C � 9_132 � �D� � C\C��¯¦ � 9 �D�%� C ��� 1 �I�h�i�\�³��� �_� � § �
CD1 � 1 � �s�s�_C � 6¨?�9�� �i���P��� 25?_6��D�s�_6 � 9 � � 1 � 6J1 � � � 1q��� � �_�~,Ê× � �µ�\�\?_6D� � § �B� 6J1 �
� 1 ��� ��1 �n� 2h1q9q?_C � � � �A? ��� 1qCP?3�\C��¯¦±� � � � C �\� Þ å Ú C � 1q�B¦J1 �<�\� 1 : §��31q�q� 1qC � �q� �n�
� � �31 � § � 9_�~,<²´1 � 6J1 �n� 6D���D�P?39qC � C � �'Þ Û Ú � C\9q?_� � ?3C��_C\�Å1q�_C�1 �i� � �I�n� C�1l2A? ��� C\�¢� �M�
� �5��� C\C��ª¦

ψ → −ψ : Ω1 → −Ω1
: w3 → −w3

: 1 � �\?_C � § �\��� ��18� �\� ?3C ���h�$� 9_1 �\� �_9� � �31 � § � 931 � � � � � � � C � � Þ å Ú : 9�6J1_�318�D1 � ψ = π/2
,

¡|�P?39qC � C � �ÅÞ Û Ú � 1q�D� � 6s?34u��1q�_1q�q� � C�C\� �¥� C�� �B� �P? � � C � � �i��� : ��� ��1 �n� 2B�_��6J1 ��31q�\� � 9°6s?5§ �h� �_9 ��® �DC\6 �\�\�Ø÷ �P�s�DC�1q98? : � 1 � C�1µCP? � � �Å� 1 � �A?3�31q§\C�� � � �M� 1q9 � �
� � �31 � § � 931 � � � � � � � C � � Þ å Ú �\� �

ψ = π/2 ¾øÛD: å À Ù

λΩ1 − 1 > 0 , λΩ1 + 3λ− 4 > 0 . (5)

ù



æ � 1_�h¦81 �n�P� � � � �M� 1q9 � ��� � �31 � § � 931 � � � � �31 � 1r� � � � C � �¥��1 � �D§P?34u� � � � 2$?_C\? �P� 25?� 1_1q�_9 � � � �_93�D47� �B�¬�n� C � ?_� � 2B189q?3C\C�1 �Ý�i��� � �h� �

θ̇ = w2 +∆ψ , ∆ψ̇ = w3 − θ , (6)

ẇ2 = −(λΩ1 − 1)w3 + 3(1− λ) θ , ẇ3 = (λΩ1 − 1)w2 .� �P�h�i�
∆ψ = ψ − π/2

,Dú~?_�\?_6D� � � �\� � � § �h� 6J1 � �D�\?_9_C � C �����i��� � �h� � Þ ù8Ú �P���i� ��9 �s�

p4 + d1(Ω1)p
2 + d2(Ω1) = 0 , (7)

d1(Ω1) = λ2Ω2
1 − 2λΩ1 + 3λ− 1 , d2(Ω1) = (λΩ1 − 1)(λΩ1 + 3λ− 4) .Ë|CD1l� � 6\9q? � �P?L�_C�1 � : �D1 � �31 � �(� � � � C � � �i�\� � �5� � Þ ù8Ú 1 � �P?3C � § � C\C��Ä�_1 �n� 6J1�9l�31 �

�M� �D§\? � : 6J1 ��� ?�9 �I� 6J1q�\C � �D�P?39_C � C � ��Þüû Ú Ö § ��� �31 � C �\� � �%� �\�D1 � �_� � : �5, � ,<��� �
d1 > 0 : d2 > 0 : d2

1 − 4d2 > 0
,^²´1 �M�P�M� C ��� C � �P?39 � C � �_9q?�9_�	�\? � ?34u��C � 1_�h¦81 �<�s�

� � � � �M� 189 � �£� � �31 � § � 931 � � � � � � � C � �ÂÞ å Ú : 9 6J1_�318�D1 � ψ = π/2
,¯ÉÊ� � � �M� 1q9 � �

� � 1q9 �\� �q931q�8�P4u� � ���\� � 9q�¤��1 � C � C �\� C � �\?_9 � C � �_9�Þ ö_Ú �D�P� C � �P?39 � C � �q9 ¾ýÛAÀ
λΩ1 − 1 < 0 , λΩ1 + 3λ− 4 < 0 , d2

1 − 4d2 > 0 . (8)

Ë|� ��� �¤9q? �h� � � C �D�%� § ���I� 189_� � �\? � § � �_�µ�\�D18931 �n�D�P�\�i� �\� �
λ = 0.7 : §��31%�\� �s���� �\CD1 � 1_1_�q9 � � � �_9L� � �È18�D� � �L? �n� C�1 ��� �A?3C �\��� E�N3V 9È�D1 �M�P�M� C ���%� 1 � � �i� ��1 �P� �A?�,

× � ���A?36J1 � 1
λ
C � �P?39 � C � �q9q?'Þ ö_Ú 9q�¤��1 � C � C\� �\� �

Ω1 > 2.7143 : C � �P?39 � C � �_9q?'Þÿþ Ú9_�	�D1 � C � C\�­C\? � C�� � ��98? � ?5¦
Ω1 < −1.8770

�
1.42462 < Ω1 < 1.42857

,Ã²´1 �M�P�M�\�
C �\�$� CD� � ��98? � ���P?36�� � § �B� 6J1 � 1k2hCP?5§ � C � �¬C �"�\���B� � : ? � 9 �s�%� C � � � Ω1 > 2.7143

�
Ω1 < −1.8770

�q� �n� � � ? �n� 2h1q9q?_C�� ¾ ö : ù À ,õd� � � C � 4 Þ å Ú 9 �M� �D§P? �
ψ = π/2

1q�_9 � §\? � � � 9L�J¦��P?3�P? ��� �_� � § �B� 6J1 �%�i�h���B�\� �_9_1
� � � � C ��� ��1 � CD1 �Ý�i�\� � �h� �Ä�D�P?39qC � C �\� Þ ¿ Ú : Þ Û Ú

ϕ = ϕ0 + (Ω1 − 1)t , ϕ0 = const , Ω1 = const , (9)

ψ =
π

2
, θ = w2 = w3 = 0

� �P?3�P? ��� �_�\? ���
ϕ0

�
Ω1

,�� �M�n�
Ω1

� � 1q9 �\� �q931q�8� � ��C � �\?_9 � C � �_98? � Þ ö_Ú ÞßC � �\?_9 � C �
� �_98? � Þÿþ ÚpÚ : �31%� � � � C � ��Þ�� Ú � � �31 � § � 9q��Þ � � �31 � § � 9q�Ï9�� � ��9_1 � �\� � � �n�s�%� C �\� Ú ��1
� � � �h��� C�C\� �

Ω1
: θ : ψ : w2

�
w3

,
= �h���B�\� �_9_1µÞ�� Ú ��� �

µ 6= 0
��1q��1 �l� ? � � � 93� ��� �\Cs�D4 � CD� �h� �\? �P� Cs�D4 ��1q9 � �q¦ �

CD1 � � �k�i�\� � �5� � Þ ¶5Ú : 681q�31q�P?A� � 1 �%� �l�8�@� � �D1 � �_��1 � CP? ��� �31 � 1 � æ%,0æ�,>/�1 � 1 � 4u�_189q?Ö - ,ø+%,0© � �_�D18�D1 �P�q� 6J1 � 1 ¾ û À 9�9 �s�P��® 1q� � ? �P� C��¯¦��8� � 1q9���1 �D�I� � � C � 1_�_� ��� ? �
� �I�n� C\� �±� � � � � CD� �

µ
Ù

ϕ = ξ +
∞
∑

k=1

µkϕk(ξ, η) , Ω1 = η +
∞
∑

k=1

µkΩ1,k(ξ, η) ,

û



θ =
∞
∑

k=1

µkθk(ξ, η) , ψ =
π

2
+

∞
∑

k=1

µkψk(ξ, η) , (10)

w2 =
∞
∑

k=1

µkw2,k(ξ, η) , w3 =
∞
∑

k=1

µkw3,k(ξ, η) .

á 1 � ®�®~�\�\�D� C��_� � � � ¦Ä�8� � 1q9 � �s� �
2π
� � � � � 1 �n� § �h� 6 ����® �DC�6 ���\�

ξ
, � 2 ��� C � C ���

� � � �h��� C�C\�ª¦
ξ
�
η : �5, � , � 9 �s�%� C ��� ��1���1q9 � �q¦�CD1 � � � : 1q�\� �I�P�I� � � � � �(�D�P?39qC � C � � ���

ξ̇ = η − 1 +
∞
∑

k=1

µkAk(η) , η̇ =
∞
∑

k=1

µkBk(η) . (11)

²´1 � �_��1 � C �D� �8� � 1q9�Þ ¶��8Ú : Þ ¶_¶5Ú 9_�	�D1 � CD� � � � ���L?36Ã,_²´1 �n� �A?39 �\� � � � �8� � ��9Í�D�P?39 �C � C � �¥Þ ¶AÚ : �P?A2 � 1 ���P�±�P� 9_� �%� �\�\?_9_� � §P? � � � ��1 � �D§ � 9_� � ¦ � ���\?_9 � C � �_9È9È�8� � � :?3CP? � 1 �i� §\C�� � �8� � ? � Þ ¶��JÚ : � ��� � �P?39qCs� �h� 6J1 � ®~®����\��� CD�q�Â��� � 1 �<� CP?36J1q9q�ª¦ � � �M�
� � Cs�D¦

µ
�M�P� 98? ��� ���P?398?D,Ã²´1 � �D§ �\�Ï��� ��1q§\6s� �P� C �h� C\�ª¦�C � 1 � C�1q��1 � C\�ª¦ �n�\®�®|�M�

� � C �\� ? �P� C��¯¦%�D�P?39qC � C �\� 1q�_CD1 �i� � �I�n� C�1"6J1 � ®�®~�\�\�D� C��_1q9 ��� 6J1 � �ª¦l�q� � 189�,J©¬1 ���CD1 � 1q6s?L25?L� � Þ � �Ã, ¾ ¶ :>¿5À Ú : §D�_1
��� � 9_�	�D1 � C � C ��� � �M� 189 � �
[k(η − 1)]4 − d1(η)[k(η − 1)]

2 + d2(η) 6= 0 (k = 0, 1, 2, ...) (12)
�A?_6¨?L� �D� ��1q§\6s? �P���i� � �M�<� C � �_9 � C�C�1 �

2π
� � � � � 1 �n� § �h� 6J1 � �D1

ξ
� � � � C �D� : � � 189 �P�M��_9318�8�\47� �B�"� 1q1_�_C�1q� � C � � �

2π
∫

0

ϕk(ξ, η) dξ = 0 ,

2π
∫

0

Ω1,k(ξ, η) dξ = 0 (k = 1, 2, ...) . (13)

×%? �P�i� �D1 � ? � ? �5� : §��31 �\��� C�C�1 � �31Ý� � � � C ���k�\� �D1 �P� 2B1q98?3C�1$9¬6s?5§ �B� �_9 � 6J1 � ®~®��s������ C��31q9��8� � 189ÝÞ ¶��8Ú : Þ ¶q¶5Ú ,¡ �M� 1q9 �D� Þ ¶ ¿ Ú 2 �P�h�i� �P9 � � � � � � ��� ?39_C\� � ,äË|CD1È132hCP?5§\? � � : §��31�9_�P?3� � C ���%� �D�s� �C � 6s?k9_1q6\�s� � 1 �B�
Ox1

C �~� 1 ��� C�1
CP?5¦J1 �<� � �_� ��9�� � 2B1qCP?3C �I��� 681 �\� �8?3C � � ��� � �_1 �1 �i� �D1�� �R� ? �
θ
�
ψ : 1q� ��� �¤9q? �h� � �^� �D�P?39qC � C � � ��� Þ ù8Ú ,�¡ �I� 189 ��� Þ ¶ ¿ Ú 9_�¤��1 ���C � CD1 : 9�§\? � �_C�1 � � � : �\� � λ = 0.7 : η < −1.8770 �D�P� η > 2.7143

,Ü¡ �I� 189 � �ÁÞ ¶ Û ÚCs� � C\� �31 �P� 6J1 �P� � �M�<� C � �q9 � C\CD1 � � � � � � � C � � ��� ��1q§\6 � : � ¦81_�h� 1qC � �\� �D1 �P� 2B1 �9q?_C��ÏC �D�%� : � ¦ : 9%�\� � C �\� � � : � 1 � C�1�1q�D� � � � � � Þ � �D1q� � � �B�È�M�<� C � �_9 � C�C�1 � � � Ú �s�n�25? ��� C � � � 6s?36 �P���¨�ü�n� �q1 � �D� �i�P��� � �M� 189 � � ��� ,
/�� �n�h�r� § � �L?L� � : §��31�� � � � C � �ÝÞ ¶��8Ú : Þ ¶_¶AÚ 18� �\� �	9q?34u��C � 9_132 � �D� � C\C�� �ª� 9 �D�%�M�C � � � �D�s�_C � 6s?�9�� �I���\��� 25?36\�D�s�_6 � 9_1q6\�s� � CD18� � ? �P� 6�� � 1 � 681 � � � 18�D� � �_��,^²´1

� �31 � ��� � § � C ��� C�� �B� �P? �n� CD�D4��D189 � �q¦�C�1 � � � Þ ¶��JÚ C\?L2B1q9 �h��� C�� �h� �\? �P� CD1 � ��1q9 � �q¦ �
CD1 � � � 4 1q� ��� CD� � ��1q98?3C\CD1 � 1 � 9 �s�%� C � �Ã,�æ~? � �_1 �n� � ���¥� CD� � � �B� 9 � 1q1_�_C�1q� � C � �D¦
Þ ¶��8Ú : Þ ¶q¶5Ú �\� �M�<� �L?39 � � � �%93�318�D1 � �D�\?_9_C � C ��� Þ ¶_¶AÚ : 1q� ��� �	9q?_47� �i� 9 � 6J1q9_1 �7� 2 ��� C �M�C ��� � ��� 1q9_1 �r� 6J1q��1 � � � 9_�P?3� � C � � � �D�s�_C � 6s?$93186��D� � 1 �i�

Ox1

,��7�_1_�q� �D1 � �D§ � � �
��� �M�<� �A?_9 �P� C �D� 1��A?_6J1 � � 2 ��� C � C �\� : � 1 � �A?3�31q§\CD1£CP? � � � � � ��9q� � 1q� �n� §�C\� � 1_��31 ���n�B� �q9 � C\CD1 � 1
CD� � �Ý6J1 � ®�®����\�D� CD� Bk(η)

,
þ



	 ¸�
 ½�ì3î�ºJ¼Ç¼�ï<º�½�ì8ì3î�º_»^ïX¹<Òn¼�½�º�½Ç¼�ë�º¨ò_Ñ�ÒPî�ón¼�ï
�Áí�ï<¹<ºJÑäôÜ¼�ï<ìqëD½
ïnÑ�½�ºJ¼Çë�½ÇÑ�ï<¹<Òn¼�¼�ïXò_ï�»³¹n½tÔ ºJ¼�½tÓ

× � � � 186��P?3� � C � �È25?_� �\�i� 931 � �D1 �P� 2i� �h��� �È9 � 6��31q�\C�� ��� 1_�_1_2hCP?h§ � C � � ��� , ; 9 �M��P�5� 9 � 6��318���
z = [θ, ψ, w2, w3]

� 25?_� � � �h�£�i�\� � �h� �'Þ ¶5Ú 9k9 �¨�n�

ϕ̇ = Ω1 + g(z) , Ω̇1 = µh(ϕ, z) , (1′)

ż = F0(Ω1, z) + µF1(ϕ,Ω1, z) .

; � 6��31q�\CP?A��25?_� �\�i�(�i�\� � �h� � Þ Û Ú Ù ż = F0(Ω1, z)
,�� �k� �A? ��� 1qCP?3�\C�1 � � � � � C �D� Þ å Ú :9 6J1_�_1q��1 �

ψ = π/2 : 1q�_1_2hC\?5§ �\� z0

, ; ��1 �M�P�M� �D47� � ¦±9_�	6 � ? � 6s?5¦°�D§ � �q�¤9q? �h�
�\?_9 � C � �_9_1

g(z0) = −1
,

=ª1_1q�_CD18� � C � ��Þ ¶��JÚ : Þ ¶_¶AÚ �\� �M�n� �A?39 �\� 9�9 �s�P�

ϕ = ξ + µu(ξ, η, µ) , Ω1 = η + µv(ξ, η, µ) , z = z0 + µf(ξ, η, µ) , (10′)

ξ̇ = η − 1 + µA(η, µ) , η̇ = µB(η, µ) . (11′)«t1_� ® ?36�� : §D�_1 �i�\� � �5� ? Þ ¶ ′ Ú � 1q�D� � 6s? � ��� � � � C � � 9 �s� ?�Þ ¶�� ′ Ú : Þ ¶_¶ ′ Ú 9_�	�\? � ? � � � ��31 ���n�B� �q9q? �^�

µ(η − 1 + µA)
∂u

∂ξ
= 1 + g(z0 + µf) + µ(v − A)− µ2B

∂u

∂η
,

µ(η − 1 + µA)
∂v

∂ξ
= µ[h(ξ + µu, z0 + µf)−B ]− µ2B

∂v

∂η
,

µ(η − 1 + µA)
∂f

∂ξ
= F0(η + µv, z0 + µf) + µF1(...)− µ

2B
∂f

∂η
.

� �P�h�i�
ξ
�
η
Ö��P?39qCD18���P?39qC�� � C � 25?39 ���i�P� � � � � � �h��� C�C\� � : � 9_�	� �\� ?_C�C\� �Í� 1q1_�_C�1 �� � C � �(�\� �I�n� �L?39 � �P4u� � 1_�q1 � �D�P?39qC � C � ��9�§P? � �qC��¯¦��\�D1 � 2h9_1 � C\�ª¦(1_�_C�1 �B� � �i�P� CD1

u : v � f , ; ��� �M� � � �D� �h� �\?L2 �P�i�\� �8� � 18� �\� ?_C � ��1 � 1_�"��1 � �_�D1 � C � � ® 1q� � ? �n� C�1 � 1� � � � C � � � � � ¦Ý�D�P?39_C � C ��� 9
9 �¨�n� �8� � 189
��1 � � � � � Cs� � µ ,ä²´1 � �_��1 � C\CD1 � � � � � C �D�
2π
� � � � � 1 �<� § �B� 6 � 25?_9 �\�i� �k1_�

ξ
� � � 1q9 �\� �q931q�8� � � � 1_1q�_CD18� � C � � � Þ � �Ã,dÞ ¶ Û Ú Ú

2π
∫

0

u(ξ, η, µ) dξ = 0 ,

2π
∫

0

v(ξ, η, µ) dξ = 0 . (13′)

« � � � � � ��1 �s�P�h��� �D� �i�P� �D�s� �h� ,JË´�3�q��1 �i�P� 9|9q�¤� ��� ?3C\C��¯¦%�D�\?_9_C � C � �s¦�§ �P� C��
µ2B∂(...)/∂η

, ; � � 2i� �n� �A?L� � �D1 � �D§ �P�Ï�n�\®�®|� � � C ��� ? �n� C\� � �D�\?_9_C � C � � � 1 � C�1 �
� �ä?3� �\�i�

[x1, ..., xn]
132hCP?5§\? � �Í9 � 6D�318� �`� �31 � � �B����� 1_1q�_9 � � � �_93�D47� �P��� 6J1 � ��1qC � C �

�A? ��� ,

�



C � 25?39 ���i�P� 1 � � � � �h��� C\CD1 �
ξ : �5, � ,t1q�q�¤6\C�1q9 � C�C\� � : 9�681q�31q�\�ª¦ η �P9 � � � � � ���P?3�P? ���� �_��1 � ,Ã²´1 � �\� �I� C �h� �Ý�_� �n�h�Á�\� 6s?L� � � � � � C � � � � � ¦��D�P?39_C � C ��� : 25?39 ��� �\� �D� 1_�

ξ
�
η : ��� � § �h� 1_� ξ Ö � � � � 1 �<� § �B� 6 �$� � � � � 1 � 1 �

2π : � � � 1q9 �\� �q931q�8�P47� �i�"� 1_1q� �CD18� � C � � � Þ ¶ Û ′ Ú ,s²´1 � �D§ � C\C\� � � �I� § � C�C\� � �D�P?39qC � C � � � � �M� 189 � � : 1q�\� �M�P�i� �P47� ���� ¦ ��� 6J1 � 1 � � � � � C ��� : 25?3� � � �h�¢�\� ��1 �n� 2i�_� ��� ¦81 � C\� � � � � �h��� C\C�� �k�i�\� � �h� � Þ ¶5Ú
� 1_�q132hCP?5§ � C � �

a = µA : b = µB
, ; � � 2i� �n� �A?L� � �\� �s�n�h� 6$6\�\? � 931 � 25? � ?5§ �

(η − 1 + a)
dϕ

dξ
= Ω1 + g(z) , (η − 1 + a)

dΩ1

dξ
= µh(ϕ, z)− b ,

(η − 1 + a)
dz

dξ
= F0(Ω1, z) + µF1(ϕ,Ω1, z) , (14)

ϕ(0) + 2π = ϕ(2π) , Ω1(0) = Ω1(2π) , z(0) = z(2π) ,

2π
∫

0

(ϕ− ξ) dξ = 0 ,

2π
∫

0

(Ω1 − η) dξ = 0 .

� �P�h�i�
ξ
Ö C � 25?39 ���i�P� ?L�$� � � �h��� C\C\?L� : η Ö �P?3�P? ��� �_� : ϕ : Ω1

�
z
Ö C �h� 2h9 �B� �qC�� �

® �DC\6 ���\� : a � b Ö C �B� 259 �B� �qC�� � �D1 � �315�\C\C�� � ,
�ä? � ?5§D��Þ ¶ å Ú �3� �n�h� � � �l?L� ����� �31 � 1 � ²7�J?_C�6s?_� � ,8²|� �

µ = 0 � �L?72A? � ?h§P? �\���B� �� � � � C �D�
ϕ = ξ : Ω1 = η : z = z0

: a = b = 0
, ÷"� C � ?3� � 2A? �\� � � 1q1_�_C�1q� � C �\� Þ ¶ å Ú 9

1q6\� �h� �_C�1 � � � �D6s?A25?_C�C�1 � 1�� � � � C � �$�\� � 931 �<� �
6 �P� C �h� C�1 � 6\�\? � 931 � 25? � ?5§ �

(η − 1)
d∆ϕ

dξ
= ∆Ω1 − a , (η − 1)

d∆Ω1

dξ
= −b ,

(η − 1)
dθ

dξ
= w2 +∆ψ , (η − 1)

d∆ψ

dξ
= w3 − θ ,

(η − 1)
dw2

dξ
= −(λη − 1)w3 + 3(1− λ) θ , (η − 1)

dw3

dξ
= (λη − 1)w2 ,

∆ϕ(0) = ∆ϕ(2π) , ∆Ω1(0) = ∆Ω1(2π) , θ(0) = θ(2π) ,

∆ψ(0) = ∆ψ(2π) , w2(0) = w2(2π) , w3(0) = w3(2π) ,

2π
∫

0

∆ϕdξ = 0 ,

2π
∫

0

∆Ω1 dξ = 0

1_�_C�1 �B� � �i�P� CD1 ® �DC�6 �\���
∆ϕ = ϕ − ξ : ∆Ω1 = Ω1 − η

: θ : ∆ψ : w2
: w3

� ��1 � �31 �
�\C\C��¯¦

a : b ,Ã©¬1 � C�1 � 186s?A25?3� � : §��31���� � 9_�¤��1 � C � C �\� � �M� 1q9 � ��Þ ¶ ¿ Ú 9q�¤� ��� ?3C\C\?L�¶��



25? � ?5§\? �P���i� ���31 �P� 681°�_� � 9 � ? �P� CD1 � � � � � C �D� ,	= �P�M� 1q98?L� �i�P� CD1 : 9�1q6\� �B� �_CD1 � � ��31q§\6 �
µ = 0

6\�P? � 98?A�l25? � ?5§\?�Þ ¶ å Ú �\���i� � �I�n� C � �_9 � C\C�1 � � � � � C ���
ϕ = ϕ∗(ξ, η, µ)

:
Ω1 = Ω1∗(ξ, η, µ)

: z = z∗(ξ, η, µ)
: a = a∗(η, µ)

: b = b∗(η, µ)
: ?_C\? �P� � � § �B� 6 � 2A?39 �s�� �P� �i� 1q�

µ
� � � 1q9 �\� �q9318�q�P47� �i�|� 1_1q�_CD18� � C � � �

ϕ∗(ξ, η, 0) = ξ : Ω1∗(ξ, η, 0) = η :
z∗(ξ, η, 0) = z0

: a∗(η, 0) = b∗(η, 0) = 0
,

� �DC\6 �\�\�
ϕ∗(ξ, η, µ)

: Ω1∗(ξ, η, µ)
�
z∗(ξ, η, µ)

: ����1 � 1 ���%� C\C\� �Ä� 1_�_� � 2h6s?
0 ≤ ξ ≤ 2π

C\?r9 � 4 �n�B��� �_9 � � �I�n� CD�D4 1 �B�
2π
� � � � � 1 �<� § �B� 6 � �D1

ξ : � � 1q9 �\� �q931 ��8�\4u��9 ���B� � �Í� ��1 � �_1h�PC�C\� ���
a∗(η, µ)

�
b∗(η, µ)

�<��®�®|� � � C �\� ? �P� C�� � �D�\?_9_C � C �s�
� � 9¥Þ ¶ å Ú ,^ÉÊ� �¥® �DC\6 �\��� �\� �M�<� �L?39 � �P4u� � ���q� � ? ��� 9 �s� ?¥Þ ¶��JÚ : 681 � ®�®~�\����� C��_�6J1_�318���¯¦Ý� � 1q9 �\� �_9318�q�P4u� � 1_1q�_C�1q� � C � � � Þ ¶ Û Ú : ?���1 � �_1h�PC�C\� � a∗(η, µ) � b∗(η, µ)��� �M�<� �A?_9 � �\4u� � �Õ�8� � ? ��� : ?3CP? � 1 �i� §�C\� �^� �8� � ? � : � �315�\� �\� 9±���P?39q�ª¦Ø§P? � �h�s¦
�D�\?_9_C � C ��� Þ ¶_¶5Ú ,�� �I�P�

Bm(η)
Ö � � �\9_� � 1_� �P� §\C�� � 1_���31 �l�P�h� �_9 � C�C�1 � 1�Cs� � �
6J1 �

� ®�®~�\����� C���9_�318�D1 � 1��q� � ?(Þ ¶_¶5Ú : �31�6J1 � ®~®����\��� CD�q�Ä�\� � � � �\9_�¯¦
m
� � � � � Cs�D¦

µ
9

�8� � ?5¦�Þ ¶��8Ú : Þ ¶q¶5Ú � 9k�q� � ?A¦ : �\� �I�n� �L?39 � �P47� � ¦¬�P? �i�B� ?L�_� � 98? �h� 1 � � � � � C �D� 25? � ? �§ � Þ ¶ å Ú : � 1q9q�\? � ?_4u�5,8/�1 �\�i� �31 � 1 : b∗(η, µ) = µmBm(η)+µ
m+1Bm+1(η)+O(µ

m+2)
,

ÉÊ�31 � 1_1q�_CD18� � C ��� ��132h9_1 � � � � ��� �D1 �P� 2B1q98?L� � 6\�P? � 93�D4 25? � ?h§D��Þ ¶ å Ú �\� ���\� � � �n�s�
�%� C\CD1 � 1�§ ���M�P� C\CD1 � 1��P? � § � �L?k�\�\?_931 � §P? � � � 93�318�D1 � 1k�D�P?39_C � C � ��Þ ¶q¶5Ú ,

� �\�M�P� C�C�1 �¢� CD� �h� � � ��1q9q?_C ��� 93�318�D1 � 1à�D�P?39qC � C � � Þ ¶_¶5Ú � 1 � CD1�9_�	�D1 � C � � �
� 93�J¦ ��� 6 � 189_� �£��� �31 � 1 � ¾ þ À ,�© � �31 � C\?L2h�¤9q? � � � �
�L?36��D1q�31 � � : §��31l9q6 � 47§P? � � � 98?��� 6 � ? � C�� �B� � � �D189q?_C � �¥Ö 9_C � �%C �\�¥� 9_CD�s�_� � C�C �\� , ; C � ��C �\�¥��� 6 �°� 1 � �31 � �r9� C�� �B� � � �D189q?_C �\� �D�P?39qC � C � �¬Þ ¶_¶AÚ 6¨?_6 �P�Ç�ü�P� �_1�§ �\�M�P� C�C\� �r��� �_1 � 1 � : 9_CD�s�_� � C�C �\�25?36 � 47§\? � � � �r9��P? � § � � � ���P?39_1 � §\? � � � � �_1 � 1(�D�\?_9_C � C � �r��1 � � �M�<� �_931 � � � � � C � �6��P? � 931 � 2A? � ?h§ � Þ ¶ å Ú , ; ¾ � À 1q� ��� ?_C�C\� � 9q?3� � ?3C�� � 93�J¦ ��� 6 � 18931 � 1 ��� �31 � ?��8� �
��� �P��� C � C�9
1q§ � C � �D1h¦81 �%�B� C\?È�\? �i�B� ?3�_� � 9q? �h� �D4�2A? � ?h§ �%�\�i�M�P�M� 1q9q?_C � ��� �I���s�
� ?l1 � CD1q1 � C�1 �Ý� �\?_9 � �A? ��� 1qC\CD1 � 1q� �D� CD�L? �\����� �D�s�_C � 6s?�,

²|� �I�l�P� § �5� � � � �B� � � 6$�_1 �\�i� �D1 � �D1q�qC�1 � �¬1q� ��� ?3C � 4 ��� �31 � ? � CD� �h� � � ��1q9q? �
C � �¥�D�\�D1 � � �P� 25? � ?h§D�¢Þ ¶ å Ú ,��ä? ��� C �P� 9rC �B� 6\�\? � 931 � � �M� 1q9 �D�¬�£� C�� �B� �\? �P� CD1 �
� 1_1q�_C�1q� � C �����P� ��� � � �5��� C\CD1 �

ϕ
6\�P? � 9q� ��� � �M� 1q9 � � ���

ϕ(0) = 0 : ϕ(2π) = 2π
,

²´1 � �D§ � 9_���D4 � ��6\�P? � 93�D4µ2A? � ?h§D�lCP?A2h1q9 �5� 25? � ?5§ �B� Þ ¶ å ′ Ú , �|� ��1 �n� 2i�q�l1q� �\� ?3C\Cs�D49_�	� �¬� ¦ �h� � ��� �31 � ? ²7�J?3C\6s?3� � : � 1 � CD1 � 186s?A25?3� � : §D�31 �\� � 9_�¤��1 � C � C �\� � �M� 1 �9 � ��Þ ¶ ¿ Ú 25? � ?5§P?
Þ ¶ å ′ Ú �P���i� ��9�1q6\� �h� �_C�1 � � � �31q§\6 � µ = 0 �M�<� C � �q9 � C\CD1 � � � � � C ���
ϕ̂(ξ, η, µ) : Ω̂1(ξ, η, µ)

: ẑ(ξ, η, µ) : â(η, µ) : b̂(η, µ) : ?3CP? �n� � � § �B� 6 � 25?39 ��� �\� �i� 1q� µ �� � 1q9 �\� �q931q�8�P47� �i��� 1_1q�_C�1q� � C � � �
ϕ̂(ξ, η, 0) = ξ : Ω̂1(ξ, η, 0) = η : ẑ(ξ, η, 0) = z0

:
â(η, 0) = b̂(η, 0) = 0

, õÜ� � � C � ��25? � ?5§ÝÞ ¶ å Ú � Þ ¶ å ′ Ú � 93�D25?_C�� ���I�l� � � 1_�_1 �l� 1q1_�_C�1 �� � C � � ���
ϕ̂(ξ, η, µ) = ϕ∗[ξ + ξ0(η, µ), η, µ]

: Ω̂1(ξ, η, µ) = Ω1∗[ξ + ξ0(η, µ), η, µ]
:

ẑ(ξ, η, µ) = z∗[ξ+ξ0(η, µ), η, µ]
: â(η, µ) = a∗(η, µ)

: b̂(η, µ) = b∗(η, µ)
: ���P� ξ0(η, µ)Ö 6J1q� � C � �D�\?_9_C � C � �

ϕ∗(ξ, η, µ) = 0 : � � 189 �P� �_9_1q�8�\47� ��� � �I� 189 � 4�� ξ0(η, 0) = 0�s�n� : §D�_1��31 �%��� ? � 1 � :
� ²´1 � 6J1 �P� 6s�

ϕ∗(0, η, 0) = 0
�
dϕ∗(0, η, 0)/dξ = 1 : ��1£� � 18� �h��� 1°C � �P9_C�1 �® �DC\6 ���\� 9k1q6\� �B� �_C�1 � � � �31q§\6 �

µ = 0
�A?36J1 � 6J1q� � C ��� �D� �B� �_9L� � � �¬�I�n� C � �_9 � CÃ,

¶_¶



ξ0(η, µ) =
1

2π

2π
∫

0

[ϕ̂(ξ, η, µ)− ξ] dξ .

; 25? � ?h§ � Þ ¶ å ′ Ú � � � �B�s�P�h� 6£CD18931 � C � 2A?39 �\�i�P� 1 � � � � �h��� C\C�1 � Ö 9_� �h��� C �
t
,

æ´1q9L�D4­25? � ?h§D�¬�_� �n�h� � � �l?L� � CP?�1q�_� � 2h6 �
0 ≤ t ≤ T : T = 2π(η − 1 + a)−1

��� �
η > 1

� CP?l1_�_� � 2h6 �
T ≤ t ≤ 0

�\� �
η < 1

,<Éª�A?l25? � ?5§P? �P���i� ��9 �¨�

ϕ̇ = Ω1 + g(z) , Ω̇1 = µh(ϕ, z)− b ,

ż = F0(Ω1, z) + µF1(ϕ,Ω1, z) , (15)

ϕ(0) = 0 , ϕ(T ) = 2π , Ω1(0) = Ω1(T ) ,

z(0) = z(T ) ,

T
∫

0

(Ω1 − η) dt = 0 .

� �P�h�i�
ϕ : Ω1

�
z
Ö C �h� 2h9 �B� �_C\� �k® �DC\6 ���\� : T �

b
Ö C �B� 2h9 �h� �_C\� � ��1 � �315�\C\C�� � ,

; 1q6\� �B� �_C�1 � � � �318§�6 � µ = 0 25? � ?5§\?ÝÞ ¶5ö_Ú �P���i� � �M�<� C � �q9 � C\CD1 � � � � � C �D�

ϕ = ϕ∗(t, η, µ) , Ω1 = Ω1∗(t, η, µ) , z = z∗(t, η, µ) , (16)

T = T∗(η, µ) , b = b∗(η, µ) ,?3CP? �n� � � § �B� 6 � 25?39 ��� �\� �i� 1q�
µ
� � � 1q9 �P� �q931q�8�P47� �i�7� 1_1q�_C�1q� � C � � �

ϕ∗(t, η, 0) =
(η − 1)t : Ω1∗(t, η, 0) = η : z∗(t, η, 0) = z0

: T∗(η, 0) = 2π(η − 1)−1 : b∗(η, 0) = 0 ,õd� � � C �D� Þ ¶Bù8Ú �q� � 1±��1 � �_��1 � CD1±§ �\�M�\� C�C�1±9¥�P9_C�1 � 9 �s�n�'�Å�\�i�M�P�M� 1q9q?_CD1°9
® �DC\6 ���\� �P?3�P? ��� �q�\?

η
,Ü�zC\?5§ � C � �

η
��� Cs� �P�\�i� CP?È�P?39_C�1 ��� ��C�1 ���I� �_6 �l� ��? � 1 �

� , �D¶ , ; 6s? ��� 1 � �¨2 �P�~�i� �_6 � 25? � ?5§\?$Þ ¶Aö_Ú � � �l? � ? �i�k��� �31 � 1 � ��� ��� �_� �i� 6 � ,Xæ �B� 2 �9 �B� �_C�� ��� �P?3�P? ��� �_�\? ��� �q� �n�
Ω1(0)

: z(0) : T �
b
, á �\? � 9_� � � �M� 1q9 � �±9��_1q§\6 �

t = T
��� C�� �B� �\? �P� CD1 � � �M� 1q9 �D�¬�M� � ���D�n� �D�\?_9_C � C � � ��� �P� � � ¦¥1q�\� �M�n�I�P� C � �Ü,

= �\� � �h� ?"�A?36 � ¦��D�P?39qC � C �\� � � �l? � ? �i����� �31 � 1 � æ � 4u�31qCP?D, ; �¤§ ���M�P� C �D� §\? � �_C\�ª¦����1 � 2h9_1 � C��¯¦ ® �DC�6 �\��� : 2A? � ?347� � ¦ � � � �D�P?39qC � C � � : ��1°18��� �M�n�I� � �h� � � �P?3�P? �
��� �_�P? � Þß6\��1 ���

T
Ú � 9_1 �<�D� 1 �i� 6 � CD� �B� � � ��1q98?3C � 4 �D�\?_9_C � C ��� 9È9q?_� � ? �\� �D¦ �\� �

�n�\®�®|� � � C ��� ? �n� C\�ª¦Ï�D�P?39qC � C �\� 9ÄÞ ¶5ö_Ú , ; �\��1 ���B�i�I� 9_�¤§ �\�M�\� C �\� �¨2 � � �I� �q6 �
����1h¦81 �<�D�P�\�i� �D1 �M�P�M� 189q?3� �I�n� C�1 : C\?5§ � CP?A� � �¨2 � ? ��� ?36 �i�P� ? �n� C\� � 2hCP?5§ � C ���h�
|η|
,Dæ~?5§\? �P� CD1 � �\� � � �n�s�%� C ��� 9 � �31 � �¨2 �P� �q�P? � 1 �B� 9%9 �s�P� Ω1(0) = η : z(0) = z0

:
T = 2π(η − 1)−1 : b = 0 , ; 1
9 �I� ¦¬1 � �A? �n� C\�ª¦Ý�¨2 � ?A¦ÝC\?5§P? �n� C\� � �\� � � �n�D�%� C ���h��M� � ���D� 1
� � � � C �D� : C\? �¨�n� C\CD1 � 9k�\� �M� � � �D� �h� �¨2 �\� ,õ ? � § � �q� �\�D18931 �n�D�P�\�i� �\� �

λ = 0.7 : µ = 0.1 : γc = 0.01 : αc = −0.15 :
βc = 0.025 : L1 = 16

� : L2 = 14
� : L3 = 12

� : d1 = −0.5
� : d2 = d3 = 1� : ε = 3 · 10−4

� −3
, ;�� �31 ���I� �D§P? � �\? �i�B� ?3�_� � 9q? �h� � �È� �D�s�_C � 6 � 1 �%� � �I� � ��� � �� �D�s�_1 �'� 1 �n�I�P� 4 � �L?3C ���\� E�N_V CP?�1q��� � � �
� 9_� � 1_�31 � 18681 � 1 ÛqÛ � 6 � ,ÇË7�q9 � §P?34 �� �i� �A?_681 � 9q� � 1q� � 2hC\?5§ � C �D�

ε
�D1 � �D§ � C�1 �	�\� ��1 �n� 2B189q?3C ���h��� �A?3� � § �B� 681 �
� 1 �n�I�P�

¶ ¿



?L� � 1 �i®~� �\� ¾ ¶�� À ,Üæ~? �¨�n� C\C�� � � � � � C � ��25? � ?5§ � Þ ¶5ö_Ú �\� �I�n� �L?39 �\� C�� CP?�� ��� , ¶ :t¿� �P? ®�� 6s? �^� 25?39 ���B�\� 1 � � � 1q�
η
9 �i�P� § � C

Ω1(0)
: z(0) : T �

b
, á ��1 ��� �31 � 1 : 2 �P�B�B���� �M�<� �A?_9 �P� C � �P? ®~� 6 ® �DC�6 ���\�

d = d(η) : ¦¨?_�\?_6D� � � � 2i�D47� �h�°� 931 ��� �q9q?�� � �31 �¨�§ � 931 � � ��� CD� �B� �P? �n� C�1 � ��1q9 � �q¦�CD1 � � � 1q� ��� CD� � ��1q98?3C\CD1 � 1 � 9 �s�%� C � �¥Þ �B� ,PC �D�%� Ú ,
æ~? �s�P� C\C\� � � � � � C � ���\? � �P? � ?34u� � �¬C\? � 9 � 9 � �_9 � : � 1_1q�_9 � � � �_93�D47� ��� 2hCP?h§ � C � � �
η > 1

�
η < 1

,Ã²|� �P��� �\�à� � � � C �\� 6\�\? � 931 � 2A? � ?h§ � Þ ¶Aö_Ú �\� � 9 �M�P� C��­CP?
� �\� , Û ,� �P�h�i� � � � � � � � C � ���\� �I�n� �L?39 �\� C�� � �\? ®~� 6s? ����® �DC�6 ���\� ∆ϕ(t) = ϕ(t)−2πT−1t :
θ(t)

�
ψ(t) : �D1 � �_��1 � C\C\� ��� C\?%1_�_� � 2h6s?A¦ 0 ≤ t ≤ 2|T |

, á ?36(9 �s� CD1 � 2 � �P? ®�� 68189 :1_�_6 � 1qC � C � ��1 �B�
Ox1

1_�u1 �i�
OX2

9 � � � ¦�� � � � C � �s¦�9 �B�i�8� ? � ? � � : �5, � , � CD� �B� �P? �n�A�C\?L�%�D189 � �q¦�C�1 � � � : 1q� �\� �¤9q? �h� ?L��C\? �¨�n� C\C�� ��� � � � � C � � ��� : 1_�q1 � C�1q98?3C\CD1´C\?L2h9q?_C\?� C�� �B� �\? �P� CD1 � ��1q9 � �_¦�C�1 � � � 4­1q� �D� C�� � �D189q?_C�C�1 � 1 � 9 �D�%� C � �Ü,
�|�i�I�\�M� � �h� 9318����1 � 1_�à� � �31 � § � 931 � � � 6¨?_6J1 � 1 � �n� �q1�� � � � C � �

ϕ◦(t) : Ω◦
1(t)

:
z◦(t) : T ◦ : b◦ 6\�\? � 931 � 25? � ?5§ � Þ ¶5ö_Ú ,r²´1 � � � �31 � § � 9_1 � � � 4 �_� �n�h� �D18C �P� ?L� �
� � �31 � § � 931 � � � C � �D1 � 9 �D� C�1 � �_1q§\6 �

[Ω◦
1(0), z

◦(0)]
��� � 1_�8�\?L2B1q98?3C � ���\��1 � �_�P?3C � �_98?

R5[Ω1, z]
: 25? � ?398? �h� 1 � 1�� � � � C � � �����n�\®�®|� � � C ��� ? �n� C\�¯¦Ý�D�\?_9_C � C �\� 9�Þ ¶5öqÚ �\� �

b = b◦
,A+ �P��� C\CD1 : � � � � C ��� ϕ(t) : Ω1(t)

: z(t) � C\?5§P? �n� C\� ��� � �M� 1q9 � � ��� ϕ(0) = 0 :
Ω1(0) = Ω′

1
: z(0) = z′

25? � ? � ����� � 1_�8�\?L2B1q98?3C �D� �_1q§\6 �
[Ω′

1, z
′ ]
9(�31q§\6D�

[Ω′′
1, z

′′ ] :�B�M�n� 9ÝC � 681q�31q�\� �¥� 1 ��� CD��9_� �h��� C �
T
9_�¤��1 � C � C�� � 1_1q�_CD18� � C � �

Ω′′
1 = Ω1(T )

:
z′′ = z(T ) : ϕ(T ) = 2π

, ; 186�� �B� �qCD1 � � � �D6s?A2A?3C\CD1 � 9_�¤� � C � ��1 � 9 �D� CD1 � �_1q§\6 �
�A?_681 � ��� � 1_�8�\?L2B1q98?3C �D� : C\?L2h�¤98? �h� 1 � ��� � 1_�8�\?L2B1q98?3C �D�5� ²7�J?3C\6s?3� � : 18��� �M�n�I�P� CD1P,¡ � �_1 � § � 931 � � ���\�i�M�P�M� 1q98? � ? �i�$�M�P�M� �D4u� �P� 1_�q�P?A2h1 � ,Ç²7� � � �

δϕ(t) : δΩ1(t) δz(t)Ö � � � � C �D���i�\� � �h� �Â�D�\?_9_C � C ��� 9È98?3� � ? ��� �s¦ �\� ��� � � � C � �
ϕ◦(t) : Ω◦

1(t)
: z◦(t) :

T ◦ : b◦ 6��P? � 931 � 2A? � ?h§ � Þ ¶5öqÚ ,X²´1 � �_�D1 �\� 9 � 6D�_1q�

x =

[

δΩ1(T
◦)−

Ω̇◦
1(T

◦)

ϕ̇◦(T ◦)
δϕ(T ◦), δz(T ◦)−

ż◦(T ◦)

ϕ̇◦(T ◦)
δϕ(T ◦)

]

.

Ë´�_1325C\?5§ �P� § � � � 2
xi (i = 1, 2, ..., 5)

�A?_6 ��� 9 � 6��318���
x : 9q�¤§ ���M�P� C\C�� � ��� �

δϕ(0) = 0
�
[δΩ1(0), δz(0)] = [1, 0, ..., 0] : [0, 1, 0, ..., 0] : , , , [0, ..., 0, 1] ,¤=Ê1 � �A? �9 �P�

5×5
��� ?3�_� �\� �

X = (x1, x2, ..., x5)
, ; �M� �D§\? � T ◦ > 0

C � 1_�h¦81 �n�P� 1 � � �I� 189 ���
� � �31 � § � 931 � � � C � ��1 � 9 �s� C�1 � �31q§\6 �

[Ω◦
1(0), z

◦(0)]
� 1 � �_1 � �¥9��31 � : §D�31 � 1 � � �n�9 �I� ¦ � 1_� � �_9 � C�C\�ª¦µ§ ���i�I�¢� ?3�_� ��� �

X
� 1 �\� C�� �q�@� �

≤ 1
, ; �M� �D§P? �

T ◦ < 0�\� �r� � �31 � § � 931 � � � � �31 � C � ��1 � 9 �s� CD1 � �318§�6 � C � 1_�h¦81 �n�P� 1 : §��31_�8� � 1 � � �n� 9 �I� ¦
� 1_� � �_9 � C�C\�ª¦¥§ �\�I�I�°� ?L�q� �\� �

X
�q� �P�

≥ 1
,^²|� �M�<� �L?39 �P� C\C\?L�¥C\?�� ��� , ¶ :^¿ 9 �M��P� § � CP?

d
1q�\� �M�P�i� � � � � � �M�P�M� �D47� �P� 1q�q�P?A2B1 � ,¤²7� � � �

ρ1

�
ρ2

Ö ��� C �\� � � �
� ?36 �i�P� � � � 1 � � �P�B�Á� 1q� � �_9 � C\C��¯¦µ§ ���I�i�¢� ?L�_� ��� �

X
,ª«t1 ��� ?

d = ρ1 − 1
�\� �

T ◦ > 0 : d = ρ−1
2 −1

��� �
T ◦ < 0

, ; � � � �^� CP?5¦
9 �I�n� § � C�� d C � 1_�h¦81 �n�P� 1 � � �I� 189 ���� � �31 � § � 931 � � � 9_�	�\? � ? � � � �ÝC � �P?39 � C � �_931 �
d ≤ 0

,
á ?_6£��1q6s?A2A? � 1'9_�	§ �\�M�P� C �D��® �DC\6 �\�\�

d(η) : 9 �I� CP? �s�P� C\C\� � � � � � C � �¥2A? � ? �§ � Þ ¶5ö_Ú C � � � �31 � § � 9_�~,¤Ë � CP?36J1���� �
η > 3.93

Þß� �\� , ¶5Ú �
η < −2.26

Þß� ��� , ¿ Ú
� �A?�C � � � �_1 � § � 931 � � � 9 �B�i�8� ? �M� ?L�8?�Ö 9_�	�D1 � C � C�1°C � �P?39 � C � �_931

d < 10−3
,Íæ~?

� �P? ®�� 6s?5¦ ® �DC\6 ���\�
d(η)

�D§P? � �_6 �¢�M� ?3�_1 � C � � � �31 � § � 9_1 � � � 9q� ��� � � ���¥6¨?_6 � 1 �
� � 2B18CD�L? �n� C\� � ���8� � � � ,X«�?_6¨?L� �M� ?L�J?A��C � � � �31 � § � 931 � � � 9 � �_� � §P? � � � ��931 � CD1 �i� ¦

¶ Û



25? � ?5§\?A¦"9q�\?_��?L� �I�P� CD1 � 1 � 9 �D�%� C � � � �s�s�qC � 6J1q9 : 9u6J1_�_1q�\�ª¦��D§ � �_�¤98? � � � �l? � ��1 �n�s�C\? ��� § �B� 6 �\��� 1 ��� C�� : � 1_�_� �M� 1q9 �P� CP?
C � �D1q� � C �\� ? �P� CD1 � � � 4 � �31 � 1 � 1 ��� C��A? ¾ ¶q¶ À ,²|� �
η < 3.93

�
η > −2.26

C � � � �31 � § � 9_1 � � � � � � � C �\� 25? � ?5§ � Þ ¶Aö_Ú �P��6J1 9q� �
�\? �%� CP?rÞ �B� ,z� �\� , ¶ :d¿ Ú , ; 1_�_1 � ¦ �I�h���h��� �q9q?5¦�� � � � C ����® �DC�6 ��� �

d(η)
� � ? �n� 2B� �

� � � � �n�B��� �_9 � � �I�n� C\� ����� 1_� � �_9 � C\C\� ��� § ���I� ? ���¥� ?3�_� �\� �
X
, á �31 � � �%� :Ç� �A?C � � � �31 � § � 9_1 � � � 9_132hC � 6¨? � �¬��� � 25C\?5§ � C � �s¦

η : �P�I� ?_� � ¦ � 1 � �L?L�_1q§\CD1 � ? �\� 6J1¬1_�� �P?3C ��� � C�� � �\9q? � 1q9Ý� � �31 � § � 931 � � � � � � � C � �µÞ å Ú 9 �I� �D§P? �
λ = 0.7

Þ �B� ,d�\?L2 �n�I�
Û Ú : ��1 � �31 � � �B� �q�s� � C�1 � 9L��25?L� ��� � � �P���Ý� �P?3C ��� ? �^� ,

; � ��C �h��� �¥6 � 93�J¦ ��� 6 � 1q9_1 � � ��� �31 � ��§ �\�M�P� C�C�1 � 1 � C�� �B� � � �D189q?_C � �£�D�\?_9_C �M�C � �
η̇ = b∗(η, µ)

,<�ä? ��� C �\���B� 1 � 6\9 � 9q? �\� C��_C\� � �D�P?39qC � C ���h�

dt

dη
=

1

b∗(η, µ)
, (17)

6J1_�318�D1 � �3� �P�h�Å� CD� �B� � � ��1q98?L� ����� �31 � 1 � �_�P?3� �B���\� C\? �I� �q6 � ��1��\?_�\? ��� �_�D�
η
9

����1 ���B�i�i� �\��1 � 1 �\�%� C � �Ø��1 � �31 � �¢�P?3�P? ��� �q�s�¢� � � � C �\� 6\�P? � 9_1 � 2A? � ?h§ � Þ ¶Aö_Ú ,
õÜ� 2i� �n� �L?L�q� �A?_6J1 � 1 � C�� �B� � � ��1q98?3C � �¥�_� �n�h�Â� �P?39qC � 9q?3� ��� � � 2i� �P� �A?3�A? ��� C � ��1 �
� � �M�n� �_9 � C\C�1 � 1 � C�� �B� � � �D189q?_C � �(�D�P?39qC � C �\� Þ ¶5Ú ,Pæ~?5§\? �P� C�� � � �I� 189 � � � �\?_9_C � 98? �
�h� �ª¦µ� � � � C �\�ÃÙ��P� �µ�D�\?_9_C � C � ��Þ ¶ û Ú

η(0) = η0
: �P� � �i��� � �h� � Þ ¶5Ú

ϕ(0) = 0 :
Ω1(0) = Ω1∗(0, η0, µ)

: z(0) = z∗(0, η0, µ)
,

=¯�\?_9_C � C �D� ����1q9 �M�n�h� �A?36Ã,Ã× � �'� � � � C � � �i�\� � �h� � Þ ¶5Ú 1q�\� �M�P�i�P�P� ��1 �M�P�M� 1 �
9q?3� �I�n� C�1 � � � § �\�I�I�

θ′N = min
t∈SN

θ(t) , θ′′N = max
t∈SN

θ(t) ,

∆ψ′
N = min

t∈SN

[

ψ(t)−
π

2

]

, ∆ψ′′
N = max

t∈SN

[

ψ(t)−
π

2

]

,

Ω′
1N = min

t∈SN

Ω1(t) , Ω′′
1N = max

t∈SN

Ω1(t) ,

w′
2N = min

t∈SN

w2(t) , w′′
2N = max

t∈SN

w2(t) ,

w′
3N = min

t∈SN

w3(t) , w′′
3N = max

t∈SN

w3(t) ,

SN = {t : 2π(N − 1) ≤ t ≤ 2πN} , N = 1, 2, 3, ...ÉÊ� � �D1 �M�\�I� 189q?L� �I�P� CD1 � � � �3� �P�h� �\� �I�n� �L?39 � �\� �%� �P? ®�� § �B� 6 ��� 1 � ?3C\� ��� ,�æ~?3�\� �s�
��� � : ��1 �M�P�M� 1q98?L� �I�n� C�1 � � � {Ω′

1N}
�
{Ω′′

1N}
�3� �n�h�µ� 2h1_�q�P? � ?3� �
� 1 � ?3C\� �^� : ����1 �¦81 � �P� �P���±� 1_1q�_9 � � � �_9 � C�C�1�§ � � � 2��318§�6 �
(N,Ω′

1N)
�
(N,Ω′′

1N) (N = 1, 2, ...)9È� � 1 � 6J1 � � �
(N,Ω1)

,n×�9 � �A?36 ����� 1 � ?3C\� � 9 �M�n� C\�ª¦�6J1q1q� �n� CP?L�_C\�ª¦�1 � �D¦ � ?34u�
��� �M�<� �A?_9 �P� C �D� 1��\� �M�n�I� ?5¦ � 2 ��� C � C � ��� � � �h��� C�C�1 �

Ω1

C\? �\�n� � �I�n� C�1 ��� C�� � �\9q? �
�\� 9q� �h��� C � , ; � � ¦ �%� 6J1_1q� �<� CP?L�qC��¯¦'1 � �s¦r�\� �I�n� �L?39 �\�Ø� �P? ®�� 6 � � � � C � �

η(t)�D�\?_9_C � C � ��Þ ¶ û Ú : �\� � § �h� � 9L��2 �����I�l� �
N

�
t
25? � ? �<�P� ® 18� � � � 1 �

t = 2πN :?(1 �i�
η
1q�31 ���n�B� �q9 �P�Ø� 1 �i� 4

Ω1

,ä+´C\? � 1 �i� §�C\� � 1_�q�P?A2h1 � ��1 �M�P�M� 1q98?L� �I�n� C�1 � � �
¶ å



{∆ψ′
N}

�
{∆ψ′′

N}
�3� �P�h� ��� �M�<� �A?_9 � ��� � 9 �M�<� C\�ª¦�6J1_18� �n� C\?3�_C\�ª¦�1 � �s¦ � 1�93�31 �

�D1 � 6J1 � ��1qC � C��31 � 9 � 6��318��C�1 �°® �DC\6 �\���
z∗[t, η(t), µ] − z0

� �5, � ,^«�?36 �D� �_��1 � 6 �
� �P? ®�� 6J1q9 � ?_4u�ÈCP? ��� � � C�1 � ��� �M�<� �A?_9 �P� C �D� 1
� �n� 2h1 � � � � � � � C �\�Ý�B��� � �h� � Þ ¶AÚ 6
� C�� �B� �\? �P� CD1 � ��1q9 � �_¦�C�1 � � � 1q� �D� C�� � ��1q9q?_C�C�1 � 1 � 9 �s�%� C � �Ã,

=¯�\?_9_C � C �D� � � � � C �����B��� � �h� � Þ ¶AÚ � �D�\?_9_C � C � �¢Þ ¶ û Ú �\� �M�<� �L?39 �P� C�1�C\?�� ��� ,
å : ö ,�²71 ���P� 1��D6s?A25?_C�C\�ª¦£9_�¤� �¬� �P? ®�� 6J189rCP? � � � ¦£� ��� �DC\6s?5¦��\� � 9 �M�P� C�� � � �
� �P? ®�� 6 ��® �DC\6 ���\�

d[η(t)] : 681q�31q�\� � ¦¨?_�\?_6D� � � � 2i�D4u� � 931 �\� �_98?´� � �31 � § � 9_1 � � � � �M�� � C �\� : �P�I� ?_� � ¦�C\? � CD� �B� �P? �n� C�1 � ��1q9 � �q¦�CD1 � � � 1q� ��� CD� � ��1q98?3C\CD1 � 1 � 9 �s�%� C � �Ã,
� �P? ®�� 6 ��® �DC\6 �\�\�

η(t)
�
z∗[t, η(t), µ] − z0

1_� ��� § � C�� � ?3�\6 � �\? ��� , á ?36'9 �¨� CD1
� 2�� �\� �DC\68189 : � 93�J¦ ��� 6 � 18931 �'��� �31 � �\�\?_9 �D�P� CD1¬18� �\� �¤98? � � � 9_1 � 4 ��� 4 � � � � C �\�
�i�\� � �h� � Þ ¶AÚ : �\�i� ?3� � ¦r9(1q6\� �B� �_C�1 � � ��� CD� �B� �P? �n� C�1 � �D189 � �q¦�C�1 � � � 1q� �D� CD� � ��1 �9q?_C�C�1 � 1 � 9 �D�%� C � �Ü,q«t18§�C�1 � � � 18� �\� ?3C � � � 1h¦��\?_Cs� � � � � � 1"� � ¦��D18� : ��1q6s?�C � � � �31 �¨�§ � 931 � � � � � � � C ��� 6��P? � 931 � 25? � ?5§ � Þ ¶Aö_Ú �\� �

η = η(t)
1 � �L? � � � � �M� ?3�_1 � : �5, � , � 1� � ¦$��1q� : �D186¨?l2hC\?5§ � C � � ® �DC\6 �\��� d[η(t)] � ? � ��,æ~?_�s�D� � C ��� �318§�C�1 � � � ��1 �I�\� 931_2hC � 6\CD189 � C � � �B�s�n� C�1 � C � � � �_1 � § � 931 � � � ��1q6s? �

25?3C�1�CP?"� ��� , ù ,Dæ~?"� �\� , ù ?"��� �M�<� �L?39 �P� C�1��31 �%� � � � � C ��� : §��31 � C\?�� ��� , å : CD1%CP?�_1 �\�i� �\�D1 � 1 ����� � �I�n� C�1 �±� C�� � �\9q? �\� 9_� �h��� C � ,n=ª��1 � 1q�k�\� �I�n� �L?39 �\� C � �$C �B� 6J1 �n�A�
6J1 � 2 ��� C � C Ù 1_� � �s� � �q9L�D4u� � �P? ®�� 6 � � � 1 � 681 � �B�D¦

(N,w2)
�
(N,w2)

: 9�� � 1 � 681 � �h�s¦
(N, θ)

�
(N,∆ψ)

��� � 9 �M�n� C\�Â�31 �n� 6J1 � 1 � ?_C�� � : 1q�_9 � §\?_47� ��� �D1 �M�\�I� 189q?L� �I�P� CD1 �� �B� �
θ̂N = max

t∈SN

|θ(t)| , ∆ψ̂N = max
t∈SN

∣

∣

∣
ψ(t)−

π

2

∣

∣

∣
,

9_�	§ �\�M�P� C�C\� � 9 � 1 �n� � � � � C � � �i�\� � �h� �ÕÞ ¶AÚ , á ?36�9 �s� CD1 � 27� �\� �DC\6s? : � � 2h6J1 � 93132 ��\? � �A?_C ���$® �DC\6 �\���
d[η(t)]

� 18����1q9_1 �l� ? � � � �£� � 2h6 �P� 9_132h�P? � �L?3C �D�5� ��1 �M�P�M� 1q9q? �
� �I�n� C�1 � � �B�

{θ̂N}
�
{∆ψ̂N}

: �h, � ,A�P?A259 � � �D�5���i�D�P� CD1 � C � � � �31 � § � 931 � � � ,8²|� � � �31 �� � 2h6J1��J¦s� � ��? � � � ���_1q§\CD1 � � � 18� �\� ?_C � � � 931 � 4 ���\� �D1 �M�\�I� 189q?L� �I�n� C�1 � � �h� {Ω′
1N}

:
{Ω′′

1N}
� � � � C ���h� �D�\?_9_C � C � ��Þ ¶ û Ú ,äæ~?�9 � �q¦�C � ¦ � �\? ®~� 6s?5¦�� �\� , ù ? � ?3�\6 � ���Â1_� �

� �s� � �q9L�D4u� : C�1 � �P?39_C � C �D� � � � ¦ � �P? ®�� 6J189 � ?3CP? � 1 �i� §�C\� �^��� �P? ®�� 6¨? ��� C\?�� ��� ,å �D1_2h931 � � � � �P�B� 6J1l� � �A?_CD189 � � � �\��1 �\� ¦81 �l�P� C ��� 6\� � 9_�¯¦$9�� � 1 � 6J1 � � �
(N,Ω1)

,
æ~? � �\� , ù ? � � 2h6J1 � 9_132h�P? � �L?3C ��� ��1 �M�P�M� 1q98?L� �i�P� CD1 � � �B�

{θ̂N}
�
{∆ψ̂N}

25? �
��� �_C�1�2A?3�P?A2 � �¤9q? � ���D1 � �P?39qC � C � 4 � � � 2h6 �P� ��1 �
�Ü�h� 1 �Â® �DC�6 �\���

d[η(t)]
,³ÉÊ�31

� 259 �B� �qCD1 � �\9 �\� C ��� 2A? �n� � � 6 � �\?L2h9 � � � � C � � � �31 � § � 9_1 � � � : 1_� � � � CD� �h� 1 � 9 �h�i�q� ?�M� ?L�q� ��� 9_132 � �D� � C � � ��� 18� ��� C�� � ��1q98?3C\CD1 � 1 � 9 �s�%� C � � � �D�s�_C � 6s?D,¯²´1 �M�P� 93132 �
C � 6\CD189 � C � �ÈC � � � �31 � § � 931 � � � � � � 9_132 � �D� � C � ��CP?3�P? � �L?34u� � 6 � ��1qC � C ��� ? �n� C�1 : C�1� 1 ��� C�1k����1 � � � C � 6J1q�31q��1 � 9_� �h� �È�\� �I�l�P� : § �h� 18C �(� �A?3CD�s�%25? ��� �_C\�Ï9%�\� � 9q�¤§ �CD1 ��� ? � �%�A?L� �u� 2i�D§ � C � � � ?_C�C�1 � 25? � ?5§ � ,q× � � � �P?39_C � C � �ÈC\?�� ��� , ù �%��� � 9 �M�n� C��
�A?_6 ���³�%�Ê� �P? ®~� 6 � : ��1 � �D§ � C�C\� �^�P� ��� � � � C � � �i�\� � �h� �µÞ ¶5Ú � 9_132 � �D� � C\C�� ��� C\? �§\? �P� C�� ��� � �M� 1q9 � � ��� Öà6�2hCP?h§ � C � 4

w2(0)
: 25? � ?398? �h� 1 � ���q� � � �3�B� 681 � ��1qC � CD�_1 �9 � 6��318�\?

z∗(0, η0, µ)
: �q� � 1 � 1_�J?39 �P� C�1¥9_132 � �D� � C �D� � , ¶ ,ª« � � � � � 25?3�P?A2 � �	9q?3C ������P?36�� � § �h� 6 �¢�\� § � 2 � 1 : ?'�_1q§\CD1 � � � 1q� ��� ?_C � � � 931 � 4 �\��� ��1 �I�\�M� 1q98?L� �i�P� CD1 � � �B�

{Ω′
1N}

: {Ω′′
1N}

® �DC\6 �\���B�
η(t)

�\�\?_6D� � § �B� 6 � C ��� 2 ��� C �s� ? �i� ,
�|�i�I�\�M� 1q98?3C �D� 9 �n� �PC � ���P?3�P? ��� �_�D189 � �D�s�_C � 6s?�C\? � 931 � 4 �\� 4 � � � � C ��� : �P�M�

¶5ö



� ?3� � ¦$C\? � C�� �B� �\? �P� CD1 � ��1q9 � �q¦�CD1 � � � 18� ��� C�� � �D189q?3C\C�1 � 1 � 9 �s�%� C � � : � 1 � �31h� � 19���1q9_�31q� � C ��� 1q� ��� ?_C�C\�ª¦�9q�¤� � �P? � § � �3189�� � � � C �����i��� � �h� � Þ ¶5Ú � �D�\?_9_C � C � �
Þ ¶ û Ú ��� � � 2 ��� C � C�C�1 � 2hCP?36 � 1 � C�1 � 1 � 2
�P?3�P? ��� �_��1q9

d1
: d2

: d3
: γc : αc � βc , õd�M�2i� �n� �A?L�q� � 93�J¦��A?36 � ¦
�\? � § � �31q9 : 1q�_9 � §\?_47� � ¦ �B��� C\? � 2hC\?_6s? d1

�
d2
: ��� � 9 �M�n� C��C\?r� ��� ,�û¨, á ? ��� � � �P? � § � ���\� �M�n� �A?_9 �P� C � �P? ®�� 6¨? ���°® �DC\6 ���\�

η(t) : d[η(t)] �� � ��9q�ª¦ � 9L�J¦Ý6J1 � ��1qC � C��
9 � 6D�318��C�1 ��® �DC�6 �\���
z∗[t, η(t), µ]− z0

: ?k�L?36 �%��� 1 � ? �C�� �����P� �È��1 �I�\�M� 1q98?L� �i�P� CD1 � � �B�
{Ω′

1N}
: {Ω′′

1N}
: {θ′N} : {θ′′N} : {∆ψ′

N}
�
{∆ψ′′

N}
,

ÉÊ�31 � 1q6\�P?3� � C�C\� � 9q?3� � ?3C�� � �P? ®�� 68189 : �\� � 9 �M�P� C�C\�ª¦ C\?Ý� �\� , å : ö , á ?36'9 �¨� CD1� 2"� �\� �DC�6s? : � 2 ��� C � C �D� 2hC\?_6s?%1 � C�1 � 1 � 2"�P?3�P? ��� �_��1q9 d1

�
d2

��� CD� � �lC\?_���P?39 �\�I�
C ��� � 931 � 4 �\�\� Ö �318� � 1 �%� C ��� 9_�P?3� � C � � � �s�s�qC � 6s? �B��� Cs� � � � � �B� 1��P? � 6\�D�s�_6J1 � ,
� 2 ��� C � C �D� 2hCP?36s?@� �R� ?

αc
�L?36 �%�@��� CD� � �ÍCP?3�\�\?_9 �P� C ��� � 931 � 4 ���\� Æ � 1q1_�_9 � � � �_9L�D4 �� �\� � ��� �DCD186�18§ � C � ��1B¦81 � CP?"� ��� ,sûA�\, � 2 ��� C � C ��� 25C\?_6¨?�1 � C�1 � 1 � 2´�\?_�\? ��� �_��1q9

d3
: γc � βc 6 � 2 ��� C � C � 4­C\?_���P?39 �\� C � � � 931 � 4 �\�\� C � ��� � 9_1 �<� �h,

�Ã¸ ��� º�ïJ»�½�¼¢ìqí�ï<ì8ï<ð�ïnë\ñ�ì_édÒn¼Ç½ÇÓ±Ñ�º��'ºJ¼�½�� �Çî�º8Ô Ò��'½tô°¼�Ò
½Ç¼�ë�º¨ò_Ñ�Ònî�ón¼�ï
�Áí�ï<¹<ºJÑÃôÃ¼�ï<ìqëD½ÄïnÑÇ½�ºJ¼�ëD½�Ñ�ï<¹<Ò<¼Ç¼�ï<ò_ï�»³¹n½ÇÔ'ºJ¼�½ÇÓ

; 1
9_� �h� ��9_�¤��1 � C � C � ���\?3�_1q�_� ¾ û À �D�D189 � C � �P?A2h9 � � � ��9q�¤§ ���I�P� � �I�n� C�1 � � � ¦ �C � 6 � �8� � �A?_6 �P� : §��31(�31 �P� 681��\� �P��� C � C �D�"� 9L�J¦ �\� 6 � 1q931 � 1 ��� �31 � ?�Þ �D�P� 6s?36J1 �¨��P� �_1 �B� 1�? �P� � � �\C\?3� � 9_� Ú ��132h9_1 � � � 1 ���B�M�\�I� 189q?L� � � 9_1 � 4 ��� 4 � 9 �D�%� C � � � �D�s� �
C � 6J1q9ÈC\? �P�n� � �i�P� C��¯¦ � CD� � �\9q? � ?5¦�9q� �h��� C � , ; CP? � �31h�P� �i� 9_� �h� � �B� �L�¨? �\� � � � �� �B� �_9 � C\C�1 � C\?L� : � 6��P? � 9q?A�±25? � ?h§P?ÁÞ ¶5ö_Ú 9 ���B� � ��� �D�P?39qC � C ���h� Þ ¶ û Ú � C�� � � �B�a�
C�� �R� ?_9_C\� � 1q�q�P?A2B1 � � �h� : §��31���1325931 � �\4u� � �D§\� � ��1qCD��� � � � �_��1 �\� �_9_1�� � � � C �\��i�\� � �h� � Þ ¶5Ú : �P�I� ?3� � ¦�C\? � C�� �B� �P? �n� C�1 � �D189 � �q¦�C�1 � � � 1q� �D� C�� � �D189q?_C�C�1 � 1 � 9 �¨��%� C � �Ü, á ��1 ��� �31 � 1 : C\?5§\? �P� C�� � � �M� 1q9 � � � � � � C �\� 6��P? � 9_1 � 25? � ?5§ � Þ ¶Aö_Ú � ?34u�9 �B�B�q� ?Í�318§�C�1 � �\� � � �n�D�%� C ��� CP?h§P? �n� C\�ª¦�� �I� 189 �\� 18� ��� C�� � �D189q?3C\C�1 � 1 � 9 �s�%� C � �
� �D�s�_C � 6s?D,

æ �M� 1 � �A?3�31q6 �\� ��1 �n� 2B189q?_C�C�1 � 1 9q?3� � ?3C��A? � 93�J¦ ��� 6 � 1q9_1 � 1 ��� �31 � ? � 1 � �31 � � 9
�31 � : §��31±18CÅ�\� ��� 1 �n� CÅ�31 �n� 6J1 �\� � �i�\� � �5� � 1 � C�1 � �8� � �_��1 � � � � �5��� C\CD1 � , ;§\? � �_C�1 � � � : �P� C �i�P� 2i� ���B�M�\�I� 189q?L� ��� C�� �B� �P? �n� CD�D4Â��1q9 � �q¦�CD1 � � � 18� ��� C�� � �D189q?_C �
CD1 � 1 � 9 �D�%� C � �£�D�P?39qC � C �\� Þ ¶5Ú : �B�M�n� 9���1 �M�P�M� C � ¦¥�D§ �B� � � � ���n� ��� � §�C�1 � � � 1q� �� � �_� � �s�s�_C � 6¨? � � � � � 1 �<� § �B� 6J1 �k� 2 ��� C � C �D� � � 1_�qCD1 � � � ?L� � 1 �i®~� �\��9 � 1 �P� 1q� �
� � �_�~,@=��D� �B� �_93� � �'1 � CP?36J1�����1 � �31 �Á��� �_1 � : 6J1q�31q�\� � ��132h9_1 � � � � � �\�P?39 � � �q� � ��_�D� � CD1 � � � 4 �A?_6J1 � 1���1 � ?D,�=ª1 ��� ? � CD1 � �31 � � ��� �31 � ���D1 ��� 6�CP?h§P? �n� C\�ª¦ � �I� 189 �\�1q� �D� CD� � ��1q9q?_C�C�1 � 1 � 9 �s�%� C � � � 931 �n� � � �$6 ��� C �P��� 25? �\����� C�� �B� �P? � ?

J =

τ
∫

0

(z − z0)
T (z − z0) dt (18)

�D1(CP?h§P? �n� C\� � � �M� 1q9 � � �
z(0) = p = [θ0, ψ0, ...]

�\� �
ϕ(0) = 0

� 25? � ?_C�C�1 � 25C\? �
§ � C �\�

Ω1(0)
,<� �n�B�i�

τ
Ö � 1 � �L?L�318§�C�1
�_1 �n� �%1 � �D1 � 1 ��� � �I�n� C�1 � § �\�M� 1\, õÜ� � � C � �

¶Bù



�i�\� � �h� � Þ ¶5Ú : � 1 � �A?_9 � �\47� �D� �\� � �A?_6 � ¦Ï� �M� 1q9 � �D¦ ��� C �\� � � � C�� �B� �\? � ��Þ ¶ þ Ú :�3� �P�h� C\?L2h�¤98?L� �
��� C �P� ? � � ��� ,
© � C �P��� 25? �\� � ® �DC\6 ���\�

J = J(p)
� 931 �n�D� ? �i� 6 � � � � C � 4 �D�P?39_C � C � �

∂J(p)/∂p = 0
��� �31 � 1 � � ?B� �i� ? � æ � 4u�31qCP?D, õ�� § � �Â�\��1 � 2h931 � C\�ª¦

∂J(p)/∂p
�

∂2J(p)/∂p2
9q�¤��1 � Cs� �P� �$��1 ® 18� � � � ? � 9 �¨� ?

∂J

∂θ0

=

τ
∫

0

(z − z0)
T ∂z

∂θ0

dt ,
∂2J

∂θ0∂ψ0

≈

τ
∫

0

(

∂z

∂θ0

)T
∂z

∂ψ0

dt .

²|�D1 � 2h9_1 � C\� �
∂z/∂θ0

� �5,â�ä,â9_�¤§ �\�M� � �P�\�i� ��1 � � �M�<� �_931 �Â� C�� �B� � � �D189q?_C � ���D�P?39 �
C � C �\� 9�98?3� � ? ��� �s¦ �P� � �i�\� � �h� � Þ ¶5Ú ,

æ~?5§\? �P� C�� � � �M� 1q9 � � ��� C �P� ? �P�B� 9 �M� �D§P? �
τ = 30π

��� � 9 �M�n� C\� C\?Ï� �\� ,
þD,u� �n�B�i� �\� � 9 �M�n� C\� �L?36 �%��� �P? ®�� 6 � 25?39 ���i�P� 1 � � � 1_�

Ω1(0)
9 �i�P� § � C

d
�
e :6J1_�318��� � ¦¨?_�\?_6D� � � � 2i�D4u�Ø�\� � 1_�8�\?L2B1q98?3C �D� ²7�J?3C\6s?3� � ����1 � �_�\?_C � �_9q?

R5[Ω1, z]
:25? � ?398? �h� 1 � � � � � C � � �^���B��� � �h� � Þ ¶AÚ � 2¬1q6\� �h� �_C�1 � � � C\? �¨�n� C\C��¯¦ ��� C �P� ? �P�B� ,

+ �\��� C�C�1 : � � � � C ��� ϕ(t) : Ω1(t)
: z(t) � CP?h§P? �n� C\� ��� � �M� 1q9 � � ���

ϕ(0) = 0 :
Ω1(0) = Ω′

1
: z(0) = z′

25? � ? � ����� � 1_�8�\?L2B1q98?3C �D� �_1q§\6 �
[Ω′

1, z
′ ]
9(�31q§\6D�

[Ω′′
1, z

′′ ] :�B�M�n� 9ÝC � 681q�31q�\� �¥� 1 ��� CD��9_� �h��� C �
T
9_�¤��1 � C � C�� � 1_1q�_CD18� � C � �

Ω′′
1 = Ω1(T )

:
z′′ = z(T ) : ϕ(T ) = 2π

,�²7� � � � �318§�6s?
[Ω◦

1, z
◦]
25? � ? � �ÕCP?h§P? �n� C\� � � �M� 1q9 � �

��� C �P� ? �n�à� � � � � ¦81 �n� �Ï��� � �A?_681 � �\� � 1_�8�\?L2B1q98?3C ��� 9µ�31q§\6D�
[Ω∗

1, z
∗]
,7«t1 �Ì� ?

e =
√

(Ω∗
1 − Ω

◦
1)

2 + ‖z∗ − z◦‖2
, ; �I�n� § � C\? e ¦¨?3�P?36�� � � � 2i� � � �B��� � � C ��� �318§�6 �

[Ω◦
1, z

◦]
��1 �È�P�B�\� �_9 �D�5� 9_9 �M�P� C�C�1 � 1%��� � 1_�8�\?L2B1q98?3C � �Ü,D²|� �

e = 0 � �A?��318§�6s?��q� � ?�q� C � �D1 � 9 �D� C�1 � , ; �i�P� § � CP? d : ¦¨?3�P?36�� � � � 2i� � ��� � �31 � § � 9_1 � � � ��� � 1q�q�P?A2B189q?3C � �²7�J?3C\6s?3� � 9�1q6\� �B� �_CD1 � � � �318§�6 �
[Ω◦

1, z
◦]
,^Ë|C\?�18��� �M�n�I� � � � � ����1 �n� C � ?_� � 25? ���\�

� �31 � 1$��� � 1_�8�\?L2B1q98?3C � �r� �h�Ï�%��� �D1 � 1_�q1 � : 6s?_6 �P� 1 � C�1 �P��� C\CP?A��9 �i�P� § � CP?(�8� � ?1q�\� �I�P�I�P� CP? �P� �±� � � � C ��� 6\�\? � 931 � 25? � ?5§ � Þ ¶5ö_Ú , ; ���I� 1 � � �P? ®�� 6 � CP?�� ��� ,�þ
�D1h¦81 ��� CP? � �\? ®~� 6 � : �\� � 9 �M�P� C�C\� � CP?�� �\� , ¶ , � �DC�6 ��� � d[Ω1(0)])

9 �I�P� � �I� �5�
1q§ � C � ��1B¦J1 �%� C\? ® �DC�6 �\� 4

d(η)
,

²|� �\��� � ��� C �\� ? �P� �\� � 9 �I�P� C'CP?$� �\� ,!��,Çæ~?�� �\� ,!�_? � 2h1_�q�P? �%� C�� � �\? ®~� 6 �
® �DC\6 ���\�

Ω1(t)
: θ(t) � ψ(t) (0 ≤ t ≤ 2π) : � 2$6J1q�31q�\�ª¦£9 �s� CD1 : §��31'CP? ��� C �¨�� ? �n� 1q�_6 � 18C � C � ��1 �i�

Ox1

1_�¬1 �i�
OX2

9 �B�i�q� ? � ? � � : �5, � , ��� C �\� ? �P���P�I��� �Ý91q6\� �h� �_C�1 � � �l� C�� �B� �\? �P� CD1 � �D189 � �q¦�C�1 � � � 1q� �D� C�� � �D189q?_C�C�1 � 1 � 9 �D�%� C � �Ü,qæ~?u� ��� ,
�L� �\� ���31 � �%�¬��� C �P� ? �n� ��1q6s?A25?_C�� � 1 � ?3C\� � : 1q� �\� �¤98?347� ��� �D1 �M�\�I� 189q?L� �I�P�L�CD1 � � �

{Ω′
1N}

: {Ω′′
1N}

: {θ̂N} � {∆ψ̂N} , á ?_6¥9 �s� C�1 � 2$� ��� �DC�6s? : ��� ��� 1 � � �D�%�M�C �\� 9 �I�n� § � CP? �^�
Ω′

1N

�
Ω′′

1N

1q6\� �h� �_C�1 � � � �_1q§\6 � � � 25681 � 1�931_2h�P? � �L?3C � � ® �DC\6 �\�\�
d[Ω1(0)]

Þß�\� �P��� �\CD1l��� �
Ω1 = 3.92

Ú �\��1 �\� ¦81 �<� �%�q� � �_��1 � �\?L2h�D�D� � C �D� 1q� �D� CD� �s�
�D189q?_C�C�1 � 1 � 9 �D�%� C � ��Þ � �Ã,\� ��� , ù ? Ú ,

×%?_C�CP?A�$�P?L�q1_�L?k9q�¤��1 � C � C\?���� � �D1 ���n� � � 6 �lõ"�#�k� Þß����1 � 6D� �Jö � �D¶ � �$� å ös¶5Ú ,

¶ û



%'&�(�)�*,+"(�-.*,+

¾ ¶ À /Ê132h476J1q9(+%,.- , : =¯?A2h1qC�1q9 ; , ; ,ÜË´��1 � C�1 �Ä� ��1 � 1q� �l� �P?39 � �L? �\� 18C�C�1 � 18� ��� C �
�L? �\��� 9_�P?3�l?347� �B� 1 � � � �D�s�_C � 6s?D,X²|� � ��� � C�� � C � � � �L�s�L?���� � 6 � ? � CD1 �Ý� ?L� �M�
� ?L� � 6 ��õ +�æ�, ¿ �/� å ,10 ¿ å , Û ¶ � ,

¾â¿5À /Ê132h476J1q9(+%,.- , : =¯?A2h1qC�1q9 ; , ; ,ÜË´��1 � C�1 �Ä� ��1 � 1q� �l� �P?39 � �L? �\� 18C�C�1 � 18� ��� C �
�L? �\��� 9q�\?_��?347� �B� 1 � � � �s�s�_C � 6s?32/2 á 1 �B��� §ä, �\�i�M�P�M� ,dÞß9�� � §\?3� � Ú ,

¾ýÛLÀ / �I�\�h� 6 ��� ; , ; ,L×�9 �D�%� C �D�u�\� 6D� �i� �_9 � C\CD1 � 1 � �D�s�_C � 6s?�1q�_C�1 �i� � �I�n� C�1 ��� C��_�P?� ? �i� ,<©�, Ù æ~?i�D6s? : ¶ � ùJö , å ¶hù � ,
¾ å À � � �\C�13� �i� 6J1 � , ÷ ,�Ë7�¢� � �_1 � § � 931 � � � � �B� � � �P��C�1 � ��� �B���B�i�i�\��� �s�s�qC � 6s?32$2

²|� � 6 � ? � C\?L� � ?L� �h� ?L� � 6s? �Ý��� ¦¨?_C � 6s?D, ¶ � ù å ,\«Ê, ¿ þ�,10 ¶ ,X=7, ¶5öqö � ¶5ö ûs,
¾ ö À /¯?L�q6 � C4�¯, ; , : / �I� � � 9È©�,.- , : � ®��\� 189�æ�, � , : =¯?A2B18CD189 ; , ; , : =Ê�L? � 6J189 ; ,0©�,æ � �D�\�P?39 � � �5� 1 � 9q�\?_��?L� �I�P� CD1 �±� 9 �s�%� C ��� 1q��� � �A? �P� CD1 � � �L?3C ���\� E�N3V 2/2á 1 �B��� §ä, ���i�I�\�M� , ¿ �$�D¶ ,\«Ê, Û ��,10 ¶ ,<=7, ¿ û � å ¿ ,
¾ ù À /¯?L�q6 � C4�¯, ; , : / �I� � � 9È©�,.- , : � ®��\� 189�æ�, � , : =¯?A2B18CD189 ; , ; , : =Ê�L? � 6J189 ; ,0©�,æ � �D�\�P?39 � � �5� 1 � 9_�P?3��?3� �I�n� C�1 �¤� 9 �s�%� C ��� 1q��� � �L? �n� C�1 �
� �A?_C �\�\� E�N3V 9"�D1 ��I�\�M� C �D�~���h� � � � �i� ��1 �P� �A?52/2 á 1 �B��� §ä, �\�i�M�P�M� , ¿ �/� Û ,s«Ê, å ¶ ,30 Û ,\=´, ¿ þ ö � ¿ � å ,
¾ û À /Ê1 � 1 � 4u�q1q9
æ�,>æ�, : © � �q�D18�D1 �P�q� 6 �\� - ,ý+%,�+ �B�\� ���31q� � § �B� 6 �D�%��� �31 � �Ø9k� � 1 �

� �\� C �I�n� C �B� C��¯¦$6J1 �\� �J?3C ��� ,z©�, Ù��%� 2 � ?L� �i� 2 : ¶ � ù Û , å ¶_¶ � ,
¾ þ À Ëu¦81 ���P��� 6 �\� ×
,6�¯, : ÉªC �i� 9r«Ê,0©�, : «Ç?_�\?3�_�¤C�1q98? � ,>²�,³Ë|�\� �M�P�i�\� C ��� 9_� �h��� C �� �D� �B� �q931q98?3C � � �\� 6D� �i� �_9 � C\CD1 � 1 � �D�s�_C � 6s?
� �h���n�(���\�i�M�P�M� 1q98?3C �D� 9 � 68189_�¯¦

9_132 � �D� � C ���k�B� 1�1q��� � �_��2/2´¡ � � � ¦ ��®�� 2 � § �B� 6 � ¦�C\?B�D6Ã, ¶ � ö û¨,q«Ê, ù Û�: 0 ¶ ?D,s=7,
ÛqÛ � ö7� ,

¾ � À =@?A2B18CD189 ; , ; , : ² � �q�D189%+%, ÷ ,\Éª9_1 � 4 ��� �$� �I���P� ? � �\?_9 � �A? ��� 1qC\CD1 � 18� ��� C��A? ��\�\� 9q�\?_��?_47� �B� 1 � � � �s�s�qC � 6s?���1 ���P�h��� �q9 ���h� C � ��1_� � C �\� ? �P� CD1 � 1'? � ��1 �n�s�CP? �^� § �B� 6J1 � 1 � 1 ��� C��A?52/2 á 1 �h��� §Ã, ���i�I�\�M� , ¶ �qþ8û¨,\«Ê, ¿ ö ,10 å ,X=7, ö7� þ � ö ¿_¿ ,
¾ ¶�� À æ~?_9 �\� ? �\� 1qC\CD1 � 1_� �h� � � § � C ��� ��1 �P� �A?�18�D� � �L? �n� C�1 � 1�6J1 � � �P� 6 � ?98 Uho;:	Y#<>=@?

8 F�: AB? C	VXFLQ VzZiGiG ,<©�, : æ~?i�D6s? : ¶ �_þ ö ,
¾ ¶q¶ À =@?3�\�¤§ � 9 ; ,ý+%, ; 1q�\�D1 � ��18� ��� C��A? �\�\���\� 6D� �i� �_9 � C\C��¯¦ � �D�s�_C � 6J1q9\, � �31 �i� C\? ��D6 ��� � � ¦�C � 6 � , �|�i�M�P�M� 1q98?3C �D� 6J1 �B�^� § �B� 6J1 � 1%�\�D1 � �_�P?3C � �_9q? : �5, ¶q¶ ,P©�, Ù ; �u�æ � « � : ¶ �JûLþ�,

¶ þ
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Рис. 1 
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Рис. 2 
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Рис. 3 
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Рис. 4 



         3
3

3
21 10,10, ww                                                                333 10,10,10 d , 

 
                                                                               N  (витки)                                                                                N  (витки) 

 

Рис. 5 
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Рис. 6 
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Рис. 7 
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Рис. 8. 
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Рис. 9 



²´1 � � �\�i� 6$� ��� �DC\6s? �
õ��\� , ¶ , � C�� �B� �P? �n� CP?A�Ý��1q9 � �_¦�C�1 � � � 18� ��� C�� � ��1q98?3C\CD1 � 1 � 9 �D�%� C � �Ü,
õ��\� , ¿ , � C�� �B� �P? �n� CP?A�Ý��1q9 � �_¦�C�1 � � � 18� ��� C�� � ��1q98?3C\CD1 � 1 � 9 �D�%� C � �Ü,
õ��\� , Û , õd� � � C � �ÝCP? � C�� �B� �\? �P� CD1 � ��1q9 � �q¦�CD1 � � � 1q� ��� CD� � ��1q98?3C\CD1 � 1 � 9 �s�%� C � � ÙÞÿ? Ú

η = 4 : θ(0) = 0.00102 : ψ(0) = 1.53120 : Ω1(0) = 4.09268 : w2(0) = 0.04053 :
w3(0) = 0.00512 : b = −0.00025 : T = 2.09387

Æ�Þã� Ú
η = −3.3 : θ(0) = −0.00068 :

ψ(0) = 1.5919 : Ω1(0) = −3.36436
: w2(0) = −0.018000

: w3(0) = 0.00229 : b =
0.00013 : T = −1.46128.õ��\� , å ,�×�9 �D�%� C ��� 9 � 1 �n�r� C�� �B� �P? �n� C�1 � ��1q9 � �q¦�C�1 � � � 1q� ��� CD� � ��1q98?3C\CD1 � 1 � 9 �¨�
�%� C � � : η0 = 6

,
õ��\� , ö ,�×�9 �D�%� C ��� 9 � 1 �n�r� C�� �B� �P? �n� C�1 � ��1q9 � �q¦�C�1 � � � 1q� ��� CD� � ��1q98?3C\CD1 � 1 � 9 �¨�
�%� C � � : η0 = −4

,
õ��\� , ù ,ä×�9 �D�%� C �D� 9 � 1 �n�Ý� C�� �B� �P? �n� C�1 � �D189 � �q¦�C�1 � � � � ��1 �M�P�M� �D47� �B� �D1q� � � �B�
� � �31 � § � 931 � � � �\� �

η0 = 6
ÆªÞÿ? Ú C � 93132 � �D� � C\C\� � C\?5§\? �P� C�� � � �M� 1q9 � � : Þã� Ú 9�C\? �§\? �P� CD1 � � �M� 189 ���

w2(0)
9_C �B�I� CP?�1q� � �q6s?

w2(0)→ w2(0) + 0.1
,

õ��\� ,�ûs,q×�9 �s�%� C ��� 9 � 1 �n�%� C�� �B� �P? �n� C�1 � ��1q9 � �q¦�CD1 � � � : η0 = −2.5
ÆzÞÿ? Ú

d1 → −d1
:Þã� Ú

d2 → −d2

,
õ��\� ,nþD, õd� 2i� �P� �A?3�_� ��� C �P��� 25? �\����� C�� �B� �P? � ?�Þ ¶ þ Ú ,
õ��\� ,
�D, õd� � � C ��� : ��� C �P��� 2 � �D�D47� �i��� CD� �B� �P? � Þ ¶ þ Ú �\� � Ω1(0) = 5

,

¶ �



1
�ä?3� ���B�

[x1, ..., xn]
132hCP?h§P? � �È9 � 6��31q� �`� �31 � � �h����� 1q1_�_9 � � � �q9L�D47� �\��� 6J1 � �D1 �

C � CD�L? ��� ,

¿ �



2
²´1 � 681 �P� 6s�

ϕ∗(0, η, 0) = 0
�
dϕ∗(0, η, 0)/dξ = 1 : ��1�� � 18� �5��� 1�C � �P9_C�1 �® �DC\6 ���\� 9k1q6\� �B� �_C�1 � � � �31q§\6 �

µ = 0
�A?36J1 � 6J1q� � C ��� �D� �B� �_9L� � � �¬�I�n� C � �_9 � CÃ,

¿ ¶



D E1FHG�IKJ LNMOFHP�QRQ�S,LNT�GUFHVWLYXZLYM[E5D"FHQ\T!T!V]F�Q ^6E9_`L,F�DaF�VWLYX�E
VWX'F�P�QRLY_.bcV]Fed"TfDNX�Q

D%,gJihä,fb\j/kml�h;nojqp : S�,rS�,sE1tokuj$vwj�p

D x>y;z{v;vwz|v�}�~�j1�w��z|x�tov�to��l1k�������j3�Nj$��z���v$��t7�>z{j$v�j/�Utov�Q�t/��������jq� j$���;z���t/���>z�����z|to�
x�t��>���|�{z��>�q,sV]vB���;z{xH~@j1��� : t@x�t7�����{�{z��>�Y��jo��t7����x�to��j3hwv;��z���xHy;��z{v;�uz{y�to�!�m��v3���>to��tq�wz{x.j/���>�w�
~@z{v;z{~@t/��~�j$~���v$��jo� z|v�������z|t : �H�wz|����x��.z|v�}3x�vw��t/�������@v�j3��~ to���>j¡������j$���;z���t/��yw�¢tovw�q,
Fc�w��x�t7�>���{�|z��>�#tovw}$h;�|t/���>t��>��z|xYt£���m� �>z|~���x�}3����t��>�������;t/v����w�#j3���wz���t/��~���t/v�~�j/��z�j$vÃ,
Fc�w�¡��¤�h�t���z{j$v;x¥j/��x�t7�>���{�|z��>�¡t�����z���h;���¦~�j/�>z{j$v[t/���§�.��z����>��v���t/n�z{vw}�z{v3�>j¨to�u�mj3hwv3�©�>�w�
}$�>t�p�z���t���z{j$v�to��tov;������x��>j3��z{vw}ªt7����j1�1l�v�to~ z{���>j3��¤�hw��xi,sFc�w����¤�h;t7�>z{j$v;x��mj3v$��t/z{v4t x>~ to�|�
y;t/�>to~��m�>���Y�.�;z{��������to�>to�m������z�ku��x�tox�l�~@~��m���«l¬jo�U�>�w�§x�t7�����{�|z��>�@����vwx�j3�­j/�.z|v����«��z¢t�t/vw�
t7����j1��l�v�to~@z|���>j$��¤�hw�q,aGUx>z|v�}®x>~£to�{�iy;t/�>to~��m�>����~��u�>�wj1��t/vw�[v�hw~�����z|��to�{��l : ���w�£�W� j �
�wz|~���v;x>z�j$v�to�Hz{v3�>�u}3��t/��~ t/vwz���j$�{�¯j/�N���w����¤�h�t���z�j3vwxªz|xª�mj3vwx�����h;�°�>���±�.�;z{�²�³�w��x>�u��z{����x
¤�h;t/x>z�x��>��t/�1l x�t��>���|�{z��>����jo��t���z�j3vwx �u�{j$x������>j������,�°l��|z{v;�w��z|��to�
y;�����m��x>x>z�j3v�j/��toy;y;��j3yw��z¢t��>�
x�l�~@~��°����z{��to�
x�t7�>���{�|z��>��z|v �>�w�,}$�>t�p�z���t���z{j$v�to�
�;���{�Ã,;E�h;���§¤�h;t/x>zsx��>��to��l ��j/��t7��z�j$v;x`�mj$h;�{�
�
�9�mj3vwx>z|�����������>j¨���9hwv;�;z{x���hw�������±~�jo��z�j3vwx�z{v¯x>ywz|vwv;z{vw}¨~�j1�w�q,aFc����z{v3p$��x���z{}3t7�>z{j$v
jo�\���w�#z|v3����}$�>to��~ t/vwz���j$�{�4�mj3vwx>z|x���x,z{v®v�h;~�����z{��t/��x�j$�|h1��z{j$v�jo� t§y
����z{j1�wz|��to����j$h;vw��to��l
pot/�{hw��y;��j$�;����~ ��j$�"���w�,t/h��wz|�{z¢to��l@�wz�´s������v3��z|to��x�l�x��>��~ t/vw�ªv�hw~�����z|��to�
�mj$~@y;h���t7��z�j3v�j/�
¤�h;t/x>z�x����qto��l©x�t7�>���{�|z��>�U��jo��t���z{j$v;x"�3l©�>�w�H~©hw���>z � ���up$j$�{h��>z{j$v#~��m����j��ä,$Fc�w�Hy
j3x>x>z{�;z{�|z��Wl©z{x
����~�j$v;x�����t7�>���Y��j3���mj$v;x�����hw�°��z{j$v�j/��¤�h;t/x>z1x��>��to��l���jo��t���z{j$v;x��3l�~@z|vwz|~�z�k�z�vw}.���w�`x>y����uz|t/�
¤�h;t/�w�>t7�>z|�,�µh;v;�°��z�j$v�to� ,

¿_¿


