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������� ������� �!� ����"�#$� � %�� �!&�$'!! %$ (� ��#!��� ) *�+$%!#��"!+ �!� �* !�,
�-����$%� � 
.	� /��( �� 0 �1�%��%�* 2
3� �&%$�(4!�5!*� # � (��-!#�%!� #$� � � �!&�$'!!
 �#"! ������$ *$ �*$ !#��"�/� *$6 %!"$ ��!���! " � $&!-!�$'!! �/� 7�������%( �/�8 ��,
-�4�%!6 �$�%����!6� ���-����$%!� ���&-�*� ����5�%!6 �!%$*!#��"�� (� ��#!��� ! �$ �#� 
����"�#$� � %�+ �!&�$'!� 6�-6� �6 ����*� �* &�-)5�/� #!�-$ �$&� � ��� $ �#%� ��-%$6 &!&,
-!�/�$1!6 �����4! �6 � *�%�/�$1!6+ 2�9:3 ! �&���� 2�3� ;�-)5<$6 #$� ) !��-����$%!� ��,
��6=�%$ *$6 %!"���* �!� �*$* 2�9
:3 ! ��� >$�-!#%�� $���" � ��!4�%!6 ��-#"$ ?$/�$%4$
� �!&�!�(@=!* �������* !�(#$@ �6 � �$&� $+ 2
�9
.3 A�*�  $"4� 2:3B�

�$#$-� !��-����$%!@ �!%$*!"!  �����/�  �-$� !*�@=�/� ���!���-)%(@ /��*� �!@ *$���
� ������-�4�%!!� # � ��%$ !�  �#�"  �-$ �����5$� ���!���-)%�� ���!��!#��"!� !-! (�-��%�
���!��!#��"!� �!&�$'!! ����"�� #$� � � ! *$-�� $*�-! (��� ��-�4!-! �$&� � 2�	� �
3� /��
��-(#�%$ �!� �*$ ��!&-!4�%%�+ $� �%�*%�+ �!11���%'!$-)%�+ (�$�%�%!�  �����/�  �-$  !,
�$ (�$�%�%!� C�-��$9D($���%$� � �$*"$+ E �� ��!&-!4�%%�� �!� �*� !�(#�%� #$� %�� ��!,
4�%!6 �!%$*!#��"! �!**� �!#%�/�  �-$ �-6 �$"�%�� ��!4�%!6  �#"! ������$� ���(�"$@=!+
��� '!"-!#��"!� "����!%$ � 2
.3F !��-����$%$ (� ��#!��� ) � %��! �-)%�+ �$�%����!�  �-$�
"�/�$ �$�!(�,��" �� '�% �$ *$�� �$%!*$� ��� !"$-)%�� 2�
3 !-! %$"-�%%�� 2��3 ��-�4�%!��
$  �#"$ ������$ �����5$� ��� !"$-)%�� �!&�$'!!� �-!6%!� �6�"�/�  ��%!6 %$ (� ��#!��� )
� %��! �-)%�+ �$�%����!� %$ ��� !"$-!  �-$ � �-(#$� &�� ��+ ��� !"$-)%�+ /$�*�%!#��"!+
�!&�$'!� !�(#�%� � � $ )� 2��3�
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D���� $�-6� !% ���� !��-����$%!� A� �$*"$+ ��!&-!4�%%�� �!� �*�B �=� ��%�/�  !�$
#$� %�+ ��!4�%!�  �-$ H ���*$%�% %�+ ��$=�%!�� ���!�+��6=!+ ��"�(/ ����� %�����!4%�+
�  �-� ! � �!� �*� "����!%$ � ��!4(=���6 ��� (�$ �-)%� �*�� � �  �#"�� ������$� D��*$%�% ,
%�� ��$=�%!6  64�-�/�  �����/�  �-$ � %�����!4%��  �#"�� � "�� � � 
�.: /��( 2�:� ��3� !+
!��-����$%!@ ����6=�%$ �&5!�%$6 -! ��$ (�$� �� ��!6 ������$� $  $"4� %$!&�-�� ��-%��
-!%��%�� ! %�-!%��%�� $%$-!� (� ��#!��� ! ���*$%�% %�+ ��$=�%!� �-6 �&=�/� ! #$� ,
%�+ �-(#$�� /��*� �!! *$��  �-$ � %�����!4%��  �#"�� �����4$ �6 � *�%�/�$1!! 2��3� G�!
���*$%�% %�+ ��$=�%!�  64�-�/�  �����/�  �-$ � %�����!4%��  �#"�� ���/�$ ��� !"$-)%��
$ *%�4�� �� ���(� !*�+ ���� ���*$%�% %�+ ��$=�%!� � �&=�* �-(#$� /��*� �!! *$��  �-$
�$���-$/$@ �6 %$ �����+%�� ! E--!� !#��"�/� "�%(�$ A"�%(�$ I $(��B� � #$� %�+ �-(#$6+
/��*� �!! *$�� H � 1!"�!���$%%�+ �-��"�� 6+� �$!&�-)5�� #!�-� !��-����$%!� � %��! �6
" �-(#$@� "�/�$ '�% � *$��  �-$ -�4! %$ /-$�%�� ��! !%��'!! �-6 %�����!4%��  �#"!� D�!
E �* ���*$%�% %�� ��$=�%!6 *�/( ���!�+��! ) -!&� ��"�(/ E �� /-$�%�� ��!� -!&� ��"�(/
���� !� /-$�%�+ �-��"�� �� !%��'!!� ��!*�"$@=!+ " �$%%�� /-$�%�� ��!F !��-����$%!� (� ��,
#!��� ! E !+ ��$=�%!� �������%� � �$&� $+ 2��9��3 ! ���

G *� !*� # � � �-(#$� ��� !"$-)%�+ �!&�$'!�  �#"! ������$� "$" ! � �-(#$�  �-$ � %���,
��!4%��  �#"��� ��%$ !� "����!%$  �-$ A(/�- ���'���!!B '!"-!#��"$6� $ ��) ���*$%�% %�/�
��$=�%!6 *�4� &� )  �-)"� ��� !"$-)%��� D�E �*( �-6 �&�!+ �-(#$�� �(=�� �(@ �&=!�
 !�� ���*$%�% %�+ ��$=�%!� A+� 6 %$-!#!� �!&�$'!� *�4� "$#�� ��%%� !�*�%! ) +$�$",
 �� !+ (� ��#!��� !BF �  � 4� ���*6 � �-(#$� �!&�$'!� �(=�� �(@ ���*$%�% %�� ��$=�%!6�
%����*�4%�� �-6  �-$ � %�����!4%��  �#"��� � �$&� � 2�:3 %$���%� ! !��-����$%� ��$ %�,
��+  !�$ � $'!�%$�%�+ ��$=�%!�  �-$� �&(�-��-�%%�+ &�� ��*! ��� !"$-)%�*! �!&�$'!6*!
 �#"! ������$ ! %����*�4%�*! �-6  �-$ � %�����!4%��  �#"��F ������ ����� $�-6� ��&��
"�%!#��"�� ��!4�%!� ��"�(/ ��� !"$-! %��!**� �!#%�/�  �-$ � '�% ��* *$�� %$ /-$�%�� ��!
!%��'!!� $ � ���� H ���*$%�% %�� ��$=�%!� ��"�(/ /-$�%�� ��! !%��'!!� � �-(#$� "�/�$ '�% �
*$��  �-$ %� -�4! %$ E �� ��!� ?!%��%�� ! %�-!%��%�� $%$-!� (� ��#!��� ! ���*$%�% %�+
��$=�%!�  �-$ ��"�(/ /-$�%�� ��! !%��'!!� �����4$=�� �/� '�% � *$��� � �-(#$� &�� ��+
��� !"$-)%�+ /$�*�%!#��"!+ �!&�$'!� �/�  �#"! ������$ �������% � � $ )� 2��3�

� �$%%�� �$&� �� � ������-�4�%!!� # � '�% � *$��  �-$ -�4! %$ /-$�%�� ��! !%��'!!� !�(,
#$� �6 �-!6%!� &�� ��+ ��� !"$-)%�+ /$�*�%!#��"!+ �!&�$'!� %$ �(=�� ���$%!� ! (� ��#!,
��� ) ���*$%�% %�+ ��$=�%!�  �-$ ��"�(/ ���� !� /-$�%�+ �-��"�� �� !%��'!!� ���-����$%!�
������! �6 � �$*"$+ ��!&-!4�%%�� $� �%�*%�� �!� �*� �!11���%'!$-)%�+ (�$�%�%!�� �$�!,
�$%%�+ � /$*!-) �%���� 1��*�� � #� ���+*��%�* ���� �$%� �� �$�$*� ��� �$�$#! A��(+ !%��,
'!�%%�+ �$�$*� ��� ! �$�$*� ���� +$�$" ��!�(@=!+ #$� � ( �!&�$'!! ! (/-��(@ �"���� )
���*$%�% %�/� ��$=�%!6B ������! �6 �����&%�� -!%��%�� $%$-!� (� ��#!��� ! � ��#$@=!+
("$�$%%�* ��!4�%!6* ��-�4�%!� �$�%����!6 ��!����%%�� A�� >$(�(B �!� �*� � ��(*6 � ���,
%6*! ���&���� �-6 ��(+ 1!"�!���$%%�+ �%$#�%!� !%��'!�%%�/� �$�$*� �$� ��� �� � �(@=!+
�!%$*!#��"! �!**� �!#%�*(  �-( !  �-( � /��*� �!�� *$�� �-6 �-(#$6 ;�&�-��$90 �"-��$�
�$��*� ��%$ %�-!%��%$6 �$�$#$ �& (� ��#!��� !� D�!*�%�%� !���� %�� *� ��� !��-����$%!6
(� ��#!��� ! ��-�4�%!� �$�%����!6 $� �%�*%�+ /$*!-) �%���+ �!� �* � ��(*6 � ���%6*!
���&��� 2��3� D�-(#�%%�� ���(-) $ � ��$�%!�$@ �6 � ��� �� � �(@=!*! ���(-) $ $*! (� ��,
#!��� ! ���*$%�% %�+ ��$=�%!� � �-(#$�  �-$ � %�����!4%��  �#"���

" #$ �%&'( %�)( *(�(+!

>$��*� �!* ��!4�%!�  64�-�/�  �����/�  �-$ *$��� m, ��%$ !�  �#�" "� ���/�� �"$4�*� O�
%$���$�*$6 �$-��  �#"�� ������$� �����5$� /$�*�%!#��"!� "�-�&$%!6 ���-) ��� !"$-! ��
�$"�%( O∗O = ζ(t) = a cos Ωt � %��! �-)%� %�"� ���� %�����!4%��  �#"! O∗.

�����* ��� �!� �*� "����!%$ � %$#$-�* �  �#"� O. 0!� �*$ "����!%$ OXY Z ��!4� �6
��� (�$ �-)%�� �� ��) OZ %$��$�-�%$ ��� !"$-)%� ����+F �!� �*$ Oxyz 4�� "� ��6�$%$ �  �,
-�*� �� ��! %$��$�-�%� ���-) /-$�%�+ ���� !%��'!!  �-$ �-6  �#"! O. G�!�% $'!@ �!� �*�
"����!%$ Oxyz � %��! �-)%� �!� �*� OXY Z �$�$�!* ��! ��*�=! (/-�� C�-��$ ψ, θ, ϕ.
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J-$�%�� *�*�% � !%��'!!  �-$ �-6  �#"! O &(��* �&��%$#$ ) #���� A, B ! C. D�����-$,
/$�*� # � '�% � *$�� G  �-$ �$���-�4�% %$ ��%�� !� /-$�%�+ ���� !%��'!!� %$��!*�� %$ ��!
Ox, ! &(��* �#! $ )� # � xG > 0.

�!%� !#��"$6 E%��/!6 ! �� �%'!$-)%$6 E%��/!6  �-$ ��#!�-6@ �6 �� 1��*(-$*

T =
1

2
mv2O +mvO · vGr +

1

2
(Ap2 +Bq2 + Cr2), Π = mg(ζ(t) +OG · n). A
�
B

K���) vO = ζ̇(t)n H �"���� )  �#"! ������$� vGr = ω × OG H � %��! �-)%$6 A� �!� �*�
"����!%$ OXY ZB �"���� )  �#"! G; ω ! n H ��" �� $&��-@ %�� (/-���� �"���� !  �-$ ! �� 
��! OZ, !+ ����"'!! %$ ��! ��6�$%%�� �!� �*� "����!%$ �&��%$#!* #���� p, q, r ! γ1, γ2, γ3
��� �� � ��%%�� ��!#�* ��-!#!%� p, q, r ��#!�-6@ �6 ��! ��*�=! "!%�*$ !#��"!+ (�$�%�%!�
C�-��$� $ γ1 = sin θ sinϕ, γ2 = sin θ cosϕ, γ3 = cos θ.

��!4�%!�  �-$ &(��* ��!���$ ) "$%�%!#��"!*! (�$�%�%!6*! J$*!-) �%$� D(� ) pψ, pθ,
pϕ H �&�&=�%%�� !*�(-)��� ����64�%%�� � (/-$*! ψ, θ, ϕL

pψ = ∂T/∂ψ̇, pθ = ∂T/∂θ̇, pϕ = ∂T/∂ϕ̇. A
��B

����-)�(6 ���!�$%%�� ��� %�5�%!6� ��� $�!* /$*!-) �%!$% �� 1��*(-�

H = Pψψ̇ + Pθθ̇ + Pϕϕ̇− T +Π.

D�! E �* �+��6=!� � %�/� ��-!#!%� ψ̇, θ̇ ! ϕ̇ ���$4�%� #���� !*�(-)�� ��! ��*�=! ��� %�,
5�%!� A
��B� A
�
B�

��-$6 � ��-(#�%%�* /$*!-) �%!$%� "$%�%!#��"(@ (%!�$-�% %(@ �$*�%( ����*�%%�+

ψ̂ = ψ, θ̂ = θ, ϕ̂ = ϕ,

p̂ψ = pψ, p̂θ = pθ +mxGaΩ sinΩt cos θ sinϕ, p̂ϕ = pϕ +mxGaΩ sinΩt sin θ cosϕ,

�$�$�$�*(@ ���!����6=�� 1(%"'!��

S = ψp̂ψ + θp̂θ + ϕp̂ϕ −mxGaΩ sinΩt sin θ sinϕ,

����&�$�(�* /$*!-) �%!$% �!� �*� " �!�( A�-$/$�*��� 6�-6@=!��6 1(%"'!6*! ���*�%! !-!
"�%� $% $*!� � &��5�%�B

Ĥ =
(A cos2 ϕ̂+B sin2 ϕ̂)(p̂ψ − p̂ϕ cos θ̂)

2

2AB sin2 θ̂
+
A sin2 ϕ̂+B cos2 ϕ̂

2AB
p̂2θ +

p̂2ϕ
2C

+

+
(B −A) sin ϕ̂ cos ϕ̂(p̂ψ − p̂ϕ cos θ̂)p̂θ

AB sin θ̂
+m(g − aΩ2 cos Ωt)xG sin ϕ̂ sin θ̂. A
��B

;(��* ������-$/$ )� # � $*�-! (�$ a "�-�&$%!�  �#"! ������$ *$-$ �� ��$�%�%!@ � ��!,
����%%�� �-!%�� � = A/(mxG), $ #$� � $ Ω "�-�&$%!� ��-!"$ �� ��$�%�%!@ � +$�$" ��%��
#$� � �� Ω1 =

√
g/�, ��! E �* �#! $�*� # � aΩ ∼ 1. �����* *$-�� �$�$*� � ε ! &���$�*��%(@

#$� � ( ω0 �� 1��*(-$*

ε =
a

�
(0 < ε� 1),

Ω1

Ω
= εω0.

D�! ��*�=! *� ����  ���!! ���*(=�%!� /$*!-) �%!$% *�4%� ��!��� ! " �!�(� /-$�%$6
#$� ) "� ���/� %� �����4! ���*6 � �-$/$�*�+ �� � ���/� ���6�"$ �"-@#! �-)%� �� ε. G ,
&�$���$6 �-$/$�*�� ��5� � ���/� ���6�"$ �� ε, ��-(#!* ��!&-!4�%%�� /$*!-) �%!$%� ��� ,
�� � �(@=!� $� �%�*%�� �!� �*�� G� $�-66 �$ ����*�%%�*! !�+��%�� �&��%$#�%!6� �$�!5�*
E � /$*!-) �%!$% � �!�� 2:� ��3

H =
(A cos2 ϕ+B sin2 ϕ)(pψ − pϕ cos θ)

2

2AB sin2 θ
+
A sin2 ϕ+B cos2 ϕ

2AB
p2θ +

p2ϕ
2C

+

+
(B −A) sinϕ cosϕ(pψ − pϕ cos θ)pθ

AB sin θ
+mgxG sinϕ sin θ +Π(ν). A
�:B
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K���) Π(ν) H �!&�$'!�%%�� �� �%'!$- 2�� �	3� �$�$�$�*�� 1��*(-��

Π(ν) =
m2x2Ga

2Ω2(C cos2 θ +B sin2 θ cos2 ϕ)

4BC
. A
��B

K$*� !*� # � "����!%$ $ ψ "$" � !�+��%���  $" ! � ����&�$���$%%�� ��!&-!4�%%�� �!� �*�
'!"-!#��"$6� ��� �� � �(@=!� �� !*�(-)� pψ ��� �6%�%�

0-��(6 �$&� $* 2�	� �
3 ! !���-)�(6 ����&�$���$%!6� ��!�$%%�� � � $ )� 2��3� %$���*� # �
��5�%!6 ��-%�� %�$� �%�*%�� �!� �*� � /$*!-) �%!$%�* A
��B %$ !% ���$-� ���*�%! t ���6�"$
ε−1/2 ��6�$%� � ��5�%!6*! ����&�$���$%%�� ��!&-!4�%%�� $� �%�*%�� �!� �*� � /$*!-) �,
%!$%�* A
�:B ��! ��*�=! ��� %�5�%!� �!�$

θ̂ = θ +O(ε3/2), ϕ̂ = ϕ+O(ε3/2),

p̂θ = pθ −mζ̇(t)xG sinϕ cos θ +O(ε1/2), p̂ϕ = pϕ −mζ̇(t)xG cosϕ sin θ +O(ε1/2).

�$-�� &(��* !��-����$ ) ��!4�%!6 �!� �*�� �� $�$6�) � �$*"$+ ��!&-!4�%%�� �!� �*��
��!���$�*�� /$*!-) �%!$%�* A
�:B� A
��B�

�����* &���$�*��%�� !%��'!�%%�� �$�$*� ��

α = A/B, β = A/C,

(���-� ���6@=!� %��$��%� �$*

α+ β − αβ � 0, α− β + αβ � 0, β − α+ αβ � 0, A
��B

�-��(@=!* !� %��$��%� �  ��(/�-)%!"$ �-6 �����+ *�*�% �� !%��'!!� �����*  $"4� &���$�,
*��%�� !*�(-)�� p1, p2, p3 ! &���$�*��%�� 7���*68 τ �� 1��*(-$*

pψ = AΩ1p1, pθ = AΩ1p2, pϕ = AΩ1p3, τ = Ω1t (p1 = η = const).

� &���$�*��%�+ ����*�%%�+ ! �$�$*� �$+ /$*!-) �%!$% �!� �*� �$�!5� �6 � �!��

H =
α cos2 ϕ+ sin2 ϕ

2 sin2 θ
(η − p3 cos θ)

2 +
1

2
(α sin2 ϕ+ cos2 ϕ)p22 +

(1 − α) sinϕ cosϕ

sin θ
(η − p3 cos θ)p2 +

+
1

2
βp23 + sin θ sinϕ+

ξ

2
(α cos2 θ + β sin2 θ cos2 ϕ), ξ =

mxGa
2Ω2

2Ag
. A
��B

>$��*� �!* #$� %�� ��5�%!6 �!� �*� � /$*!-) �%!$%�* A
��B� ��� �� � �(@=!� ���*$,
%�% %�* ��$=�%!6*  �-$� ��� "� ���*! ��%!*$�* �$�%�*��%�� ��$=�%!6 ��"�(/ ����� 1!",
�!���$%%�+ �  �-� ! � �!� �*� "����!%$ OXY Z. �-6 �$��*$ �!�$�*�/� ����) �-(#$6 ���,
 !"$-)%�+ "�-�&$%!�  �#"! ������$� "$" ! �-6  �-$ � %�����!4%��  �#"���  $"!� ��$=�%!6
*�/( ���!�+��! )  �-)"� ��"�(/ ��� !"$-)%�+ �����

�-6 �!� �*� � /$*!-) �%!$%�* A
��B �(=�� �(@ ��$  !�$ ��$=�%!�� !*�@=!+�6 ! � �-(,
#$� %�����!4%��  �#"!L ��$=�%!6 ��"�(/ /-$�%�� ��! !%��'!! Ox, �����4$=�� '�% � *$���
! ��$=�%!6 ��"�(/ ����� -�4$=!+ � ��%�� !� /-$�%�+ �-��"�� �� !%��'!! Oxy !-! Oxz, ��!,
*�"$@=!+ " ��! Ox.

D����&%�� -!%��%�� ! %�-!%��%�� $%$-!� (� ��#!��� ! E !+ ��$=�%!� � �-(#$�  �-$
� %�����!4%��  �#"�� ������$ ��!����% � *�%�/�$1!! 2��3� �� ��#!��� ) ���*$%�% %�+ ��$,
=�%!�  �-$ ��"�(/ /-$�%�� ��! !%��'!! �-6 �!� �*� � /$*!-) �%!$%�* A
��B !��-����$%$
� � $ )� 2��3� � �$&� � 2�:3 � �$*"$+ E �� 4� �!� �*� %$���% ! !��-����$% �=� ��!%  !� � $,
'!�%$�%�+ ��$=�%!�� �&(�-��-�%%�� �!&�$'!6*!� H "�%!#��"!� ��!4�%!6 ��"�(/ ��� !"$-!
%��!**� �!#%�/�  �-$�

� �$%%�� � $ )� � �$*"$+ �!� �*� � /$*!-) �%!$%�* A
��B !�(#$@ �6 ��$=�%!6  �-$ ��"�(/
���� !� /-$�%�+ �-��"�� �� !%��'!!F �(� ) E � �-��"�� ) Oxz. C !* ��$=�%!6* � ��#$@ 
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��-�4�%!6 �$�%����!6 � ��#$@=�� A
��B ��!����%%�� �!� �*� � ��(*6 � ���%6*! ���&����
�$�$�$�*�� ��� %�5�%!6*!

θ = θ0, ϕ = ϕ0, pθ0 = 0, pϕ0 =
η

β
cos θ0, pψ = η

(
sin2 θ0 +

cos2 θ0
β

)
, A
��B

/�� ϕ0 = π/2 !-! ϕ0 = 3π/2, $ ��-!#!%$ θ0 ������-6� �6 !� (�$�%�%!6(
β − 1

β
η2 + ξα

)
s sin θ0 = 1, s = sign (sinϕ0). A
�.B

M�-) �$&� � H !��-����$%!� (� ��#!��� ! ("$�$%%�+ ��-�4�%!� �$�%����!6 ��! 1!"�!,
���$%%�* �%$#�%!! �$�$*� �$ η.

" ,$ ��%-�'.!+�&)(/ ! '�.0.�'(1!/

G�!5�* *%�4�� �� ���(� !*�+ ���� ���*$%�% %�+ ��$=�%!�  �-$ !� �-��"�� ! Oxz. �*
� ��#$@  $"!� �%$#�%!6 (/-$ θ0 � ��� %�5�%!! A
�.B� "� ���� �&����#!�$@ %�� �!'$ �-),
%�� ) ��-!#!%� η2. D�� ��!* � �-��"�� ! Oxz ��!%!#%(@ �"�(4%�� ) � '�% ��* �  �#"� O.
�$4�$6 ���(� !*$6 ��) ������"$� �"�(4%�� ) � %�"� ����  �#"�F ����"(�%�� )  $"!+  �#�"
�&�$�(� %$ �"�(4%�� ! %�"� ���� �(/!� %$���$�*�� ���(� !*�*!�

���-�4%�� $%$-!� ��� %�5�%!6 A
�.B ��"$���$� � # � �-6 �%$#�%!� ξ !� !% ���$-$ 0 � ξ <
< 1/α A�"-@#$@=�/� �-(#$� � �( � �!6 �!&�$'!� ξ = 0) ��! β > 1 (A > C) ���(� !*�� �(/!
������-6@ �6 (�-��!�* s = 1, ��%$#$@=!*� # � ��! ��$=�%!! '�% � *$��  �-$ %$+��! �6 ��5�
 �#"! ������$� ��-! 4� β < 1 (A < C)�  � !*��* s = −1, ! '�% � *$�� %$+��! �6 %!4�  �#"!
������$� ���(� !*�� �(/! � �-��"�� ! Oxz ��� $�-6@ � E !+ ��(+ �-(#$6+ ��-(�"�(4%�� !�
��"$�$%%��  �%"!*! ��-�5%�*! -!%!6*! %$ �!�� 
 a� b A�(/! IB ��� �� � ��%%��

z

x

I

O

�a�

z

xI
O

�b�

	!&$ #$ ���(� !*�� �(/! � ��(+ �-(#$6+L a) ξ < 1/α� β > 1F b) β < 1

D�! (��-!#�%!! �$�$*� �$ ξ (ξ > 1/α) �&-$� ! ���(� !*�+ �(/ *�%6@ �6L � �-(#$� β > 1
���(� !*�� �(/! ������-6@ �6 (�-��!6*! s = 1 ! 0 < sin θ0 < 1/(ξα)� $ � �-(#$� β < 1 H
(�-��!6*! s = −1 ! 0 < sin θ0 < 1, $  $"4� s = 1 ! 1/(ξα) < sin θ0 < 1� ���(� !*�� �(/!
� �����* �-(#$� ��"$�$%�  �%"!*! ��-�5%�*! -!%!6*! %$ �!�� �� a A�(/! I, II), �� � ���*
�-(#$� H %$ �!�� �� b A�(/! I, II).

0 (#� �* ���!�$%%�+ �/�$%!#�%!� %$ θ0 *�4%� ��! ��*�=! ��� %�5�%!� A
�.B %$� ! �-6
"$4��/� �-(#$6 �!$�$��% !�*�%�%!6 ��-!#!%� η2. ��� ��-(#�%%�� ���(-) $ � ����� $�!*
� �!��  $&-!'� 
� /�� �����%� �&��%$#�%!6

η21 =
(1− ξα)β

β − 1
, η22 =

(ξα+ 1)β

1− β
.
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z

x

I

II

O

�a�

z

x

I

II
O

�b�

	!&$ ,$ ���(� !*�� �(/! � ��(+ �-(#$6+L a) ξ > 1/α� β > 1F b) β < 1


(23!1( #$ ���(� !*�� �%$#�%!6 �$�$*� ��� ϕ0, θ0, η

β > 1 β < 1

ξ > 1/α ξ < 1/α ξ > 1/α ξ < 1/α

s 1 1 1 −1 −1

sin θ0
(
0, 1/(ξα)

) (
0, 1

) (
1/(ξα), 1

) (
0, 1

) (
0, 1

)
η η > 0 η2 > η21 η2 < η21 η2 > η22 η2 > η22

�$-��� (#! ��$6 ��� %�5�%!� A
�.B� � "$#�� �� %��$�!�!*�+ ��&!�$�* �$�$*� �� α, β, η
! ξ. �� ��#!��� ) ��5�%!� A
��B �� � %�5�%!@ " "����!%$ $* θ, φ ! � ��#$@=!* !* !*�(-)�$*
&(��* !��-����$ ) � ���(� !*�� #$� ! ���� �$%� �$ E !+ �$�$*� ����

" 4$ �(-!35'% !( �%*-67�  %8% ��!9� !/

�����* � /$*!-) �%!$%� A
��B ���*(=�%!6 �� 1��*(-$*

θ = θ0 + x1, ϕ = ϕ0 + x2, p2 = y1, p3 = y2.

J$*!-) �%!$% �!� �*� *�4%� �����!�$ ) � �!��

H = H2 +H3 +H4 + . . . , A��
B

/�� Hk Ak = 2, 3, 4B H 1��*� � ���%! k � %��! �-)%� ���*(=�%!�� !*�@=!� �-��(@=(@ � �(",
 (�(L

H2 =
1

2
a1x

2
1 +

1

2
a2x

2
2 +

1

2
a3y

2
1 +

1

2
a4y

2
2 + a5x1y2 + a6x2y1, A���B

H3 = b1x
3
1 + b2x

2
1y2 + b3x1x

2
2 + b4x1x2y1 + b5x1y

2
2 + b6x

2
2y2 + b7x2y1y2,

H4 = c1x
4
1 + c2x

3
1y2 + c3x

2
1x

2
2 + c4x

2
1x2y1 + c5x

2
1y

2
2 + c6x1x

2
2y2 +

+ c7x1x2y1y2 + c8x
4
2 + c9x

3
2y1 + c10x

2
2y

2
1 + c11x

2
2y

2
2.

K���)

a1 =
(3β2 − 3β + 1)(β − 1)2η6 + ξαβ(β − 1)(5β2 − 5β + 2)η4

z2β2
+

+
β2(ξ2α2(β2 + 1− β)− (3β − 1)(β − 1))η2 − αξβ4(ξ2α2 − 1)

z2β2
,

a2 =
β
(
(αβ − 2β + 1)η2 − ξβ(α − β)

)
z2

, a5 =
η
(
z2(2β − 1)− (β − 1)β2

)
s

zβ2
, A���B
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a3 = α, a4 =
z2 + (β − 1)β2

β2
, a6 =

s(α− 1)ηβ

z
, z = (β − 1)η2 + ξαβ.

��E11!'!�% � 1��* H3 ! H4 %� ��!���6 �6 � �!-( !+ /��*���"�� !�
>$��&)�* �&-$� ) A
��B ���(� !*�+ �%$#�%!� �$�$*� ��� α, β� �/�$%!#�%%(@ /!���&�-$*!

α+ β − αβ = 0, α− β + αβ = 0, α− β − αβ = 0,

%$ ���6 ) �&-$� ��� 
9. A�!�� �B� J�$%!'$*! �&-$� �� �-(4$ ��6*��

α = β, β = 2/3, β = 1, β = 4/3, β = 2.

�%( �! �&-$� ! � ����-!* ����&-$� ) �N� � ��-6�*(@ "�!���

(β2 − 4β + 2)α2 + (3β − 1)(β − 1)α− β(β − 1)2 = 0.

�$-�� ��� ���(-) $ � &(��* ����� $�-6 ) �-6 E !+ �&-$� �� !�*�%�%!6 �$�$*� ��� α, β
! � ��#$@=!+ !* ���(� !*�+ �%$#�%!� ξ, η�

�

α

β

2/3

4/3

0

1

1
2

2

2

2

3 4

5 6

7 8

9

	!&$ 4$ >$�&!�%!� ���(� !*�� �&-$� ! �$�$*� ��� α, β

" :$ �%&'('%+ ;� 6&3%�!/ 6&'%<+!�%&'!

��� $ �#%�*! (�-��!6*! (� ��#!��� ! �$��*$ �!�$�*�/� ��!4�%!6 6�-6@ �6 (�-��!6 ��,
-�4! �-)%�� ������-�%%�� ! "�$��$ !#%�� 1��*� H2 !� A���B� �$�!���$�*�� � �!�� �!� �*�
%��$��%� �

a4 > 0, a2a3 > a26, a1a4 > a25. A:�
B

D����� !� %!+ ����-%�%� ���/�$ � �&-$� ! ���(� !*�+ �%$#�%!� �$�$*� ���� � ���� !  ��,
 )� %��$��%� �$ ����6 �6 " �!� �*� �!�${

(β − α)(ξαβ − η2) > 0,

F (ζ) = A′ζ3 +B′ζ2 + C ′ζ +D′ < 0, ζ = η2 (ζ � 0).
A:��B

K���)

A′ = (β − 1)3, B′ = 3ξαβ(β − 1)2, C ′ = 3(β − 1)β2(ξ2α2 + 1− β), D′ = β3ξα(β + ξ2α2 − 1).

� E �� �!� �*� �-��(� ��&$�! ) �/�$%!#�%!6 %$ ���(� !*�� �%$#�%!6 �$�$*� ��� !�  $&-!,
'� 
�
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>$��*� �!* � ���� %��$��%� �� !� A:��B� �!�"�!*!%$% "(&!#��"�/� (�$�%�%!6 F (ζ) = 0
!*�� �!�

Δ = −108β6(β − 1)8(4ξ2α2 − β + 1).

D�! Δ > 0 E � (�$�%�%!� !*��  �! ��=�� ��%%�+ "��%6� ��! Δ < 0 H ��!%�
D(� ) �%$#$-$ β < 1. 
�/�$ � $�5!� "�E11!'!�% ! �!�"�!*!%$% Δ "(&!#��"�/� *%�/�,

#-�%$ F (ζ) � �!'$ �-)%��� $ (�$�%�%!� F (ζ) = 0 !*�� ��!%� ��%%�� ��=�� ��%%�� "���%)�
D�! ����-%�%!! (�-��!6 ξ <

√
1− β/α E � "���%) � �!'$ �-�%� ��E �*( �-6 -@&�+ �%$#�%!�

�$�$*� ��� η, ξ ��-(#$�* F (ζ) < 0.
���-��(�* ��$ !% ���$-$ ���(� !*�+ �%$#�%!� �$�$*� �$ ζ !�  $&-!'� 
 � �-(#$� ξ >

>
√
1− β/α, "�/�$ "���%) *%�/�#-�%$ F (ζ) ��-�4! �-�%� D�����!* !% ���$- ζ > η22 . �-6 �/�

-���/� /�$%!#%�/� �%$#�%!6 !*��*

F
∣∣
ζ=η22

= β3[−4ξα(1 − β) + 3β − 4] < 0,

! �%$#! � %��$��%� �� F (ζ) < 0 ����-%�%� �-6 -@&�+ �%$#�%!� �$�$*� �$ ζ !� �$%%�/� !% ��,
�$-$�

�$ ��$��� /�$%!'� ζ = η21 � ���/� !% ���$-$ ζ < η21 *%�/�#-�% F (ζ) ��!%!*$� �%$#�%!�

F
∣∣
ζ=η21

= β3[−4ξα(1 − β)− 3β + 4],

�%$" "� ���/� *�4� &� ) "$" ��-�4! �-)%�*�  $" ! � �!'$ �-)%�*� G �@�$ %$+��!*� # �
��� $ �#%�� (�-��!� F (ζ) < 0 (���-� ���6� �6 ��! ����-%�%!! %��$��%� �

ξ >
4− 3β

4α(1 − β)
, η2∗ < ζ < η21,

/�� η∗ H "���%) &!"(&!#��"�/� (�$�%�%!6� �-6 �� $-)%�+ �%$#�%!� �$�$*� ��� ξ ! η !� �$�,
�*$ �!�$�*�+ !% ���$-�� E � (�-��!� %� ����-%6� �6�

� �-(#$� β > 1 � $�5!� "�E11!'!�% "(&!#��"�/� *%�/�#-�%$ F (ζ) ��-�4! �-�%� D�!
ξ >

√
β − 1/(2α) �!�"�!*!%$% Δ � �!'$ �-�%� ��E �*( *%�/�#-�% F (ζ) !*�� ��!%� ��%%��

��=�� ��%%�� "���%) A� �!'$ �-)%��B� $ %��$��%� �� F (ζ) < 0 %� !*�� ��5�%!� %$ ��-�4!,
 �-)%�� ��-(��! Oζ.

��-! ξ �
√
β − 1/(2α),  � �!�"�!*!%$% Δ ��-�4! �-�% ! *%�/�#-�% F (ζ) !*��  �! ��,

=�� ��%%�+ "��%6� D�! E �* 1(%"'!6 F (ζ) !*�� ���  �#"! E"� ��*(*$ A�$�%�+ �%$"��B�
�#! ��$6� # � ���&��%�� #-�% D′ ��-�4! �-�%� �$"-@#$�*� # � ��!% !� "��%�� � �!'$ �,
-�%� $ ��$ ��-�4! �-)%�� G&��%$#!* ��-�4! �-)%�� "��%! #���� η∗ ! η∗∗ Aη∗ > η∗∗). 
$"!*
�&�$��*� ��5�%!� %��$��%� �$ F (ζ) < 0 � �$%%�* �-(#$� �$�$� �6 !% ���$-�* η2∗∗ < ζ < η2∗ .

0��*�� !* ��-(#�%%�� ��5�%!6 &!"(&!#��"�/� %��$��%� �$ F (ζ) < 0 � ��5�%!�* �����/�
%��$��%� �$ !� A:��B� ���-�4%�� $%$-!� ��!���� " ���(-) $ $*� ����� $�-�%%�* �  $&-!'� ��

K���) �����%� �-��(@=!� �&��%$#�%!6L

ξ1 =
3β − 4

4α(β − 1)
, ξ2 =

√
3β2 − 7β + 4

α2β3
, ξ3 =

√
β − 1

2α
.

C ! ���(-) $ � �-��(� !% ����� !���$ ) �-��(@=!* �&�$��*� �-6 "$4���  �#"! �&-$� !
���(� !*�� #$� ! �-��"�� ! �$�$*� ��� α, β, %�*�� "� ���� ("$�$% � �����* � �-&'�  $&-!'�
A�*�  $"4� �!�� �B� !% ���$- ���(� !*�+ �%$#�%!� �$�$*� �$ ξ ��-! �6 %$ %��"�-)"� !% ��,
�$-��� ��!����%%�+ �� � ���* � �-&'�� /�$%!'� "� ���+ �$�!�6 � !��-��(�*��  �#"! (α, β)
�&-$� !� �$4���  �#"� ���!�$%%�+ !% ���$-�� ��� �� � �(� �/�$%!#�%!� %$ &���$�*��%(@
(/-��(@ �"���� ) η A �� !� � �-&�'B � /�$%!'$*!� �$�!�6=!*! �  ��+ ��&�$%%�+ �$�$*� ���
α, β, ξ.

�-6  �+ �%$#�%!� �$�$*� �$ ξ !� *%�4�� �$ �/� ���(� !*�+ �%$#�%!�� "� ���� %� ��!��,
��%� �  $&-!'�� ��� $ �#%�� (�-��!6 A:��B %� ����-%6@ �6 ��! ���+ ���(� !*�+ �%$#�%!6+ η.
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(23!1( ,$ ��� $ �#%�� (�-��!6 (� ��#!��� !

G&-� K%$#�%!6 ξ ��-��!6 ����-%�%!6 ��


 ξ1 < ξ < 1/(αβ) η2∗ < η2 < η21
1/(αβ) < ξ < ξ2 η2∗ < η2 < ξαβ

ξ < 1/α η22 < η2

� 1/(αβ) < ξ < ξ2 η22 < η2

ξαβ < η2 < η21
ξ > ξ2 η22 < η2

η2∗ < η2 < η21
: ξ < 1/α η22 < η2

ξ > ξ1 η22 < η2

η2∗ < η2 < η21
� ξ < ξ1 η21 < η2 < η2∗

1/(αβ) < ξ < ξ2 η21 < η2 < ξαβ

. ξ2 < ξ < ξ1 η21 < η2 < η2∗
ξ1 < ξ < min(ξ3, 1/α) η2∗∗ < η2 < η2∗

� �&-$� 6+ �9� ��� $ �#%�� (�-��!6 A:��B %� ����-%6@ �6 %! ��! "$"!+ ���(� !*�+ �%$#�%!6+
�$�$*� ��� ξ ! η.

" =$ ��%2>%�!-;� 6&3%�!/ 6&'%<+!�%&'!

D(� ) "�$��$ !#%$6 1��*$ H2 %� 6�-6� �6 �%$"�������-�%%��� 0�� $�!* +$�$" ��!� !#�,
�"�� (�$�%�%!� -!%��%�� �!� �*�� ��� �� � �(@=�� "�$��$ !#%�� 1��*� H2L

λ4 + aλ2 + b = 0,

a = a2a4 − 2a5a6 + a1a3, b = (a2a3 − a26)(a1a4 − a25).

D�! ����-%�%!! (�-��!�

a > 0, b > 0, d = a2 − 4b > 0 A��
B

"��%! ±iλj (j = 1, 2) (�$�%�%!6 #!� � *%!*��� ! !��-��(�*�� ��5�%!6 (� ��#!�� � -!%��%�*
��!&-!4�%!!� ��-! +� 6 &� ��%� !� %��$��%� � ����-%6� �6 � ��� !����-�4%�* �%$"�*�  �
!*�� *�� � %�(� ��#!��� )�  $" "$" � E �* �-(#$� ( +$�$" ��!� !#��"�/� (�$�%�%!6 &(�( 
"��%! � ��-�4! �-)%�� ��=�� ��%%�� #$� )@�

��� ��-(#�%%�� �$%�� ��� $ �#%�� (�-��!6 6�-6@ �6  $"4� ! %��&+��!*�*!� ���-��(�*
�$-�� �-(#$!� �-6 "� ���+ ����-%6@ �6  �-)"� %��&+��!*�� (�-��!6 (� ��#!��� !�

���$��%� �� b > 0 � �$��*$ �!�$�*�* �-(#$� ����! �6 "� � ���*( !  �� )�*( %��$��%,
� �$* !� A:�
B� � "� ���+ ��6 � ��� !����-�4%�� �%$"!� >��(-) $ � ��5�%!6 E �� �!� �*�
%��$��%� � ����� $�-�%� �  $&-!'� ��

���$��%� �� a > 0 !� A��
B ����! �6 " "(&!#��"�*( %��$��%� �( � %��! �-)%� ζ = η2L

a = Fa(ζ) = Aaζ
3 +Baζ

2 + Caζ +Da > 0,

Aa = (β − 1)2(2β2 − β − βα+ α), Ba = (β − 1)β
[
β3 − (α2 − 3α+ 1)β2 − (1 + α)αβ + 2α2

]
ξ,

Ca = β2
[(

2β3α− 2α(1 + α2)β2 + (α+ 1)α2β + α3
)
ξ2 + (β − 1)

(
(α− 2)β2 − (α+ 1)β + α

)]
,

Da = β4
[(
β − (1 + α)α

)
α2ξ2 + α2 + (1− β)(α − β)

]
ξ,

$ %��$��%� �� d > 0 H " %��$��%� �( 5�� �� � ���%! � %��! �-)%� ζL

d = Fd(ζ) = Adζ
6 +Bdζ

5 + Cdζ
4 +Ddζ

3 + Edζ
2 + Fdζ +Gd > 0,
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(23!1( 4$ ��-��!� ����-%�%!6 %��$��%� �$ b > 0

G&-� K%$#�%!6 ξ ��-��!6 ����-%�%!6 b > 0


 ξ2 < ξ ξαβ < η2 < η2∗
1/α < ξ < ξ1 η2 < η21

� ξ1 < ξ < ξ2 η2 < η2∗
ξ2 < ξ η2 < ξαβ

� 1/(αβ) < ξ < ξ1 ξαβ < η2 < η21
ξ1 < ξ ξαβ < η2 < η2∗

: 1/α < ξ < 1/(αβ) η2 < η21
1/(αβ) < ξ η2 < ξαβ

� ξ < 1/(αβ) η21 < η2

1/(αβ) < ξ ξαβ < η2

� 1/(αβ) < ξ < 1/α η21 < η2 < ξαβ

1/α < ξ η2 < ξαβ

ξ < ξ1 η2∗ < η2

� ξ1 < ξ < 1/(αβ) η21 < η2

1/(αβ) < ξ ξαβ < η2

� 1/(αβ) < ξ < 1/α η21 < η2 < ξαβ

1/α < ξ η2 < ξαβ

. ξ < ξ2 η2∗ < η2

ξ2 < ξ ξαβ < η2

Ad = (β − 1)4(β + βα− α)2,

Bd = 2ξβ(β − 1)3(β + βα− α)
(
(β − 1)

[
(β + 2)α2 + β2(2β − 1)

]
− β(4β2 − 5β − 1)α

)
,

Cd = β2(β − 1)2
[
ξ2
(
(β − 1)2

[
(β2 + 8β + 6)α4 + β4

]
− 2αβ(β − 1)

[
(17β2 − 25β − 2)α2 +

+ β2(7β − 3)
]
+ 3β2(6β3 − 25β2 + 24β − 3)α2

)
+ 2(β − 1)(βα + β − α)

]
,

Dd = 2ξβ3(β − 1)

[
2αξ2

(
(β − 1)2

[
(β2 + 3β + 1)α4 + β4

]
+ β2(8β3 − 30β2 + 27β − 4)α2−

− αβ(β − 1)
[
(14β2 − 20β + 1)α2 + β2(4β − 1)

])
+ (β − 1)

(
β(11β3 − 18β2 + 6β − 2)α2 −

− (β − 1)
[
(β3 + β2 + 2)α3 + β2(5β2 − 4β − 2)α + 2β3

])]
,

Ed = β4
[
α2ξ4

(
(β − 1)2

[
(6β2 + 8β + 1)α4 + 6β4

]
+ β2(28β3 − 90β2 + 72β − 9)α2 −

− 2βα(β − 1)
[
(22β2 − 30β + 3)α2 − 2β2(β + 1)

])
+ 2(β − 1)ξ2

(
α2β

[
(15β3 − 12β2 − 8β + 2)α −

− β(9β3 − 10β2 − 8β + 6)
]
− (β − 1)

[
(2β3 + 3β + 1)α4 + 2β3(α(β + 1) + β(β − 1))

])
+

+ (β − 1)2
(
(β2 − β + 1)2α2 − 2β(2β3 − β2 − 5β + 1)α+ β2(4β2 − 8β + 1)

)]
,

Fd = 2β6ξ

[
α3ξ4

(
(2β + 1)(β − 1)α4 − (8β2 − 10β + 1)α3 + αβ2(2β − 3)(3α − 1) + 2β3(β − 1)

)
−
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−αξ2
(
(β−1)(β2+β+2)α4−(5β3+2β2−10β+2)α3+β(3β−1)(β2−2)α2+2β2(β−1)

(
α(2β−1)−

− β(β − 1)
))

+ (β− 1)
(
(β2 − β +1)α3 − (β3 +6β2 − β − 1)(α2 − βα)− β(2β +1)(α+ β(β − 1))

)]
,

Gd = β8ξ2
[
α2ξ2(β − α+ α2)− α2 + (1− β)α+ β(β − 1)

]2
.

>�5�%!� E !+ ��(+ %��$��%� � �!� �*� A��
B &(��* !�"$ ) � �&-$� 6+ ����-%�%!6 (�-��!6
b > 0 !�  $&-!'� ��

>$��*� �!* �!� �*( (�$�%�%!�

b = 0, Fa = 0, Fd = 0, A���B

��5�%!6 "� ���� ��� �� � �(@  �#"$* ������#�%!6 �����+%�� 6*! Fa = 0, Fd = 0 A� ���,
� �$%� �� �$�$*� ��� α, β, ξ, ηB /�$%!' !��-��(�*�+ �&-$� ��� �$�$�$�*�+ �$��%� ��* b = 0.
K$*� !*� # � %$ E !+ /�$%!'$+ ����-%6� �6 �$��%� �� d = a2, $ �%$#! � �����+%�� ! Fa = 0
! Fd = 0 ������"$@ /�$%!#%�� �����+%�� ! � ��%!+ !  �+ 4�  �#"$+�

G�����-!* �%$#$-$ *%�4�� ��  �#�" ������#�%!6 �����+%�� �� Fa = 0 ! Fd = 0 � /�$%!'��
ζ = ξαβ A�*�  �� !� � �-&�' �  $&-!'� �B� 0!� �*$ A���B ����! �6 � E �* �-(#$� " (�$�%�%!@

Fa
∣∣
ζ=ξαβ

= β3ξ[Qξ2 +W ] = 0,

Q = α2β2(2αβ − α+ β)(β − α), W = (β3 − 2β2 + 3β − 1)α2 + 2αβ(1 − β2) + β2(β − 1).

K%$" "�E11!'!�% $ Q ����$�$� �� �%$"�* �$�%�� ! β − α. 0��&��%�� #-�% W ����� $�-6,
� ��&�� "�$��$ %�� (�$�%�%!� � %��! �-)%� α, "� ���� ��!%!*$� ��-�4! �-)%�� �%$#�%!6
� �&-$� 6+ 
9� ! � !�*�%�%!6 �$�$*� ��� α, β, $ � �!'$ �-)%�� H � �&-$� ! .�

D�! E �* � �&-$� 6+ 
� � ! � ���$4�%!6 Q ! W ��%�/� �%$"$� $ �%$#! � Fa
∣∣
ζ=ξαβ

= 0 � E !+
�&-$� 6+ %� !*�� ��5�%!� �-6 -@&�+ �%$#�%!� �$�$*� ����

� �� $-)%�+ �&-$� 6+ �!� �*$ !*�� ��5�%!� ��! ξ = ξ4 =
√−W/Q. D�����!* ���$�$,

%!� �%$#�%!� ξ4 � �&-$� ! !�*�%�%!6 �$�$*� �$ ξ, ���!�$%%�� �� � ���* � �-&'�  $&-!'� ��
0�$�%!*� %$��!*���

1

α2β2
− ξ24 =

(αβ − α− β)2

α2β(2αβ − α+ β)(β − α)
=

const

(β − α)
, const > 0.


$"!* �&�$��*� ��-(#$�*� # �

1

αβ
> ξ4, ��-! β > α;

1

αβ
< ξ4 H � ��� !�%�* �-(#$��

� �&-$� ! � A�-6 "� ���� β > αB ������#�%!� � /�$%!'�� ζ = ξαβ *�4� &� )  �-)"�
��! (�-��!! ξ > 1/(αβ) A�*�  $&-!'( �B� ��E �*( %$���%%$6  �#"$ ξ4 %� ���$�$� � �$%%��
!% ���$-� ! �%� �$�!�!*�� ! � �%$"$ W �!� �*$ A���B ��! ζ = ξαβ � �&-$� ! � ��5�%!� %�
!*�� �

� �&-$� 6+ � #� %�*! %�*��$*! A�� :� �� �B �%$#�%!� ξ = ξ4 ���$�$� � ��!% !� !% ��,
�$-�� ���(� !*�+ �%$#�%!� ξ, ������-�%%�+ �� � ���* � �-&'�  $&-!'� �� 
$"!* �&�$��*�
�-6 E !+ �&-$� �� ���/�$ !*�@ �6  �#"! ������#�%!6 !��-��(�*�+ �����+%�� �� � /�$%!#%��
�����+%�� )@ ζ = ξαβ.


�#"! ������#�%!6 �����+%�� �� Fa = 0, Fd = 0 � /�$%!'$*! ζ = η2i (i = 1, 2) !=( �6
$%$-�/!#%� ! ������-6@ �6 (�-��!�* ξ = ξ5,6 = −W/Q±. K���)

Q± = −α2[β − 1]2 ± αβ(β − 2)± β2(β − 1), W = α[β − 1]2 + β(3− 2β).

K���) �-@�� ! *!%(�� � %��6 �6 " ξ5 A��! ζ = η21B ! ξ6 A��! ζ = η22B ��� �� � ��%%�� ���-���,
�$%!� ��"$�$-�� # � �!� �*$ A���B �-6 E !+ /�$%!'� $%$-�/!#%� �$��*� ��%%�� ��5� /�$%!'�
ζ = ξαβ, !*�� ��5�%!�  �-)"� �-6 �&-$� �� � #� %�*! %�*��$*!� �-6 "� ���+ α > β.
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D�����"$ ������#�%!� �-6 /�$%!' ζ = η2∗,∗∗ ��!���! " �!� �*� "(&!#��"!+ (�$�%�%!�

F (ζ) = 0, Fa(ζ) = 0.

K���) F (ζ) H �����%%�� �$%�� "(&!#��"�� (�$�%�%!� A:��B A��!#�* η2∗ , η2∗∗ H "��%! E �/� (�$�,
%�%!6B� >$��*� �!* �&-$� ! 
� �� �� �� .� /�� �-��(� !�"$ ) ������#�%!6 �����+%�� �� A�*�  $&,
-!'( �B� ��$ *%�/�#-�%$ F (ζ) ! Fa(ζ) !*�@ �&=!� "��%!� ��-! !+ ���(-) $% �&�$=$� �6
� %(-)F ���(-) $% ����� $�-6� �6 � �!�� &!"�$��$ %�/�  ��+#-�%$ � %��! �-)%� ξL

A1ξ
4 +B1ξ

2 +C1 = 0,

A1 = −((β − 1)2α2 + β(3β − 2)α− β2(β − 1))3α2,

B1 =

[
1

2
(β + 1)(β − 2)2(β − 1)3α6 + 3β(β − 1)(β4 − β3 − 5β2 + 6β − 2)α5 −

− 3

2
β2(3β4 − 34β3 + 56β2 − 32β + 6)α4 + β3(6β4 − 61β3 + 105β2 − 63β + 12)α3 −

− 3

2
β4(β − 1)(β3 − 21β2 + 26β − 8)α2 − 3β5(3β − 2)(β − 1)2α+ β6(β − 1)3

]
(β − 1),

C1 = −(β − 1)2

16
[(β − 2)2α+ 4β(β − 1)]2((β + 1)2α2 − β(5β − 2)α+ 3β2(β − 1)).

;!"�$��$ %�� (�$�%�%!� � %��! �-)%� ξ !*�� ��-�4! �-)%�� ��=�� ��%%�� "��%!� ��-!
�/� �!�"�!*!%$% � ������-6�*�� ���$4�%!�*[

(β2 − 4β + 2)α2 + (3β − 1)(β − 1)α− β(β − 1)2
]
(α− β) � 0,

%�� �!'$ �-�%� $ "�E11!'!�% � A1, B1 ! C1 (���-� ���6@ %�"� ���* %��$��%� �$*� �-��(@,
=!* !� 1��*(- �!� $ �-6 "��%�� "�$��$ %�/� (�$�%�%!6� D���#!�-�%%�� (�-��!6 %$"-$���$,
@ �/�$%!#�%!6 %$ �&-$� ) !�*�%�%!6 !%��'!�%%�+ �$�$*� ��� α, β, �-6 "� ���� ���*�4%�
!�"�*�� ������#�%!6� C ! ������#�%!6 A�  �#"$+ ξ = ξ∗ ! ξ = ξ∗∗� ξ∗ > ξ∗∗B �&%$�(4�%�  �-)"�
�-6 ����&-$� ! �N �&-$� ! ��

>�5�%!6 (�$�%�%!� Fa = 0 ! Fd = 0 %$ /�$%!'� ξ = 0 � !��-��(�*�+ �&-$� 6+ %� �&%$�(,
4�%��


$"!* �&�$��*� ��6�-�%�� # � � �&-$� 6+ � %�#� %�*! %�*��$*! A
� �� �� �B �!� �*$ A���B
%����*�� %$� C � ��%$#$� � # � %$ /�$%!#%�+ �����+%�� 6+ b = 0 �%$"! 1(%"'!� Fa ! Fd
��+�$%6@ �6F ������"$ ��"$���$� � # � E ! �%$"! ��-�4! �-)%��� �%$-! !#��"$6 ������"$
�%$"�� ("$�$%%�+ 1(%"'!� %$ /�$%!'� ξ = 0 ! � �-(#$� %��/�$%!#�%%�+ �%$#�%!� ξ A�-6  �+
�&-$� ��� /��  $"!� �%$#�%!6 ���*�4%�B� $  $"4� #!�-�%%�,/�$1!#��"!� $%$-!�� �������%%��
�%( �! �&-$� �� b > 0, ��"$�$-!� # � �%$"! 1(%"'!� Fa ! Fd � �$��*$ �!�$�*�+ �&-$� 6+ 
�
�� �� � ��-�4! �-)%�� D�E �*( %��&+��!*�� (�-��!6 (� ��#!��� ! � E !+ �&-$� 6+ ����6 �6
" ��%�*( %��$��%� �( b > 0 ! ����� $�-�%� �  $&-!'� ��

�-6 ���+ �&-$� �� � #� %�*! %�*��$*! %$���%� �-(#$! ������#�%!6 �����+%�� �� Fa = 0
! Fd = 0 � /�$%!'$*! b = 0F �%$#! � �&-$� ! b > 0 �$�&!�$@ �6 %$ ����&-$� ! � �$�-!#%�*!
�%$"$*! 1(%"'!� Fa ! Fd. �%$-!� ��"$���$� � # � �%$"! �&�!+ 1(%"'!� ��-�4! �-)%� �-6
�%$#�%!� �$�$*� ���� ��!����%%�+ �  $&-!'� :�

�$ �!�� : ����� $�-�%� ���(-) $ � �������%%�/� $%$-!�$ (� ��#!��� ! ���*$%�% %�+ ��$,
=�%!�� �$���%%�� �&-$� ! (� ��#!��� ! !��&�$4�%� � �-��"�� ! �$�$*� ��� η, ξ ��! 1!",
�!���$%%�+ �%$#�%!6+ !%��'!�%%�+ �$�$*� ��� α, β !� �&-$� �� 
9.� >!�(%"! :� a9j ��� ,
�� � �(@ �&-$� 6* 
 AaB� � AbB� �N AcB� � AdB� : AeB� � Af B� � AgB� � AhB� � AiB� . AjB� D�"$�$%$
+$�$" ��%$6 �-6 "$4��� �&-$� ! "$� !%$ (� ��#!��� !�

D�6*�� η = η1 ! η = η2 %$ �!�(%"$+� � %��6=!+�6 " �&-$� 6* 
9:� � ��#$@ ��$��� ! -����
/�$%!'$* �&-$� �� �(=�� ���$%!6 ���*$%�% %�+ ��$=�%!� ��! s = 1 ! s = −1 A�*�  $"4�  $&,
-!'( 
B� � �&-$� 6+ *�4�( E !*! ��6*�*! ���*$%�% %�� ��$=�%!6 %� �(=�� �(@ � G&-$� !
�9. � %��6 �6 " ��$=�%!6*� �-6 "� ���+ s = 1�





	 ���� �!5�%"��$� G��� ��-�� ��$

�������� �	
�� 
� ��� ���� 



(23!1( :$ ���&+��!*�� (�-��!6 (� ��#!��� ! � �&-$� 6+ � #� %�*! %�*��$*!

G&-� K%$#�%!6 ξ
��-��!6 ����-%�%!6

��

ξ5 < ξ < ξ1 η2D < η2 < η21
� ξ1 < ξ < ξ2 η2D < η2 < η2∗

ξ2 < ξ < ξ4 η2D < η2 < ξαβ

ξ5 < ξ < ξ1 η2D < η2 < η21
ξ1 < ξ < ξ∗∗ η2D < η2 < η2∗

�N ξ∗ < ξ < ξ2 η2D < η2 < η2∗
ξ2 < ξ < ξ4 η2D < η2 < ξαβ

: ξ5 < ξ < 1/(αβ) η2D < η2 < η21
1/(αβ) < ξ < ξ4 η2D < η2 < ξαβ

� 1/(αβ) < ξ < min(1/α, ξ5, ξ4) η21 < η2 < ξαβ

min(1/α, ξ5, ξ4) < ξ < max(1/α, ξ5, ξ4) η2D < η2 < ξαβ

� 1/(αβ) < ξ < min(1/α, ξ5, ξ4) η21 < η2 < ξαβ

min(1/α, ξ5, ξ4) < ξ < max(1/α, ξ5, ξ4) η2D < η2 < ξαβ

� �&-$� 6+ �(=�� ���$%!6 ���*$%�% %�+ ��$=�%!� %$ �!�� : ��-�5%�* '�� �* �$"�$5�%�
�&-$� ! ����-%�%!6 "$" %��&+��!*�+�  $" ! ��� $ �#%�+ (�-��!� (� ��#!��� !� � �$5 �!+�,
�$%%�+ �&-$� 6+ ����-%6@ �6  �-)"� %��&+��!*�� (�-��!6� � �� $-)%�� #$� ! �&-$� ! !*�� 
*�� � %�(� ��#!��� )�

D�!����%%�� $%$-!� ��"$���$� � # � ���*$%�% %�� ��$=�%!6� �-6 "� ���+ '�% � *$��
 �-$ �$���-�4�% %!4�  �#"! ������$  �-$ A�-(#$� s = −1B� � �&-$� 6+ �� �N� : (� ��#!�� ��!
���+ ���(� !*�+ �%$#�%!6+ �$�$*� ��� η� ξ� C ! ��!4�%!6 (� ��#!�� ! � �-(#$� � �( � �!6
�!&�$'!! Aξ = 0B� ��%$"� � ��6�-�%!�* �!&�$'!!  �#"! ������$ %!4%66 /�$%!'$ �!$�$��%$
���(� !*�+ �%$#�%!� (/-���+ �"���� �� ���*$%�% %�+ ��$=�%!� ����$� $� � � �&-$� 6+ 
 ! �
�$��*$ �!�$�*�� ���*$%�% %�� ��$=�%!6 ���/�$ %�(� ��#!��� "$" ! ��! � �( � �!! �!&�$'!��

D��*$%�% %�� ��$=�%!6� �-6 "� ���+ '�% � *$�� �$���-�4�% ��5�  �#"! ������$ A�-(#$�
s = 1B� *�4%� � $&!-!�!���$ ) � �&-$� 6+ 
9: � ������-�%%�* �!$�$��%� (/-���+ �"���� ��
�$ �#� �!&�$'!�  �#"! ������$F ��! � �( � �!! �!&�$'!� !*�� *�� � %�(� ��#!��� )�

� �&-$� 6+ �� �� �� .� �� ��$�%�%!@ �� �-(#$�* � �( � �!6 �!&�$'!!� ���!/$� �6 � � ���,
%( (*�%)5�%!6 %!4%66 /�$%!'$ (/-���+ �"���� �� (� ��#!��+ ���*$%�% %�+ ��$=�%!�� �-6
 �#�" �&-$� ! � (��-!#�%!� �$�$*� �$ ξ ��!���! " !�#��%���%!@ ����&-$� ! ����-%�%!6
��� $ �#%�+ (�-��!� (� ��#!��� !� ��! E �* !*�� �6 %��$6 ����&-$� ) (� ��#!��� ! � -!%��,
%�* ��!&-!4�%!!� ��6�-6@=$6�6 �$ �#� �!&�$'!!� � �&-$� ! . ��! ξ > 0, "��*� �$�5!��%!6
�&-$� ! (� ��#!��� ! � -!%��%�* ��!&-!4�%!!� � *� !* ��6�-�%!� ����&-$� ! ����-%�%!6
��� $ �#%�+ (�-��!� (� ��#!��� !� � �&-$� ! � !*�� *�� � � $&!-!�$'!6 �$��*$ �!�$�*�+
���*$%�% %�+ ��$=�%!� �-6 ������-�%%�/� �!$�$��%$ (/-���+ �"���� �� ! #$� � � �!&�$'!!
 �#"! ������$�

" ?$ ��3! �< ;< ( (3!* 6&'%<+!�%&'!

� �&-$� 6+ !�*�%�%!6 �$�$*� ��� �$�$#!� /�� ����-%6@ �6  �-)"� %��&+��!*�� (�-��!6 (� ��,
#!��� !� *�4� &� ) �������% %�-!%��%�� $%$-!� (� ��#!��� ! ��5�%!� A
��B� ��!�$@=!��6
%$ !���� %�� *� ��� !��-����$%!6 (� ��#!��� ! $� �%�*%�+ /$*!-) �%���+ �!� �* � ��(*6
� ���%6*! ���&��� 2��3�

���*$-!�(�* /$*!-) �%!$% ���*(=�%%�/� ��!4�%!6 A��
B � #-�%$+ �� #� ��� �/� ���6�"$
�"-@#! �-)%� � %��! �-)%� ���*(=�%!�� 0%$#$-$ ��!����* "�$��$ !#%(@ #$� ) A���B /$*!-),
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=
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0

ξ

1
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1
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(ξ5,

1
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η
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0
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1
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η
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	!&$ :$ G&-$� ! (� ��#!��� !

 �%!$%$ " %��*$-)%�� 1��*� �!�$

H̃2 =
1

2
σ1(q

2
1 + p21)−

1

2
σ2(q

2
2 + p22),
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!���-)�(6 -!%��%�� (%!�$-�% %�� "$%�%!#��"�� ����&�$���$%!� xi, yi → qi, pi (i = 1, 2)L

x1 = n11q1 + n12q2, x2 = n23p1 + n24p2,

y1 = n33p1 + n34p2, y2 = n41q1 + n42q2,

n11 =
1

2

√
2κ(a1a3 − a2a4 +

√
d)

o1
√
χ

, n12 =
1

2

√
2κ(a1a3 − a2a4 −

√
d)

o2
√
χ

,

n23 =
1

2

ςσ1(a2a4a6 + a1a3a6 − 2a2a3a5 − a6
√
d)

o1κ
,

n24 = −1

2

ςσ2(a2a4a6 + a1a3a6 − 2a2a3a5 + a6
√
d)

o2κ
,

n33 =
1

2

ςσ1(a1a2a3 + a2
√
d− a22a4 + 2a2a5a6 − 2a26a1)

o1κ
,

n34 = −1

2

ςσ2(a1a2a3 − a2
√
d− a22a4 + 2a2a5a6 − 2a26a1)

o2κ
,

n41 = −
√
2χκ

o1
, n42 = −

√
2χκ

o2
,

ς =
√

2χκ, κ = χ(a2a3 − a26), χ = a6a1 − a2a5, λ = −a22a4 + 2a2a5a6 + a1a2a3 − 2a26a1,

o1 =

√
σ1

√
d(λ+ a2

√
d), o2 =

√
σ2

√
d(λ− a2

√
d),

σ1,2 =
1

2

√
2a2a4 − 4a5a6 + 2a1a3 ± 2

√
d (σ1 > σ2).

K���) d H �!�"�!*!%$% +$�$" ��!� !#��"�/� (�$�%�%!6� �����%%�� � A��
B� $ σ1 ! σ2 H #$,
� � � *$-�+ -!%��%�+ "�-�&$%!� �!� �*�� D$�$*� �� a19a6 �����%� �$%�� � ��� %�5�%!6+
A���B�

K$ �* � ����&�$���$%%�* /$*!-) �%!$%� �������* %��*$-!�$'!@ �-$/$�*�+  �� )�� ! #� ,
��� �� � ���%��� D�! � �( � �!! ����%$%���  �� )�/� ! #� ��� �/� ���6�"�� %��*$-!���$%%��
/$*!-) �%!$% ���*(=�%%�/� ��!4�%!6 � 7��-6�%�+8 "����!%$ $+ ϕj ! rj, �$�$�$�*�+ 1��,
*(-$*! qj =

√
2rj sinϕj , pj =

√
2rj cosϕj (j = 1, 2), !*�� �!�

H = σ1r1 − σ2r2 + c20r
2
1 + c11r1r2 + c02r

2
2 +O(r

5/2
j ).

K���) �-$/$�*�� O(r
5/2
j ) 2π,���!��!#%� �� (/-���* ����*�%%�* ϕj (j = 1, 2), $ "�E11!'!�% �

c02, c11 ! c02 ����� $�-6@ �6 � �!��

c20 =
3

2(4σ21 − σ22)σ1σ2

(
8(l2 + l6)

2σ31 + 8(3m2 +m6 + 3m9)σ2σ
3
1 − (3l22 + 2l2l6 + 3l26 + l27)σ1σ

2
2 −

− 2(3m2 +m6 + 3m9)σ
3
2σ1 + 3(5l21 + 2l1l5 + l25)σ

3
2

)
,

c11 = − 6

(4σ21 − σ22)(σ
2
1 − 4σ22)σ1σ2

(
(m4 +m7 +m14 +m15)(17σ

2
1σ

2
2 − 4σ41 − 4σ42)σ1σ2 −

−
[
17(3l1 + l5)(l3 + l9) + 8(l2 − l6)

2 − 2l8(l3 − l9) + 8l27

]
σ21σ

3
2 + 4(l3 + l9)(3l1 + l5)σ

5
2 −

− 4(l2 + l6)(3l4 + l10)σ
5
1 − 2

[
2(l2 + l6)(3l4 + l10) + (l3 − l9)

2 + l28 − 4l7(l2 − l6)
]
σ1σ

4
2 +

+
[
17(3l4 + l10)(l2 + l6)− 2l7(l2 − l6) + 8(l3 − l9)

2 + 8l28

]
σ31σ

2
2 +

+ 2
[
2(l3 + l9)(3l1 + l5) + (l2 − l6)

2 − 4l8(l3 − l9) + l27

]
σ41σ2

)
,

c02 =
3

2(σ21 − 4σ22)σ1σ2

(
8(l3 + l9)

2σ32 + 2(m17 + 3m3 + 3m19)(σ
2
1 − 4σ22)σ1σ2 −

− 4
[
3(l10 + l4)

2 + 12l24 − l8(l3 − l9)
]
σ1σ

2
2 + 3

[
4l24 + (l10 + l4)

2
]
σ31 −

[
3(l3 + l9)

2 + l28

]
σ21σ2

)
.
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��-��!� (� ��#!��� ! A�� ?6�(%��(B ��-�4�%!6 �$�%����!6 ��!����%%�� �!� �*�� � ��,
#$@=�/� �$��*$ �!�$�*�*( ���*$%�% %�*( ��$=�%!@  �-$� �-��(� !�  ����*� ��%�-)�$9
�����$ 2��3 ! ������-6� �6 %��$��%� ��*

Δ = c20σ
2
2 + c11σ1σ2 + c02σ

2
1 �= 0. A��
B

O�%�� �!� ��-!#!%� Δ ����) ! �-6 �$��*$ �!�$�*�+ %!4� #$� %�+ �-(#$�� %� ��!���!*
� �!-( /��*���"�� !� 0-(#$� ����4��%!6 Δ = 0  ��&(� $%$-!�$ � /$*!-) �%!$%� ���*(=�%,
%�/� ��!4�%!6 �-$/$�*�+ �� 5�� �/� ���6�"$ �"-@#! �-)%� � %��! �-)%� ���*(=�%!��  $"��
$%$-!� � �$%%�� �$&� � %� ������! �6�

��-! � �!� �*� ��$-!�(� �6 ����%$%�  �� )�/� ���6�"$ (σ1 = 2σ2),  � � ��*�=)@ %�-!%��%��
%��*$-!�$'!! /$*!-) �%!$% ��!���! �6 " �!�(

H = 2σ2r1 − σ2r2 + k3
√
r1r2 sin(ϕ1 + 2ϕ2) + c20r

2
1 + c11r1r2 + c02r

2
2 +O(r

5/2
j ),

� "� ���* ����%$%�%�� "�E11!'!�% ��#!�-6� �6 �� 1��*(-�

k3 = l3 − l8 − l9.

D�! ����-%�%!! (�-��!6 k3 �= 0 !��-��(�*�� ��5�%!� %�(� ��#!��� ��-! 4� k3 = 0 ! ��!
E �*

c20 + 2c11 + 4c02 �= 0,

 � !*�� *�� � (� ��#!��� ) 2��3�
D(� ) � �!� �*� %� ����%$%�$  �� )�/� ���6�"$� %� �� ) ����%$%� #� ��� �/� ���6�"$ (σ1 =

= 3σ2). J$*!-) �%!$% ����&�$�(� �6 " �!�(

H = 2σ2r1 − σ2r2 + c20r
2
1 + c11r1r2 + c02r

2
2 + k4

√
r12r2 cos(ϕ1 + 3ϕ2) +O(r

5/2
j ),

k4 =
3

5σ2

(
5(m5 −m11 −m16 +m18)σ2 − (6l2 + 10l4 + 4l6 − l7 + 10l10)l3 +

+ (6l2 + 20l4 + 4l6 − l7)l9 + (4l2 + 15l4 + 6l6 + l7 + 5l10)l8

)
.

��-��!� (� ��#!��� ! �� ?6�(%��( ������-6� �6 � E �* �-(#$� %��$��%� ��* 2��3

|c20 + 3c11 + 9c02| > 3
√
3k4.

��-! %��$��%� �� ����-%�%� � ��� !����-�4%�* �%$"�*�  � ���*$%�% %�� ��$=�%!� %�(� ��,
#!���

� ���$4�%!6+ �-6 ��-!#!% cij ! ����%$%�%�+ "�E11!'!�% �� k3, k4 �����%� �-��(@=!�
�&��%$#�%!6L

l1 = n11
(
n241b4 + n11b5n41 + n211b2

)
, l2 = 3(b2n12 + n42b5)n

2
11 + 2n41(b5n12 + b4n42)n11 + b4n12n

2
41,

l3 =
(
2n42b5n12 + n242b4 + 3b2n

2
12

)
n11 + n12n41

(
2b4n42 + b5n12

)
, l4 = n12

(
n242b4 + n42b5n12 + b2n

2
12

)
,

l5=
(
(n23b1 + n33b3)n11 + n41(n23b7 + b6n33)

)
n23, l6=

(
(n23b1 + n33b3)n12 + n42(n23b7 + b6n33)

)
n23,

l7 =
(
(b1n24 + n34b3)n11 + n41(b7n24 + b6n34)

)
n23 +

(
(n23b1 + n33b3)n11 + n41(n23b7 + b6n33)

)
n24,

l8 =
(
(b1n24 + n34b3)n12 + n42(b7n24 + b6n34)

)
n23 +

(
(n23b1 + n33b3)n12 + n42(n23b7 + b6n33)

)
n24,

l9=
(
(b1n24 + n34b3)n11 + n41(b7n24 + b6n34)

)
n24, l10=

(
(b1n24 + n34b3)n12 + n42(b7n24 + b6n34)

)
n24,

m1 = n11
(
(4n12c3 + n42c9)n

2
11 + (2n42c8 + 3n12c9)n11n41 + 2n12n

2
41c8

)
,

m2 =
(
c3n

2
11 + n11n41c9 + n241c8

)
n211, m3 =

(
c9n42n12 + c3n

2
12 + n242c8

)
n212,

m4 =
(
3c9n42n12 + 6c3n

2
12 + n242c8

)
n211 +

(
3n212n41c9 + 4n12n41c8n42

)
n11 + n212n

2
41c8,

m5 =
(
3n11n42c9n12 + 4n11c3n

2
12 + 2n11n

2
42c8 + 2n12n41c8n42 + n212n41c9

)
n12,

m6 =
(
(c1n

2
11 + c11n41n11 + n241c7)n23 + n11n33(c5n11 + n41c10)

)
n23,

m7 =
(
(c1n

2
12 + n242c7 + c11n42n12)n23 + n33n12(c5n12 + c10n42)

)
n23,
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m8 =
(
((2c1n12 + c11n42)n11 + (2c7n42 + c11n12)n41)n23 +

+ ((2c5n12 + c10n42)n11 + c10n12n41)n33
)
n23,

m9 =
(
n23c4n33 + n233c6 + n223c2

)
n223, m10 =

(
(2n24c1 + n34c5)n23 + n24n33c5

)
n211 +

+
(
(c10n34 + 2c11n24)n23 + c10n33n24

)
n41n11 + 2n23n24n

2
41c7,

m11 =
(
(2n24c1 + n34c5)n23 + n24n33c5

)
n212 +

(
(c10n34 + 2c11n24)n23 + c10n33n24

)
n42n12 +

+ 2n23n24n
2
42c7, m12 =

(
(2(2c1n12 + c11n42)n11 + 2(2c7n42 + c11n12)n41)n24 +

+ ((2c5n12 + c10n42)n11 + c10n12n41)n34
)
n23 + n33n24

(
(2c5n12 + c10n42)n11 + c10n12n41

)
,

m13 =
(
4n223c2n24 + n223n34c4 + 2n33n23c6n34 + 3n23c4n33n24 + 2c6n24n

2
33

)
n23,

m14 =
(
n234c6 + 6c2n

2
24 + 3c4n24n34

)
n223 +

(
3n33n

2
24c4 + 4n24n33c6n34

)
n23 + c6n

2
24n

2
33,

m15 =
(
(c1n

2
11 + c11n41n11 + n241c7)n24 + n11n34(c5n11 + n41c10)

)
n24,

m16 =
(
(2c1n12 + c11n42)n24n11 + (2c7n42 + c11n12)n24n41 + (2c5n12 + c10n42)n11n34 +

+ c10n34n12n41
)
n24, m17 =

(
(c1n

2
12 + n242c7 + c11n42n12)n24 + n34n12(c5n12 + c10n42)

)
n24,

m18 =
(
4n23c2n

2
24 + 3n23c4n24n34 + 2n23n

2
34c6 + n33n

2
24c4 + 2n24n33c6n34

)
n24.

m19 =
(
c4n24n34 + n234c6 + c2n

2
24

)
n224,


$"!* �&�$��*� (� ��#!��� ) � $'!�%$�%�/� ��$=�%!6 � !��-��(�*�+ �&-$� 6+ (� ��#!��,
� ! � -!%��%�* ��!&-!4�%!! *�4� %$�(5! )�6 �-6 �%$#�%!� �$�$*� ��� (β, ξ, η), ��!%$�-�,
4$=!+ �����+%�� 6* ����%$%���  �� )�/� ! #� ��� �/� ���6�"�� !-! �����+%�� ! ����4��%!6
Δ = 0 !� A��
B�

" @$ �(&' ;� &36+(! 8�%-�'.!! -(&& '�3(

��-!%��%�� $%$-!� (� ��#!��� ! �������* �-6 ��(+ �%$#�%!� !%��'!�%%�/� �$�$*� �$ αL
α = 1 A�-(#$� �!%$*!#��"! �!**� �!#%�/�  �-$B ! α = 2 A/��*� �!6 *$��  �-$ ��� �� � �(� 
�-(#$@ ;�&�-��$90 �"-��$B�

@$#$ �36+(< �! (-!+�&)%< &!--�'.!!
0-(#$@ �!%$*!#��"�� �!**� �!! α = 1 (A = B) ��� �� � �(� � ����" ��6*�� α = 1 ��!

β > 1/2 A�*� �!�� �B�

�%$-!� (� ��#!��� ! ������!-�6 �-��(@=!* �&�$��*� >$��*$ �!�$-!�) ��#�%!6 !�(#$�,
*�+ �&-$� ��  ��+*��%�/� ���� �$%� �$ �$�$*� ��� �-��"�� 6*! β = const ��! �$�-!#%�+
�%$#�%!6+ �$�$*� �$ β !� !% ���$-$ β > 1/2. � ��-(#$�*�+ ��#�%!6+� � �-��"�� ! �$�$,
*� ��� η, ξ � ��!-!�) �&-$� ! (� ��#!��� ! � -!%��%�* ��!&-!4�%!!� $  $"4� !*�@=!��6
� %!+ "�!��� ����%$%���  �� )�/� ! #� ��� �/� ���6�"�� ! "�!��� ����4��%!6F %$ "�!��+
����%$%�$ #� ��� �/� ���6�"$ ����-6-!�) (#$� "! (� ��#!��� ! ! %�(� ��#!��� !� D�! E �*
� �-�4!�$-$�) E��-@'!6 !�(#$�*�+ �&-$� �� ! "$� !%� (� ��#!��� !�

�$ �!�(%"$+� !--@� �!�(@=!+ ��-(#�%%�� ���(-) $ � A�*� �!�� �� �B� �&-$� !� /�� %� ��,
��-%6@ �6 %��&+��!*�� (�-��!6 (� ��#!��� !� �$"�$5�%� ����* '�� �*� ��!��� ����%$%�$
 �� )�/� ���6�"$ ��"$�$%�  �%"!*! -!%!6*!� ��!��� ����%$%�$ #� ��� �/� ���6�"$ !��&�$,
4�%� ��-(4!�%�*! -!%!6*! %$ (#$� "$+ (� ��#!��� ! ! �(%" !�%�*! -!%!6*! %$ (#$� "$+
%�(� ��#!��� !� ��!��� ����4��%!6 ��"$�$%�  �#�#%�*! -!%!6*!�

�!� ��-(#�%%�+ ��#�%!� ! "$� !%$ (� ��#!��� ! � %!+ "$#�� ��%%� � -!#$@ �6 �-6 �%$,
#�%!� β !� !% ���$-�� 1/2 < β < 1 A�&-$� ! � ! :B ! β > 1 A�&-$� ! �� �� .B�

�-6 �&-$� �� � ! : !��-��(�*�� *%�4�� �$ � �-��"�� ! �$�$*� ��� ξ, η �/�$%!#�%� !
����� $�-6@ ��&�� "�!��-!%��%�� #� ���+(/�-)%!" A�-6 �&-$� ! � �!�� �� aB !-! "�!��-!,
%��%��  ��(/�-)%!" A�-6 �&-$� ! : �!�� �� bB� � E !+ �&-$� 6+ �� ���+ !��-��(�*�+ ��#�%!6+
�(=�� �(@ "�!�$6 ����4��%!6� $  $"4� "�!��� ����%$%���  �� )�/� ! #� ��� �/� ���6�"���
���  �! "�!��� !*�@ �&=!� "�%'� � (/-���+  �#"$+ �&-$� !�

�-6  �#�" "�!��� ����%$%�$  �� )�/� ���6�"$ ���/�$ !*�� *�� � %�(� ��#!��� )� ��!���
����4��%!6 ! ����%$%�$ #� ��� �/� ���6�"$ !*�@  �#"( ������#�%!6F � E ��  �#"�� $  $"4�
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	!&$ =$ G&-$� ! �� :

%$ ����%�* (#$� "� ����%$%�%�� "�!���� �����4$=�* E (  �#"(� !��-��(�*�� ���*$%�% %��
��$=�%!� %�(� ��#!��� �%� �$%%�/� (#$� "$ !*��* (� ��#!��� )�

�-6 �%$#�%!� �$�$*� �$ β A��! α = 1B !� �&-$� �� �� �� . �&-$� ! ����-%�%!6  �-)"�
%��&+��!*�+ (�-��!� (� ��#!��� ! %��/�$%!#�%%� A�*� �!�� �B� >!�� �� a9j ��� �� � �(@ �&,
-$� ! � AaB� �&-$� ! � ��! 4/3 < β < 1.352 AbB� 1.352 < β < 1.395 AcB� 1.395 < β < 1.459 AdB�
1.459 < β < 1.483 AeB� 1.483 < β < 1.5 Af B� 1.5 < β < 1.54 AgB� 1.54 < β < 1.64 AhB� 1.64 < β < 2
AiB� �&-$� ! . AjB�

� �&-$� ! � A�!�� �� aB � !��-��(�*�� #$� ! �-��"�� ! �$�$*� ��� η, ξ �(=�� �(@ ��%$
"�!�$6 ����%$%�$ #� ��� �/� ���6�"$ ! ��%$ �� �) "�!��� ����4��%!6� �$ ����%$%�%�� "�!���
���*$%�% %�� ��$=�%!� (� ��#!���

D�! ����+��� � �&-$� ) � A�!�� �� b9iB E ! ��� "�!��� ��+�$%6@ �6� $ "$� !%$ (� ��#!��� !
"$#�� ��%%�  $"$6 4�� "$" � �&-$� ! A�!�� �� bB� 0 ��� �* β ��� "�!��� 7�&-!4$@ �68� ��!
E �* %$ ����%$%�%�� "�!��� ��6�-6� �6 (#$� �" %�(� ��#!��� ! A�!�� �� cB� D�! ����+��� #����
�%$#�%!� β = 1.395 A�!�� �� dB ( ����%$%�%�� "�!��� ! "�!��� ����4��%!6 ��6�-6� �6  �#"$
������#�%!6 � ��%� %�(� ��#!��� ! %$ ����%$%�%�� "�!����

� �&-$� ! � �(=�� �(�  $"4� � ��$6 �� �) "�!��� ����4��%!6� !*�@=$6 ��! 4/3 < β <
< 1.459 ��� �&=!�  �#"! � ��)@ $&�'!�� A�!�� �� b9dB� 0 ��� �* β ��$�$6  �#"$ ������#�%!6
7��-�� 8 ���-) ��! $&�'!��� $ ��! ����+��� #���� β = 1.459 A�!�� �� eB 7� ���$� �68 � %���
�$#!%$6 �� �%$#�%!6 β = 1.483 A�!�� �� f B� "�!�$6 ����%$%�$ #� ��� �/� ���6�"$ ������"$� A%$
(#$� "� %�(� ��#!��� !B �&� �� �! "�!��� ����4��%!6� $ ��! ����+��� #���� β = 1.5 A�!�� �� gB
������"$�  $"4� ! ��) $&�'!���

0 �$-)%��5!* (��-!#�%!�* β ��� �� �! "�!��� ����4��%!6 �&-!4$@ �6 ! ��! β = 1.54
A�!�� �� hB 7�*�"$@ �68 � �&=��  �#"�F ��! E �* ����%$%�%$6 "�!�$6 ! "�!�$6 ����4��%!6 ��,
���4%�*( !*�@ ���  �#"! ������#�%!6� �#$� �" *�4�( E !*! �&=!*!  �#"$*! � ��� �* β
(*�%)5$� �6� ��! β = 1.64 A�!�� �� iB � 6/!�$� �6 �  �#"(� ���-� #�/� "�!�$6 ����4��%!6
7� ���$� �68 � ����%$%�%�� "�!����

� �&-$� ! . Aβ > 2� �*� �!�� �� jB ��� "�!��� �%��$ !*�@ ���  �#"! ������#�%!6� ���*�  �/��
� E �� �&-$� ! ��6�-6� �6 "�!�$6 ����%$%�$  �� )�/� ���6�"$� %$ "� ���� �$��*$ �!�$�*��
��!4�%!� %�(� ��#!���

@$,$ �36+(< α = 2

� �-(#$� α = 2 (A = 2B) �$�$*� � β *�%6� �6 � �!$�$��%� 2/3 < β < 2. �%$-!� ���,
���! �6 $%$-�/!#%� ������(=�*(� � "$4��* ��#�%!! β = const �&-$� ) ����-%�%!6  �-)"�
%��&+��!*�+ (�-��!� (� ��#!��� ! ����� $�-6� ��&�� "�!��-!%��%��  ��(/�-)%!" � �-��"�,
� ! �$�$*� ��� ξ, η. �/� +$�$" ��%�� �!�  $"�� 4�� "$" ! �-6  �#�" �&-$� ! : �$��*� ��%%�/�
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��5� �-(#$6 �!%$*!#��"�� �!**� �!! A�*� �!�� �� bB� 0�� $� "�!��+ ! "$� !%$ (� ��#!��� !
�%( �! �$*�� �&-$� !  $"4� "$#�� ��%%� %� � -!#$@ �6 � ����� $�-�%%�+ %$ E �* �!�(%"��
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3� DEFGHFIJKI L� 1I M IFN EOGF KP QOIM;RSMT JEMURTREO 99 VF;KRWJ MIQ XWKSFFQRIYJ KP EHF VMISHFJEFW
ZREFWMWO [ XHRTKJKGHRSMT DKSRFEO� 3<4\� ]KT� 65� XMWE 5� ^K� \� X� 3-34�

5� ,�	���
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����	 �#	���	����� ��
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��� � �������%'�� ����	��� 99 �������
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��� � �������%'	� ������ ����	�� 99 (	��	���	���
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3\� pHKTKJEK:M 1�]� 1I M SMJF KP GFWRKQRS ;KERKIJ KP EHF ZMYWMIYRMI EKG NREH :RUWMERIY qrFQ GKRIE 99
sFYtTMW [ nHMKERS 0OIM;RSJ� 3<<<� ]KT� a� ^K� a� X� \3-<7�
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5a� DEMtQF 1� kFUFW GFW;MIFIEF sKEMERKIJMrFI UFR QFW uFNFYtIY FRIFJ JSHNFWFI pvKWGFWJ t; FRIFI PFJEFI
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3� DEFGHFIJKI L� 1I M IFN EOGF KP QOIM;RSMT JEMURTREO ��
���� ��� ����������� �� ��� ���������� ��������

� �������������  ������ 3<4\ :KT� 65 GMWE 5 IK� \ GG� 3-34�
5� uTFwH;MI 2�2� !�"����������� 
�#����#� �]RUWMERKI ;FSHMIRSJ� VKJSKN/ lR�;METRE 3<<a a44 G�
7� DEWR�HMw ���� ������ �������$����� ����
�����#�#� �����
 ���� %
������#& �VFEHKQJ KP WFJFMWSH KP

QOIM;RS JOJEF;J KP EHF EOGF �GFIQtTt;�� LT;M�LEM/ ^MtwM 3<\3 567 G�
a� pHKTKJEK:M 1�]� '������ ����
�#� �$����#� ��� � $�"���(�(�����
 ���$���
 �XWKUTF;J KP QOIM;RSJ KP

JKTRQJ NREH :RUWMERIY JtJGFIJRKI� VKJSKN-2�HF:Jw/ sFYtTMW MIQ nHMKERS 0OIM;RSJ 543h 74\ G�
6� �tQK:RSH ]�2� ]RUWKQOIM;RSJ MIQ :RUWKYFK;FEWO KP ;FSHMIRSMT JOJEF;J NREH SKIJEWMRIEJ )���#��

��#����#� 544h :KT� a IK� 7 GG� 5h-36\ �RI stJJRMI��
h� pMGRE�M X�Z� XFIQtTt; NREH M :RUWMERIY JtJGFIJRKI )��* +�,* -�(# 3<63 :KT� aa IK� 6 GG� 8-54 �RI

stJJRMI�� 012/ 34�77h89tPIW�44aa�3<6346U�4448
8� pMGRE�M X�Z� X� 0OIM;RS JEMURTREO KP M GFIQtTt; NREH MI KJSRTTMERIY GKRIE KP JtJGFIJRKI '�* .#����*

/���* +�,* 3<63 :KT� 53 IK� 6 GG� 6\\-6<8 �RI stJJRMI��
\� uKYKTOtUK: ^�^� �HF EHFKWO KP GFWEtWUMERKIJ RI IKITRIFMW ;FSHMIRSJ  "����# /�(��$ 0���*  �����* ��#�*1

2#��* -�(# )#�*   3 3<64 IK� 3a GG� <-7a �RI stJJRMI��
<� uMWQRI u�D� VMWwFOF: L�X� �HF JEMURTREO KP EHF F�tRTRUWRt; KP M GFIQtTt; PKW :FWERSMT KJSRTTMERKIJ KP EHF

GKRIE KP JtJGFIJRKI 4�(���� �� 2������ �����
����� ��� ��������� 3<<6 :KT� 6< RJJtF h GG� \8<-\\h�
012/ 34�343h94453�\<5\�<6�44353�5

34� pHKTKJEK:M 1�]� 1I JEMURTREO KP EHF GFWRKQRS ;KERKIJ KP EHF GFIQtTt; NREH M HKWR�KIEMTTO :RUWMERIY
JtJGFIJRKI GKRIE 0,$* 3���* 2#��* -�(#* ��#�* /$���* /��� 3<<8 IK� a GG� 76-7< �RI stJJRMI��

33� VMWwFOF: L�X� �HF QOIM;RSJ KP M JGHFWRSMT GFIQtTt; NREH M :RUWMERIY JtJGFIJRKI 4�(���� �� 2������
�����
����� ��� ��������� 3<<< :KT� h7 RJJtF 5 GG� 546-533� 012/ 34�343h9D4453�\<5\�<<�4445\�7

35� pHKTKJEK:M 1�]� 1I EHF ;KERKIJ KP M GFIQtTt; NREH M :RUWMERIY JtJGFIJRKI GKRIE /����������#���

�#����#�5 �"����# ������ ��HFKWFERSMT ;FSHMIRSJ/ EWMIJMSERKIJ� VKJSKN/ ZK;KIKJK: VKJSKN DEMEF
kIR:FWJREO 5444 RJJtF 5a GG� 368-3h8 �RI stJJRMI��

37� pHKTKJEK:M 1�]� 1I EHF ;KERKIJ KP M QKtUTF GFIQtTt; NREH :RUWMERIY JtJGFIJRKI GKRIE ��������� ��

 ����� 544< :KT� aa RJJtF 5 GG� 3\a-3<8� 012/ 34�73479D4456h6aa4<45447a
3a� ]RJHFIwK:M {�L� pHKTKJEK:M 1�]� �K QOIM;RSJ KP M QKtUTF GFIQtTt; NREH M HKWR�KIEMTTO :RUWMERIY

GKRIE KP JtJGFIJRKI !����* )�
(��* )��$* ���* ��#�* 6�
�7�(�* -�(#� 5435 RJJtF 5 GG� 33a-35< �RI
stJJRMI�� 012/ 34�546789:;354533

36� pHKTKJEK:M 1�]� 1I EHF GFWRKQRS ;KERKI KP ZMYWMIYF�J EKG NREH :RUWMERIY JtJGFIJRKI ��������� ��

������ 5445 :KT� 78 RJJtF 3 GG� 5h-7\�
3h� pHKTKJEK:M 1�]� �HF QOIM;RSJ KP M ZMYWMIYF EKG NREH :RUWMERIY JtJGFIJRKI GKRIE 4�(���� �� 2������

�����
����� ��� ��������� 3<<< :KT� h7 RJJtF 6 GG� 8a3-864� 012/ 34�343h9D4453�\<5\�<<�444<a�6
38� pHKTKJEK:M 1�]� L SMJF KP GFWRKQRS ;KERKI PKW M ZMYWMIYF YOWKJSKGF NREH M :RUWMERIY JtJGFIJRKI 8�#����

������� 5444 :KT� a6 RJJtF 35 GG� h<4-h<7� 012/ 34�337a93�37a5a63
3\� pHKTKJEK:M 1�]� 1I M SMJF KP GFWRKQRS ;KERKIJ KP EHF ZMYWMIYRMI EKG NREH :RUWMERIY qrFQ GKRIE 3��(���

� 9������ 8���
��� 3<<< :KT� a IK� a GG� \3-<7�
3<� VMWwFF: L�X� 1I EHF ;KERKI KP M HFM:O QOIM;RSMTTO JO;;FEWRS WRYRQ UKQO NREH :RUWMERIY JtJGFIJRKI

GKRIE ��������� ��  ����� 5435 :KT� a8 RJJtF a GG� 787-78<� 012/ 34�73479D4456h6aa354a4435
54� VMWwFF: L�X� 1I EHF EHFKWO KP ;KERKI KP M WRYRQ UKQO NREH M :RUWMERIY JtJGFIJRKI 8�#���� ������� 

544< :KT� 6a RJJtF \ GG� 7<5-7<h� 012/ 34�337a9D345\776\4<4\433a
53� VMWwFOF: L�X� �HF F�tMERKIJ KP EHF MGGWKrR;MEF EHFKWO KP EHF ;KERKI KP M WRYRQ UKQO NREH M :RUWMERIY

JtJGFIJRKI GKRIE 4�(���� �� 2������ �����
����� ��� ��������� 5433 :KT� 86 RJJtF 5 GG� 375-37<�
012/ 34�343h9���MGG;MEH;FSH�5433�46�445
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55� pHKTKJEK:M 1�]� 1I JEMURTREO KP WFTMER:F F�tRTRUWRM KP M WRYRQ UKQO NREH M :RUWMERIY GKRIE KP JtGGKWE 
!����* 3���* )��$* 8�* -��*  ��* ���* 0����
* +�,* 5433 IK� 5 GG� 333-355 �RI stJJRMI��

57� DMPKIK: L�2� 2I�tFISF KP :RJSKtJ PWRSERKI KI JEMURTREO UMTMISF KP EHF UKQO NREH M :RUWMERIY JtJGFIJRKI 
!�����# ���#�$�#��� 2$����������� 0�����(�� 543a :KT� 53 IK� 5 GG� 36\-3h\ �RI stJJRMI��

5a� DEMtQF 1� kFUFW GFW;MIFIEF sKEMERKIJMrFI UFR QFW uFNFYtIY FRIFJ JSHNFWFI pvKWGFWJ t; FRIFI PFJEFI
XtIwE 4�(���� �:(� ��� ����� (�� ����;����� �����
���# 3\<a :KT� 3\<a RJJtF 337 GG� 73\-77a�
012/ 34�36369SWTT�3\<a�337�73\

56� VTKQ�FF:JwRR u�p� LUKtE M GFW;MIFIE MrRJ RI EHF ;KERKI KP M HFM:O WRYRQ UKQO MWKtIQ M qrFQ GKRIE /�(��
<��������� +�,�����#�#� -�(# <"�������$� ��("������ .�����$�,������ �XWKSFFQRIYJ KP EHF 0FGMWE;FIE KP
XHOJRSMT DSRFISFJ KP EHF DKSRFEO KP ^MEtWMTRJEJ� 3\<a :KT� 8 RJJtF 3 GG� ah-a\ �RI stJJRMI��

5h� pHKTKJEK:M 1�]� 0������$���� (�������$���� ���
�������#� $����������  ���(�� �2I:FJERYMERKI KP JEMURTREO
KP DEMtQF GFW;MIFIE WKEMERKIJ� VKJSKN-2�HF:Jw/ sFYtTMW MIQ nHMKERS 0OIM;RSJ 544\ 35\ G�

58� �WM;;FT s� 8�� #������*  ���� ������� (�� ����� ��;���(���� uFWTRI 3<64 UQ� 3 5� �WMIJTMEFQ tIQFW
EHF ERETF =����#��1 ��� ������� � ���
������� :KT� 3 5 VKJSKN/ 2IKJEW� ZRE� 3<h5�

5\� st;OMIEJF: ]�]� DEMURTREO KP GFW;MIFIE WKEMERKIJ KP M HFM:O WRYRQ UKQRFJ ���#�* ���* ��#�* 3<6h 
:KT� 54 RJJtF 3 GG� 63-hh �RI stJJRMI��

5<� st;OMIEJF: ]�]� 1I JEMURTREO KP EHF WKEMERKI KP M HFM:O WRYRQ UKQO NREH KIF qrFQ GKRIE RI EHF SMJF KP
D�]� pK:MTF:JwMOM ���#�* ���* ��#�* 3<6a :KT� 3\ RJJtF a GG� a68-a6\ �RI stJJRMI��

74� VMYItJ p� 6������* /������ (�� ��;���(���� DGWRIYFW uFWTRI 3<83 648 G� �WMIJTMEFQ tIQFW EHF ERETF
=����#��* /������ � ���
������� VKJSKN/ VRW 3<8a 65h G�

73� pK:MTF: L�V� DM:SHFIwK L�2M� DEMURTREO KP tIRPKW; WKEMERKIJ KP M WRYRQ UKQO MUKtE M GWRISRGMT MrRJ 
4�(���� �� 2������ �����
����� ��� ��������� 3<86 :KT� 7< RJJtF a GG� h57-h77�
012/ 34�343h94453�\<5\�86�<44h7�6

75� DFWYFF: ]�D� 1I EHF JEMURTREO KP GFW;MIFIE WKEMERKI KP M HFM:O JKTRQ UKQO MUKtE M qrFQ GKRIE 4�(����
�� 2������ �����
����� ��� ��������� 3<8h :KT� a4 RJJtF 7 GG� 784-78\�
012/ 34�343h94453�\<5\�8h�<445\�<

77� pK:MTF: L�V� DM:SHFIwK L��M� DEMURTREO KP JEMERKIMWO ;KERKIJ KP �M;RTEKIRMI JOJEF;J RI EHF GWFJFISF
KP PKtWEH KWQFW WFJKIMISF ��#�* /$���* /��� �DKTRQ VFSHMIRSJ� pRF:/ ^MtwK:M 0t;wM 3<88 :KT� < 
GG� a4-aa �RI stJJRMI��

7a� pHKTKJEK:M 1�]� 1I EHF JEMURTREO KP EHF JGFSRqS ;KERKIJ KP M HFM:O WRYRQ UKQO QtF EK PMJE :FWERSMT
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