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��3(���0�!�(���3��4�(��&���5-�&�(��#"($���������)"����
��3(����&�&��0�(��&�5�$����(��$�3��4�(��&���5-�&�(��#"($���������)"����

6��	����7���-��8�����("

�� �!"�#�$%&'%()�*�+����,

%&	�����-	.��/%/�(�%&%�)0�1�2.��/�11!3!�!2)��4�#�1 (!3!&5�2.���(!�&2%2!�&1��4�2)/�����26!&�3�'&#%(!�1�!&���→���7

8%(2�&1!2! �2(%&14�(8%2!�&�!&�2.��4(%8�6�(9��4�#)&%8! �2.��()�3%1�#��&�2.�� �& �/21��4�.�2�(�5�&��'1�&' ��%2!�&

%&#�6%"��5(�62.��4�8%(2�&1!2�� ()12%�1���2�!1�1.�6&�2.%2�2.��26!&�3�'&#%()��(!�&2%2!�&1� %&�3��#�4!&�#�3)�12(%!&

4!��#1�!&� ()12%�� �&2% 2�(�5!�&1� .%(% 2�(!12! ��4�1��4:%  �88�#%2�#�5(�'/1�6!2.� �88�&� �����〈 〉 /���1�

���'������*,;������<����������

,��9�(!�=�#)&%8! �2.��()+�8%(2�&1!2! �2(%&14�(8%2!�&+�2!2%&!'8�&! 9��!#�+�2)/�����26!&1+�8�(/.���5! %�� .%(% 2�(:

!12! 1

���

�����	�����	���

�(�5(�11�!&�2.��#�1 (!/2!�&��4��→��8%(2�&1!2! �2(%&1:

4�(8%2!�&�4�%2'(�1�!&�!(�&�%���)1�6!2.!&�%�/%(%#!58�#�:

"���/�#���1�6.�(��>�?�(%!1�1�2.��@'�12!�&�%1�2��6.�2.�(

2.��#�"���/�#�8�2.�#���5)� %&�3��%//�!�#�2�� 2(%&1:

4�(8%2!�&1�!&�2!2%&!'8�&! 9��!#�+�4�(�6.! .�2.��4!(12:�(#�(

2(%&1!2!�&�4�%2'(�1�%(����11�/(�&�'& �#���� %���2.%2�2.�

9�)�(����!&�#)&%8! �2.��()�>�?�3���&51�2��2.��!#�%��4�2.�

!&!2!%���A !2�#�B�1 !��%2�()C�12%2��2.%2�%//�%(1�!&�2.����%12! 

4!��#1��4�#!1�� %2!�&�&' ��%2!�&� �&2�(1�%&#�5�"�(&1�2.�

 �&2(���!&5�6%"��/(� �11��	.��6%"��/(� �11�#!12'(31��%2:

2! ��12%3!�!2)+�%&#�2(%&1!2!�&��4�2.���%22! ��2��%�&�6��@'!�!3:

(!'8�12%2��!1�%  �8/%&!�#�3)�2.��4�(8%2!�&��4�'&%83!5':

�'1�)�(��%2�#�8�(/.���5! %��4�%2'(�1�B�(!�&2%2!�&��4�.%3!2

/�%&�1+��(!�&2%2!�&�(��%2!�&1+�8% (�1.�%(C�2.%2�3�%(�1�8�

!&4�(8%2!�&�%3�'2�2.�� ��/�(%2!"��2(%&14�(8%2!�&�/(�:

 �11���%3!2�/�%&�1�B6!2.�&�(8%�� 6 C( �.%"��2.��1!8/��12

#�1 (!/2!�&=�!2�!1�1'44! !�&2�2��9&�6�2.��6%"��&�(8%�1� ��

%&#� �� ��4� �&2(���!&5�6%"��3�%81�%��&5�2.���(2.�5�&%�

#!(� 2!�&1��4��!5�&"� 2�(1� �ξ



B��D��+��C��4�2.��12(%!&�2�&1�(

�4�2.����%12! �4!��#��4�%�#�4� 2�%&#�2.��6%"��"��� !2)�(%2!���=

6 � �EE +− κ( � � � �+�E E �+=� � � �κ = � � B�C

	.�� %� '�%2!�&��4��(!�&2%2!�&�(��%2!�&1�%&#�8% (�:

1.�%(�(�@'!(�1�2(%&1!2!�&�2��4!&%��12(%!&1�>�?��	.��2(%&1!2!�&

6%1�4!(12� %((!�#��'2�6!2.!&�#)&%8! �2.��()�4�(�3  �2��. /

2(%&14�(8%2!�&�4�(�2!2%&!'8�>�+�*?��
&�!8/�(2%&2�(�@'!:

(�8�&2�!&�2.!1� %1��!1�2.%2�2.��(%2!���4�2�&1!���12(%!&1� �ε
�Bε > �C�%&#� �8/(�11!"��12(%!&1� �Bε < �C�1/� !4!�#�3)

2.��2.(�1.��#�6%"��/(� �11�8'12�(�8%!&� �&12%&2��
�(

/'(��)���&5!2'#!&%��6%"�1�/(�/%5%2!&5�%��&5�2.��1)88�:

2()�%A�1�B�(�!&�%&�!1�2(�/! �8�#!'8C�6��.%"�=
�

� �E E �- = ε ε ≈ κ B�C

	%9!&5�!&2��%  �'&2�@'%1!:��&5!2'#!&%��6%"�1+�(��%:

2!�&�B�C� %&�3��5�&�(%�!0�#F�!&�1��#�!&5+�-�!1�&�2�(�#' �#

2��%�1!8/����@'%2!�&�6!2.�
�κ �3'2�!1�&%2'(%��)�(��%2�#�6!2.�!2�


  �(#!&5�2��2.�� �%11!4! %2!�&�B1��+���5�+�>,?C�4�(�2!2%:

&!'8�&! 9��!#��%���)1+�2.�(��%(��2.(���"%(!%&21��4�2(%&14�(:

8%2!�&1=���→���+���→�+���→���′��	.���%22�(�"%(!%&2
 %&��  '(�%2�1�"�(%�� �83!&%2!�&1��4�!&12%3!�!2)� .%&&��1�

��((�1/�&#!&5����8�&2%()� ���1��4�/.%1�1�%(��#!1/�%)�#

!&�
!5����2%9�&�4(�8�>,?�

	.��#�1 (!/2!�&��4�.%3!2�/�%&�1�'1!&5��@��B�C�!1�%�1�

1!8/���4�(�2!2%&!'8�&! 9��!#��%���)1��
�(��A%8/��+�2.��.%:

3!21��4�2)/�� ��G��*H I ��G**,H ��31�("�#�!&���→����2(%&1:

4�(8%2!�&�!&�	!I�!I�'�%���)1�>,?�%(��'&%83!5'�'1�)�%1:

1� !%2�#�6!2.�#!1�� %2!�&�&' ��%2!�&� �&2�(1+�6!2.�2.�

8%!&�#!1�� %2!�&��!&�1�1�58�&21�ΛΛΛΛΛ�3�!&5� ���!&�%(�6!2.

�����〈 〉 �#!(� 2!�&1�><?����11�1)88�2(! ��(!�&2%2!�&1��4

��G��*� ��,J ���JH �.%3!21�6�(���31�("�#�4�(�2.�����′
/.%1���	.�)� %&�3��%11� !%2�#�6!2.�2.��&' ��%2!�&�/(�:

 �11�1�!&���%12! �4!��#1�%2�ΛΛΛΛΛ� ���!&�%(�6!2.� �����〈 〉 �#!:

(� 2!�&1��	.!1�6%1�(�%1�&%3�)��A/�%!&�#�3)���2' .�"
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�2L%���4�(�%5�#�%���)1�!&�6.! .�	!*�!,�/.%1��/%(2! ��1�/(� !:

/!2%2��>�?���' .�.%3!21� %&�%�1��3��%11� !%2�#�6!2.�3�2.

� ��EE ���〈 〉Λ �%&#� � ��EE ���〈 〉Λ �>�I��?�!4�2%9!&5�!&2��% :

 �'&2�2.%2�2.���(!�&2%2!�&�ΛΛΛΛΛ�!1�8�#!4!�#�!&�2(%&1!2!�&�2�

!&2�(8�#!%2��12%2�1�B/%(2! '�%(�)�!&���→����2(%&1!2!�&C�


�8�(�� �8/��A�2%19�!1�2��!&2�(/(�2�2.���31�("�#�"%(!:

�'1��(!�&2%2!�&1��4�2(%&14�(8%2!�&�26!&�3�'&#%(!�1�>,?�!&

2.�����′�/.%1�+��1/� !%��)�2)/�����26!&�3�'&#%(!�1�B'1!&5

%&�!((%2!�&%��#�1 (!/2!�&��4�3�'&#%()��(!�&2%2!�&1C+�6.! .

!1� %((!�#��'2�!&�2.!1�/%/�(�

����������	�����
�G��
H�	���������
��

�����	
	����

�� %���2.%2�2.��G���Hγ�26!&�3�'&#%()��(!�&2%2!�&1�!&

γ→α�2(%&14�(8%2!�&�!&�!(�&�%���)1�%(��#�1 (!3�#�1!8!:

�%(�)�2��.%3!21�'1!&5��@��B�C�>��+���?���&�2.���@'%2!�&+�2.�

��� γ〈 〉 �%&#� ��� γ〈 〉 �6%"��&�(8%�1�%(��%11� !%2�#�6!2.�(�:

�%2!"��)�1.�(2:6%"���:#!1/�% �8�&21�% 2!&5�!&� �&1!12�&:

 )�6!2.�(��%2!"��)���&5:6%"���:#!1/�% �8�&21�2.%2�%(��(�:

1/�&1!3���4�(�2.��4�(8%2!�&��4�.%3!21+�%&#� �κ = ����' .

26!&�3�'&#%(!�1�(�4�(�2��2)/����2.%2� �((�1/�&#1�2��%�(%2!�:

&%��#�1 (!/2!�&��4�3�'&#%()��(!�&2%2!�&1��
  �(#!&5�2�

�!)%0%9!��2�%��+�2.��2(%&14�(8%2!�&�26!&1�'1'%��)��31�("�#

!&� �&2% 2!&5� ()12%�1�B��5�+�!&�/)(%8!#%�����7�/.%1�� ()1:

2%�1C�(�4�(�2��2)/�����>�*?��	.�(��%(��"%(!%&21�6!2.�3�'&#:

%()��(!�&2%2!�&1�>�*?=

�� ���G� � ��,H EE G������H �′ B*C

	.��3�'&#%()��(!�&2%2!�&1�4�(� ()12%�1�%&#�26!&1�%(�

1 .�8%2! %��)�!��'12(%2�#�!&�
!5����2%9�&�4(�8�>�*?���!)%:

0%9!��2�%���#�4!&��!&2�("%�1��4��(!�&2%2!�&1�4�(� ��G�� H


26!&�3�'&#%(!�1�%2�E
E�M��+�6!2.�2.�� �&2(%��/%(21��4�2.��!&:

2�("%�1�%//(�A!8%2��)� �((�1/�&#!&5�2��
�D�N��>�*?�

	.��0�(���!���(�!&#�A�!&�2.��&�2%2!�&��4�26!&�3�'&#:

%()��(!�&2%2!�&�!&�2.�����/.%1��%A�1�%���61�2.���(!�&2%:

2!�&1�2��3��#�1 (!3�#�3)��@��B�C�'1!&5�%�/%!(��4�'&!2��(2.�5�:

&%��6%"��&�(8%�1�B�)!&5+���5�+�!&�2.��B���C���/�%&�C�%1=

� ��B C >�  �1 1!& ? +′ θ = θ θ�

� ��B C >� 1!&  �1 ? �′ θ = − θ θ�
B,C

��(8%�1�B,C�%(��/(!8�#�2��#!1 (!8!&%2��2.�8�4(�8�2.�

&�(8%�1� �� �%&#� �� ��4�6%"��3�%81�2.%2�1/� !4)�.%3!2

����������

��������������������� �����

)�*�
������8�&2%()� ���1��4����B%C+�����B3+� C�%&#����′�/.%1�1�B#C�!&�2!2%&!'8�&! 9��!#��%���)1+�2.�!(�#!8�&1!�&�2���(!�&2%2!�&�(%2!�1+�%&#

1 .�8%2! �2(%&14�(8%2!�&1�#�2�(8!&�#�3)�1.'44���BG���H������%&#�G���H �����C�%2�8! �#!1/�% �8�&21� ��BG���H �1.�%(�/�%&�1�%(�

.%2 .�#C��	.��4!5'(�� �((�1/�&#1�2��
!5��*����4(�8�>�?�

B3C

B C

B%C

B#C
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/�%&�1����2! ��2.%2�2.��"��� !2!�1��4�6%"�1��4�2.��1%8�

/��%(!0%2!�&�!&�8'2'%��)��(2.�5�&%��#!(� 2!�&1�!&�2.�

��B���C �/�%&��%(���@'%��2���% .��2.�(����&1�@'�&2�)+

12(%!&1�8'12�%�1��3���@'%��%  �(#!&5�2���@��B�C���'312!2'2:

!&5��@��B,C�!&2���@��B�C+�%2�κ�D��+�6��4!&#=

6 � �

��

EE B C B C

EE >� B �1 1!& C B1!&  �1 C? �

′ ′ ′θ ± θ
θ θ θ ± θ
( � �

� B<C

�%(2! '�%(�)+�%2� � ��B�C >���?′ =�
�

%&#� � ��B�C >���?′ =�

2.��26!&�3�'&#%(!�1� �!& !#��6!2.� ��B���C ��(� ��B���C +

6.!���%2� � ��B ,C EE>���?′ π�
�
%&#� � ��B ,C EE >���?′ π� �2.�)� �:

!& !#��6!2.� ��B���C ��(� ��B���C � �	.��&�(8%��2��3�'&#%()

B*C�!1� ���!&�%(�6!2.� � �B C B C′ ′θ − θ� � �%2�� %( 2%&B� *Cθ = ≈
�J�,*<°+�6.�(�

� ��

��

B C > �1 � 1!& ?

>���,J�J* � ��*����J? +

′ θ = θ θ
≈

�

� ��

��

B C >1!& �  �1 ?

>��*����J � ���,J�J*? �

′ θ = θ − θ
≈ −

�
B�C

��6�"�(+�2.��3�'&#%()��4�2)/��B*C� %&�%�1��3��(�/(�:

1�&2�#�3)�2.��#!44�(�& �� � �′ ′−� � �!&�6.! .�6%"��&�(8%�1

.%"��&��0�(��/(�O� 2!�&1�

��& ��2.��#�4!&�#�(�����4� �+�
′� �#!(� 2!�&1��4�2)/��B�C

(�@'!(�1�1�/%(%2��/.)1! %��O'12!4! %2!�&�

*��������
����
�����
�����
����P��
��

����
�������	������������	:�
��

	������P����
�

	.��5�&�(%��!#�%��4�#)&%8! �2.��()�!8/�!�1�2.%2�6%"�

&�(8%�1�8'12�3��1/� !4!�#�3)��!5�&"� 2�(1��4�2.��12(%!&

2�&1�(��4�2.����%12! �4!��#�2.%2�3(�%91�2.��1)88�2()��4�2.�

!&!2!%��/.%1����2�!1�2.�(�4�(��8%9�1�1�&1��2��"�(!4)�2.��.):

/�2.�1!1�%3�'2�2.��(�����4���%12! �#�4�(8%2!�&�!&�2.�� �&:

2% 2�%(�%�3�26��&� ()12%�1�!&�2.��4�(8%2!�&��4�2)/����

26!&1��
!(12+�!2�!1�(�%1�&%3���2��#�1 (!3��2.��/�11!3���#):

&%8! �/%22�(&��4�!&#!"!#'%�� ()12%��4�(8%2!�&�2.(�'5.�2.�

��→���→���′� .%&&��+�%11'8!&5�2.%2�2(%&1!2!�&�2��2.�

!&2�(8�#!%2������12(' 2'(���  '(1�%  �(#!&5�2��2.��6%"�

8�#��2.%2�1%2!14!�1��@1��B�C�%&#�B�C�����%11'8��2.%2�2.�

2(%&1!2!�&��  '(1�%1�!&�2.�� %1���4�3  �2��. /�2(%&14�(:

8%2!�&�>*+�,?�6!2.�2.��8�12�(%/!#�#�4�(8%2!�&��4�2.�

��B���C �/�%&�1�#'(!&5�6%"��/(�/%5%2!�&�2.%2�!&#' �1

 �8/(�11!"��%&#�2�&1!���#�4�(8%2!�&� ��1��2��2.�� ��>���?

%&#� ��>���? �1)88�2()�%A�1+�(�1/� 2!"��)�

�12!8%2!�&�!1�/�(4�(8�#�'1!&5��%22! ��/%(%8�2�(1�>�,?

4�(�	!I,��!I���'�1)12�8=

��� = ��*�*��&8+� ���� = ���JJ��&8+

���# = ��,����&8+� ���� = ��,<�,�&8�
B�C

	.��5!"�&�"%�'�1��4�/%(%8�2�(1�B�C�#!44�(�5(�%2�)�4(�8�2.�

#%2%�(�/(�1�&2�#�!&�
!5����4�(�@'%�!2%2!"��!��'12(%2!�&�

�2(%!&1��&��#5�1��4�2.�����/.%1�� ����%(��5!"�&�3)�2.��(�:

�%2!�&1

>���? ��� �� ��B C +� � �ε = −

��� �� ��>���?
B � C B � C +# � �ε = − BJC

>���? ��� �� ��B � C B � C�� � �ε = −
�@'%2!�&1�BJC�%&#�B�C�)!��#�2.��4����6!&5�"%�'�1�4�(�2.�

3%1!1��4�2.�����/.%1�=

>���?ε ≈ I���,���+� >���?
ε ≈I�����,�+

>���?ε ≈���<*,*�
B�C

�2�!1��"!#�&2�4(�8��@��B�C�2.%2�2.��8�12�(%/!#� �8/(�11!"�

%&#�2�&1!���#�4�(8%2!�&�!&�2.���(2.�5�&%�� ��>���? �%&#

��>���? �#!(� 2!�&��  '(1�!&�2.�� ��B���C �/�%&��B2.��12(%!&

>���?
ε ≈ I�����,��!1���6C��
11'8!&5�2.%2� � >���?=ε ε ≈
���<*,*�%&#� � >���?=ε ε ≈ �I���,���+�6��.%"�=

� �E Eε ε ≈ ���J�<� B��C

	.�� %� '�%2!�&��4�/%(%8�2�(�κ�'1!&5�#%2%��&���%12! �8�:

#'�!��4�	!<�I�!*JI�'��I
���1!&5��� ()12%�1�)!��#1�
�κ ≈

��JJ���4�(�2.�� %1���4�6%"��&�(8%�1�#!(� 2�#�%��&5�2.�

1)88�2()�%A�1+�6.! .�!1�18%���(�2.%&�"%�'��B��C+�%&#

.�& ���@��B�C�!1�&�2�1%2!14!�#����"�(2.���11+�%2�#�"!%2!�&

4(�8�2.��1)88�2()�%A�1�6!2.�(�5%(#�2��@'%1!:��&5!2'#!:

&%���:6%"�1�2.��"%�'�1��4�/%(%8�2�(1�-�%&#�κ� %&�3��&%2':
(%��)� �((��%2�#��
�#�2%!��#� �&1!#�(%2!�&��4�2.��!11'��!1

3�)�&#�2.��1 �/���4�2.!1�6�(9�

	.��8�12�1!5&!4! %&2�#!44�(�& ���4�2.�����′�/.%1�
4(�8�2.������/.%1�+�6.! .�!1��3"!�'1�4(�8� �8/%(!1�&

�4�
!51���3�%&#��#+�!1�2.%2��&���4�2.�� �����#5�1���1�1

�(2.�5�&%�!2)�6!2.�(�1/� 2�2��2.��26���2.�(��#5�1��	.!1
)�*�
����(!�&2%2!�&��4�2)/�����26!&�3�'&#%(!�1�!&�O'& 2!�&��4

2.(��� ()12%�1�>�*?�
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4% 2�(�1.�'�#�3��2%9�&�!&2��%  �'&2�!&�4'(2.�(�%&%�)1!1���&

%##!2!�&�2�����8�&2%()� ����12(%!&1�B�C+�6��1.�'�#�2%9�

!&2��%  �'&2�1.�%(�12(%!&�!&�2.�� ��B���C �/�%&��%��&5�2.�

��>���? �#!(� 2!�&�6.! .���%#1�2��8�&� �!&! �#!12�(2!�&

�4�2.���(2.�(.�83! ��%22! ����� %���2.%2�1!8/���1.�%(

12(%!&�!&�2.�� ��(#!&%2�:4(���4�(8�(�%#1�>��+���?=

QQ +* � �= + ⋅�τ ����D�2%&LψD���2%&Lω+�τ�D���D��+��������B����C
QQ Q �* = λω B����C

�&��@��B����C� Q� �!1�2.��'&!2�2�&1�(+� ⋅�τ �!1�2.��#)%#! �&�2%:

2!�&��4�1.�%(�12(%!&�!&�2.��/�%&��6!2.�&�(8%����!&�2.��τττττ�#!:
(� 2!�&+�6!2.�2.��1.�%(�"%�'���+�%&#�ω�!1�2.��%&5����4�(�2%:

2!�&�%3�'2�2.�� > + ?�τ �%A!1�B>L+L?�!1�2.��1)83����4�"� 2�(

/(�#' 2C���&��@��B����C� Qλ �%&#� Qω �%(��2.��12(%!&�%&#�(�2%:

2!�&%�� �8/�&�&21��4�2�&1�(� Q* �%2�!21�/��%(�#� �8/�1!:

2!�&�


�(�#�4!&!2�&�11+�6��5!"��2.��8%2(!A�&�2%2!�&��4�2.�

(�1'�2!&5� #!12�(2!�&� 2�&1�(� Qχ � !&� 2.�� 3%1!1� ��>���? +

��>���? + � ��>���? � %2� 12(%!&� B�C� B�8!22!&5� ��6� 12(%!&

>���?
Cε �%&#�1.�%(�%��&5�2.�� ��B���C �/�%&��!&�2.�� ��>���?

#!(� 2!�&=

[ ]

[ ]

���

���

�

� � � �

� �

�:

� ε
 

χ =  
 ε 

B��C

	.��3%1!1�6!2.�2.��5!"�&��(!�&2%2!�&��4�%A�1�%��&5�2.�

�#5�1��4�2.�����/.%1�� ����6!���3��#�&�2�#�3)�2.��1)83��

������&��(#�(�2���32%!&�2.��12(%!&�2�&1�(� Qε �%2���6�"%�'�1

�4�2.��8%2(!A����8�&21+�!2�!1��&�'5.�2��!1��%2��2.��1)88�2:

(! �/%(2�!&��@��B��C=
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[ ]

[ ]

[ ]
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� �B C

� � � 2%&

� � � � � � �

� � 2%& �

�: �: :�

�

�

ε = χ + χ

 ε ω ε    = =     ωε ε    

B�*C


1�6%1�1.�6&���1�6.�(��>�+�*+�J+��?+�2.��#�"���/8�&2

�4�2(%&14�(8%2!�&�!1�(��%2�#�2��1.�%(�2.%2���%#1�2��8%2�(!%�

(�2%2!�&�3)�%&5���ϕ�#�/�&#!&5��&�κ��
�"%(!%&2��4�&�2%2!�&

�4�2.��%&%�)2! %��#�/�&#�& ��ϕBκC�(�%#1=
�

� � �

�
B C %(  �1 +

B� � � ��

+ κϕ κ =
+ κ κ +

�

�

� �
�

� E � �

+Γ =
−

B�,C

�&�2.�� �&1!#�(�#� %1�+�2.��%&5���ϕBκC�#�1 (!3�1�2.��(�2%:
2!�&��4�2.��4(%8�� �� ����� + ���〈 〉 〈 〉 �%3�'2�2.�� �����〈 〉 �%A!1

B6!2.�(�2%!&�#��(2.�5�&%�!2)��4�!&!2!%���#5�1� �����〈 〉 �%&#

�����〈 〉 �#'(!&5�(�2%2!�&C���&�%�8�(��5�&�(%�� %1�+� �8:

/%(�#�2���@��B�C+�2.��&�2%2!�&��4��@��B�,C� %&�3��(�2%!&�#

6!2.� 2.�� (�/�% �8�&2� �4� κL→L-�� 	.�&+� 1'312!2'2!&5
�- ≈���J�<+� �ε ≈ ���<*,*+� �E Eε ≈ ���,����!&2���@��B�,C

6��4!&#�Γ�≈����������%&#�ϕB-C�≈����*,°�
�2�!1�&%2'(%��)� �& �!"%3���2.%2�2.��#�"���/!&5�1.�%(

2%&Lψ�2.%2�3(�%91�2.���(2.�5�&%�!2)��4�2.��!&!2!%���#5�1

�����〈 〉 �%&#� ����� +〈 〉 �%  �(#!&5�2���@��B��C+�8'12�3�

 ��1��2���2%&LϕB-C�
��6���2�'1�#!1 '11�2.��/�11!3!�!2)��4�%//�%(%& ���4

26!&1�6!2.�&�&:2)/! %��3�'&#%()��(!�&2%2!�&1�!&�26!&

 �&2% 21����4�(8%2!�&�!&�2.�� �&2% 2�%(�%�!1�#�1 (!3�#�3)

2.��1'8��4�12(%!&1�%11� !%2�#�6!2.�!&#!"!#'%�� �&2% 2�(�:

5!�&1��	.�&+�!&12�%#��4��@��B�*C+�6�� �8��2�=

>���?

>���?

>���?

� 2%& 2%&

2%& �

2%& �

����J*, ���<��< ���<��<

���<��< ���<*,* � �

���<��< � ���<*,*

�:

 ε ω ω
 ε ≈ ω ε 
 ω ε 

− 
 ≈  
  

B�<C

	.���!5�&"%�'�1��4�2�&1�(�B�<C�%&#� �((�1/�&#!&5��!5�&:

"� 2�(1�%(�=

�ε = ����J�,J,+� �ε = �I������*�,+� *ε = ����<*,*+

� ���EE >��*����* ���<�*,� ���<�*,�? +ξ

� ���EE >����J��J ����*�JJ ����*�JJ? +ξ − − ��
�B��C

* ���EE >� �������� ��������? �ξ −
�%11!&5��&�2��2.��3%1!1� �����〈 〉 �B2.(�'5.�(�2%2!�&�%3�'2

��>���? �3)�%&5��� ,C+π �6��.%"�=

� ��EE >��*����* ����J��J �? +ξ

� ��EE >����J��J ��*����* �? +ξ − B��C

* ��EE >� � �? �ξ
	.�&+

� � � � ��

��

EE >��<<��,< ��*����� �?

EE >� ��**J��� �? +

′ ′− = ξ − ξ −
−

� �

B�JC
� � � � ��

��

EE >��*����� ��<<��,< �?

EE >��**J��� � �? �

′ ′+ = ξ + ξ� �

��1'�2�B�JC� �((�1/�&#1�2��%�1�!5.2�#�"!%2!�&�B3)�%&5��

≈�°C�4(�8�2.���(!�&2%2!�&� ��>� ��, �? �/(�/�1�#�3)��!)%:

0%9!��2�%���>�*?�%&#�2��#�"!%2!�&�3)�%&5���≈,°�4(�8�2.���(!:

�&2%2!�&� ��>� � �? � �	.���A!12�& ���4�2.���(!�&2%2!�&�!&2�(:

"%��!1��"!#�&2�)�#'��2��2.��"%(!%2!�&��4�%&5���ω�%11� !%2�#+

%  �(#!&5�2���@��B��C+�6!2.�2.��(�2%2!�&%�� �8/�&�&2��4

1.�%(�2.%2� .%(% 2�(!0�1�8�&� �!&! �#!12�(2!�&��
�(��A:

%8/��+�%2�'& .%&5�#�#!%5�&%�����8�&21��4�8%2(!A�B�<C�!&

2.���!8!2!&5� %1��ωL→L�LE
EL→L�+�!���+�3�'&#%()��(!�&2%2!�&1
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2�&#�2�� ��G���H � ��&�%&�2.�(��!8!2!&5� %1���4�ωL→LϕB-C+�2.�
!&�@'%�!2)�E
E�M���.��#1�2('������%(�)+�2.��"%(!%2!�&��4�ω�%2

'& .%&5�#�#!%5�&%�����8�&21�!1�4�(8%��3� %'1��2.��"%�'�

�4�ω�#�/�&#1��&�12(%!&1��	.����11��4�12%3!�!2)�2��8�&� �!&! 

1.�%(�!&�2.��(�5!�&�2.%2�2(%&14�(81�3)�2.����→����1 �:

&%(!��8�12�/(�3%3�)��  '(1�6.�&�2.��"%�'���4�ϕ��A ��#1
%� �(2%!&�"%�'�� 2.ϕ �2.%2+� �& �!"%3�)+�#!"!#�1�2.���!&�%(

%&#�&�&�!&�%(���%12! !2)�#�8%!&1����& ��12(%!&�5(�62.�%2

2.��!&!2!%��12%5���4�'&12%3����%22! ��(��%A%2!�&�!1�&�2�&� �1:

1%(!�)�%  �8/%&!�#�3)�8�&� �!&! �1.�%(+�3'2�%2� 2.ϕ > ϕ
1.�%(�2%9�1�/�% ��%&#�!& (�%1�1�'/�2���2%& ω�≈��2%& ϕBκC�

	.���%12� �& �'1!�&�5�&�(%��)�%5(��1�6!2.��A/�(!8�&:

2%��#%2%����%��)+�2.��%&5���"%�'��!&�8�&� �!&! �#!12�(2!�&

!1�#�4!&�#�2��3��≈���J°+�!���+�2.��1.�%(�"%�'��!&�%&5'�%(
8�%1'(�8�&2� �((�1/�&#1�2��≈��J°���!2.�2.��%3�"���12!:

8%2��4�(�2.��%&5���ϕBκCL≈L���*,°+�2.��#!44�(�& ���4��ϕB-C
4(�8���J°�!1���11�2.%&�3)��°����6�"�(+�6��8'12�3��%6%(�

�4��A/�(!8�&2%���((�(1�!&�8�%1'(!&5��%22! ��/%(%8�2�(1

%&#���%12! �8�#'�!�B3)�6.! .�6���12!8%2�#�12(%!&1+�κ�%&#
ϕB-CC�%1�6����%1��4�2.��4% 2�2.%2��'(� �&1!#�(%2!�&�(�4�(1�2�

2�8/�(%2'(�� 1�� ��� %���2.%2�2.��"%�'���4�8�&� �!&! �#!1:

2�(2!�&1�!& (�%1�1�%6%)�4(�8� 1�
�
B#'(!&5� ���!&5C�

�2�1.�'�#�3��&�2�#�2.%2�2.��#�/�&#�& ��ϕB-C�!&�2.��#�:
8%!&��4���6�12(%!&1�!1��!&�%(�6!2.�(�1/� 2�2��12(%!&1�B%2

4!A�#�-C����%��)+

� �

�

�J� B E E C
B C �

B �C

-
-

-

ε + εϕ ≈
π +

B��C

	.��@'%&2!2)�ϕB-C�!&��@��B��C�!1�8�%1'(�#�!&�#�5(��1�

�!2.�(�5%(#�2�� �
� �E E- = ε ε �6��.%"�� �B C E E- -ϕ ≈ ε �4(�8

�@��B��C+�6.�(��ϕB-C�!1�8�%1'(�#�!&�(%#!%&1��	.�&+�2.�

&�&:#!%5�&%�����8�&21�!&�8%2(!A�B��C�2%9��2.��4�(8=

�2%& 2%& B C E E�- -ω = ϕ ≈ ε B��C

��6�1'312!2'2!&5��@��B��C�!&�8%2(!A�B�<C�1.�61�2.%2�!&

�(#�(�2��4!&#�2.��1�'5.2��!5�&"� 2�(1�6��1.�'�#�#!%5�&%�:

!0��2.��8%2(!A�2.%2� �&2%!&1��&�)�/%(%8�2�(�-��
11'8!&5

2.%2� >�� �?
=ε �+� >���? �� � E E +ε = − ε �%&#� >���? �+=ε ε �6��2'(&

2��2.��1!8/��12�&�2%2!�&��4�2.��8%2(!A�2.%2�.%1�2.��1%8�

�!5�&"� 2�(��(!�&2%2!�&1�%1�8%2(!A�B�<C�!&�%  �(#%& �

6!2.�2.��1�@'�& ���4� .%&5�1�!&�8%2(!A�&�2%2!�&=

� � �

� �

� �

�

�

� E E E E E E

E E �

E E �

� � � �

� � � �

� ��

�:

- -

-

-

- - -

- - -

-- -

− ε ε ε 
 

ε → ε ε 
 

ε ε  
−  − 

   → →   
     

B��C

�1!&5�8%2(!A�B��C+�6�� %&��%1!�)� %� '�%2��!&#�A�
�2.%2

1/� !4!�1�3�'&#%()��(!�&2%2!�&1�4�(�2)/�����26!&1� ��G�� H


#�/�&#!&5��&�-���� %���2.%2�6.�&� %� '�%2!&5�3�'&#%()

�(!�&2%2!�&1�4�(�2)/�����26!&1� ��G�� H
 �3�2.�6%"��"� 2�(1

�4��:6%"�1��!��!&��&���4�2.�� ��G���H �1)88�2()�/�%&�1+��:

6%"��"��� !2!�1�%(���@'%�+�%&#� �κ = ������& ���(!�&2%:

2!�&1��4�&�(8%�1�2��2.�� ��G�� H
 �3�'&#%(!�1�%  �(#!&5�2�

�@��B<C�%(�� ���!&�%(�6!2.�2.��1'8��(�#!44�(�& ���4��!5�&:

"� 2�(1��4�8%2(!A�B��C��	%3�����!��'12(%2�1�2.��#�/�&#�& �


B-C�%&#�5!"�1��!5�&"� 2�(��(!�&2%2!�&1�!&�2.��3%1!1��4�2.�

!&!2!%�����/.%1���
�(� �8/��2�&�11�!2�%�1��(�/(�1�&21�2.�

 %1���4�-�R���B :κ < �� %&�3���31�("�#�!&�8%2�(!%�1�6!2.

2.����%12! �%&!1�2(�/)�4% 2�(�;LR��C�

	.��3��#�#�"%�'�1�!&�2.��2%3��� �((�1/�&#�2��2.��"%�'�

-�≈����,*�2.%2�.%1�3��&�#!1 '11�#�%3�"����2�!1�!&2�(�12!&5
2.%2�%2�1!8'�2%&��'1��31�("%2!�&��4�#�4�(8%2!�&�3)�8�:

&� �!&! �1.�%(�2.��
�"%�'�1��A ��#��+�%2���%12�%2�(�%�!12! �-

"%�'�1�4�(�2.�� �&1!#�(�#�8%2�(!%�1�6.! .�%(�� ��1��2��2.�

5!"�&�%3�"����(�3%3�)+�%2�4!A�#�-�2.��(%&5���4�
�"%�'�1

6!2.�2.�� �&2(%��/�!&2�
�D���!1�5�"�(&�#�3)�%�(�2%(#�#�!&:

 (�%1���4�8�&� �!&! �1.�%(�6!2.�(�1/� 2�2��12(%!&1��	.!1

 %&�3��!��'12(%2�#�3)�!&2(�#' !&5�/%(%8�2�(���B��≤���≤��C
2��2.���%12�8%2(!A�B��C�!&12�%#��4�'&!2�&�&#!%5�&%�����:

8�&21��	.��%3�"�:1%!#�!1�%&�!��'12(%2!�&�4�(�2.��#%2%�!&

	%3������32%!&�#�%2�2.��4!A�#�"%�'��-�≈����,*�
	.��/�(4�(8�#� %� '�%2!�&1�#�8�&12(%2��2.%2��(!�&2%:

2!�&1��4�2)/�����26!&�3�'&#%(!�1� %&�3��#�1 (!3�#�3)�/%!(1

�4��:6%"�1�/(�/%5%2!&5�4(�8� �&2% 2�(�5!�&1�!&�26!&

 ()12%�1�

��&+�
��
��/�&#�& ���4�!&#�A�
�2.%2�1/� !4!�1�26!&�3�'&#%()��(!�&2%2!�&��&�/%(%8�2�(�-

- �
′� �

′� *
′� �������������


��J ��*,��* ���*�J� � ���*�J� �I��*,��* � ��� ����������������,
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