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UV-WX � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � >"
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��- A E�),�$9$! $+, 9�#)$�%,1+, (&! 7&!F%�#$&)3 &��* )!& 7&!F%�#$&)3 E1#�9� � � �
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'$9, E#�1E$+�9 E%� =�%� # E#�&���$#�! 9�#)$��,&!a 9 M+��)&�9 #1,!& E&% !E%$#T

�#� !$&)3a )!& $% "� #1,!&  &)��$#�%� �$!, $! 9�#)$��,&! (1,%�, E&% M#� �  E%�%*, ,!

7�!E#$#*�%�, !E� $% E#71% )�,%,$!/ $% F!&,� #,% $9/ M+��)&�9/ 4��� �&(�$#�% !E%$#�#T

� !$&)� )!& $% "�  #(!�*$#�% UV��WX� �$!, #&��(%� # $&/ $& =/ $%� /0 )!& $%� 0� )!& (&!

��� = 4 �� )!& �� = 1017 �−3 $% "� #1,!& $9/ $�C9/ 50 1��

����� ����"& ��!�+$,�

21! !)� ! �9 !,$&)3 7&!7&)!�1! �$% E��� ! #1,!& $% $& �� 6!1,#& �$9, #E&F�,#&!

$%� 7%�#1%� E%� E#�&=�#& $% E��� !� J! &�,$! )!& $! 9�#)$��,&! E%� FM�,%�, �$9, #E&F�,#&!

#E!,!��,7=%,$!& )!& =$�& %& �%=/ ��,%,$!& !E� $% E��� !� J! 9�#)$��,&! FM�,%�, �$9,

#E&F�,#&!  # E%�*  #(!�*$#�#/ $!�*$9$#/ )!& !F3,%�, $% E��� !  # M#$&)� F%�$1% �$9,

E#�&%�3 )%,$� �$9, #E&F�,#&!� r,! 9�#)$�&)� E#71% #E&6�!7*,#& $! 9�#)$��,&! )!& #E&$!�*,#&

$! &�,$! )%,$� �$9, #E&F�,#&! =$�& I�$# $! )!M!�� �#* ! ,! &�%*$!&  #  97=,� '�,#EI/a 9

#E&F�,#&! !E%)$� !�,9$&)� 7�,! &)��

'�3 ! ��8j 5�&!)3 '$%&6�7! UV�>WX�

J% E��� ! =�#& M#$&)� 7�,! &)� �# ��=�9  # $9, #E&F�,#&! E%� $% E#�&=�#&� ;C!&$1!/

$9/ M+��)&�9/ 4���a 9 7&!F%�� 7�,! &)%* E%� !,!E$*��#$!&  #$!C* $9/ #E&F�,#&!/ )!& $%�

)��1+/ �()%� $%� E��� !$%/ E#�&%�1H#$!& �# =,! �$�I ! E��%�/  #�&)I,  9)I, 4����

J% �$�I ! !�$� $% %E%1% #1,!& M#$&)� F%�$&� =,% %,% �H#$!& �����! ����2��� 3 �������

��	�����
�� U�S��Q� ����	�X�
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����- ���./�0�� �#$� ��!�

�!���% E%� $% E��� ! �$%, )��1+/ �()% $%� #1,!& %�7=$#�%a $%E&)=/ 7&!$!�!�=/

!E� $9, %�7#$#��$9$!  E%�%*, ,! �� 6%*, �# �()%�/  &)��$#�%�/ !E� $9 �F!1�! 4����

@�$=/ %& 7&!$!�!�=/ M! %79(3�%�, �# 9�#)$�&)=/ 7�,� #&/ )!& $! 9�#)$��,&!a #C!&$1!/ $9/

 �H!/ $%�/a M! !,$&7���%�, �n!�$=/ E&% (�3(%�! !E� $! &�,$!� @�$3 9 !,$17�!�9 (1,#$!&

 =�+ $!�!,$I�#+,�

)����+ �' 9 ��������� ��� ��������	�� ����� ������	��� ��������� ��������� ! @50A�

4B/* .� ��� ��
�	��� ��

.� =
(
��0

2
�

��/0

)1�2

= 18000!�1�2
� �� U��.�-X

���� � �� 	
��� �	 ��−3&

��/ �'��� 0 )"' ��)',0 1" %+, �&�%' !2,+, 	+!"%'31+,  %&

��� !"

'!, ��,=E#&! $9/ !,% %&%(=,#&!/ $%� E��� !$%/a %F#1�%� # ,! ��6%� # �E�o9  1!

)�1�9 $9/ E�),�$9$!/ U\�^��	� ���\��^	X )!&  1!  9 % %&� %�F9 )!$!,% 3 $+, &�,$+, )!&

$+, 9�#)$�%,1+, �# =,! E�),� E#�&6���%,  # %�7=$#�! #179� ;C!&$1!/ $+, )�1�#+, $+, ��T

()#,$�I�#+, UP�^��^	��	��^ ���\��^	�Xa $! �+ !$17&! $%� E��� !$%/ M! $#1,%�, ,! )&,9M%*,

��(+ 7&����9/ E�%/ $&/ E#�&%�=/  #  &)��$#�9 E�),�$9$!� J! F%�$&� =,! #179 7&!�=%,$!&

#)$#�I,$!/ $��!1% E#�1E!$% U'�� ��>X )!& ��()�%*%,$!& ���,�  # %�7=$#�! �+ !$17&!a E�%�T

717%,$!/ 9�#)$�&)3 !(+(& �$9$! �$% E��� !�

'# E%�*  &)�=/ E�),�$9$#/ �E%� $%  3)%/ 4��� #1,!& $9/ 17&!/ $�C9/  # $%  =(#M%/

$9/ 7&����9/ 3 $9 7&��$!�9 $%� ���$3 !$%/a $! 9�#)$��,&! 7&!�=%,$!& !,#C��$9$! )!& %& �%=/

$%�/ #�=(�%,$!& !E� $%�/ ��,$#�#�$=/ 7&����9/ 2� �^\2�a !,$1�$%&�!� @�$� 7#, &��*#& �$!,

%& E�),�$9$#/ $+, F%�$&� =,+, #&7I, #1,!& $9/ $�C9/ �� ≈ �� ≥ 108 ��−3�

)����+ �� 9 ���1���� ��
������ ( ��� ���������� �������
�� �	 �� ��	������ �	�
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'�3 ! ��>j d 7&����9 #1,!&  1! 7&!7&)!�1! $��!1%� E#�&E�$%� UV�>WX�

)����+ �� (������
� �4+=/C/.>� 1 	��� ���������� �������
�� 	
��� � ���1���� ������

�!� ��� �	 �� �������
� ��	������ ���� ��� ����	�
�	��� �	 �� ����	�	��! ��
������

2��	� ��� ����� D/0,.-/0

1 =
|0|2
��

% U��8�
X

���� 0 	
��� �� ��	������ ����
� ��� �������
��&

)����+ � 9 �������! ��! ���������� �������
�� �� � �������� ��� �� � ��
������

�	 �	�
� 3 	
���

�� = −24�

4+
± �( = −24�

4+
± �1) U��8�.X

���� �� + ���������	
 ��� �	���� ����� ��� �� − ��� ��������� �	 �+ ≈ �− = �&

@, #C&�I�%� # �+� = �−� ≡ −2�
4�

4+
)!& %�1�%� # =,! )%&,� ��,$#�#�$3 7&����9/a % %E%1%/

M! E#�&�! 6�,#& )!& $9, %�1�M9�9a $�$# E�%)*E$#& 9 =,,%&! $%� ! F&E%�&)%* ��,$#�#�$3

7&����9/j

)����+ �( E ����	�	��!� ���������!� ���������54=/7+C5* F/GB,/+0� 2� 	
��� �� ����

��� ����������� �������� ��� ��
������ ��� ���
�	�� ���������� �������
�� ��� ���

������ ��� ����� 
�	��� 2��	� ��� �����

2� =
1�2� + 1�2�

1� + 1�
 U��8�8X
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H���������� ��� 1� -- 1� �	 �� ���	��� �������� ������� � U��8�8X  
�	���

2� ≈ 2� +
1�

1�
2� U��8�>X

��� ��������������� �� ���� D/0,.-/0� ����	

2� ≈ 2�

(
1 +

��

��

)
 U��8��X

I�� ��� U��8��X ��������1�	 ��� 2� -- 2�� ���1 ��� ������� �����
�	��� ��� �

��
������ 	�� 2� 55 2�� ���1 ��� �� ������� �����	
��� � ��
�����&

��4 �0!$1" ��� !"%&.

5& �9 &)=/ 7&#�(!�1#/ E%�  E%�%*, ,! ��6%�, �I�! �# =,! E��� ! #1,!& &7&!1$#�!

E%�*E�%)#/� J! M#� � 9�#)$��,&! $%� E��� !$%/ #1,!& �E#*M�,! (&! $9, !��,3M&�$9 �9 #1!

9 %E%1! !)� ! 7#, #1,!& E�3�+/ )!$!,%9$3�

��1�� �.��,�$���� �2. �#�"��!.�2.  � 3��4� �2 ���,��

J! 9�#)$��,&! �$% E��� ! )#�71H%�, #,=�(#&! !E� $% #C+$#�&)� 9�#)$�% !(,9$&)�

E#71% )!& $9  #$!F=�%�, �$% !=�&% (&! ,! 7&#(#1�%�, )!& ,! ��,$9�3�%�, $% E��� !� A

 #(!�*$#�9  #$!F%�� #,=�(#&!/ !E� $! 9�#)$��,&! �$! 6!�&� �+ !$17&! (1,#$!&  =�+  9

#�!�$&)I, ��()�%*�#+, UV�8WX�

�� Z
��$�&��� %�"����#UukP�	�	��^Xj

A �*()�%��9 9�#)$�%,1+, !�)#$3/ #,=�(#&!/  # 6!�&� �+ !$17&! %79(#1 �$9, E!�!(+(3

7&9(#� =,+, !$� +, )!&  %�1+,� �E���%�, 7&�F%�#/ !,$&7���#&/ 7&=(#��9/ 6!�=+,

�+ !$&71+,j

• %�
#���� ��� ������������ %�"����#j

A�#)$��,&!  # !�)#$3 #,=�(#&!  E%�%*, ,! 7&#(#1�%�,  ��&! �# �o9��$#�! #,#�T

(#&!)� #E1E#7! U����	��^�S �^\ ��	�	��^�SX�

�− + 67(( = 0) → 67

67− → 67(( - 0) + �−
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�.
 8#����*�!� �2674
� �/
 9���!��' �2674
�

'�3 ! ���j '9 !,$&)=/ !,$&7���#&/ $+, 9�#)$�%,1+,  # ���! #179�

• ,������
��� %�"����#UuS�P	��^�P ukP�	�	��^Xj

J! 9�#)$��,&! E%� =�%�, C#E#���#& $9, !E!�!1$9$9 )!$I$!$9 #,=�(#&!U	������S\

�^����X  E%�%*, ,! 7&#(#1�%�, =,!  ��&% !E� =,! �! 9�� #,#�(#&!)� #E1E#7% �#

=,! �o9��$#�%�

�− + 6 → �− +6∗


� Z6�$�"����#U4�T�kP�	�	��^Xj

6∗ → 6 + 
8

.� %�&�6��#U4����P��	��^Xj

21! !,#�!�$&)3 �*()�%��9 #,�/ 9�#)$�%,1%�  # =,!  ��&%  E%�#1 ,! E�%)!�=�#& $9

7&��E!�3 $%� �# 7�!�$&)=/ �9 &)=/ �1H#/a

�− + 67 → �− + 6 +7

8� [�
���+U]�^�v�	��^Xj

J! 9�#)$��,&! E%� =�%�, C#E#���#& $9, %�&!)3 #,=�(#&! &%,&� %*  E%�%*, ,! !F!&�=T

�%�, =,! 9�#)$��,&% !E� =,! �$% % )!& ,! E!��(%�, =,! #E&E�=%, 9�#)$��,&% )!& =,!

&�,� @�$� $% #E&E�=%, 9�#)$��,&%  E%�#1 ,! #E&$!��,M#1 (&! ,! )#�71�#& !�)#$3 #,=�(#&!

I�$# ,! &%,1�#& =,! ���% �$% %� @�$3 9 7&!7&)!�1! %79(#1 �#  &! ��,#�3 E!�!(+(3

&%,&� =,+, #&7I, )!& =$�& $% E��� ! ��,$9�#1$!&� 5 &%,&� �/ (#,&)� =�#& $! �o9��$#�!

#,#�(#&!)� F��( !$!U	������S\ �^������X�
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'�3 ! ��"j :&��E!�9 UV�>WX�

�− + 6 → �− + �− + 6+

• X�FF2H�E1��/ �23�WE1�23

�− + 67 → �− + �− + 6+ +7

>� ����&��#�# #������
	��UK		�P�Q�^	Xj

r,! 9�#)$��,&% #1,!& 7�,!$� ,! E�%�!�$9M#1 �# =,! 9�#)$�!�,9$&)� �$% % (&! ,!

79 &%��(3�#& =,! !�,9$&)� &�,� '*,M#$!  ��&! !#�1+, �E+/ $% 9�6  E%�%*, #E1�9/

,! �E%�$%*, \����P��	��� �		�P�Q�^	 )!& ,! ��9 !$1�%�, !�,9$&)� &�,$! 9�−
5 � A

!,$17�!�9 !�$3 �# !,$1M#�9  # $%, &%,&� � %79(#1 �# !EI�#&! 9�#)$�%,1+,�

�− + 6 (+') → 6− + (+')

• X�FF2H�E1��/ 911EHIG/31

�− + 67 → 6+7−

�� Z6+�6��#U4�	�P�Q�^	Xj

A �*()�%��9 9�#)$�%,1%�T!�,9$&)%* &�,$%/ #1,!& 7�,!$�, ,! %79(3�#& �# !E��E!�9

#,�/ 9�#)$�%,1%� (&! $% ��9 !$&� � #,�/ %�7#$=�%� )!& #,�/ !)� ! 9�#)$�%,1%��
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'�3 ! ��-j ��%���$9�9 9�#)$�%,1%� UV�>WX�

�− + 67− → 67 + �− + �−

"� [�
���+ ��� �������-�Uj

A�#)$��,&!  # !�)#$3 #,=�(#&!  E%�%*, #E1�9/ ,! !F!&�=�%�, =,! 9�#)$��,&% !E� =,!

 #$!�$!M=/ �$% % )!& ,! E!��(%�, =,! #E&E�=%, 9�#)$��,&% )!& =,! &�,� ;Fn��%, $%

 #$!�$!M=/ �$% % #1,!& 379 7&9(#� =,%a !E!&$#1$!& �&(�$#�9 #,=�(#&! (&! ,! &%,&�$#1�

�− + 6∗ → �− + �− +6+

-� �6�
��U
$��#U`�P�Q�^�	��^Xj

J! F%�$&� =,! �+ !$17&! ��,%,$!& !E� $% E��� !  # #E!,!�*,7#�9 �+ !$&71+, !,$1T

M#$+, 9�#)$�&,I, F%�$1+,�

• �6�
��U
$��# #������
	��N�+
��UuS�P	��^T��^ ��P�Q�^�	��^Xj

D&! $9, #E!,!�*,7#�9 9�#)$�%,1%�T&�,$%/a #1,!& !E!�!1$9$9 9 E!�%��1! #,�/ $�1$%�

#17%�/ I�$# ,! 7&!$9�#1$!& 9 #,=�(#&! )!& 9 %� 3�

�− + 6+ (+:) → 6 (+:)

• �6�
��U
$��# #������
	��N�+
�� �� "����# ����
����	�U`�\��	��� ��T

P�Q�^�	��^Xj

;E!,!��,7=�#&/ E%� �� 6!1,%�,  #$!C* 9�#)$�%,1+, )!& !$% &)I, &�,$+, ��,%T

7#*%,$!& !E� #)E% E3 9�#)$�% !(,9$&)3/ !)$&,%6%�1!/�

�− + 6+ → 6 + 
8%

�E%� 
 =�$!M#�� �S�^P��
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• �6�
��U
$��# #������
	��N�U
-���� �+
��U4����P��	��� ��P�Q�^�	��^Xj

A !E#�#�M=�+�9 #,=�(#&!/ )!$� $9 7&��)#&! $+, !,$&7���#+, #E!,!�*,7#�9/ 9�#T

)$�%,1+,  #  %�&!)� &�,$!  E%�#1 ,! E�%)!�=�#& $9 7&��E!�9 $%�  %�1%��

�− + 67+ → 6 +7∗

��1�% ��5"�!6����  ���76 +��42. �2 ���,�2.

'$9, #,�$9$! !�$3 M! !,!F#�M%* # �$&/ E&% �9 !,$&)=/ !E� $&/ !,$&7���#&/  #$!C*

&�,$+,a &�,$%/T%�7#$=�%� )!&  #$!C* %�7#$=�+,�

�� Z
������� ����	�� �� ��
��
���+ ��� ���	 ��
��
���+U`���^�^	 �^\ ^�^T

����^�^	 P����� 	��^�R��Xj

A !,$!��!(3 F%�$1%�  # ��,$%,&� � #1,!& �9 !,$&)3 !,$17�!�9 )!MI/ E!��(#& (�3(%�!

%�7=$#�! )!& !�(� &�,$!a E%� )!M%�1H%�, $9 ��,%�&)3 �� E#�&F%�� $%� E��� !$%/ )!&

$&/ !,$&7���#&/  # $! $%&�I !$! $%� !,$&7�!�$3�!�

6+ +6 → 6 +6+

A !,$!��!(3 F%�$1%� �+�1/ ��,$%,&� � �! 6�,#& �I�! !,� #�! �# 7&!F%�#$&)� �$% !

3  ��&! 3  #$!C* #,�/ !$� %� )!& #,�/  %�1%��

6+ +7 → 6 +7+


� �6�
��U
$��# ��$��"��
U`�P�Q�^�	��^ ^�_	��ST^�_	��SXj

6 +7 → ; +<

.� Z6+�6��# �� �6�
��U
$��#UK���P��	��� \�	�P�Q�^	Xj

A !,$17�!�9 !E��E!�9/ E�!( !$%E%&#1$!&  # $9 �*()�%��9 #,�/ %�7=$#�%� �9 &)%*

#17%�/  # $% )��1!��% !�,9$&)� &�,�

6− +7 → 67 + �−

8� [�
���+ �������-�UN��$��"���Ut�	��	�S�T^�_	��S ��^�v�	��^Xj

r,!  #$!�$!M=/ �$% %  E%�#1 ,! ��()�%��$#1  # =,! %�7=$#�% )!& ,! $% &%,1�#& !, 9




�

#,=�(#&! &%,&� %* $%� %�7#$=�%� (7) #1,!&  &)��$#�9 !E� $9, #,=�(#&! 7&=(#��9/ $%�

 #$!�$!M%*/ (6∗)�

6∗ +7 → 6 + �− +7+

A !,$17�!�9 !�$3 %,% �H#$!& #E1�9/ &%,&� �/ ��^^�^�U��^^�^� ]�^�v�	��^ ���P���X�

>� Z
������� %�"����#UY��^�R�� �R �kP�	�	��^Xj

6 +7 → 6+ +7 + �−

6 +7 → 6∗ +7

6 +7∗ → 6+ +7∗ + �−

6 +7∗ → 67+ + �−

6 +7∗ → 6∗ +7

�� Z
��$�&��� ���7
 ���&��
UY����T�\� ���P�����Xj

5& !,$&7���#&/ $�&I, �+ �$+, #1,!& �9 !,$&)=/ 7&!7&)!�1#/ )!MI/ 7&!$9�%*, $9, #,=�T

(#&! )!& $9, %� 3 )!& ��,$#�%*, �$9, E%��E�%)�$9$! $+, !,$&7���#+, E%� �! 6�,%�,

�I�! �$9, !=�&! F��9 $%� E��� !$%/�
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#����U �+
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A !,$17�!�9 #E!,!�*,7#�9/  #$!C* &�,$+, #1,!& =,! #17%/ !,$!��!(3/ F%�$1%�
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�# =,! 9�#)$�!�,9$&)� E��� ! �! 9�3/ E1#�9/�
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�E%� �(L% �) )!& \(L% �) #1,!& $! 7&!,*� !$! $%� 9�#)$�&)%* )!&  !(,9$&)%* E#71%�
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.� �*��7��� ��
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 #$!F%��/ %� 3/ ��(+ ��()����#+, UP�SS����^�S Q�Q�^	_Q 	��^�R�� 	��QX�

8� �*��7��� ��
"���� ��
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A 7*�)! E$9 U�	�xX F*�9 $+, #C&�I�#+, $+, 9�#)$�%,1+, )!M&�$%*, !E!&$9$&)3

!)� ! )!&  1!  %,%7&��$!$9 E�%�% %1+�9� A �+�&)3 )!& ��%,&)3  #$!6%�3 $%� �� )!&

$%� ���� #C!�$�$!& !E� $&/ !)�&6#1/ ��,M3)#/ $%� E�%6�3 !$%/a !��� %& E�),�$9$#/ $+,

9�#)$�%,1+, �$! !)�! U����	��X #1,!& 7�,!$� ,! !���C%�, E%��=/ $�C#&/  #(=M%�/ )!$�

$9 7&��)#&!  &!/ ��\��TR��y_�^P� �����\ UV.�WX� ;C���%�a #)$�/ !E� 7*�)%�9 #E1���9a $!

 %,$=�! !�$� #1,!& )!& !�)#$� ��%,%6��!� A !E�%E%19�3 $%�/ )!& 9 !,!(+(3 $%�/ �# E&%

!E�� )!& l#*)%�!m  %,$=�!a �E+/ #1,!& $!  %,$=�!  97#,&)3/ 7&��$!�9/a ��,#&�F=�%�, �#

 &! E%�* E&% (�3(%�9 #E1���9 $%� E�%6�3 !$%/ $9/ !=�&!/ F��9/� J!  %,$=�!  97#,&)3/

7&��$!�9/ ��9�& %E%&%*,  =�#/ $& =/ $+, ��()#,$�I�#+, )!& ���+, E!�! =$�+, )!& �$!
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�9FM#1 !E� $9 6&6�&%(�!F1! UV��Wa V-WX�
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#E&)#,$�I,%,$!& �$9 �9 #1! $%� E��� !$%/  E%�%*, ,! �#&�&�$%*, #*)%�! �*,M#$#/ �9 #1#/

%�7#$=�+, #&7I, )!& E%�*E�%)#/ E%��7&��$!$#/ (#% #$�1#/� ~�$��%a 9 E�),�$9$! )!& 9

#,=�(#&! $+, 9�#)$�%,1+, E%� E!1H%�, E%�* �9 !,$&)� ���% �$%�/ ��M %*/ E!�!(+(3/ $+,

#&7I,a �E+/ )!& �$&/ �%=/ $+, #&7I, �$! $%&�I !$! E�=E#& ,! �E%�%(&�$%*,�

'$!  %,$=�! F��&)3/ $%� E��� !$%/a %& E�),�$9$#/ $+, F%�$&� =,+, �+ !$&71+,

)!& 9 #,=�(#&! $+, 9�#)$�%,1+, �E%�%(1H%,$!& +/ ��,��$9�9 $%� ���,%� �$9, E#�1%7% $%�

#F!� %H� #,%� E#71%� )!& $%� �I�%� $%� !,$&7�!�$3�!� 2# $!  %,$=�! !�$� �E%�%(1H%,$!&
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�∑
�

����/��� +
�∑
�

3�
'�

�������

)
����

−
�∑

�=1

($�/����6)� − /�����$�)

U.�
�
�X

�E%M=$%,$!/ $I�! �$& $% �*�$9 �  !/ F$�,#& �# �$��& 9 )!$��$!�9 =�%� # $#�&)�

�∑
�

��������� + �����−�� − ��������� −
�∑
�

����
�+�

− 9�

��
�� = 0% U.�
�
�X

��������� −
�∑
�

������−�+�
− �����−�� −

9�

��
�− = 0% U.�
�

X

�������� − ������−�+�
−

�∑
�

����
�+�

− 9�

��
�+�

= 0% U.�
�
.X

9�$���� − ��������� − ��������� − ����������� + ������+�
�− +

�∑
�

����
�+�

± ����
(��6

4�
��	 −

9�

��
��� = 0% C 	= �

U.�
�
8X

)!&

���� −
(
���/�� + �����/���� +

�∑
�

����/��� +
�∑
�

3�
'�

�������

)
���� −

�∑
�=1

($�/����6)�

−/�����$�) = 0

U.�
�
>X

'$% #E� #,% )#F��!&% M! #F!� ��%� # $%  %,$=�% E%� !,!E$*C! # �# =,! E��� !

%C�(�,%��
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�������� �

#���$�� #�%������ &�'��	��� ��

��'��	 ()"����"

/�� �' "(+(6

A�#)$�!�,9$&)� E��� !$! %C�(�,%� ��9�& %E%&3M9)!, �$9, )!$#�(!�1! ��&)I,

!E� $9, E�%9(%* #,9 7#)!#$1! (&! $9, !E% �)��,�9 E%�� #�&)I, � #,1+,� 2E%�%*, !)� !

,! ��9�& %E%&9M%*, (&! $9, %C#17+�9 )!& $9, #,!E�M#�9 �#E$I, � #,1+, %C#&71+,� ���T

�F!$!a  # $9, #F!� %(3 $%� YuhO[�2 E��� !$%/ �$9, �E%6%9M%* #,9 !E� E��� ! �9 &)3

#,!E�M#�9 !$ I, U�S��Q� �^��^P�\ P��Q�P�S ����_� \�����	��^ U�u��4XXa $% E��� ! %C�T

(�,%� # F!,1H#$!& +/ % )��1!��%/ E!��(%,$!/ (&! )!�3/ E%&�$9$!/ 7&#�(!�1#/ #,!E�M#�9/

� #,1+,�

A E!�%��1! !�,9$&)I, &�,$+, �$% E��� ! %C�(�,%� )�,#& E%�*E�%)! $! F!&,� #,!

)!& 9 !,����9 #,�/  %,$=�%� E%� ,! $! E#�&(��F#& (1,#$!& 7*�)%�9� '$% )#F��!&% !�$� M!

#F!� ��%� # $% (#,&)�  %,$=�% E%� !,!E$*�M9)# �$% E�%9(%* #,% )#F��!&% �# =,! E��� !

%C�(�,%�a M#+�I,$!/ +/ )��1!��! #179 =,! !�,9$&)� &�,a 7*% M#$&)� &�,$!a =,!  #$!�$!M=/a

7*% %�7=$#�! )!& $! 9�#)$��,&!� 5 !,$&7�!�$3�!/ E%� M! ��9�& %E%&3�%� # #1,!& !�$�/ E%�

E#�&(��o! # �$% E�%9(%* #,% )#F��!&%�



8�

/�# �& �1)%�& �,%'3�� $+,

0#+�%* # $! 9�#)$��,&!a $%  %�&!)� %C�(�,% �2a $% !$% &)� %C�(�,% �(3� )a $%

 #$!�$!M=/ !$% &)� %C�(�,% �(12)a $! M#$&)� &�,$! �+
2 )!& �+ )!& $% !�,9$&)� &�, �−�

5& !,$&7���#&/ )!& %& ��M %1 !,$&7���#+, E%� M! ��9�& %E%&3�%� # �$%  %,$=�% F!1,%,$!&

�$%, E1,!)! 8��� h& ��M %1 $+, !,$&7���#+, =�%�, �9FM#1 !E� $9 6&6�&%(�!F1! UV"Wa V.WX )!&

#1,!& �E%�%(&� =,%& �E%M=$%,$!/ t�kZ�SS��^ )!$!,% 3�

;E1�9/a �! 6�,%� # �E�o9 $&/ !,$&7���#&/ �$! $%&�I !$! $%� !,$&7�!�$3�! E%�

F!1,%,$!& �$%, E1,!)! 8�.�

`��P	��^ `�	� ���ÆP��^	� [�3�H]
�2 � � −→ �+

2 � 2� �1 = 234 × 10−15� 1$03
� �+�(−1229���)

�2 � � −→ �(3� ) � �(12) � � �2 = 349 × 10−14�+�(−592���)
�2 � � −→ �− � �(3� ) �3 = 107 × 10−15� 1$39

� �+�(−626���)
�(3� ) � � −→ �+ � 2� �4 = 90 × 10−15� 0$7

� �+�(−136���)
�+

2 � �− −→ �2 � �(3� ) �5 = 26 × 10−13

�− � �+ −→ 2�(3� ) �6 = 40 × 10−13

�− � � −→ �(3� ) � 2� �7 = 547 × 10−14� 0$324
� �+�(−298���)

�2 � � −→ 2�(3� ) � � �8 = 686 × 10−15�+�(−629���)
�(3� ) � � −→ �(12) � � �9 = 447 × 10−15�+�(−236���)
�2 � �(12) −→ �2 � �(3� ) �10 = 256 × 10−17�+�(67���)
�(12) � �(3� ) −→ �(3� ) � �(3� ) �11 = 80 × 10−18

�(12) � � −→ �+ � 2� �12 = 90 × 10−15� 0$7
� �+�(−116���)

�1,!)!/ 8��j :1)$�% @,$&7���#+, UV"W #)$�/ !E� $! �5 )!& �6 E%� #1,!& !E� V.WX�

`��P	��^ )�� V�W `�	� ���ÆP��^	� [�3�H]
p�^T`�\��� O	�	��
� � �(3� ) −→ �(12) � � ��L� �1� = 454 × 10−15�+�(−236���)
� � �(3� ) −→ �(19) � � 8��- �1% = 786 × 10−16�+�(−4489���)
� � �(3� ) −→ �(3� 0) � � �>��> �3& 0 = 253 × 10−15�+�(−1734���)

`�\��� O	�	��
� � �(3� ) −→ �(590) � � L��8 �5% = 967 × 10−16�+�(−997���)
� � �(3� ) −→ �(390) � � L�>� �3% = 389 × 10−15�+�(−975���)
� � �(3� ) −→ ��∗ � � �
�� ��∗ = 431 × 10−14�+�(−1859���)

�1,!)!/ 8�
j `�	� P��ÆP��^	� R�� �kP�	�	��^ �R 	�� �	�Q�P �k���^ UV.WX�



8


`��P	��^

�(12)
(����)−→ �(3� )

�+(,)
(����)−→ �(3� )(,)

�+
2 (,)

(����)−→ �2(,)

�(3� )(,)
(����)−→ 1

2
�2(,)

�1,!)!/ 8�.j @,$&7���#&/ �$! $%&�I !$!�

`��P	��^ )�� V�W `�	� ���ÆP��^	� [�3�H]
� � �2(� = 0) −→ �2(� - 0) � � ���
 ��	� = 187 × 10−17�+�(−29055���)
� � �2(( = 0) −→ �2(( = 1) � � ���L ��=1 = 28 × 10−15�+�(−372���)
� � �2(( = 0) −→ �2(( = 2) � � ��.- ��=2 = 128 × 10−15�+�(−367���)
� � �2(P3Σ−

� ) −→ �2(G1Δ�) � � ��L"" ��1Δ

= 137 × 10−15�+�(−214���)

� � �2(P3Σ−
� ) −→ �2(I1Σ+

� ) � � ���
" ��1Σ+



= 324 × 10−16�+�(−2218���)
� � �2(P3Σ−

� ) −→ �2(�+1) � � 8�> ���1 = 113 × 10−15�+�(−394���)
� � �2(P3Σ−

� ) −→ �2(1*CH) � � ��� �1��� = 686 × 10−15�+�(−629���)
� � �2(P3Σ−

� ) −→ �2(2*CH) � � -�8 �2��� = 349 × 10−14�+�(−592���)
� � �2(P3Σ−

� ) −→ �2(3*CH) � � L�L" �3��� = 144 × 10−16�+�(−1725���)
� � �2(P3Σ−

� ) −→ �2(�+2) � � �8�" ���2 = 113 × 10−15�+�(−1835���)

�1,!)!/ 8�8j `�	� P��ÆP��^	� R�� �kP�	�	��^ �R 	�� �k���^ Q�S�P_S� UV��WX�

/�- �$�'(�"96 %&� !&,%2�&�

'$9, #,�$9$! !�$3 M! )!$!�$�I�%� # )!& M! !,!E$*C%� # $&/ #C&�I�#&/ E%� E#�&T

(��F%�, $9, !=�&! F��9 �# =,! E��� ! %C�(�,%�  # �)%E� $9 79 &%��(1! #,�/ ��SRTP�^���	�^	

���$3 !$%/ !E� $% %E%1% M! E�%)*o%�, %& E�),�$9$#/ $+, #&7I, )!& 9 M#� %)�!�1! $+, 9�#T

)$�%,1+,� ;F!� �H%,$!/ $&/ #C&�I�#&/ E%� E�%=)�o!, �$% E�%9(%* #,% )#F��!&% (&! $%

��()#)�& =,% 71)$�% !,$&7���#+, E!1�,%� #j



8.

*��

*�
= �1��2�� + �7��−�� + �4���� + �12��(1�)�� − �3��2�� −��+

�
��+

− ��+
2�
��+

2
− 9�

��
��%

*��+
2

*�
= �1��2�� − �5��+

2
��− −��+

2�
��+

2
− 9�

��
��+

2
%

*��−

*�
= �3��2�� − �5��−��+

2
− �7��−�� − �6��−��+ − 9�

��
��− %

*��+

*�
= �5���� − �6��−��+ + �12��(1�)�� −��+

�
��+ − 9�

��
��+ %

*��2

*�
=

A��

� ��0
+ �5��+

2
��− − (�1 + �2 + �3 + �8)��2�� +��+

2�
��+

2

+
1
2
���

�� − 9�

��
��2 %

*��

*�
= (�2 + �3 + 2�8)��2�� + �5��+

2
��− + 2�6��−��+ + �7��−��

+ �10��2��(1�) + �11����(1�) +��+
�
��+ +��(1�)���(1�)

− �4���� −���
�� − 9�

��
��

*��(1�)

*�
= �2��2�� + �9���� − �10��2��(1�) − �11����(1�) − �12��(1�)��

− ��(1�)���(1�) −
9�

��
��(1�)%

�E%� %& ��M %1 !E+�#&I, �$! $%&�I !$! (&! $! %�7=$#�! )!& $! F%�$&� =,! �+ !T

$17&! 71,%,$!& !E� $&/ ��=�#&/

��+
�

=
$��+

*���
% ��+

2�
=

$��+
2

*���
% ���

=
1
4
����(��

6

��
MNO ��(1�)� =

1
4
(��

6

��
%

)!& $% *���
� 71,#$!& !E� $9 ��=�9 U.�
��-Xa ���� #1,!& % ��M �/ #E!,!�*,7#�9/ $%�

!$% &)%* %C�(�,%� �$9, #E&F�,#&! )!& (�� #1,!& 9 M#� &)3 $!�*$9$! $%� %�7#$=�%� !$� %�

(�� =

√
��

�
 U8�.��X

$��+ )!& $��+
2
#1,!& %& $!�*$9$#/ c��Q $%�  %�&!)%* )!& $%� !$% &)%* %C�(�,%�a

$� =

√
���

'
 U8�.�
X

1:� ��� #��!$&�� ��' #��� !�' ��� � *������� #���� #�� �������*�� �  #� ��� �� �  ��� � ����,
$��� �#%' !�� #���*����� �(�� ��	 ��� �& $  ���� � !�&!��� �� ��1 � �� ��1⊥ �
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w! 6�,%� # !)� ! �E�o9 $% &�%H*(&% #,=�(#&!/j

*

*�

(
3
2
����

)
=

����

��
− (�1/1 + �2/2 + �3/3 + �8/8)��2�� − (�4/4 + �9/9)����

− �12/12��(1�)�� − )+�1���� − )+�2��2��

− 3�����1������
��

��
− 3�����2��2����

��

��2

− �+
�	��(/� + /�)��+ −�+

2 �	��(/� + /�)��+
2
%

 #

)+�� =
'∑

�=1

����	 /� % U8�.�.X

�E%� C = 1% 2 (&! $% !$% &)� )!& $%  %�&!)� %C�(�,% !,$1�$%&�!� @)� !a 9 )&,9$&)3

#,=�(#&! $+, &�,$+, (&! )�M# &�, E%� ��,#$!& �$! $%&�I !$! )!& 9 )&,9$&)3 #,=�(#&! $+,

9�#)$�%,1+, (&! )�M# 9�#)$��,&% E%� ��,#$!& �$! $%&�I !$! #1,!& !,$1�$%&�!

/�� = 6��% /�� = 2�� U8�.�8X

J=�%/a % ,� %/ &7!,&)I, !#�1+, (&! $% �*�$9 �  !/ #1,!&

� = (�� + ��2 + ��(1�))�� U8�.�>X

�E%M=$%,$!/ �$& $% �*�$9 �  !/ =�#& FM��#& �# �$��& 9 )!$��$!�9a $% �*�$9 �

 !/  #$!$�=E#$!& �# =,! �*�$9 !  9 (�!  &)I, !�(#6�&)I, #C&�I�#+,� ;E&E�=%,a (&! ,!

!E�%E%&3�%� # !)� ! E#�&���$#�% $% �*�$9 ! !,$&)!M&�$%* # $% &�%H*(&%  �H!/ $+, 9�#T

)$�%,1+,  # $9, #C1�+�9/ %�7#$#��$9$!/ U�y_�	��^ �R y_���^�_	��S�	�X $%� E��� !$%/�

r$�& E�%)*E$%�, %& !)��%�M#/ #C&�I�#&/

[�] : �� + ��− − ��+
2
− ��+ = 0% U8�.��X

[�+
2 ] : �1��2�� − �5��+

2
��− −�+

2 �	����+
2
− 9�

�
��+

2
= 0% U8�.�"X

[�−] : �3��2�� − �5��−��+
2
− �7��−�� − �6��−��+ − 9�

�
��− = 0% U8�.�-X



8>

[�+] : �5���� − �6��−��+ −�+
�	����+ − 9�

�
��+ = 0% U8�.�LX

[�2] :
A��

� ��0
+ �5��+

2
��− − (�1 + �2 + �3 + �8)��2�� +�+

2 �	����+
2

+
1
2
��	���� − 9�

�
��2 = 0%

U8�.���X

[�] : (�2 + �3 + 2�8)��2�� + �5��+
2
��− + 2�6��−��+ + �7��−��

+ �10��2��(1�) + �11����(1�) +�+
�	����+ +�(12)�	����(1�)

− �4���� −��	���� − 9�

�
�� = 0

U8�.���X

[�(12)] : �2��2�� + �9���� − �10��2��(1�) − �11����(1�) − �12��(1�)��

−�(12)�	����(1�) −
9�

�
��(1�) = 0%

U8�.��
X

[)���,J 7�D����] :
����

�
− (�1/1 + �2/2 + �3/3 + �8/8)��2�� − (�4/4 + �9/9)����

−�12/12��(1�)�� − )+�1���� − )+�2��2�� − 3�����1������
��

��

−3�����2��2����
��

��
−��+

�
(/� + /�)��+ −��+

2�
(/� + /�)��+

2
= 0%

U8�.��.X

[Q*��D ��H F�L] : �− (�� + ��2 + ��(1�))�� = 0 U8�.��8X

/�/ <3'" %"%&8&10 0 %+, $:' ; $+, %&� !&,%2�&�

5& $#�,&)3 $9/ )!,%,&)%E%19�9/ E!1H#& �9 !,$&)� ���% �$9 M# #�1+�9 )!& $&/ #F!�T

 %(=/ $+,  !M9 !$&)I,  %,$=�+,� '# )�M# E#�&%�3 $+, #F!� %(I,a  &! )!�3 !,$1�9o9 $%�

��#$&)%*  #(=M%�/ $+, 7&!F��+, F��&)I, E!�! =$�+,a )!MI/ )!& 9 !,!(,I�&�9 E&M!,I,

��=�#+, E%� �E���%�,  #$!C* $%�/a ��#7�, E�,$!  !/ %79(%*, �$9, )!�*$#�9 )!$!,�9�9

$%� E�%6�3 !$%/ )!&a E%��=/ F%�=/a  E%�%*, ,!  !/ �E%7#1C%�, )!& $��E%�/ E�%�=((&�9/

$+, �*�#+, 3 )!& !)�&6%*/ #E1���9/ $%� E�%6�3 !$%/�



8�

;E&�=(%� # !��&)� )�E%&! �!�!)$9�&�$&)�  #(=M9 !,!F%��/ $! %E%1! M! $! �� 6%T

�1H%� # +/ $!  #(=M9  # $% �* 6%�% $9/ E#�&�E+ =,9/ (∼)� 0! =�%� # �%&E�, $! E!�!)�$+

!7&��$!$!a )!,%,&)%E%&9 =,!  #(=M9a

�̂ =
�

�̃
% �̂� =

��

�̃�
% �̂� =

��

�̃�
% D̂ =

D

D̃
% 6̂ =

6

6̃
% �̂ =

�

�̃
% $̂ =

$

$̃
% 9̂� =

9�

9̃�

% Â =
A

Ã
%

�E%�  # �� )!& �� �� 6%�1H%� # $&/ E�),�$9$#/ $+, %�7#$=�+, )!& $+, F%�$&� =,+,

�+ !$&71+, !,$1�$%&�!�

2E%�%* # $I�! ,! !,$&)!$!�$3�%� # )�M# !,9( =,%  =(#M%/  # $% (&,� #,% $%�

!7&��$!$%� #E1 $% !,$1�$%&�% �!�!)$9�&�$&)�  =(#M%/� ��%)*E$%�,a �%&E�,a %& E!�!)�$+

#C&�I�#&/

(
�̃�̃��̃�

)
�̂1�̂�2 �̂� −

(
�̃�̃��̃�

)
�̂5�̂�+

2
�̂�− −

(
$̃

D̃
�̃�

) $̂��+
2

*̂���

�̂�+
2
−
(
9̃�

�̃
�̃�

)
9̂�

�̂
�̂�+

2
= 0%

(
�̃�̃��̃�

)
�̂3�̂�2�̂� −

(
�̃�̃��̃�

){
�̂5�̂�+

2
�̂�− + �̂7�̂�−�̂� + �̂6�̂�− �̂�+

}
−
(
9̃�

�̃
�̃�

)
9̂�

�̂
�̂�− = 0%

(
�̃�̃��̃�

)
�̂5�̂��̂� −

(
�̃�̃��̃�

)
�̂6�̂�−�̂�+ −

(
$̃

D̃
�̃�

)
$̂��+

*̂���

�̂�+ −
(
9̃�

�̃
�̃�

)
9̂�

�̂
�̂�+ = 0%

(
Ã

�̃

)
Â��

�̂ ��0

+
(
�̃�̃��̃�

)
�̂5 ˆ��+

2
ˆ��− −

(
�̃�̃��̃�

)
(�̂1 + �̂2 + �̂3 + �̂8)�̂�2�̂�

+
(
$̃

D̃
�̃�

){ $̂��+
2

*̂���

�̂�+
2

+
$̂��+

*̂���

�̂�+

}
+

1
8
����

(
$̃6̃

�̃
�̃�

)
$��6

�
�̂� −

(
9̃�

�̃
�̃�

)
9̂�

�̂
�̂�2 = 0%

(
�̃�̃��̃�

){
�̂5�̂�−�̂�+ + �̂7�̂�− �̂�

}
+
(
�̃�̃��̃�

){
�̂10�̂�2�̂�(1�) + �̂11�̂��̂�(1�)

}

+
(
�̃�̃��̃�

)
(�̂2 + �̂3 + 2�̂8)�̂�2 �̂� +

(
$̃6̃

�̃
�̃�

)
$̂��

4
6̂

�̂
�̂�(1�) +

(
$̃

D̃
�̃�

)
$̂��+

*̂���

�̂�+

−
(
�̃�̃��̃�

)
(�̂4 + �̂9)�̂��̂� −

1
4
����

(
$̃
6̃

�̃
�̃�

)
$̂��

6̂

�̂
�̂� −

(
9̃�

�̃
�̃�

)
9̂�

�̂
�̂� = 0%



8"

(
�̃�̃��̃�

){
�̂2�̂�2 �̂� + �̂9�̂��̂�

}
−
(
�̃�̃��̃�

){
�̂10�̂�2 �̂�(1�) + �̂11�̂��̂�(1�)

}

−
(
�̃�̃��̃�

)
�̂13�̂�(1�)�̂� −

1
4

(
$̃6̃

�̃
�̃�

)
$̂��6̂

�̂
�̂�(1�) −

(
9̃�

�̃
�̃�

)
9̂�

�̂
�̂�(1�) = 0%

D&! ,! F=�%� # $&/ #C&�I�#&/ �# E&% )!�3  %�F3a 7&!&�%* # )�M# ��%  # �̃�̃��̃�a

%E�$# E�%)*E$%�, %& #C&�I�#&/

�̂1�̂�2 �̂� −
(
�̃�

�̃�

)
�̂5�̂�+

2
�̂�− −

(
$̃

D̃�̃�̃�

) $̂��+
2

*̂���

�̂�+
2
−
(

9̃�

�̃ �̃�̃�

)
9̂�

�̂
�̂�+

2
= 0%

�̂3�̂�2 �̂� −
(
�̃�

�̃�

)
�̂5�̂�+

2
�̂�− −

(
�̃�

�̃�

)
�̂7�̂�− �̂� −

(
�̃�

�̃�

)
�̂6�̂�−�̂�+ = 0%

�̂5�̂��̂� −
(
�̃�

�̃�

)
�̂6�̂�−�̂�+ −

(
$̃

D̃�̃�̃�

)
$̂��+

*̂���

�̂�+ −
(

9̃�

�̃ �̃�̃�

)
9̂�

�̂
�̂�+ = 0%

(
Ã

�̃ �̃�̃��̃�

)
Â��

�̂ ��0

+
(
�̃�

�̃�

)
�̂5 ˆ��+

2
ˆ��− − (�̂1 + �̂2 + �̂3 + �̂8)�̂�2�̂�

+
(

$̃

D̃�̃�̃�

){ $̂��+
2

*̂���

�̂�+
2

+
$̂��+

*̂���

�̂�+

}
+

1
8
����

(
$̃6̃

�̃ �̃�̃�

)
$��6

�
�̂� −

(
9̃�

�̃ �̃�̃�

)
9̂�

�̂
�̂�2 = 0%

(
�̃�

�̃�

){
�̂5�̂�− �̂�+

2
+ �̂7�̂�−�̂�

}
+
(
�̃�

�̃�

){
�̂10�̂�2�̂�(1�) + �̂11�̂��̂�(1�)

}

+(�̂2 + �̂3 + 2�̂8)�̂�2 �̂� +

(
$̃6̃

�̃ �̃�̃�

){
$̂��

4
6̂

�̂
�̂�(1�) + ����

$̂��

4
6̂

�̂
�̂�

}
+
(

$̃

D̃�̃�̃�

)
$̂��+

*̂���

�̂�+

−(�̂4 + �̂9)�̂��̂� −
(

9̃�

�̃ �̃�̃�

)
9̂�

�̂
�̂� = 0%

�̂2�̂�2 �̂� + �̂9�̂��̂� −
(
�̃�

�̃�

)
�̂10�̂�2�̂�(1�) −

(
�̃�

�̃�

)
�̂11�̂��̂�(1�) − �̂13�̂�(1�)�̂�

−1
4

(
$̃6̃

�̃ �̃�̃�

)
$̂��6̂

�̂
�̂�(1�) −

(
9̃�

�̃ �̃�̃�

)
9̂�

�̂
�̂�(1�) = 0%

D&! $% &�%H*(&% #,=�(#&!/ %�1H%� # #E&E�=%, $&/ !)��%�M#/ !7&��$!$#/ E%��$9$#/a

�̂ =
�

�̃
% MNO /̂ =

/

/̃
%



8-

%E�$# E�%)*E$#&a

(
�̃

�̃

)
�̂���

�̂
−
(
�̃/̃�̃��̃�

)(
�̂1/̂1 + �̂2/̂2 + �̂3/̂3 + �̂8/̂8

)
�̂�2�̂� −

(
�̃/̃�̃��̃�

)
�̂13/̂13�̂�(1�)�̂�

−
(
�̃/̃�̃��̃�

)(
�̂4/̂4 + �̂9/̂9

)
�̂��̂� −

(
�̃/̃�̃��̃�

){
)̂��1�̂��̂� + )̂��2�̂�2 �̂�

}

−3
(
�̃/̃�̃��̃�

){
�̂����1 �̂��̂��̂�

�̂�

�̂�
+ �̂����2 �̂�2�̂��̂�

�̂�

�̂�

}

−
(
$̃

D̃
/̃�̃�

){
$̂��+

*̂���

(/̂� + /̂�) �̂�+ +
$̂��+

2

*̂���

(/̂� + /̂�) �̂�+
2

}
= 0%

:&!&��* # $I�! )�M# ��%  #
(
�̃/̃�̃��̃�

)
%E�$# E!1�,%� #

(
�̃

�̃ �̃/̃�̃��̃�

)
�̂���

�̂
−
(
�̂1/̂1 + �̂2/̂2 + �̂3/̂3 + �̂8/̂8

)
�̂�2�̂� − �̂13/̂13�̂�(1�)�̂�

−
(
�̂4/̂4 + �̂9/̂9

)
�̂��̂� − )̂��1�̂��̂� − )̂��2�̂�2 �̂� − 3�̂����1 �̂��̂��̂�

�̂�

�̂�

−3�̂����2 �̂�2 �̂��̂�
�̂�

�̂�
−
(

$̃

�̃D̃�̃�

){
$̂��+

*̂���

(/̂� + /̂�) �̂�+ +
$̂��+

2

*̂���

(/̂� + /̂�) �̂�+
2

}
= 0%

��%�M=$%� # $I�! $9, #C1�+�9 %�7#$#��$9$!/ $%� E��� !$%/

�̂� + �̂�− − �̂�+
2
− �̂�+ = 0%

)!& $% ,� % &7!,&)I, !#�1+,

�̃�̂− �̃�(�̂� + �̂�2 + �̂�(1�))�� = 0 ⇒ �̂−
(
�̃�

�̃

)
(�̂� + �̂�2 + �̂�(1�))�� = 0



8L

5�1H%� # $I�! $&/ !)��%�M#/ !7&��$!$#/ % �7#/a

�1 =
�̃�

�̃�
% RS [�1] =

[F]−3

[F]−3
= 1

�2 =
$̃

D̃�̃�̃�

% RS [�2] =
[F] · [� ]−1

[F] · [F]3 · [� ]−1 · [F]−3
= 1

�3 =
9̃�

�̃ �̃�̃�

% RS [�3] =
[F]3 · [� ]−1

[F]3 · [F]3 · [� ]−1 · [F]−3
= 1

�4 =
Ã

�̃ �̃�̃��̃���0

% RS [�4] =
[' ] · [F]2 · [� ]−3

[F]3 · [F]3 · [� ]−1 · [F]−3 · [F]−3 · [' ] · [F]2 · [� ]−2
= 1

�5 =
$̃6̃

�̃ �̃�̃�

% RS [�5] =
[F] · [� ]−1 · [F]2

[F]3 · [F]3 · [� ]−1 · [F]−3
= 1

�6 =
9̃�

�̃ �̃�̃�

% RS [�6] =
[F]3 · [� ]−1

[F]3 · [F]3 · [� ]−1 · [F]−3
= 1

�7 =
�̃�

�̃�
% RS [�7] =

[F]−3

[F]−3
= 1

�8 =
�̃

�̃ �̃/̃�̃��̃�

% RS [�8] =
[' ] · [F]2 · [� ]−3

[F]3 · [F]3 · [� ]−1 · [' ] · [F]2 · [� ]−2 · [F]−3 · [F]−3
= 1

@,$&)!M&�$I,$!/ =�%� #a

�̂� + �̂�− − �̂�+
2
− �̂�+ = 0% U8�8��X

�̂1�̂�2 �̂� − �1�̂5�̂�+
2
�̂�− − �2

$̂��+
2

*̂���

�̂�+
2
− �3

9̂�

�̂
�̂�+

2
= 0% U8�8�
X

�̂3�̂�2 �̂� − �1�̂5�̂�+
2
�̂�− − �1�̂7�̂�−�̂� − �1�̂6�̂�− �̂�+ = 0% U8�8�.X

�̂5�̂��̂� − �1�̂6�̂�− �̂�+ − �2
$̂��+

*̂���

�̂�+ − �3
9̂�

�̂
�̂�+ = 0% U8�8�8X

�4
Â��

�̂ ��0

+ �1�̂5 ˆ��+
2

ˆ��− − (�̂1 + �̂2 + �̂3 + �̂8)�̂�2�̂� + �2

$̂��+
2

*̂���

�̂�+
2

+�2
$̂��+

*̂���

�̂�+ +
1
8
�����5

$��6

�
�̂� − �6

9̂�

�̂
�̂�2 = 0%

U8�8�>X



>�

(
�̂2 + �̂3 + 2�̂8

)
�̂�2 �̂� + �1�̂5�̂�−�̂�+

2
+ �1�̂7�̂�− �̂� + �7�̂10�̂�2�̂�(1�)

+�7�̂11�̂��̂�(1�) + �5
$̂��

4
6̂

�̂
�̂�(1�) + �2

$̂��+

*̂���

�̂�+ − (�̂4 + �̂9)�̂��̂�

−1
4
�����5$̂��

6̂

�̂
�̂� − �6

9̂�

�̂
�̂�(1�) = 0%

U8�8��X

�8
�̂���

�̂
−
(
�̂1/̂1 + �̂2/̂2 + �̂3/̂3 + �̂8/̂8

)
�̂�2 �̂� − �̂13/̂13�̂�(1�)�̂� − �̂4/̂4�̂��̂�

+�̂9/̂9�̂��̂� − )̂��1�̂��̂� − )̂��2�̂�2 �̂� − 3�̂����1 �̂��̂��̂�
�̂�

�̂�
− 3�̂����2�̂�2 �̂��̂�

�̂�

�̂�2

−�2
$̂��+

*̂���

(/̂� + /̂�) �̂�+ − �2

$̂��+
2

*̂���

(/̂� + /̂�) �̂�+
2

= 0%

U8�8�"X

�̂−
(
�̃�

�̃

)(
�̂� + �̂�2 + �̂�(1�)

)
�� = 0 U8�8�-X



>�

�������� 

* �$+�%�� ,-./01

4�� �$,')6 �$�'(�"96

r�%� # $% !)��%�M% �*�$9 !  9 (�!  &)I, #C&�I�#+,

��(+1% +2%    % +� ) = 0%

�E%� C = 1% 2%    % K a +� #1,!& %& �(,+�$#/  #$!6�9$=/ )!& +1 = P1% +2 = P2%    %

+� = P� 9 �*�9� 5& #C&�I�#&/ (��F%,$!& ��,3M+/ �# 7&!,�� !$&)3  %�F3� 5& �(,+�$#/

 #$!6�9$=/ (��F%,$!& +/ =+ = (+1% +2%    % +� )( )!& %& #C&�I�#&/ +/ =� = (�1% �2%    % �� )( �

J% E�%/ #E1���9 �*�$9 ! �%&E�, (��F#$!& =�(=+) = 0a  # �*�9 =P = (P1%P2%    % P� )�

A  =M%7%/ p�Z	�^ #1,!&  &! #E!,!�9E$&)3  =M%7%/� A #E1���9 C#)&,� !E�  &!

!��&)3 E�%�=((&�9 $9/ �*�9/ )!& ��9�& %E%&#1  &! #E!,!�9E$&)3 ��,��$9�9 (&! $9, #*�#�3

$9/� A #E!,!�9E$&)3 ��,��$9�9 #1,!& 9 !��&)3 7&!,�� !$&)3 #C1�+�9 !,!7&!$�E+ =,9 �$9

 %�F3 =+ = =,(=+)� D&! $9 �*�9 $9/ !��&)3/ ��,��$9�9/ =�%� #

=P = =,( =P) U>����X

r$�& 9 �*�9 $9/ !��&)3/ #C1�+�9/ #1,!& =,! �$!M#�� �9 #1% $9/ #E!,!�9E$&)3/

��,��$9�9/� ��%�7&%�1H%� # �%&E�,  1! !��&)3 E�%�=((&�9 =+(0) $9/ �*�9/ )!& �E%�%(1H%� #

 1! !)%�%�M1! !�&M I, =+()+1) = =,
(
=+())

)
� �$!, 9 !)%�%�M1! !�$3 ��()�1,#& �# =,! �$!M#��

�9 #1%a $% �9 #1% !�$� M! #1,!& �*�9 )!& $9/ #C1�+�9/ =�(=+) = 0�

A #E!,!�9E$&)3 ��,��$9�9 E�%�7&%�1H#$!& !,$&)!M&�$I,$!/ $9 7&!,�� !$&)3 ��T

,��$9�9 =�(=+)  # $% !,$1�$%&�% !,�E$�( ! Y��S�� �$% �9 #1% =+())� �!1�,%� # �%&E�, $9



>


(�!  &)3 #C1�+�9

=�
(
=+())

)
+ �

(
=+())

)(
=+− =+())

)
= 0 ⇒ =+ = =+()) − �−1

(
=+())

)
=�
(
=+())

)
�E%� � #1,!& % G!)+6&!,�/ E1,!)!/ $9/ 7&!,�� !$&)3/ ��,��$9�9/ =� a  # �� � ≡

4��

4+�
�

�!�!$9�I,$!/ �$& $% !�&�$#��  =�%/ $9/ #C1�+�9/ #1,!& $% =+()+1) )!& �$& $% 7#C&�  =�%/ #1,!&

9 #E!,!�9E$&)3 ��,��$9�9 =,
(
=+())

)
E!1�,%� #

=, (=+) = =+− �−1(=+)=�(=+) U>���
X

D&! ,! !E%7#1C%� # �$& 9 �*�9 $9/ =, (=+) #1,!& )!& �*�9 $9/ =� (=+) = 0a !�)#1 ,!

7#1C%� # �$&

=+ = =, (=+) ⇒ =� (=+) = 0

@,$&)!M&�$I,$!/ �$9, U>���
X =�%� #

=, (=+) = =+ = =+− �−1(=+)=�(=+) ⇒ �−1(=+)=�(=+) = 0 U>���.X

'�,#EI/a $% �$!M#�� �9 #1% $9/ =,(=+) #1,!& �*�9 $9/ =�(=+) 7#7% =,%� �$& �−1(=+) 	= 0�

Z`a)b[c!)� � 9 3(JEKE; LDMNOL

?��� PQ �� −→ ��� ���	��� ������
���� ��� +0 ∈ ��Q �	 ���	 	������'� �� �� ���	


?(+))H) = −� (+))%

+)+1 = +) + H)

D&! ,! E�%�7&%�1�%� # $% ��M � �*()�&�9/ $%� E!�!E�,+ !�(%�1M %�a M! ��6%� #

�E�o9 $% �F�� ! �# )�M# 63 !� A �*�9 =P !F!&�#1$!& )& !E� $! 7*%  =�9 $9/ #E!,!�9E$&)3/

 #M�7%�a

=+()+1) = =,
(
=+())

)
)!& $% �F�� ! (&! )�M# $& 3 #1,!&

=�()+1) = =,
(
=+())

)
− =P



>.

�E%M=$%,$!/ �$& 9 $�=�%��! E�%�=((&�9 =+()) #1,!& )%,$� �$9, E�!( !$&)3 �*�9a

 E%�%* # ,! !,E$*C%� # �# �#&�! Y��S�� $9, ,(=+())) (*�+ !En $% �9 #1% =P� 0#+�I,$!/ �$&

$% �F�� ! $9/  #$!6�9$3/ +� #1,!&

=��
()+1) = =,�

(
=+())

)
− =P�

)!& E!1�,%,$!/ $% !,�E$�( ! Y��S��a =�%� #

�
()+1)
� =

[
,�

(
=P
)

+
∑

�

(
+

())
� −P�

) 4,�

4+�

∣∣∣∣∣
*+

+

+
1
2

∑
�

∑
�

(
+

())
� −P�

)(
+

())
� −P�

) 4

4+�

4,�

4+�

∣∣∣∣∣
*+

+   

]
− =P

U>���8X

@E� $9, U>����X )!& %�1H%,$!/ $9, G!)+6&!,3 $%� =, (=+) +/ ?� � ≡ 4,�

4+�
a 9 U>��X (1,#$!&

�
()+1)
� =

∑
�

�
())
� ?� �

(
=P
)

+
1
2

∑
�

∑
�

�
())
� �

())
�

4?� �

4+�

∣∣∣∣∣
*+

+     U>���>X

@, ?
(
=P
)

= 0a $�$# % ��M �/ �*()�&�9/ (1,#$!& $#$�!(+,&)�/� A #E!,!�9E$&)3

��,��$9�9 E%� M#+�3�! # %79(#1 �# !�$3 $9 �*()�&�9�

D&! ,! 7#1C%� # �$& % G!)+6&!,�/ E1,!)!/  97#,1H#$!& �$% �9 #1% =+ = =Pa M#+�%* #

$9  #�&)3 E!��(+(% +/ E�%/ +� $%� C�� �$%&�#1%� $9/ #C1�+�9/ U>���
Xa %E�$# E�%)*E$#&

4,�

4+�
=

4+�

4+�
− 4

4+�

(
�−1 (=+) =� (=+)

)
�
⇒ ?� � =

4+�

4+�
− 4

4+�

(∑
)

�−1
� ) �)

)

⇒ ?� � =
4+�

4+�
−
∑

)

4�−1
� )

4+�
�) −

∑
)

�−1
� )

4�)

4+�
= Æ� � −

∑
)

4�−1
� )

4+�
�) −

∑
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