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= |Û +

ªxI�,(.�1$*T@�.(4x;V3�G�2�@�P�H
Q�h+.�Bv1&DE,"=�L�2�5"."aTB�@�G>a�;$*TBCI>*"5>2�5>4RPT0�2nG�e�5?*&YÙ*̈ 3I(."5�= �

] Ø_^Ø�× Ð4`�Ø�^n×�Øia�Ì8c de�c&Í�Ð�Ì�f�Í�Ñ�Û�Ü�Ü�Ý�Ñ¢Ì�È@[bg�Ñ8h/Ü Ü�[�Ü



1 Õ��= =
1

− ∆
Õ

− ρ
Õ

− | ∆ρ X_Y"� (
� � � �\^ + ϕ + θ)

7
1 Õ��F = √| 1 ©

∆ X_Y"� (
� �&�Z�\^ + ϕ) + ρ X5Y�� (

� ���Z� ^ + θ) « 71 Õ �I = − √| 1 ©
∆ ���¢� (

� � ~ �%^ + ϕ) − ρ � ��� (
� � � ��^ + θ) « 7

1 Õ��
+
Ø=

= −
1

+ ∆′
Õ

+ ρ′ O + | ∆′ρ′ X+YA� © � ��� � ( | ^ +
�
) − ϕ′ − θ′ « 71 Õ �

+
ØF

= √| 1 


∆′ X3Y���� � �A� � ( | ^ +

�
) − ϕ′ � + ρ′ X5Y�� © | �(� � ( | ^ +

�
) − θ′ « 


K1 Õ �

+
ØI

= − √| 1 


∆′ ���¢� © |��(� � ( |\^ +

ª
) − ϕ′ « − ρ′ ����� © |��	� � ( |\^ +

ª
) − θ′ « 



b

� ���

� ,?2�0�P�G	e�4&=�4�2 P�;�=�06=&5(5�DEW IA,�2�*Tm�,�=�0�*?1>=&5�.AU Y=$BO.(G�e&4�*"5A.�=&5(P � ªT�X*�4&1&2�9"=TQl4�1K;�*�5�4�.A5�P�=�GAeT5�*�B�IA,�2�@�2�G �G	=�Y�,(=&5�LM.A=&5�D¨7	.(BC2&Q+hM.(2M3�GA2�@"PAQ�hM.AU�1T.?@�I�,�.�,A=�0�G�.�9�5�DEWs3�*�.�0�B�26,�.?BO*�3�4�a�W ���− =
ª6�3�

�
	
=
Õ = ψ

__



H τF ∂ � + ( � � ∂F − H γ)τI + B √

1 ¡:| ©
∆ ���� (− H τ= ϕ) + ∆′ �UVXW ( H τ = ϕ′) « 


ψ +

+ χ 


H τF ∂ � + ( � � ∂F + H γ)τI + B √

� ¡ | ©
∆ �UV/W ( H τ= ϕ) − ∆′ � VXW (− H τ = ϕ′) « 


χ − ��� 7

γ = B (∆′
Õ

− ∆
Õ
)
7 � � = ��� ��� � (∆

Õ
+ ∆′

Õ
)
N

� ���

��	����
= ψ

__ 


H τ� ∂ � + ( � � ∂F − H γ)τI +

B
| √
1 ¡ | ©

∆ �UV W (− H τ= ϕ) + ∆′ � VXW ( H τ= ϕ′) « 


ψ +

+ χ
__




H τ� ∂ � + ( � � ∂ F + H γ)τI +

B
| √
1 ¡ | ©

ρ � VXW (− H τ= θ) + ρ′ � V�W ( H τ  θ′) « 


χ − �"! 7
γ =

B � (∆′
Õ

+ ρ′
Õ

− ∆
Õ

− ρ
Õ
)
7

� � = V I'V � 


∆
Õ

+ ρ
Õ

+ ∆′
Õ

+ ρ′
Õ

+ | X5Y�� |+�o� � © ∆∆′ #%$'& (ϕ + ϕ′) + ρρ′ X�Y�� (θ + θ′) « 


N
� ª U �

��	
=
�± =

��	)( � +
B � ψ

__



∆ρτ  �?V�W © H τ= (ϕ + θ) � ± ∆′ρ′τ= � V W © − H τ = (ϕ′ + θ′) « 


χ −

−
B � χ

__



∆ρτ  �?VXW © H τ= (ϕ + θ) « ± ∆′ρ′τ= � VXW © − H τ (ϕ′ + θ′) « 


ψ
b � ª�ª6�

*O@�2&3�e*� f IAG�*�4T5A*�3>4TeKGC=>Y&,�=T5AL§.�="5�= N � � f
IAG�*�4"5�*�3�4�e Y�=�B^.�G�e�4�*?5(.�=&5�= 3T26U(0�265�m�2&,�Yn=N �&� =
=
� ��V HWV&����� F }�� N τ

f B^=�46,(.�pAD � =&P�G�. N ψ
.

χ
f

36IA.�5(*",AD�7O3�*"3�4&=&1&G�2&5�5(D 2 .(0 ;?*TB^I�*�5�2&5�4�*"I(26,�=�4�*�,�*"1
� C σ(ψ ≡ ψ+ τ F 7 χ

__
≡ χ+ τ � ) �

ψ =
ª

√
� 




�
↑� ↓





7
χ =

ª
√
� 




�
↓� ↑





b � ª | �

� ,�.F0&=&IA.�36.v1>D ,�=�L+2&5�.(U � ����P�9"4�265(*�3�G�2�@(P?Q+h+2�2t.(0
� 
��jP�3�G�*�1T.(2 6 Õ � � ± π+ � = @ Õ ��� 7 7 Õ � � ± π + � = −

7 O � � 7
;�*�4n*�,�*�2 @�G�a 3�G�P�9?=�a �&� = π¡ � F (, = | ) @�=&2�4
6 Õ � � = 6 − Õ � � 7.- Õ � � = −

-
−
Õ � � .�GA.�7�3�*>YnG�=&3&5�* � �A�>7 ∆ = ρ

7
∆′ = −ρ′

7
θ = −ϕθ′ = −ϕ′

b
� S *�,�B�P�G�2 � ª�ª&�M1&2&,�W	5(.�U�0&5�=&;�*>461$2�9�=�2�4z3�G�P�9�=&Q

�&� = π¡ � � 7§=[5�.�L¨5�.�UNf 3�GAP"9�=&Q ��� = π ¡ Ä � bt¥¨0
� ª"ªT�
1>.�@�5(*�7�9>4�*�IA,�.  =

Ä�G	=�Yn,A=&5�Lz.�=>5�.(BO2�2�4
m"*>G�2�2�3�GA*TLz5�P�Q � 5�2�@�.�=�Y�*�5�=$G�eT5�P�Q\I�*�36IA.�5(*",A=�B ψ

.
χ
�j3�4�,�P�;�4nPA,�P87�9�2�B I�,A.V@�,�P�Yn.(WX3�*�.�0�BC2&,A.�B�*T3�4na�Wrb
�:4�*T4t3�GAP"9�=&UkI�,�2�@�3�4&=&1&G(a�2�4�3�*>m�*"Uv*>4�@(2�G�e>5�P�QV0&=�@�=&H
9"Pv.v5(2 ,�=�3�3�B^=�4&,�.A1T=�2�4�3�a�1�5A=�3�4�*&a�h+2&U{,(=�m"*>4�2(7O4�=T;
;�=&;X*>365(*"1>5�DE2[0�=T;>*�5�*�BO2&,�5�*�3�46.�I�2&,�2�W�*>@�=
1 S =�0�P
� ��� @�*�3�4�=&4n*�9�5�*§WA*",(*"-+*�I�,�*�3�G(2�Lz.(1T=TQl4�3�aÃ5(=zIA,�.�H
BO2&,�=$W  = | .  " Ä8b0/M=�Yn,A=&5�Lz.�=>5�D � �A�§. � ª U �&7

3�*"*>461$2�4�3�4�1&P�QRhM.(2t]�46.�B\3�*".(0�B826,A.�B�*T3�4na�BR7O*>461$2�9�=&Ql4
WA*",�*�-+*
.�0&1&2�3�465�*�U¦BO*>@�2�G	.¦46.�IA=)1

(
ª
) ⊗ 2 (

ª
)
;�.(H

,�=$G�eT5�*�UjB�*�@�2�G�. 3",�*�3�3&=�58uM2&1Te&2v;�1>=&5�4�*�1$*"U�4n2�*�,�.A.
I(*TG(a�©nª�� « b[¥M3�3�G�2�@�*�1T=&5�.(2N*T3&5�*�1T5(*TYn* 3�*�3�4�*$a�5�.>a
� ��� 1�*�I�.�3&D 1T=�2�B^DEW�.�B�.t3&.(3�4n2�B^=�W�.tm>P�@�2�4MIA,�*�1&*�H
@�.�4&e&3�at1M3�G�2�@�P�Q�h�.�W�,�=�0�@�2�GA=&W 5(=�3�4�*>a(hd26U�,�=�m�*T4&D�b
3���4 !A!.(��_-,�(%�%�: > ;3=?!'(��_-�'65&%A!.-�/�'�# ��;>%,���>%,��/��;���;.�.��#�%('�#�� � !�%<;.=('�%,������>?=�!,�0�n%,�;.��'
� *>365(*"1>5�*>B/3�*"3�4n*>a�5�.A.v1&2&G�.A9?.A5�D ∆

7
∆′
7

ρ
7

ρ′
7

ϕ
7

ϕ′
7

θ
7

θ′
1 � �A�z. � ª U �z5?2§06=&1>.�3�a�4§*T4t;�*�*",?@�.�5(=�46DV.

P�,�=&1>5�2&5�.>aF@?1>.�L+2&5�."a
∂
� ¡ ∂ψ

__
= U . ∂

� ¡ ∂χ
__

= U I�,�.(H5A.�B^=&Q�4�3�G�2�@�P�Q+hM.AU�1T.�@ �
I W .  = |
H ∂ � ψ + 




7
√
1 $ | ©

(∆ X�Y�� ϕ + ∆′ X_Y�� ϕ′)τF +

+ (∆′ � ��� ϕ′ − ∆ ����� ϕ)τI « + H τ=8� � ∂ F + γτ = 

ψ = U 7

H ∂ � χ + 


B √

1 ¡ | ©
(∆ X_Y?� ϕ − ∆′ X5Y�� ϕ′)τF + (∆′ �Ù��� ϕ′ +

+ ∆ � ��� ϕ)τI « + H τ= � � ∂� − γτ= 


χ = R N
� ªnÄ��

Ü.g:9 ]EØ_^nØ&×�Ð�`�Ø_^n×ÙØba(Ì1c.d,ebc6Í�ÐÌ@fÍ�Ñ6Û Ü�Ü&Ý"Ñ Ì�È@[_g"Ñih/Ü



I W .  �� �

H ∂ � ψ + 



�
⁄ Õ √
1 ¡:| ©

(∆ X_Y"� ϕ + ∆′ X_Y"� ϕ′)τ F +

+ (∆′ ����� ϕ′ − ∆ �Ù�¶� ϕ)τI � + H τ = � � ∂� + γτ= 

ψ = U 7

H ∂ � χ + 



�
⁄ Õ √
1 ¡r| ©

ρ X_Y"� θ + ρ′ X�Y�� θ′)τF +

+ (ρ′ �Ù�¶� θ � − ρ ��� � θ)τ� « + Y τ 8� � ∂F − γτ= 


χ = U #
� ªi���

� ,�2�@�3�4&=&1&G(a�a S P�,Ae�26H¢IA,�2�*>m�,�=�0�*�1>=&5�.�2�@�G(aK]�GA26;�H
46,�*�5�5ADEW�*�I�2&,�=&4�*?,?*?1§1�1T.�@(2

� C σ =
�

√M ∑� � − � � �5C F � σ =

=
ª

√M 


∑� ( � �

− � ( � − � � ) �5C � − � � � �_G � � σ+ +

+ ∑��� �
� − � ( � + � � ) ��G � � � � �5C F�� σ




� ªb�A�

.�36,A=&1T5(.�1>=�a � ª5�A��3 �| �>7	I(*TGAP�9�=�2�B
�

σ(
L

) = √|$¡ N ∑�
	 �
� − ��� ��C � � σ 7

� σ(
L

) = √|$¡ N ∑� � � �
− �� �5C � � σ 7 � ªb�A�

Yn@�2��
= � + �&� I(,�. �)P U .�� = � − �&� I W . � " U b¥z0/P�,(=&1T5(265�.AU � ªnÄ��/. � ªi�A�>7�0&=&I�.(36=&5A5�DEW�1[;�*�BOH

I�*�5�2&5�4&=�W � ª5�A�>7z5�=�WA*T@?a?4�3�a
9"2�4&D ,�2x5A.�Lz5�.(2/1&2�461>.
]�GA26;?4�,�*�5�5?*"Y�*�36I(26;>4&,�=¨@�G�a�3�46=&pA.�*�5�=&,A5�*�U�0�=$@?=$9". �

ω � ( ��á ↓ =

ω � 	 ��á ↑ =










−√( �$� � + γ) O + β Ø 7

ω � ( �{á ↑ =

ω � � �{á ↓ =










−√( � � � − γ) O + β Õ b

� ªb
A�

*C@�2�36e¨@�G(a  = |
(κ = ϕ + ϕ′

7
κ′ = θ + θ′)

β Ø©á�Õ =
B Õ �
| (∆

Õ
+ ∆′

Õ
± | ∆∆′ #�$�& κ)

(κ = ϕ + ϕ′
7

κ′ = θ + θ′)

� ªb�A�

.�@�G(a  " Ä

β Ø =
B Õ �� (∆

Õ
+ ∆′

Õ
+ | ∆∆′ X5Y�� κ)

7

βÕ =
B Õ �� (ρ

Õ
+ ρ′

Õ
+ | ρρ′ X5Y�� κ′)

b � ªb�A�

Â =&;/;�=&;/IA,�. � = U @�*�G�Lz5�*/1>D I�*>G	5>a�4&e�3na/P�3�G�*�1T.?23&-M.�1>;�.�1$2�4&1&2&U
ω � ( �{á σ = ω � 	 ��á σ 7Ã4�*

β Ø = βÕ ≡
≡ β

.�1§,�2�0�P"G�e�4&=�4�2§1¨36I(2&;T4&,�2 � ªi
A�+.�B�2�2�4n3�a�7	2�3�4n2�3�4&H1&2&5A5�*87?4�*"GAeT;�*¨*�@?5A=Mh+2�G�e
∆ � = √β

7�;�=&;t.�0�*�m",�=$L+265(*
3�W�2�BO=$4�.�9�2�36;�.�5A=§,�.�3(bEªTb
� *�G�5A=�a<]&5�2&,�Y�.>aj]�GA26;>4&,�*�5�5(*"U/I�*�@�3&.�3�4�2�BOD�5A=�W�*�H

@�.�4�3�aÃ.�5(4n2�Y�,�.A,�*"1>=T5�.(2�B{1>D ,�=&L+2&5�.(U � ª5
(�´I�*§3&I(26;>4&H,�P�.�.(BC2�2�4§1T.?@
�

= −
M �
| π �$� 



(ε � + γ) √ε� + γ) O + β +

+ (ε ~ − γ) √(ε� − γ)
Õ

+ β + β � � α



7

α = β− J 

√(ε� + γ)

Õ
+ β + ε� + γ


×

× 

√(ε� − γ)

Õ
+ β + ε� − γ


7

��| U �

Yn@�2
ε� = �$�C�&� f S 2&,�B^.�2&1&3&;�=�a
]&5�2&,�Yn.�a
]�GA26;�4�,�*�H

5(*"1Ab � ,(*"1&2�@�a{1 �n| U �¨,�=�0�G�*�L+265A.�2 I?*�B�=&G�DEB[I�=T,(=&H
B�2�4&,�=�B

∆
Õ $ ����� ªd. B 1 ¡ ε �<P P ª"7�I�*>G�P�9�.�B/1§5�=T.(H

5A.�06-d2�B[I�,A.�m�G�.�L+2&5�.(.v3�G�2�@(P?Q+h+2�2 1>D ,�=&L+2&5�.?2t@�G�a
I(*TG�5�*�U�]65?26,�Y�.�.�3&.�3�4�2�BOD � ªT� (β Ø = βÕ = β)

�
�

=
�

+ M � � =

= −
M �
π � �




ε~ O + β|





�
+ ³��

�
ε� Õ
β





−
π � ~
� � � 




b ��| ª6�

� 3�G(P�9"=$2�@�1$P?;(,�=�465(*"U�3�*�.�0�B�26,(.�B�*"3�4�. �  = | � P�3&HGA*"1T.(2M3&-M.A1T;�.�@�G(aÃ1>D�,�=�LM2&5�.AU � ªb�A�R2�3�4&e
∆∆′ X_Y�� κ = U K ��|T| �

.�]"5�2�,�Y�.�a ��| ªT��3"4�="5?*�1T.�4�3&a S P�5�;�p(.�2�UM4n*AG�e>;T*§I�=>,�=>HB�2�4&,�*�1
∆
.

∆′
b � ,�.�]�4�*>B�5�2�*Tm�W�*�@�.�B^DE2jP�3�G�*�1T.>a

��v����o  � �ùÍ�ÐyÒxÄyÏ	É}ß�ß	ä�ðGÊyÈ�ÐyÒxÄyÏ�ÊyÌ	ÊyÄyÐ�Þ�äóô�Ø}ö�ÎIÊyÉ}Ê�ÄyÉ�Ç	ßxÌ�Ìmõ�ÃÝå
È�Ï	Ì

γ
( � Á

] Ø_^Ø�× Ð4`�Ø�^n×�Øia�Ì8c de�c&Í�Ð�Ì�f�Í�Ñ�Û�Ü�Ü�Ý�Ñ¢Ì�È@[bg�Ñ8h/Ü Ü.g(Û



Bo.A5�.(BCP�B�=M]&5�2&,�Yn.A.
∂
� ¡ ∂∆ = U . ∂

� ¡ ∂∆′ = U I(,�.�1$*"H@�a�4z;�P�,�=&1T5(2&5�.�a�B

∆



���

�
ε � Õ
β

− | λ



= U 7 ∆′



���

�
ε� Õ
β

− | λ



= U 7 ��| Ä��
Yn@�2

λ =

�
π � ~�� I�V7 Õ � # ��| �A�

� *Z1$3�2TW
4&,�2>W
3TGAP�9�=�a�W�7¨3TG�2>@�P�Q�hz.�WV.�0�P�3�G�*�1T.?a
3?-+.A1T;�. �n|�| � � ∆ = U 7 ∆′ = U 7 X5Y�� κ = U �>7�,�2&-+265A.�2P�,�=&1T5(2&5�.�U ��| Ä���@�=&2�4�*T@A5�* . 4�* LM2�0&5�=&9>265A.�2
β =

�
ε� O � −

Õ
λ b � G�2�@�*"1>=&4n2�G�e&5�* 7t]65�2&,(Y.?a ��| ª6�/4�*"L+2*"@A.�5�=&;?*"1T=§.s,�=&1T5A=
�

= −
M �
π � ~ ε� Õ 


ª

+ |¨� −Õ λ

b ��| �A�

� I�.A5�*�1TDE2§;�*"5 S .(Y�P�,�=&pA.�. � ���>7�*"4�1&2�9?=&Q+hM.(2¨]65�2&,�HY�.�. ��| �A�>7 ,(=�0�G�.�9�5�D
1$* 1$3�2�W�P�;�=�0&=&5�5ADEW�1TDR-+2¨3�G�P�H
9?=�a�WrbOyz;(=�06D 1>=&2�4n3na�7C9�4�* ]�4�*Ã1>D ,�*�L+@�265A.�2§3&5�.(BO=&2�4�H
3na_I�,A.VP�9�2�4n2[1 � ªT�{9�G�2&5(*"1 � ∆ ��¡ 1 Õ b � ,A.
]�4�*"B
1&*�065(.�;�=&2�4�3�G�2�@�P�Q+hM=�at@�*Tm�=&1>;�=+;§G�=�Y�,(=&5�LM.A=&5�P � �A�3�

δ
�

= −
7

√
� $ 1 



ψ
__


∆
�  − � τ� ϕ + ∆′

�  � τ� ϕ′
 ψ +

+ χ
__ 

∆
�
 � τ� ϕ − ∆′

� � − � τ � ϕ′
 χ





− δ � � 7

δ � � = −
��� � I�V∆ Õ ∆′

Õ b
��| �A�

��9�2�4§@�*�m"=>1T;�. ��| �A�zI(,�.�1$*T@�.(4§1 ,?2�0�P�G	e�4&=�4�2t;Ã]�GA26;�H46,�*�5�5(*TB�P�3&I�26;?46,�P�1T.(@�= � ªb
(�>7	5(*t;t@A,�P�Y�.�B<1$2�G�.�9�.�H5�=�B
β Ø . β Õ �

β Ø}á Õ =
B Õ 1
| (∆ O + ∆′

Õ
± | ∆∆′ X5Y�� κ) −

− | B Õ © ∆· + ∆′ � ± ∆∆′(∆
Õ

+ ∆′
Õ
) #%$�& κ « b ��| 
(�

¤´=T;+3�G�2>@�P�2>4 .(0 �n| 
��$7TP�3�G�*�1>.�2R3"-M.(1T;�. �|�| �8*�3�4�=>2T4�H3na�I�,(2�LM5A.�B<.Ã@�=�2�4
β = β � + β′

7

β � =
B Õ 1� (∆

Õ
+ ∆′

Õ
)
7

β′ = − | B Õ (∆� + ∆′� ) b
��| �A�

� *>G	5�=6a/]65(26,?Y�.>ax3&.�3�4�2�B^D�3v4n*�9�5�*�3�4�eTQ @�*j9�G�265(*"1
� ∆� ¡ 1 Õ ,�=&1>5�=

�
= −

M �
π � ~







ε� Õ + γ

Õ
+

β �
| +

+
β � + β′
| ��� � ε�

Õ

β � −
π �T~
F (� � + δ ��� )








b ��| �A�

uM2�*Tm�W�*�@�.�B^DE2¨P"3�G�*�1T."aÃB^.�5A.�B�P�B^=M]&5�2&,�Y�.(. ��| �A�R3P�9�2�4�*TB � ���>7 ��| �A�+. ��| �A�+I�,(.�1$*T@�a�4z;�P�,�=&1>5�2&5�.?a�B

∆






(
1

−
�
∆
Õ
) � �

�
ε � Õ

B Õ 1 (∆
Õ

+ ∆′
Õ
)

+

+
� Ä ∆� − ∆′ �

∆
Õ

+ ∆′ O − | λ(
1

−
�
∆′
Õ
)







= U 7

∆′






(
1

−
�
∆′
Õ
) ³�

�
ε~ Õ

B Õ 1 (∆
Õ

+ ∆′
Õ
)

+

+
� Ä ∆′ � − ∆�

∆
Õ

+ ∆′
Õ −

�
λ(
1

−
�
∆
Õ
)







= U b

� Ä U �

� ,�. ∆′ = R P�,(=&1T5(265�.?a � Ä U �MI�26,?2�WA*T@�a�4z1

���
�
ε� Õ

B Õ 1 ∆
Õ = | λ +

�
∆ O1 (

�
λ −

Ä
) # � Ä8ª6�

¥M0 � Ä8ª6�+3�G�2�@�P�2�4¨,�2&-+2&5�.�2

∆
Õ

=

�
ε� Õ

B Õ 1 � − O λ 


ª

−




�
ε�
B 1





Õ



| λ −

�
| 



� − O λ



b � Ä | �

¥M3&I�*>G	e�0�P>a S *?,?BOP�G�D � Ä8ª6��. � Ä | �>7<IA,�2�@(3�4&=&1T.�B]&5�2&,�Yn.�Q ��| �A�+I�,�. ∆′ = R ;�=T;

�
∆′=
� = −

M �
π �&� ε � Õ




ª

+ |>� −
Õ

λ − ( | λ −
ª
)





�
ε�7 � 




O
� − � λ




b

� Ä�Ä��

� 3�G�P�9�=�2
∆= U 5�2�4&,�P�@�5(*/I�*>G�P�9�.�4&e<=&5A=�G�*�Yn.�9�5�DEB*�m",�=$0n*�Bv]65?26,(Yn.�Q �

∆=
� 7�;�*T4�*",A=�a I�*>G	5?*"3�4&e&Q\3�*�1TIA=&H@�=�2�4M3 �

∆′ =
� b

� ,�. X_Y"� κ = U � ∆ 7 ∆′ ≠ U �
P�,(=&1T5(265�.?a � Ä U �V3�*�H
1&B�2�3�4&5�Dj4�*"GAeT;�* 7"2�3�G�.

∆
Õ

= ∆′
Õ 7"4(b 2�b

γ = U � 3�Blb � �A�&�$b�:4�* IA,�.�1$*T@�.?4�;�3�*T*�465?*?-d265�.?a�B

���
�
ε � O7 Õ 1

∆
Õ = | λ +

� ∆ O1 (
�
λ −

ª
)
7

∆
Õ

=

�
ε� Õ

B Õ 1 � −
Õ
λ




�

−




�
ε�
B 1





Õ

( | λ −
ª
)  −

Õ
λ



b
� Ä����

� .?36I(*TG�e�0�*�1T=>5�.�2�B � Ä����M. �| �A�+]65?26,(Yn.�a ��| �A�MI�,A.
∆
7

∆′ ≠ U I�,(.�5�.(BO=$2�4¨1T.�@

�
∆
á
∆′ ≠ � = −

M �
π � � ε � Õ




�

+ |  − O λ − λ|




�
ε�
B 1





Õ

� − � λ



b

� Ä����

Ü.g [ ]EØ_^nØ&×�Ð�`�Ø_^n×ÙØba(Ì1c.d,ebc6Í�ÐÌ@fÍ�Ñ6Û Ü�Ü&Ý"Ñ Ì�È@[_g"Ñih/Ü



� ,�=>1T5�.A1T=�a�1TD ,A=�L´2&5A.>a � Ä�Ä���. � Ä����>7�I�*�G�P�9"=$2�Bl7�9�4�*�
∆=
� =

�
∆′=
� " �

∆ � ∆′≠
� 7z4&=&;
;�=&;

λ " ª�b � GA2�@�*�1T=&H4�2�G	e&5(*�7�*T3&5�*�1T5(*TB�P�3�*�3�4n*>a(5(.�Q 3&.(3�4n2�B^D � ª$�\I�,(.
 = | *�461$2�9�=&2�4 � ��� 3t]&5�2&,�Y�.�2&U � Ä��A�z.v3t1$2�G�.�9�.�H5�*�U

∆
Õ

= ∆′
Õ 7v*?I(,�2�@�2�G(a�Q�h�26U�3�a S *",�B�P�G�*�U � Ä����>b

� ,�.Ã]�4�*TB/h+2�G�e§1§]�G�2&;�4&,�*�5�5�*>B{3&I�2&;�4�,(2z,�=>1T5�=

∆� = √β = | ε~  −λ



ª

− λ




�
ε �
B 1





Õ

� −
Õ

λ



# � Ä �A�

� ,�. @�,�P�Yn.(W{3�*�.�0�B�2&,�.(BC*�3�4�a�W{@�G?a<I�*>G�P�9�265(.�a{*>36H5�*�1T5(*TYn*v3�*�3�4�*&a�5A.>a<3&.�3�4�2�B^D � ª&�t*�;�=�06D 1>=&2�4n3�a<@�*>36H46=�4�*�9"5ADEB ,�=�3�3�BO*�4�,(2�4�eV]&5�26,(Yn.�Q 3
4n*�9�5�*�3�4�eTQ @�*
9"GA2&5�*�1 � ∆

Õ $ 1�b���G�av*�mTGA2�Y�9�2&5�.�av0&=�@�=�9�.v0�=$BC2�46.(B 79"4�* .?0 � 
A��3�G�2�@�P�2�4
6 Õ � �+ 6 Õ � � =

6
− O8� �+ 6

−
Õ � � . 7 Õ � �+ 7 Õ � � =

7
− O�� �+ 7

−
Õ � � 7

9�4�*M@�=�2�4
∆
Õ

= ρ
Õ .

∆′ O = ρ′
Õ b � *"1$BO2�3�465�*¨3�P�3�G�*�1T.(2�B36-¨.�1T;(.�IA,�.  " Ä�IA,�.�WA*T@�.(B/;�1>D ,�=�LM2&5�.?a?B � 3�BRb

� ª U �+. � ªi�A�&�

β =
B Õ 1� (∆

Õ
+ ∆′

Õ
+ | ∆∆′ # $�& κ)

7

� � = |�V I V 1 (∆ O + ∆′ O + | ∆∆′ X_Y"� κ X3Y	�8| �(� � )
7

∆∆′ X_Y"� κ = ρρ′ # $�& κ′
b

� Ä 
A�

Â =>;�.�B *"m�,�=�0�*TBR7§]65?26,�Y�.>a ��| ªT�{3�4&=&5�*�1T.(4�3�a S P�5�;�H
p�.(26U�4&,�2�W�I�2&,�2�BC2&5�5(D W

∆
7

∆′
.

κ
7A9"4�*§@�=�2�4M3�G�2�@�P�Q�H

hz.�2§5�2�*�mTWA*T@�.�B^DE2¨P�3�GA*"1>.�a�2�2¨BO.A5�.(BOP�B^=0�

(∆ + ∆′ X_Y"� κ) � �
�

ε� Õ
β

−
�

λ(∆ + ∆′ X_Y"� κ X_Y?� |��(}�� ) = U 7

(∆′ + ∆ X_Y"� κ) � �
�

ε� Õ
β

−
�

λ(∆′ + ∆ X_Y"� κ X_Y?� |��(} � ) = U 7

∆∆′ �n�¢� κ



� �

�
ε� Õ
β

−
�

λ X_Y�� |+�o� � 



= U 7

� Ä �A�

Yn@�2
λ
*�I�,?2�@�2�G�a�2�4�3�a S *�,�B�P"GA*"U ��| ���>b�¥M0+I�*�3�G(2�@�5?2�Yn*P�,�=&1T5(2&5�.�a�1 � Ä����+3�G�2�@�P�QR4M46,(.�3�G�P�9�=�a4� ∆= U 7 ∆′ = U. ����� κ = U � 3�G�P�9�=&U ��� � ε� Õ ¡ β = � λ X�Y��C| �(�&� 5�2

P�@�*A1&GA2T4�1>*�,>aA2T4v@�1&P�B_I?2",�1>DEBXP�,A=T1T5?2"5�.?a�B_1 � Ä �A�I�,�.
∆
7

∆′ ≠ U �>b
� ,�. ∆ = U 7�.(36I�*�G�e$0�P>a � Ä 
(�>7�I(*TGAP"9�=�2�B .(0 � Ä �A�,�2&-+2&5�.�a

X_Y"� κ = R 7 ∆′
Õ

=

Ä | ε � Õ
B Õ 1 � − · λ # � Ä �A�

� I(*TB�*�hMe&Q � Ä 
(�M. � Ä��(�+]65(26,?Y�.>a ��| ª$�+IA,�2�@(3�4&=&1&G�a�H2�4�3na�1§1>.�@�2

�
∆ =

� = −
M �
π �&� ε� Õ 


ª

+ |§� − � λ

b � � U �

£O=�3�3�B�*>46,�2&1t=&5(=&G�*�Yn.�9�5�DEBk*�m",A=�0�*>B{3�G�P�9�=&U
∆′ = U 75A=&U�@�2�B�7A9"4�* �

∆′ =
� =

�
∆ = � b

� ,�. ����� κ = U �8X5Y�� κ = (−
ª
) � 7��_f p(2�G�*�2t9�.�3�G�*A�>7

.(36;>G�Q 9�=�aÃI(26,(1TDE2M@�1>=MPA,�=&1T5(265(.�a�1 � Ä��A�>7	I�*�G�P�9�=�2�B
∆′ = ∆(−

ª
) � bM¥M3&I�*�G�e&0�P>ax]�4�*j3�*"*>465?*?-d265A.�2{.\1TD�,(=&HLM2&5�.?a � Ä 
(�>7 5�2�46,?P"@A5�*v5�=&U(4�.k3�G�2�@�P�Q�h+2�2�,�2&-+2&5�.?2P�,�=&1>5�2&5�.�U � Ä �A�'�

∆
Õ

=

�
ε� Õ

B Õ 1 � − · λ � ¶}¼	� � � � b � �8ª6�

� I?*"B�*�hMeTQ � �CªT�R]65(2&,�Y�.>a ��| ª6�MIA,�. ��� � κ = R I(,�2�@AH3�46=&1$G�a�2�4n3na�1§1>.�@�2
� ¼º° �

κ =
� = −

M �
π � � ε� Õ 


ª

+ |� −� λ � ¶}¼	
 � � � 

b � � | �

¥M0{3&,A=&1T5�2&5�."a
]65�2&,�Y�.(U � � U �v. � � | ��3�G�2�@�P�2�4(7´9�4�*� ¼�° �
κ =
� P � ∆ = � =

�
∆′ =

� 7F4�b 2(b�I�,(.  " Ä *T3&H
5(*"1T5(*TB�Pk3�*>3�4�*>a(5(.�Q�3&.�3�4�2�B^D � ª&�t*>461$2�9�=�2�4 �:�R� 3
]&5�2&,�Yn.�2&U � � | �+.�3�* h�2�GAeTQ
1¨]�GA26;>4&,�*�5�5�*>Bj36I�2&;�4&,�2

∆� = | ε~ � −
Õ
λ � ¶}¼ � � � � b � ��Ä��

� *T3&;�*TG�e&;�P IA,�.�1&3�2�WÃ,A=�3�3�B�*T4&,�2&5�5(DEW�3�*�.�0�BO2&,�.(B�*T3&H4�a?W
γ = U 1MI�*>G�P�9�2&5�5�*>B�*�3&5�*�1T5�*�BF3�*>3�4�*&a�5A.�.o7?1&2�4&1T.3&I�2&;>46,�= ]�G(26;�4&,�*�5�*�1v3vI�,(*T4&.�1&*�I�*�G�*�LM5ADEBo.�36IA.�5A=&H

B^.87 .�0�*�m",�=$L´2&5A5�DE2
5�=
,(.�3(b�ª>7t3�W(G�*�I�D 1>=&Q�4�3na�7 .
B^=�Y�5�.(4�5AD UFBC*�B�265�4§]�G�2&;�4&,�*�5�5�*�UvI�*�@�36.(3�4�2�BODV1�*T3&H
5(*"1T5(*TB 3�*�3�4n*>a�5�.�. �:�R� *T3�46=�2�4�3naX,�=&1>5�D B�5(P�G	Q�7
;�=&;�.�1�.�3�WA*T@A5�*>B{B�2�4&=�GAG�.�9>2�3&;�*�B{3�*T3�4�*Ta�5�.A.8b
���� =�'�%���� �# ;.�_-��(+�_��- ��;$%,����%,��/8� ;��;.�.��#�%('�#

�����
� *�3&5�*�1T5�*�B 3�*>3�4�*&a�5A.�.�3&.�3�4�2�B^D � ª6�\36I(.�5�*�1>DE2;�*>BoI(*"5(2&5�46D�7^*�I�,(2�@�2�G�a�QRhz.�2�3�a<1TD�,(=�LM265(.�a�BO. � �(�>7IA,�.�5A.�B^=&Q�4¨I�,�.  =

� 1T.?@
1 C= = (−

ª
)
C
(
1

−
�

∆
Õ
)
7

1 Õ �F =
�
√| 1 ∆(−

ª
)
� X5Y�� ϕ

7
1 Õ �I = −

�
√| 1 ∆(−

�
)
� ��� � ϕ

7
1 Õ��

+
ØF

= ± | √| 1 ∆(−
ª
) � +� #�$ & ϕ

7
1 Õ �

+
ØI

= −+ | √| 1 ∆(−
ª
)
�

+ � �Ù��� ϕ
b

� �����

*C@�2�36e+P�9�4�265�*87�9"4�*C7�3�*>YnG�=$365�*§,�2�0�P�G�e$46=�4&=�Bv1M,�=�0�@�bTÄ87
∆′ = ± ∆

.
ϕ′ = −ϕ + π¡:| ( |�� +

�
) ��� fNp�2�G�*>2+9?.?3�GA*��

1¨*T3&5(*"1T5(*TBv3�*�3�4�*&a�5A.�.�36.?3�4�2�B^Dj3�@?1$P�;�,�=�4&5�*�U§3�*�.�0&H
B�26,(.�B8*"3�4&e&Q§b � 2�G�.�9�.�5(= ∆

1 � �����V*"IA,�2�@�2�G�a�2�4�3na
S *",(BCP�G(*?U � Ä����>7?= S =�0&= ϕ

*�3�4&=�2�4�3�a�IA,�*�.�0&1&*>G	e&5(*"U�.

] Ø_^Ø�× Ð4`�Ø�^n×�Øia�Ì8c de�c&Í�Ð�Ì�f�Í�Ñ�Û�Ü�Ü�Ý�Ñ¢Ì�È@[bg�Ñ8h/Ü Ü.g_g



S .A;>36.A,�P�2�4�3�a/4n*�G�eT;�*jI�,�./5A=�G�.�9�.�./=T5(.�0n*�4&,�*"IA.�./1
I�G�*�3&;�*T3�4&.����Mb � *�3�4�*&a�5A.�2 � �3����*T4&1&2�9?=�2�4�]&5�2&,�Yn.A.
� Ä �A�+.�.�0�*�m",�=$L´2&5(*t3�W�2�B^=�4&.�9�2�3&;�.�5(=§,�.�3(b | b
� 3�G(P"9�=�2  " Ä�1s*�365?*?1>5�*�Bx3�*�3�4�*Ta�5�.A.v3&.(3�4n2�B^D
� ª$� 1>D I�*>G	5"a(QR4�3na 3�*�*T4&5�*�-+265A.>a

∆′ = ∆(−
ª
) � 7X5Y�� κ = (−

ª
)� 7 ρ

Õ
= ρ′

Õ
= ∆′

Õ
= ∆

Õ � 3�BRbO,�=�0�@�bCÄA�>7O;�*"H4�*�,�DE2§1&B82�3�4�2̈ 3MP�3�G�*�1T.(2�Bk36-M.A1T;(. � Ä�
A�R@�=&QR4
ρ = ± ∆

7
ρ′ = ρ(−

ª
)� 7 X5Y�� κ′ = (−

�
)� b � � �A�

� I?*"B8*�hMeTQV1TD ,(=�LM265(.�U � ���A�+3&I�.�5?*?1>DE2�;?*"B�I�*�5�2&5�H46D � �(�MI�,�2�@�3�4&=&1&G(a�Q 4�3na�I�,(.  " Ät1z1>.�@�2
1 CF = √| 1 ∆

© X_Y�� ( | � � � L + ϕ) ± X_Y?� ( | � � � L + θ) « 7
1 CI = −√| � ∆

© �w� � ( |�� � � L + ϕ) −+ &���� ( |�� � � L + θ) « 7
1 C= = (−

ª
)
C 




1
− | ∆Õ ©&ª ± X_Y?� (

� � � � L + ϕ + θ) « 


b
� � �A�*C@�2�36e§1$2�G�.(9�.�5A=

∆
*"IA,�2�@(2�G�a�2�4�3�a S *�,�B�P�G�*�U � �8ªT�&7C=1&2&,�W�5A.�Uv.F5�.?Lz5�.AU�0&5�=T;�.F*>461$2�9�=&QR4z3�GAP"9�=�a�B

ρ = ∆.
ρ = −∆

3�*�*T4&1&2�4�3�4�1$265A5�*8b � 16a�06eRB�2�L�@"P ϕ
.

θ
1 � � �A�BO*�LM5(*�I�,(.vL+2�G�=&5A.�.{5�=>U�4&.{.�0�P"3�GA*"1T.?avBo.(5�.�B�P�B̂ =

46=&;/5(=&0�DR1T=�2�BO*�Uj]&5�2&,�Y�.�.�3�*�.�0�B�26,�.?BO*�3�4�.o7 ;�*�4n*�,�=�a
I�,�2�@�3�46=&1$G�a�2�4�3�*�mT*�Uv0&=&1T.(3na�h+P�Q�*>4 S =�0�@�*�m"=T1>;>P<;
]65(26,?Y�.�. ��| ªT�>7:1&*�0�5A.�;�=&Q+h+P�Q�IA,�.kP"9�2�4n2�1�Y�=�Bo.?G	e&H
4�*�5�.A=&5�2 � ªT�EBO=$Yn5�*�5�5�DEW�=&5�Yn=&,(BC*�5�.(0�B8*�1Ab � ,�.̈ ]�4�*�B 7*"@A5�=&;�*87"4&=&;̈ L+2�7�;�=T;§.§1�3�G(P"9�=�2  = | 7�*T@�5A=+.�0 S =$01&3�2<,�=>1T5�*/*�3�46=�2�4�3nai5(2�*"IA,�2�@(2�G�2&5A5�*�U[I�,�.\*�4�3�P�4�3�4�H
1T.A.�=&5�.?0�*>46,�*�I�.A.�1§I(G�*�36;?*T3�46.����Mb
Â =&;(.�B�*�m�,�=&0n*�BR7"IA,�.§1&3�2�W�,�=�3�3�B�*T4&,�2&5�5(D W§3�*".(0�B826H,�.�B�*>3�4�a�WK*�365�*�1>5�*�BCPN3�*�3�4n*>a�5�.�Q �:�R� *T4&1&2�9�=&QR4

36IA.�,A=�G�eT5�Dl2z3�4�,(P�;�4nP�,�D � ���A�M. � �����>7C1&*T0&5A.�;�=&Q+hM.�21/B̂ =�Y�5�.(4�5(*"UVI�*�@�36.(3�4�2�BC2(b � 26,(.�*>@
]�4�.�W�36I(.�,�=�GA2&U
*?I(,�2�@�2�G(a�2�4�3na�.�0 � �����+;�=&; Π = π¡ �&� .�G�.�I�,(.�P�9"2�4n2
� Ä	� Π = |  S�&¡! O b � ,�. �$� = π$ � � I�2&,�.(*T@/,A=&1&2&5�+� 7C;�=&;�.�.(0n*�m",A=�Ĺ 2&5(* 5�=§,�.(3(b | b¥M0 � ���	��. � ���A�t3�GA2�@�P�2�4�4&=&;�LM2(7:9�4�*j1F*"3&5�*�1T5?*"B3�*�3�4�*$a(5A.�. �:�R� 1$3�2[;>*�BoI?*?5?265(4�D I(*TG�5�*�Yw*V3&I�.A5�=
Bo=�Y�5�.�4&5�*�U/I(*T@�3&.(3�4n2�B̂ D�*>m?,(=&hM=TQl4�3�ax1{5(P"GAe{1{.?36H
I�*>G	e�0�P�2�B�*�B IA,�.(mTG�.�LM2&5�.A.�P�36,(2�@?5(2&5�.�a I?*�m"D 3�4�H
,�DEB/*�3&p�.(G�G�a�pA.>a�B/3 I?26,A.�*�@�*"B

( ��� L )−
Ø b � *�1$BO2�3�4�5�*3ÃI?*"G(P�9T2&5�5(D BO.k1�,(=�0�@�b�Ä�,?2�0�P�G	e�4&=�46=�B̂ . @"G(av]�GA26;�H

46,�*�5�5(*"U I�*�@�36.(3�4�2�BODº]�4�*_I(*";�=�0&D 1T=$2�4?7 9�4�*�I�26,?26H
3�4&,�*�U�;�=g*�365�*�1>5�*�Yw* 3�*>3�4�*>a�5�.�aN36.?3�4�2�B̂ D � ª6�VI�,(.
I�2&,�2�W�*>@�2z1 S =�0�P � � � I�,�*�.�3�WA*T@�.(4+46=&;�.?B{*Tm�,�=�0�*�B 7
9"4�*Tm�D 2�2ZI?*"GA5�D U Bo=�Yn5A.�4&5�D U BC*�B�265�4�*�3�4�=>1T=�G�3�a
,�=&1>5�D Bj5�P�G�Q�b

� ��� : ����#�:
� @�=&5A5�*�Uv,�=�m�*T4�2t1TI(26,(1TDE2 .?3�3�G�2�@�*�1T=&5(*�*T3&5�*�1T5(*T23�*�3�4�*$a(5A.�2_;�1>=&0�.(*T@�5(*TB�2&,�5(*TYn*�B82�4&=�G�GA=A7�*�mTG�=�@�=&Q�H

hM2�Y�* � ��c I?*?,"a?@A;�*TBRb � *?;�=$0�=T5�*87+9T4�*x]�4n*\3�*>3�4�*"Ha(5A.�2_IA,�2�@�3�46=&1$G�a�2�4X3�*�mT*�U @�.�]�G�2&;�4�,A.�; 3_1$*TG�5�*�U

3&I�.�5(*"1$*�U_I�GA*T4&5(*T3�46.8b�uz=&U(@�2&5�=[0&=&1T.?36.(B�*T3�46e¦@�.�]&H
GA26;>4&,�.�9�2�36;>*�Uvh+2�G	.v1Ã*T@�5(*T]�G�2&;>46,?*?5(5�*>Bx3&I�2&;�46,?2 .
S *",(BODNB̂ =�Yn5A.�465(*"U¦361$26,?W�3�4�,(P?;?4nP�,�D *�4<I�=>,�=�B�2�4&,�=
3&.�3�4n2�BoD IA,�.V,�=�0�G�.(9"5ADEWZ3�*�.�0�BO2&,�.(BC*�3�4na�W�b � ,�2�@AH3�46=&1$G�a�2�4n3nat1&2�3&e&B̂ =+.�5�4�26,(2�3&5�DEBF3�G(2�@�P�Q+hM.AU§,�2�0�P�G�e&H
4&=�4�7CI�*>G�P�9�2&5�5�D UF1&*�1$3�2�W�,A=�3�3�B�*T4&,�265A5�DEWF3�GAP�9�=�a?W �
I(26,�2�3�46,�*�U�;(=v*�365?*?1>5�*�Y�*/3�*>3�4�*>a�5�.�a � ��c B�2�46=�G(G	=
IA,�.{I(26,?2�W�*�@�2�1 S =�0�P � � � IA,�*�.�3�W�*>@�.�4�4�=T;�.(Bx*�m�H
,�=$0n*�B�7t9�4n*�I�*>G	5�D U�B̂ =�Y�5(.�4�5AD U�BC*�B�2&5�4[36.?3�4�2�B̂ D
*�3�4�=&2�4n3nax,�=&1>5�DEBV5�P�G�Q�b � =&,�=�B�2�4�,/I�*�,>a�@�;�= � ��� 7I(*",�*�L+@�2&5�5�*�U � �vc BC2�46=�GAG�*�BR7́ *�;�=�06D 1>=�2�4�3�ai3&.�5(H
YnG�2�4&5�D B�1\*>4�G�.�9�.�2/*�4j46,(.�I�GA2�4�5�*�U � ��� 7�1$*T0&5�.(H;�=&Q+h+2&Ut1MIA=&,�=$BO=&Yn5A.�4&5�*�B�B�2�46=�G�GA2(bX�:4�*C7�1+9�=�3�4&5(*T3&H
4&.87 @�*�G�Lz5�*�I�,�.(1&2�3�4&.�;X5(2�*>m?DE9�5�*�B�P_I�*�1$2�@�2&5�.AQ
� ��� 1�B�=&Yn5�.?465�*�BxI?*"G(2�7C9�4�*ÃI(*T3�GAP"L̈ .�4tI�,(2�@�B�2�4�*TB
I(*T3�G�2�@�P�Q�hM.(W�I�P(mTG�.�;�=&pA.�U�b
Ø}Á
	"Á����µ·¶}��̄Ù������Á��#Á>� � ¹�Â#±ÿ̧©á ���
�	����� I�� ����� á����w�hô©Ø�Ù©Ö�Õ	ö}ÁÕ{Á ��Á ��µ·Â .. ��yµ�á�!#"$��� 	&% ���'�(� I�� �
)*)#áùØ]ô}Ø�Ù�Ù � ö©Á�{Á���Á�+WÁ-,�µ́ w̄�*.	Â�̄$��̄	á�	�Á���Á�/�Â�À·À·µ0º¾ á-1]Á���̄ � ¹���y»á>̄w�*���Á"«�Á32{¶xµ0��	̧º¶{á �(� I�� �4!�"5�x�768" � � �79�� áXØ��n� � ô©Ø�Ù©Ù � ö�:��Á'+WÁ;,�µ·̄Ù��.�Âx̄��x̄{á
/fÁ<��Á>�xÀ=yµ¢�	±�° ?>�á���Á
	�Á&A@�xá�B]Á�C�̄}½x̄}�Âxµ�̄�áÙ̄������Á<D � ¹{° �	̄�á 
 � �FE�G "���9IH á�� ¹ Ø'ô©ØyÙ}Ùn��ö©Á
� Á;J]Á�å'ÁT�}É�K�Æ©Ò�É©Î{á���uh�üØ � � á$�xÖ{Ø]ô}Ø�Ù�Ö � ö©Á�{Á;L�ÁT�{Á�å�Ð�Ä?KxÉxÎ�Å{á�M�Á�Ã�Á�ÜÉ}ïfÅ}Î�Ê�ÒxÌxð�á u��ON Ø�Ö#á�Ù©Ö�Ú�ô}Ø�Ù�Ù©Õ�ö�Á
¹ Á81]Á��#Á�«��yµ�¾<̄Ù���z��Á(fÁQP�° »�©±ÿ¼·¶�� á 
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