
���������	��
�������������������������������������� !�"��#�$�%&��'(%&�	)�#	*+%-,�.�*�,�$

/10325476985: ;=<�>@?BADCEC�:GFIHJALK!CEM96�N�OE0=8POEK!MQFI<BN=R5CSM
NE;TNEU525CECVNE;W6TM(XYA=?TNL<E:ZFS03258=2PFVN�[@N\<

<]RP2�K^4_N507RTN3;T4_N3;�6`C3:aF1Xb2@8�8BN�HcA5K�C92B6`MP4dAeFf0P8=MfC�AeR=M3g�MPM
Hh2BF9AiCPM3gB2P;T49M7FjK�8TA5C�MPg3C3:aFkO9;�RBN�<�M3l

monqp�nsrutqv�w_x!yqmzn�{3n-|G}~t��~�Bw��qy��inq�Wns�`�����_�e�~���_y��9n���n��@x��q���&}&�
�������������������"� �¢¡£�	¤_¥¦�¢�¨§ª©�«��	�¢¬�£�¢®�®�¯�¤&§ª®���£�¨�	���ª¬��¢¬��¢��°�±e°³²^°+´_��§�®£µ��·¶¸�¡·�"«£�ª®£«�¶�¹£¹�¹	º·¹	»£¶�¥¼°^���¢���-�¨�ª���£�·�"�¨¶�§½�"°�¾-�	¬��"®£�¢¡½«·¿"¶�ÀÁ�ÂÄÃsÅ£ÆÈÇ¨É	Ã�Å·Ê�Ë7Ì�Í�Î	Ç¨Ï Ð�Ñ¼Æ Ò·Ï Ð¢Ñ¨Æ ÃsÌ�ÅªÏ Ó�Å

Ô�Õ�Ö¢Õ�× Ø7Ù�Ú�Û�Õ¨Ü	Ù�Ý�Þ�ÖqßqÎ�à¨á	Ö¢â�ã�Ý�ä@å�æ!ç-à�ß£Î�Ö£Þ£ØBè¨é�é�ê!ë�ÏÄìªÙ	Ú£Û�Þ�à�Ù�à¢Î�à·Î�Ö£í£Ú�Õ�â½Ý_å�å~Ú£â�Õ¨Ø�í�Î½Ø9è�é£é	êqë£Ï
îqÛ·Û�Þ�à·á"Ú½ß�Ö£ïªðñß�Ú½ò¢ó�Ú	ô�ï�ð-à_Õ·ÝªÙ	ðõç�Ö�ò·Ú	ß£ð�ö9Ùªà¢Îªà·öªÚ£á"Ú�ßªì�Ö7Õ¢Ö£â�ô�à_Û¢Ùªà¢â�Õ¢Îªð5Û¢ß�Ø"ò·Ö�ïªï�ð-öWó�Ö£ë�ïªÝ	Õ·Ú�Ü	ÙªÎ�Üªë�Ý�ö

ß�Ú�Þªï=ß�Þªà¢ë�â�Ú�ÙªÞªÚ�Û¢â�Ú�Û¢Õ¢ïªÚ½óõçsà·ÎªÎªÚ�ó�Ö�ë�ï�à�Õ·Ý	â�àPÛTôsà·Û¢Õ·â	Ú=ò¢Ö£â�Îªà¢ÙªÞ�à£ï	ïªÚ�÷�ë�ÎªÖ�ïª×£ä_Ïqø�Ú	â�Ö£ò¢Ö£ïªÚ�ì�ù�Õ·Ú3ïªÖ£ÞªÝªù�Ýªà
Õ¢Ö£â�ÝªöZó�à£ö	Ö�ï�Ýªù�à£Û¢â�ÝªöZë�Î�Ö�ï�Ýªù�ïªð�öuÜªÛ¢ÞªÚ�ß�Ýª÷úÙªÎ	Ýªß�Ú�á"ÝªÕ5âuÛ�ó�à·ïªàõÕ¢Ý�ÙªÖõçsÖ£ò·Ú�ß�Ú�ë�ÚuÙ�à�Î�à£ö	Ú½áªÖ"Ï9øûÎ	ÝZü·Õ¢Ú�ó
áªÝªï	Ö�ó�Ýªù�à·Û£â	Ý�àýÛ¢ß½Ú�÷ªÛ¢Õ·ß�ÖþÛ·ÝªÛ¢Õ·à¢ó�ð Û¢Õ·Ö£ïªÚ�ß£ØªÕ¢Û�ØÿïªÖ£Ýªí�Ú½Þªà¢àýÝªïªÕ·à¢Îªà¢Û·ïªð�ó�Ýÿß Õ¢Ú½ù	â�àSÖ�í�Û¢Ú½Þªä-Õ¢ïªÚ½÷
ïªà�ÜªÛ¢Õ·Ú�÷ªù�Ýªß�Ú½Û¢Õ¢Ý`Û£Ý�Û�Õ·à¢ó�ð~ì�Ö_ïªà&ß_Õ¢Ú�ù�â�à&çsÖ£ò·Ú�ß�Ú�ë�Ú�Ùªà¢Îªà¢öªÚ�á"ÖªÏ
�-Ú½Û¢Þ�Æ áªô�à£ï	Ú`ó�Ú�ô�ÞªÝªß	Æ+Õ¢Ý�ÙªÝ9ç-Ö£ò¢Ú�ß£Ýªö9Ù�à�Î�à£ö	Ú½á�ÆÈß�ì�Ö_Õ·Ö�â�Ú�ôõÛ·Ùªà¢â�Õ¢ÎªÝ`ò¢ß�� Øªò¢Ö£ïªÝªö`ó�Ö£ë�ï�ÆÈÕ·Ú�ÙªÎ�Ü"ô�ï�Ýªö9ö�ß�ÝªÞª×

ßTÞ	à£ë�â�Ú�ÙªÞ	Ú���ÝªïªïªÚ�ó�Ü3ç-à£Î�Ú	ó�Ö£ë�ïªà¢Õ·Ýªâ�Ü3ò�ôsÚ�Î�Û�Õ·â	ÚTò¢Ö£â�Î�ÆÈÙªÞ�à£ï	Ú�äuë�Î	Ö�ï�ïªä~Ï�ø�Ú�â�Ö�ò·Ö�ï�Ú�ì���ÚTïªÖ·Ø"ß�ï�Æ Û¢Õ·×9Õ¢Ö�â�Ý�ö
ó�à£ö	Ö�ïªÆÄù�ïªÝ�öZó�à¢ô�Ú�ß½ÝªöuÜ	ó�Ú�ßLÙªÎ	Ýªß½Ú£á"ÝªÕ·×5á"Úuò·ó³Æ ïªÝZÕ¢ÝªÙ½ÜZç�Ö�ò·Ú�ß�Ú�ë�ÚLÙªà¢Îªà·öªÚ£á	Ü�Ï9ø�ÎªÝuãª×�Ú�ó³ÜaáªÝªïªÖ�ó�ÆÈù�ï�Æ
ß�Þ�Ö�Û¢Õ·Ýªß£Ú	Û·Õ�Æ�Û¢ÝªÛ·Õ¢à·ó�Ý9Û£Õ¢Ö£ä-Õ·×7ïªÖ£÷ªí	ÆÄÞ�×��aã�ÆÄâ�Ö�ß½Ý	ó�ÝWß�Õ·Ú�ù�ã�Æ�Ö£í�Û¢Ú�Þªä�Õ¢ïªÚ�	�ïªà·Û¢Õ�Æ ÷ªâ	Ú½Û�Õ£Æ�Û£Ý�Û£Õ¢à¢ó�Ý�ì+Ö7ï�à_ß7Õ¢Ú�ù�ã�Æ
ç-Ö½ò¢Ú�ß�Ú½ë�Ú7Ù�à�Î�à£ö	Ú½á�Ü�Ï

�����+É�����������������ì�ê���Ï  �!�Ï#"�$

%'&�(�)*(,+�-*(
.0/2143�546�798:54;�<>=�?A@�;�B'5C7�1�1>?�5>D�E9F�=G;�79HI8J=�K�;�7�<�E�L�3AM

69L9K>72NPO>QSRUTV1�F�E9W�1�<4FX<>=G/Y7�?*7Z7�;A=�[�5\1�F�H�]�=�;�B^1
;95�/9EG<>E�6�B'8_7 1�39E91>EG`2=�8_7 /�625439?A5�;�79H E�`96�=�]�a*=bF
L91�<4=�;9E�FG/95�cA[�<�Ed;A=�/9?*=�D*BeFG=�5�<UF�39E9?*;�5fE93*695�D�5�?�5�;*;�Bg5
8�5>N�=�;*72[�5�1�/�795hK�6�=�;*72[2;AB'5hL91�?*E9F�72H:i_jkEG1>?A5>DA;�7�5lE�3AM
695�D�5�?9H*mn<o1�<469L�/9<�L�69L 1�39E�;9<4=�;A;�BgN D954pnE�698_=�aA7�W
8:=�K�;*72<>EGL*39E�6GH�D�E�[95�;�;�E�K�Eq/�6�791�<4=�?A?*=�i
r_5�?*7�[�7A;�=f7s1�<4t2L2/2<>L�6�=u1�39E�;9<�=�;*;�B'NhD954pnE�698_=�aA7�W

F,?*79H�5�<v/�=�/w;�=x<>5�698:E�D*7A;�=�8_7�[�5�14/�7�5�cy<4=�/z7w;�=
/97A;95><�7�[�5�14/�7�5fN�=�6�=�/9<�546�7�1�<>7A/�7q8{=,K�;�5�<>7A/�=�i
|U=ZFG=�}f;�E�1�<4@Z3A69E9`�?A5>8:B~L9[95><�=Z8�5�N�=�;*79[95�14/�79N

K�6�=G;�7�[9;*B'N L91�?*E9F�7AW E�`�6�=��s=�?*7 F�;A798_=�;A795�6GH�D
=�F,<>E969E�F O�1>8gi�c�;A=�3�6A798:546{c�����c��A��TGc�E�D*;A=�/9E /
;�=�1�<�E�H*�u5�8:LvF�625>8:5�;*7��><�E9<�F�E93*69EG1�79]�L9[954;�H*F�;2E
;95�D�EG1><�=�<>E9[9;�E�i
� ;�=,1><�E�H*�u5�W 6�=�`�EG<>5 7�]�L9[954;9E F�?A79H*;�7�5

8�5>N�=�;*72[�5�1�/�79N�K>6�=�;A79[�;AB'N�L�1�?AE�F�7AWsD�?9H�1�79<>L�=�aA7*7{c2F
/GE9<>E969E�Wq��<>EqF�?�7GH*;*795�3A69E�H*F�?�H�5><�1�H�;A=�7�`GE�?�5>5sE�<�[95><�M
?*7AF�EI����c#�*�4ih�f]>L9[95�;�Bx143254/9<�6�BxQ�R�F�E9?*;�F�`�?�79]�7
1�3�7A;�M�3�5�695>E96*7254;�<>=�a�7�E9;*;9E9K�E pu=�]�E�F�E9K�E 395�6�5>N�E9D�=
D9?�H ?*5�K�/9E�39?*EG14/2E�1�<4;�E�K�E pn546�6�EG8J=�K�;95><�7�/�= F

8_=�K>;�7�<�;9E98�3�E�?A5�395�6A3954;�D�7*/2L�?2H�6A;9E98�?A5�K�/2E2W�39?*E9M
1�/9E91><�7:i

� &����*�9)�+����¡ ,+*(�¢�£¤-��d¥A(�£�¦*�9§�¥A��¨�¦*��¨�©�+*��£��
ª (�¢A¢*�G«_��£�+*(�©�-�¦��l§�¢�-¬+���¥�-A�-�-�«J(�®���+�-��(G¨�¦�-�®

£�¢*�G+�-�G+�¯e®¬°*¨G¥*�9&G-*±
²{=�1�1>8:E�<�6�7�8P14=�8:L�m³3*69E91�<�L*m^1�79<>L�=�aA7*m´cdFµ/9E9M

<�E�69E�W 7�1>1�?�5�D�L95>8_B'5 �4pupn5�/�<�B 3A69EGH*F�?9H*mn<�1�H
;A=�7�`GE9?�5>5 EG<>[95�<>?A7*F,E�c <9i#5�i E9`�?�=�1><�@ ;�7�]�/97�N
<�5>8_395�6A=�<>L�6lO�¶¸·e·¹¶»º¼c�¶»º¾½I<�5�8J32546�=,<�L*6�=À¿ÁmÁ6�7�TGi
|s5µ<�5�69H9HÂE9`9�U;9E91�<>7JcdD9?�H�3�69E91�<>EG<4B³FGB'[2721>?A54;�7*W
`9L9D�5�8¼1�[272<4=�<�@s143A7�;q8_=�K>;�7�<>;�E�K�Ed79E�;�=ÀÃ

=
�9i

�Ä/�=�[�5�1�<>F�5x8:E�D�5�?*@�;2E2WÅ14791�<�5>8_B 6*=�1�1>8:EG<46�7�8
?A5>K�/9E�39?AE�1�/9EG1><�;�E9W pn546�6�EG8J=�K�;95><�7�/ O�Æ´Ç�È ½
`�=�]�7914;A=�H�3�?�E914/2E�1�<4@9TGck3�E�8:5��u54;A;�BnWyF�EGD*;9E�69E9D�;�EG5
8_=�K>;�7�<�;9E95U3�EG?*5ÊÉËc�3�=G6�=�?A?�5>?�@�;�E�5sE�1�7¬Ì,Ífi
Î�=�8_79?�@�<>E�;�7A=�;Ï<4=�/9E9WÏ147�1><�5>8_BÐFÂ6�=�8_/�=�NÑFG6�=�M

�s=�<>5�?*@G;9E�M�7�;AF�=�6�7*=�;9<�;�E�W <�5>E�6�7A7 QÒR
F,]4=�7�8:E�D�5�W91�<4FG79HË�����'8:E�}U;2Ed3A695>D�1><>=GF�79<�@�F�F�7�D�5

Ó Ô�Õ�Ö�Õ�×0Ø�Ù�Ú4Û9Ü�Ô´ÕÞÝ�Õ�ßeà�Ø�á2âAÚ�ã9Ü¤ä»Õ�å*Õ�æ>ç�è�é�âAê>ë�ç�Ü�ì*Õ�í:Õ¤îAÛ�ã�ï�ç�àGã�Ü,ðòñ�ñ�ó



�
= −
É ∑ ����� + β� ∑(� ���−

è
�

Ã �� ) å −
�	 ∑
 ( �� ì � ′

− � ′)  �  � ′ +

+ ν∑(� ���− ��
Ã �� )(�����− è Ã �� )ε � � ( � ) +∫ ��� 




λ+η� (ε���å + ε���å + ε���� )+

+
�
η(ε���å + ε� �� + ε �� ) + λ(ε�!� ε  " + ε �#� ε�$� + ε��� ε�%� )




i

O9�,T
�ËOG�4T'3�697�;GH�<�BË1�?�5�D9L�mn�k725eE�`�E�]�;�=�[G54;97GH'& 
 ( � − � ′)

½
EG`�8�54;A;�BnWw7�;�<>5�K�6�=�?)(

β * Çb½ /2E2;21><�=�;�<�= =�;�7AM
]�E9<�69E�3A7�7+(

ν
½Ð/9E�;�1�<>=�;9<�=ËQ�RÏ14F4H2]�7'( Ã �� ½w1�3�7AM

;9E�FGBeWqE�39546A=�<�E�6¬F L�]�?A5 � ( λ
c

η
½ L*3�69L�K�7�5f8:E9D�L�?*7

/96A791><�=�?A?*="( � , ½^E�3�546�=�<>E�6Ë?�E2/�=�?*@�;�BgN¸3�E�F,E262E�<�E2F�c
/GE9<>E96�BÁW 8:E�}s;9E 3�6�5�D�1�<�=�F�7�<4@ F F�7�D95 � � � =
= (∂- ��. ∂ξ / )(
 , + ε) / �− è10 � c¬K�D�5 
 , ½ 5>D�7A;�7�[�;�BeWÏE93�5�M
6�=�<�E�6Jc

ε � � = 2 � � +
è
⁄ å ( 3"465 − ω � / )( 27/ � + ω 5�� ) ½P<�5�;9]>E96/GE�;95�[2;AB'N D�5�peE�698_=�aA7�WJc�= 2 4 � =

è
⁄ å (∂ 2 498 ∂ - � +

+ ∂3 �:. ∂-;4 ) 7 ω � � =
è
⁄ å (∂ 274 . ∂- � − ∂ 2 �<. ∂= � ) ½b1�798:8_M

5�<>6A79[�;�=�H 7 =�;�<>7�14728{8:5�<46�79[�;*=�H [�=�1�<47 <�54;�]>E96�=
D�7�1><�E�691�7A7

∂ 2 � 8 ∂= � 1>E9EG<4F,5><�1><�F�5�;�;�E�i¬ju546�F�B'5\<�6�71�?*=�K>=�5�8_B'5 F O���T E�3A791�BÁF�=�mg< 8_=�K>;�7�<>;�L�m
39E9D91�7�1�<>5�8�LJcÂ[95><�F�5�69<�E�5 ½ 8:=�K�;*72<>EGL*3�t9L�K�L�m c =
3GH�<�E�5Ë½PL�3�t�L�K�L*m¹1�F�H�]�@Ai�ju695>DA3�EG?*EG}U798¼DA=�?*5�5�cA[�<�E
791�1�?*5�D9L�5>8:BÁWIE9`�6A=�]�54a }k5�1�<4/9E�]4=�/�62543�?�5�;�FY3�?�E�M
1�/GE�1�<�7 Í»Ì?> O�1>8niµ6*721�iZ��T,cµ[�<�E³1>E9EG<4F,5><�1><�F�L95�<
1�?�5�D�L�mk�À798�8�5�N�=�;A79[95>1�/�798SK>6�=�;A79[�;*B'8SL91>?AE�FG79H�8@&

ε �A� = ε�%� = ε� � = ε�B� =
ÇC(

ε� � = 2 � � = − ω� � ( O>�*T

ε�$� = 2#��� +
�
� 2#���å +

� 2#� �å i
D

=
?
@
;
5
W
E
7
5
F
B
[
7
1
?
5
;
7

H `9L9D�5�8 3A69E�F,E9D*79<�@ F 6�=�8J/�=�N pnE�6�8{=,?*7�]�8J=
E�395�6*=�<�E�62E2F Ff=�`9`�=�6�D�= �%G�c6H*��i � <�54628J7�;*=�N
N�=�`9`�=�6�D�E�F,14/�72N E93�5�6�=�<�E�69E�F¹L9D*=�5�<>1�Hµ<�E�[�;9E\L9[95>1�<4@
��;�5�69K>7�mCE9D*;9E�79E�;�;�E�WË=�;�7�]�E9<�69E�3A7�7S7 �4;95�6�K�7AmYQÒR
1�F�H�]�7:iFu=�`�`�=�69D�E�F�1�/�7�5CE�3�546�=�<�E�6�B³1�<462E�H�<�1�H�F�`2=�]�791�5
F,E�?A;�E9F�BeN pÁL�;�/�a*7�WJc H*F�?�H*mÁ�s79NA1�H 695 E 5�;�7�5�8
E9D*;9E�79E�;�;�E�W�]4=�D*=�[�7'&

�JI
( � )ψ � (K ) = L:M ψ � ( K )

O���T

7 7�8�54mn< F�79D > �MNM ′ ≡ Oψ � (K ′)〉〈ψ � ( K ) O i ._<47
E�395�6*=�<�E�6�BxE�3A7914BnF�=�mg<y3�5�695�N*EGDC8J=�K�;�7�<�;�EGK�E 79E�;�=
7�]f1�E�1�<�EGH*;�72HQP�Fs1�E91><�EGH*;�7�5 K ′

O K = −
�9c�Ç�c_��TGiRfD�;�E97�E9;*;�BnW K�=�8J7�?*@,<�E�;�7*=�; � ! ( � )

7�8:5�5><
1�?*5�D�L�mÁ�s7�W¬FG7�D'&
� ! ( � ) = −(

ÉTS$UWV
θ + 
 ! 〈Ã 〉)

Ã �� −
X
� Y (

Ã �+−
Ã �−)

V[Z1\
θ +

+ β� (
Ã �� ) � S!U9V å θ − β] 



( � �+)

å
+ (
Ã �−)

�
−
Ã �+� �−−

Ã �−Ã �+



V^Z1\ å
θ +

+
X β] 




Ã �+Ã �� +
Ã �� � �+ −

Ã �� Ã �− − � �− Ã �� 



V�Z1\ �
θ
c

K�D�5 
 ! ½ ;�L9?A54FG=�HÂpeL*6�@�5�M�/9E98{3�E�;�54;9<�=¹E9`�8:5�;�;�EGK�E
7A;9<�5>K>6�=�?�="(

θ
½ L9K�EG?�8:5�}uD�L�;�=G3�6�=GF�?�5�;*7�H28_7

8_=�K>;�7�<�;9E9K¤Eq3�EG?�H¬7q8_=�K>;�7�<>;�E�K�El8{EG8:54;9<�=�i
._<>EG<�L�K�E�?C8:E�}f5�<¼`�B'<�@�E9<�?�72[2;AB'8IE�<�;�L9?�H 3�E

D*F,L98 3A6�7�[�7A;�=�8 O�1>8nio6�7�1�i��ATGib�{E�M�395�6*FGB'N:c
1�D*F�7�K�E�F�B'5 D�5�peE�698_=�aA7�7 EG<4/9?�E2;�H�mn< E914@
=G;�7�]�E�<�69E93*7�7IE9<µ;A=�3�6A=�F�?�5�;*7�H{cq1>L��u5�1�<4F,L2mu�u5�K�EYF
;�5>D�54pgE2628J7�6�E9F�=�;A;9E98 /�6�791�<4=�?A?�5�id�_E�M�F�<�E�6�B'N»c 3A6�7
L�8�54;A@ E 54;�7A7�8_=�K>;�7�<>;�E�K�E�3�EG?�HV8_=�K�;*72<4;ABeW�8:E�8:5�;�<
E9<�/�?AE�;2H�5><�1�H¸E�< ;�=�3�6�=�F�?�54;A7GH¼É�F 1�<>E96�E9;�LS?�5>K�/�E�W
3�?�E914/2E�1�<47�iVjnE�H*F,?�54;A795ZEG<>?*7�[�;9E9K�E�E9<Z;9L�?9H

θ
F

1�<4=�;�D*=�69<�;9E�W <>5�E�6�7A7 143�7A;�M�3�5�695�E�6�795�;�<�=�a*72E2;�;*B'N
pu=�]�E2FGB'N 3�5�695>NAE�D�E�F <46�=�/G<>L95�<>1�H /�=�/ pk=�]�E�F�BeW
3
5
6
5
N
E
D
7
θ7
K
6
=
5
<
6
E
?_^���¢°a`¦° Ô�Ù�Ú£Û¢Ú£í~â½Î�à¢Ù�Þ�à�ï�Ý�Ø_Ú£í�Î�Ö£ò�ã	Ö�Ï _����¢°cb	° d-Î�Ý�à¢ï�Õ�Ö£ã�Ý£Ø ó�Ö£ë¼ï�Ý�Õ�ï�Ú�ë¨Úkó�Ú½ó�à�ï�Õ�ÖYâ�Ö·â1ç�Ü	ï�â�ã�Ý£Ø
Û�Ù�Ú�ï�Õ�Ö¢ï�ï�ð�ö&á	à·ç�Ú£Î	ó�Ö¢ã�Ý�÷_â�Î	Ý½Û¢Õ�Ö¢Þ�Þ�ÖqÝ_ó�Ö·ë¼ï�Ý	Õ�ï½Ú�ë¼Ú!Ù	Ú£Þ½Ø�Ï

e�f�g ßeØAh�Ø�ëÞÚ{ã�Ø$h�ëòØAi9jòé4â�k�é4à�ÚAj%l�àGÜ�ðòñ�ñ4óGÜ<j�Õ[mBf�Üonpf



@�3�=�6A=�8:5><�6*=s3�E969H�D�/�=�iDu=�?�5>5P`9L9D�5�8�1�[�79<4=�<�@Ac�[9<>E
θ
·e· �9cÒ<2i 5�iV8{B

;�=�NAE�DA7�8�1�HdF,`�?A7�]�7�<�E�[�/�7l3�5�695�N*EGD*=uL9K�?�E�F�=�H¬O
θ ≠

Ç*T
½Ñpn5�6�69E98{=,K�;*79<�;�=4H¡O�� Q�TsO

θ =
Ç�TfpÁ=,]>=Ai

²�5 E 5�;A795uL26�=�F�;254;A7GH¬O��*Tn3�6�7AF�E�DA7�<u/s1>?A5>D9L*mn�f7�8
695�]�L�?A@�<�=�<4=�8niU.e;95�69K�5�<479[95�14/�795�L262E2FG;�7\8_=�K>;�7�<�;9E9K�E
79E�;�=¾E�3A695�D�5>?2H�mn<�1�HV1 <>E9[9;�EG1><�@�m D�E

θ
� ceE9D2;A=�/9EVF

1�F�H�]>7 1fK>69E98�E�]�D�/9E91><�@�m\��<�79N FGBe6�=�}f5�;�7AW¬3�6A7�F�5�D�5�8
EG<4F,5><�BV1s<�E�[�;9E91><�@�m\D�E

θ
å &

L è = β� −
É__

+

 ! 〈 Ã 〉
� β. � −

É

β. � −
É__ θ

å (

L ! = β� 
 !å 〈Ã 〉
�

Y__ å − β
å 8�� θ

å ( O���T

L −
è = β� +

É__
−

� I
〈
Ã

〉
� β. � +

É

β. � +
É__ θ

å c

K�D�5 É__
= Y +

� ! 〈 Ã 〉
i jÁ5�6�5�3�7 E 5�8

8�E�DA7�pu7�a*7A69E9F�=�;�;�L�m�E�D*;�E�7�E�;A;9L�mY]�=�D*=�[9L 1dL9[95�<�E98
FG/�?�=�D*=�1432E2;2<4=�;A;�B'NPD�5�pÁE9698_=�a*7AW�FIEGD*;9E�79E�;�;ABeW
K�=�8_7�?A@�<�E�;�7A=�;q1�?*5�D9L*mÁ�f7�8¼E9`96�=�]�E98@&

� � ! ( � )ψ
� � (K ) = L � M ψ

� � ( � )
c O�G*T

K�D�5 �	� ! ( � ) =
� ! ( � ) +


 Ã�Ì ( � ) +
� Å¢Ã�Ì ( � )

c � Ã�Ì ( � )
½

[G5><�F�5�69<�E�5z1>?*=,K�=�5>8:E95�FÐK>=�8_79?�@�<>E9;*7�=�;95~O9��T,c =� Å¢Ã�Ì ( � ) =
è
⁄ å β(� ���−

è Ã �� )å −
è
⁄ å β(

Ã �� ) å i�j EG1�?�5�D�;95�5k1�?*=�MK�=�5�8{E95�E93*791�BeF�=,5><sE9<4/G?AE�;�54;�7�5�EG147Ë=�;A79]�E�<�69E�3�7*7 E9<
;�=�3A6�=�F,?*5�;�72H{c 1>L��u5�1><�F�L�mu�u5�K�E F
;95�D�5�pnE�698_7A69E�FG=�;�;�E�8�/�6�7�1><�=�?�?A5�iRU/2E�;�[�=�<�5>?�@�;�E�D9?�HhL�6�E9F�;�54W �4;�5462K�7A7�8_=�K>;�7�<�;9E9K�E
79E�;�= 1UL�[�5�<>E98�1432E2;2<4=�;A;�B'N D�54pnE9698_=�a*7AW¬3�E�?AL�[95�;�B
1�?�5�D�L�mk�À795´625>]�L9?�@�<�=�<4B &

L � è = β� −
É__

+
�
� 



ν 2 �$�(
!
) + β2 � �(

!
) � +

Y__ β8 �
β8 � −

É__ 2 � �(

I
)  


+

+ ε �( è ) + εå( è ) + ε  (
è ) + ε �(

è
) (

L � ! = ν 2#�B�(
! ) −

Y__ å β. �
β
å 8 � −

É__ � 3#� �(
!
) � + ε �(

I
) + ε å(

I
) + ε  (

!
) + ε�(

I
) (

L � −
è = β� +

É__
+
�
� 



ν 2 ���(
!
) + β 2 � �( ! )  +

Y__β. �
β . � +

É__ 3  �(
!
)  


+

+ ε �(− è ) + ε å(− è ) + ε  (−
è
) + ε �(−

è
) c

O�H*T

K�D�5 2 � �(
I
) ½ 143�E�;�<�=�;�;*B'5xD954pnE�698_=�aA7�7)(

ε �(M ) ½
3�E�3A6�=�F�/�7¼/Ë��;95�6�K�5�<472[�5�1�/�798\L�69E�F�;GH�8\3�E 1�<>5�395�;9H�8
L�K�?�=

θ
i

._<47 F�5�?*7�[�7A;�Bµ728{5�me<sK>69EG8:E�]�D*/�7�W F�79DJc�3�E���<>EG8:L
F¬/�=�[�5�1�<4F,5h3*6�7�8�5�6A=d3�6�7*F,5>D�5>8V?A7 E @q;�54/GE9<�E�6�Bg5h7�]
;A79N»c�3*6�79[95>8SL26�E�FG;*7{c*E�3�6�5�D95>?�H�5>8_B'5UFGBe6�=�}u5�;*7�H28_7
O���TGc�F,N*EGD9H�<UFh;�7�N¡/9=�/q=�D�DA79<47�F�;AB'5U1�?*=�K>=�5�8_B'57&

ε è( è ) = θ

 ! 〈� 〉

Y__ − β. � 2#� �(
!
) 



ν − β	 + β� ( 2#� �(

!
) + 2 � �(

!
))





(
O��AT

ε å( è ) = θ
å 




(
É

− β. 	 )
 ! 〈 Ã 〉 −
É

β. 	
�,É__

− β
− β� 2  �(

I
) � 



i

jÁE914/GE9?*@G/9L¬8_Bµ7�1>1�?�5�D�L95>8¹;*79]�/9EG<>5�8_39546A=�<�L26�;*BeW
3A695�D�5>?JcÒE9K�6�=G;�7�[97�8:1�H L9[95�<>EG8~?*7 E @Ñ;�7�}Ê=GW E 5�K�E
��;�5�69K�5�<>7�[95>1�/GE�K�E L�69E�FG;GH:iÑ¿g=�/ F�7�D�;�E 7�]oO�HAT,c
;A79}U=�W E 798ZL�69E�F�;25>8�F�DA=�;*;9E98I1>?�L�[�=,5¼`9L9D�5>< L � è iDk=�?�@�;�54W E 795 F�B'[�7�1>?�5�;A7GH 3�6�E9F�5�D�5�8 F
3A6�7�`�?�79}f5�;�7*7 
 ! 〈 Ã 〉

c
η * * β

c
ν � É i�03�E9;�<�=�;�;AB'5CD�54pnE9698_=�a*7A7�7 L�K�E�?ÏE�<�/9?�E�;95�;*7�H

;A=�8_=�K>;�7�[�5�;*;9E91�<47sE9<u;�=�3�6�=�F�?�54;A7GH�8J=�K�;�7�<�;9E9K�E´32E�?2H
E�3�6�5>D95�?�728 72] L91�?*E9F�72H 8_7�;A798:L�8_= 39?AE�<�;�E�1�<47
1�F�E9`�E9D*;2E2W��4;95�69K>7�7

�
=
� Ì�Ç −

¶�� \ ÍYc O ] T
K�D�5

� Ì£Ç =
λ + η� ε�B�(

!
) � +

�
ηε �(
!
) �

½x39?AE�<�;9E91><�@sL�3�6�L9K�E�Wq��;9546�K�7*7a(
Í

= ∑M
��� t (−L � M 8 ¶ )

½�1><�=�<>721�<>79[G5�1>/9=�H¬1�L98�8{=2i:jÁE�1>/GEG?*@>/GL L � è ½v;�7G}f=�W9M
E 7�Wµ��;95>69K�5><>7G[G5>1>/97�WXL969E�F�5>;�@�c Í ≈ ����� (−L � è 8 ¶ )
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