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

.0/2143658769;:=<�9?>4@�7BA8>�CEDF9HG8IJ5LK2GM7NIJ@O5�P;CQ5E58GRCEDTS
<Q@;>4@U:F@LVWC2947N/X365LIOIHC2@;3BY45ZCXC25L: :F@;V!CE/J7NCQ5U: <Q5RY89

[;\W]M\�^N_a`�b�_dc�`�e�fWgWh�iN\aij\�kMbml�n&oqprcWh!st\WiM\�i6_a`�fubavdc�`�e�_&n
waxzy"{}|�~����}|��	�d��~}������xzy	�}�����}�������&����������y	�������}�u����|�y	x��	��x���������������������waxzy"{}|�~��������"� ����~}¡�~}�	�¢��£¤�¥§¦�¨�©«ª�¬�­�ª¯®�°�±�¨}²�ª ³B¨}´�µ¶¦d· ¸�¹�¨}º�¸�­�»�· ¼�¨»	ª«¨�½"© ¦W©«º�· »�· ¼"ª ¾	¨}¿�­�»�³À¼�¿�© »�®�º�· ¸�¹�¨}º�¸�­�»�· ¼�¨

Á�Â�Ã}Â�Ä�ÅBÆ�Ç�È�Â�É	Æ�Ê�Ë	Ã!ÌW´	Í�Î�Ã}Ï�Ð�Ê	Ñ;Ò�Ó&Ô�Í�Ì�´�Ã�Ë�ÅJÒ�Õ�Õ�Öm×�·§Ø�Æ	Ç�È�Ë�ÍaÆ�Í}´�Í�´�Ã�Ù�Ç�Â�Ï�ÊMÒ�Ò�Ú�Ã�´�Â�ÃBÒ�Õ�Õ�Ö&×�·
Û�Ã�È�È�Ú�Ç	Â�Ü	Í�Ý�ÇdÆ�Ç�Ì�Í�Î�Í}Ý�Ê�Í�Ç�Î�Ý�Ç�Ç�È�Ý�Þ�ßdÆ�Ã�Ü�Ã�Ú�Ã�×�Ý�Í}Â�Ê�Ï	Ç�Ì&Ì&Ý	Ã�Ï�Ë�Ç	Ý�Ý�Ç�ÚNÚ�Ã�×�Ý	Ê�Â�Ý�Ç�ÚJÆ�Ç�Ë	ÍWÌ!à}Ã�Ì�Ê�È}Ê�Ú Ç�È}Â�ÊBÇ�Â

Â}Í�Ú�Æ�Í�Ü�Ã�ÂáÉ	Ü�ÞW·�âWÃ�ã�Î�Í}Ý�ÞäÈ}Â}Ü�É�Ï�Â�É�Ü	Ã6å}Ý�Í�Ü�×�Í}Â�Ê�æ�Í}È�Ï�Ç�×�Ç6È�Æ�Í�Ï	Â�Ü	Ã�Ø�Ã6Â}Ã�Ï�çaÍdÏ�Ç�Ú�Æ�Ç�Ý�Í}Ý�Â}ÞäÝ�Ã�Ú�Ã�×�Ý	Ê�æ�Í�Ý�Ý�Ç�È�Â}ÊjÊ
Ì�Ç�È�Æ�Ü�Ê	Ê�Ú æ�Ê�Ì�Ç	È�Â}Ê�·�èéÇ�Ë�É"æ�Í}Ý�Þ;Â}Ç�æ�Ý�Þ�ÍBÔ�Ç	Ü�Ú�É�Ë	ÞäÎ�Ë�ÅJÈ}Æ�Ê�Ý�Ã�ê

=
Ò�ë�Ó�·�ì�Ë�ÅNÆ	Ü�Ç�Ê�à�Ì�Ç�Ë�Ä�Ý�Þ�ßNà}Ý�Ã�æ	Í�Ý�Ê	ãNê4Ì

Ë�Í}×�Ï�Ç�Ç�È�Ý�Ç	ÚíÊîË	Í�×�Ï�Ç�Æ�Ë�Ç	È�Ï	Ç�È�Â}Ý�Ç�ÚïÈ�Ë�É	æ�Ã}Å�ßðÊ�àáÉ"æ�Í}Ý�ÞñÂ}Í�Ü�Ú�Ç�Î�Ê	Ý�Ã�Ú�Ê�æ�Í�È}Ï�Ê�ÍEß�Ã�Ü�Ã�Ï	Â�Í}Ü�Ê�È}Â�Ê�Ï	ÊLÈ�Ê	È�Â}Í�Ú�ÞtÌ
Ü�Ã�à}Ë�Ê�æ	Ý�Þ�ßjÆ�Ü	Ê�Ù�Ë�Ê�ç�Í�Ý�Ê�Å	ß4ò�Ú�Ã�Ë�Þ�ÍdÊMÙ�Ç�Ë	Ä�óWÊ	ÍdÚ Ã�×�Ý�Ê�Â}Ý�Þ�ÍdÆ�Ç�Ë�Å¢Ø�Ý�Ê�à�Ï	Ê�Í&ÊMÈ}Ì�Í}Ü�ß�Ý�Ê�à}Ï�Ê�ÍdÂ}Í}Ú�Æ�Í�Ü�Ã�ÂáÉ"Ü�Þ�Ê
Â	· Æ�·¯ô�·õè�Ç�Ï	Ã�à}Ã�Ý�Ç�Øöæ�Â�Ç÷ÌOË�Í}×�Ï�Ç	Æ�Ë�Ç�È�Ï�Ç�È}Â�Ý�Ç�ÚøÈ}Ë�É�æ�Ã�ÍHÆ�Ü�ÊùÝ�Ê�à�Ï	Ê�ßúÂ}Í�Ú�Æ�Í�Ü�Ã�Â�É�Ü�Ã�ßúÆ�Ç�Æ�Í�Ü�Í}æ�Ý�Ã�Å
Ý�Ã�Ú�Ã�×�Ý	Ê�æ�Í�Ý�Ý�Ç�È�Â}ÄûÊHÆ�Ü�Ç�Î�Ç�Ë�Ä�Ý�Ã�ÅHÌ�Ç�È}Æ�Ü�Ê�Ê�Ú�æ�Ê�Ì�Ç�È}Â�ÄüÏ	Ã�Ï)Ô�É�Ý	Ï�Ð�Ê�ÊHÚ�Ã�×�Ý�Ê�Â}Ý�Ç�×�ÇýÆ�Ç�Ë�ÅþÇ�Ù�Ë	Ã�Î�Ã�Ñ�Â
Ç�È�Ç	Ù�Í�Ý�Ý�Ç�È}ÂáÅ"Ú�Ê=ÌÿÌ�Ê�Î�ÍTÈ�Í}Ü�Ê�Ê=Ü�Í�à}Ï�Ê	ß=Ì�È}Æ�Ë�Í}È�Ï	Ç�Ì�Ø8Â}Ç�×�Î"ÃïÏ�Ã�ÏñÌFË�Í}×�Ï�Ç�Ç�È�Ý�Ç	ÚõÈ�Ë�É"æ�Ã�ÍïÆ�Ü�Ç�Î�Ç	Ë�Ä�Ý�Þ�Í
Ï�Ç�Ú�Æ�Ç	Ý�Í�Ý	Â�ÞEå}Â�Ê�ß�Ì�Í}Ë�Ê�æ�Ê�Ý6Ç�Ù�Ë	ÃzÎ"Ã�Ñ�Â&Ç�Î�Ê�Ý	Ç�æ�Ý�Þ�Ú2Ì�È�Æ�Ë	Í�È�Ï	Ç�Ú�·
Û�Ç�à}×�Ë�Å�Ý�É	Â�ÇJÆ�Ç�Ì�Í�Î�©«Ý�Ï�ÉQÇ�Î"Ý�Ç�Ìz©¯È�Ý�Ê	ß�Æ	Ã�Ü�Ã�Ú�Ã�×�Ý�Í}Â�Ê�Ï"© ÌMÉ2Æ�Ç�ß�Ê�Ë�Ç�Ú�É2Ú�Ã�×�Ý�©«Â}Ý�Ç�Ú�É4Æ�Ç�Ë"©�ÌMà�Ã�Ë�Í�ç�Ý�Ç�È�Â�©�Ì�© Î

Â}Í�Ú�Æ�Í�Ü�Ã�ÂáÉ	Ü�Ê�·���Ý�Ã�ã�Î"Í�Ý�Ç?È�Â}Ü�É�Ï	ÂáÉ	Ü�É Í�Ý�Í�Ü	×�Í�Â}Ê�æ�Ý	Ç�×�ÇEÈ�Æ	Í�Ï�Â}Ü�Ã�Ø&ÃEÂ}Ã�Ï�Ç�çñÏ	Ç�Ú�Æ�Ç�Ý�Í}Ý�Â�Ê;Ý�Ã�Ú�Ã�×�Ý"©¯æ�Í�Ý�Ç�È}Â�©BÂ�Ã
È}Æ�Ü�Ê�ã�Ý�Å�Â}Ë�Ê�Ì�Ç�È}Â�©�·���Ý�Ã�ã�Î"Í�Ý�ÇXÂ�Ç�æ�Ý"©&Ô�Ç�Ü�Ú�É�Ë�Ê8Î"Ë�ÅEÈ�Æ�©«Ý�É ê

=
ÒzëaÓ�·Wì�Ë�ÅXÎ�Ç�Ìz©¯Ë�Ä�Ý�Ê�ß?à�Ý	Ã�æ�Í}Ý�Ä4È�Æ�©«Ý�É ê É

Ë�Í}×�Ï�Ç�Ì	© È}Ý�Ç�Ú¢É Â�ÃEË�Í}×�Ï�Ç	Æ�Ë�Ç��WÊ�Ý�Ý�Ç�Ú�ÉðÌ�Ê�Æ�Ã�Î�Ï	Ã�ßðÌ�Ê	Ì�æ�Í�Ý�­äÂ}Í�Ü	Ú Ç�Î"Ê�Ý�Ã�Ú�©¯æ�Ý�©�ß	Ã�Ü	Ã�Ï�Â}Í�Ü�Ê	È�Â�Ê	Ï�ÊðÆ�Ü�ÊðÜ�© à}Ý�Ê�ß
Ý�Ã�Ù�Ë�Ê�ç�Í}Ý�Ý�Å"ßjò�Ú�Ã�Ë"©�Â�ÃWÌ�Í�Ë�Ê�Ï"©�Ú�Ã�×�Ý�©«Â�Ý�©�Æ�Ç�Ë�Å¢Ø�Ý�Ê�à}Ä�Ï"©¢Â}ÃWÝ�Ã�Î�Ý�Ê�à}Ä�Ï"©¢Â}Í}Ú Æ	Í�Ü�Ã�Â�É	Ü�Ê6©�Â}Ã�Ï	Í&©«Ý�ó�Í�ô�·�è�Ç�Ï	Ã�à�Ã�Ý�Ç�Ø
�WÇ2ÌNË�Í}×�Ï�Ç	Æ�Ë�Ç��WÊ�Ý�Ý�Ç�Ú�É8Ì�Ê�Æ�Ã}Î�Ï�ÉXÆ�Ü�ÊXÝ�Ê�à}Ä�Ï	Ê�ß8Â}Í}Ú Æ	Í�Ü�Ã�Â�É	Ü�Ã�ß8Æ�Ç�Æ�Í�Ü�Í}æ�Ý�ÃNÝ�Ã�Ú�Ã�×�Ý"©¯æ�Í�Ý�©«È}Â�Ä4©�Æ�Ç	àáÎ"Ç�Ì�çaÝ�Å
È}Æ�Ü�Ê�ã�Ý�Å�Â}Ë�Ê�Ì	©«È�Â}Ä&Å�Ï�ÔuÉ"Ý�Ï�Ð�©���Ú�Ã�×�Ý�©«Â}Ý�Ç�×�ÇBÆ�Ç�Ë�Å6Ú�Ã�Ñ�Â}ÄdÇ�È�Ç�Ù�Ë�Ê�Ì�Ç	È�Â�©¢É�Ì�Ê�×�Ë�Å	Î�© È}Í}Ü�©���Ü�© à}Ï�Ê�ß6È}Æ�Ë�Í}È�Ï"© Ì�Ø�Â}ÇzÎ�©
Å�ÏdÉ�Ë�Í�×�Ï	Ç�Ì�©¯È}Ý�Ç�Ú�ÉMÌ�Ê�Æ�Ã}Î�Ï�É�Æ�Ç�àáÎ"Ç�Ì�çaÝ�© Ï�Ç�Ú�Æ�Ç	Ý�Í�Ý	Â�ÊMÐ�Ê	ßjÌ�Í�Ë�Ê�æ�Ê�Ý6Ú�Ã�Ñ�Â�ÄdÆ�Ç�Ç�Î�Ê�Ý�Ç�Ï	Ê�ã6È�Æ�Ë�Í}È�Ï�·
	�

����¬�����������������Ø��! �· Ò#"�·�$!°�Ø��% �· &'"�·)(�*

+-,
.�/�021�043�5�0
6 7�829!:�;�<�=?>A@ BDC�:�84E'F�G�@ HI;J9';�KJ; L�M�NPO�Q

R B�G�S2:�GJTUF�E!G E2;�EVF'WVXY>ZN\['8VX�;�:^]VFVB�=J;�82= K�BDFVB�7�>A@
R B�EVF'7JBDW2=_;�9`B R W27�8VFVB-7�B�SaE R ;?=�8JNbScEdSdG�9d;e<�WVXfB�=�;
R B�:�g�<�;J:�;h=?8V9dS�82=�;JWji�E R ;�=JB-SD>k@mlonqph>sr�8VE'EVX
BDF2r�;JXK�B�=�K�7�WVF2=�>�t Fd; R F282K�;�@ E2;�E'FVWVX E'B E R ;�=?u[�8VX�;�:?]2F�B�=�;?82=�B�XvS�;�w�8

x
= αymz Ó − {�|Vym| − {�z�}^z N ~ M4�

S4E'F'7JWV<-8DTU�b;JXYE!G S FVW'B�7�;�; X�8V['=�WVF2;�9�X�8 ;
B R ;�E2>�SD8�T��b;JX BDw�=JBDB�E2=�>�t R 827�8VX�8V['=�WVFd;?K S
R 7�B�;�9dS4B-:?]D=�B_=�8 R 7�8DS4:�Wd=?=�B�X�XY82[�=?;�F2=�B�X R B�:�WJN�[!w�W
y?��� R 7�B-W2K���;?;�E R ;�=J8J� {��\� EVB�E'F282S2:�G�TI�b;JW
X
82[�=�;�Fd=�B�[�B R BD:JG
� α � K�B-=JE'F282=�F28�8D=J;�9�B�F27�B R ;�;qn��7J; ;J9�g�<DW2=?;�; F282K�;�@ Ed;JE'F!W'X S B�C�>A<�=�B
;�E R BD:^]V9'g�WVXq>A@�CDWV927�8V9'X
W27�=?>A@ R W27�WVX
Wd=�=?>A@hL!M�N�O?Q ~ SK�82<�W'EVF2S2W CDWV9d7�849�X
Wd7J=�B�t �d=JW27�[';�; S�S2B�w�;�FVE!G
B�Fd=�B��IW2=?;�W �2=�W27�[';J; K 82CDEVB�:�TUF'=JB-t S4W':?;�<�;�=JW

K�B�=�EVF282=�F'> 8�=�;J9�B�Fd7�B R ;J;
N�<DFVB R 7�;?S2BDw?;�F ; K
EVB�BDF2S2WVF'EVFdS4g�T���Wdt�C�W'927�8V9VX
Wd7�=JB-t�@�8D7�82K�F'W27�;�EVFd;?K�W
X�8V['=�;JF2=�B�[#B R BD:JG {�� �bHI82K�F';J<-WVE2K-;�EVg��IWVE'F2S2W2=�:?;��b]92=�82K

α
NmF282K�<-FVB�C�g-wJW'X�S�w�8V:^]2=JWdt���WVX�E'<�;�F28VF2]JNm<-FVB

α R 7J;�=�;�Xq8VWVFIF�B�:�]DK�B�w�SD8�9d=�84<DW2=�;-GY� α = − � B�F2S2W�<-8�WDF8�=�;�9�B�F27�B R ;�;�F2; R 8�i�:�W�[#K�8dG�B?E-]�l�Nv8
α = + � �iJ:�WD[�K�8VG R :?B�E-K�BJEDF2]�l�n6 �?;�K�:�W�7?82C�B?F¡L2M'¢U£^Q�g?¤IW¥;J92g?<DW-=J>�=�W�K�B�FVB�7�>AW

E�S2B?t�E�F'S�8bE�;�E�F'W�X`E�[�82X
;�:?]2F�B^=�;�8�=�B�XhSD;Jw�8 ~ MD�2nm�b7�;
��F'B�X_BJEDB�C?B�W`SD=�;�X�8�=�;�W�g�w�WD:JG�:�BJE-]�ED:�g�<�8�T�N¦K�B�[�w�8
X�82[�=�;JF'=�B?W R B?:�W R W-7 R W�=�w�;�K�gJ:�G�7?=�B B�E-;
8�=�;�9�B�F27�B R ;�; ~ { z = § ; α = −

MD�4n�¨�7Jg-[�B�tcEV:�g�<�8Dt©E
R 7�B�w�B-:?]D=�>kX�XY84[�=�;�F2=�>kX R B�:�WVX ~ { | = § ; α = +

MD�
<�8VEVFd;J<-=JB�7�84E'EVXY84F'7�;JSD8V:?E�G�Sc7�8VC�B-F28V@fL«ª�N�¬?Q!n�­^w�WVEd]
B�CDEVg�w�;JX®B�C-�¯;�t°E':?g�<�82t±=�8DK�:?B-=?=�B2[�B²XY8![�=�;�F'=�B�[#B
R B�:�G³w-:�G´B�C2B-;�@µF'; R B-Sf82=�;�9!BDF'7�B R ;�; ~

α = ±
MD��N�8

F282K�¤bW E'B�Ed7JW'w�B�FVBD<�;�X SD=?;�X�82=�;�W =�8
FVWd7�XYB�w�;?=�82X
;�<�WVEdK�;J@ E2S2B-tJEVFdS�8V@ 82=�;J9'B�Fd7�B R =�>A@
R 827�82X
82[�=JW'F';?K�B�S R 7�;�=�;�92K�;�@�F'WVX R Wd7?8VFVg�7J8V@�n

¶ ·¹¸�º�¸�»�¼'½!¾2¼d¿�½2À�Á�Â�Ã�Ä?¸�Ä�¸ÆÅ2¾DÇ�È'ÉVÊD¿2Ã!Ë�¸!Ä�¸!ÄD¼V½'ÁV¾2Ìd¿%½dÀÍ¼VÈDÃ2Î�ÏVÏDÐ



�bC�7�82��8!G�E2]_K ;�EVFVB-K�8VXUNZ=?8V<�=�W'XµE�g R B�X
;�=�8�=�;�G7�8VC�B�Fd>�L!MDQ�N SsKDB�FVB-7�B�t³S R Wd7JSD>�W_C�>�:�;�wJW'F'84:�]D=�B
R 7�B�82=?8V:�;J9d;J7�B�SD82=?>eE R B�92;��?;�t�<�;�EVFVB K�S�82=�FVB-S4B�t¥F'W2uB�7�;�; HI;�9d;J<DWVE2K�;�W EdS4B�t�E'F2SD8 BDw�=�B�B�Ed=?>A@
R 827?8VX�8V[�=�WVFd;JK�B-S�N R 7�82S4w�8JNvFVB�:�]DK�B�S R B R W27�WV<�=�B�XX
82[�=�;�Fd=�B�X R B�:�W¯; R 7�;�EdS4Wd7�@^=�;J9'K�;J@ FVW'X R W27?8VF'g�7�8V@¹n6 L�MDQ C�>A: 7�8V927�8VC�BDF282= SD8V¤¯=�>�t X
W'F�B�w
�2H�HUW2K�Fd;JSD=?>A@ R B�F'W2=��J;�8V:?B-S�N-w�82S��b;�t S�w�84:�]D=�Wdt?�IWVXS4BD9VXYB�¤�=�B�EVF']c;�E'EV:?W'w�B�SD8VF2]c7�8V9':?;�<�=�>AWhHI;�92;�<�W'E2K�;JW
E2S2B�t�EVF'SD8 B�w�=�B�u`;fw?S2g�@�B�Ed=J>�@ R 8D7�8VX�8V['=�W'F2;�K�B�S?N 8F'8�K�¤bWbBDC�=�827Jg�¤b;�F2]�=�B�S�>AW�K�:�8VEVE2>�FVBD<�=�>k@¥7�Wd�IW2=?;�t
g�7�82S�=�W2=�;�G�� 7�WVw�;�=J[�Wd7J8¡L OoN�£�N��?Q!n
¨I8Vw�;�Xv=�WdK�B�F�B�7�>AW R 7�WVw�S�827�;�FVWV:�]D=�>AW R B4G�E2=JWd=�;�G
n�bC���W2K�FVBDX =�8D�IWV[�B ;�E'EV:�WVw�B�SD82=?;�G C�g�w�g�F R G�F2]B�Ed=JB-S�=�>A@ @^827�8DK�FVWd7�;JEVFd;�K E2;�EVF'WVX�>���w�S2W�EVB�E'F2u

82S4:�G�T���;�WhS4WdK�FVB-7?8c=�8VX�8V['=�;J<�Wd=�=JBDEVF2;�� | ;	� z ;F'7?; K�BDX R B�=�W2=�F2> F'W2=�9!B�7J8 X�8V[%=?;�F2=�B�t
S4BDE R 7�;J;�X
<-;?S2B�E'F2; χ|D| N χ|Dz ; χz�z n�6cEVF'8D��;JB-=?827�=?>A@EVBDEVF'B4G�=�;�G�@¹N BDC�B�9d=�84<-84W'X
>�@ ;�=Jw�WdK�EVB�X

 = § N�M�N��
���ÍN�O y N �VF2; S2WV:�;J<�;J=�> EdSdG�9d82=?> E
EVBDB�F'S4W'FVE'F2S2g�TI�b;�X�; R 7�B�;�9dS4BDw�=?>AX�;��2=�W27�[�WVFd;�<�WVEdKJ;�@g�7�B�SD=�Wdt���� R B EVB�E'F282S2:�G�TI�b;JX²XY84[�=�;�F2=�B�[�B R BD:JG
{ | ; { z �

���( � ) = 〈 y � 〉 � = − 〈(∂� )� ∂{ � 〉 � = −
∂
� �

∂ {��
N ~ O��

χ
���(
�

) =
O ∂

���( � )
∂{ � = −

O ∂
Ó � �

∂{ � ∂ { � ( � N�� = � N�� ) n ~ £��
­^w�WVEd]eX�=JBD¤�;�F'WV:�]�OoN SDS4W'w�W2=�=�>Ut w�:�Gfg�w�B�C-EVF2SD8_S
7�8VC�B�F'W L!M4Q!N X
>�EVBD@^7�82=�G�WVX w�:JG R 7�WVW'X
EVFdS4Wd=J=�B�E'F2;7�WV9Vg-:?]2F28VF'B�S?n��W27�X
BDw�;?=�8VX�;J<DWVEdK�;JW S4W':�;J<-;?=�>ZN K�8DK =JWVF'7�g�w�=�B
R B�K�829V82F']�NsS�>�7�8V¤b8�T�FVE�G <�W27�W'9 EVBDB�F2S2WVF�E'F2S2g�TI�b;JW
E27�WVw�=�;JWb9d=J82<DW2=?;�G
� � 

=
�___ �"! χ ��# = χ

�$�___
+
M%�& (

� � � #______
−
�___ � �___�

)
N ~ ª��

[�w�Wµ<-W27�F28 E2S2W27�@�g�=?8Vw =�W2K�BDFVB-7JB-t±S2WV:�;J<�;J=�B�t('
B�9d=�84<-84W'Fbg�E27�WVw�=�W2=�;JW�SD;Jw�8

'_
= ∑�

=
"

Ó�ê
' ( � ) )+* r (−

� � �-, )� ∑�
=
"

Ó�ê
.$/�0 (−

� � � & )
n ~ ¬��

1�E':^; g�<�W'EVFd]�N <�F'B ;�X
W2T�FVE�G F27�; S�=�W2�b=?;�@
R 827?8VX
W'FV7�8 ~ { |3254�z N & �¡;hw?SD8�SD=�g�FV7�W2=�=?;�@ (y N α)

N
F�B G�Ed=�BmN <�F�B =�W'B�CD@?BDw?;�X
B B�Ed=�B�S�=�B�W\SD=J;�X
8D=�;JW
g�w�WV:�;JF'] K�82K�;JXYu F'B ;J9�C�7�82=?=�>�X S2WV:�;�<�;�=?8VXUN
=�82;JCDB�:�WVW¯G�7�K�B¡; R BD:^=�B R W27�W'w?82T���;�X©B-EVBDC�W2=�=JBDEVFd;qN
R 7J;�EVg��b;�W¯S2EVW'Xcw�7�g�[�;JXh@^827�82K�FVWd7�;JEVF';�KJ8VX�n

6�,87:9<;D35=�0?>^0+@BA5C5D+EGF+EG=e/IH$C<AJ;�F-0KHBL�5�35F y =
+5MN6

O�F'B�g�=?;�K�8V:^]2=�>�t±EV:�g�<�8Dt�N�K�B�[�w�8²HI82K�F2;�<�W'E2K�;
EVB�S R 84w�8�T�F w?SD8 Fd; R 8 82=�;J9'B�Fd7�B R =�>A@
R 827�82X
82[�=JW'F';?K�B�S � :�WV['K�B-B�Ed=?>�t ; :�WV['K�B R :�B�uE2K�B�E'FV=�B�t ~ �d=�Wd7�[!W'F2;�<�W'E2K�;�t E R W2K�F'7 B�FV:�;�<�82WVF�E!G
:^;��¯] =�8 K�B�=�EVFd82=JF'g�N²=�W�;�['7�8'T��Ug�T 7�B2:�; S
;�9�g�<-8!W#X
>�@ @?8'7�8VK2F�W�7�;�E�F';�K�8�@KP�;

χQ �4n1mEV:�; E R ;�= 7�82S4Wd= R B�:�B�S�;�=�WJNfF'B�w�:JG w�S2g�@
;JX
WdTU�b;�@JE�G®g?7�B-S�=�W2t �2=JWd7�[V;�; R BD:?g�<�8VW'X�G�S�=�>AW
HUB�7�X
g�:�>

� "�Ø¯Ò = α� ª +− {R� O�N { = √{ | Ó + { z Ó N
F282K¡<DFVB R 7�B�WdK��?;�;�=?8VX�8V['=�;J<DW2=�=�B-EVF2;�7�82SD=?>

� �( " ) = −
� �( Ò ) =

4 �O { 2 F�n�W�nSP (
"�Ø§Ò

) T T+U N
8 K�B-X R B�=�W2=�F2> FVWd=�9VB�7�8 X
82[�=�;�Fd=�B�t
S4B-E R 7?;�;JXm<�;�S4BDEVFd;�;�X
WdTUF�S�;�w

χz!z( " ) = −χz z( Ò ) = {�| Ó � 4WV N χ|'z(
"
) = −χ|�z( Ò ) = −{�|V{�zX�Y{ & 2

χ |D|(
"
) = −χ |'|( Ò ) = {�z Ó � 4WV n

�bFVEdTUw�8 SD>�F!WdK�82TUF HUB�7�X
g-:?> w�:�G
FVWd7�XYB�w�;?=�82X
;�<�WVEdK�;J@jS2WV:�;J<�;J=

� � 
=
M
O 4

�
{ Y[Z {% & N χz z =

{ | Ó]\_^ ({R` & ) + { z Ó ({R` & )O { &ba Z
Ó

(4 � O & )
N

χ|�z = −{�|V{�zdc Z ({ ` , ) − ( {R� & )O { V a Z
Ó

({R� O & )
N

χ |D| =
{�z Ó c Z ({R� & ) + {�| Ó ( {R� & )O { &ba Z

Ó
({R� O & )

n

6�<�82EVF'=�B�E'F2;qN R 7J; { | = e
χz�z =

M
O &gf ^ Ó

( {�zX� % & )
N

R r�; { z = e
χz'z =

M
T {�| T YhZ ( T {Ri T � O & )

2 χ |D|j =
M

O &kf ^�Ó
(4 |l� O , )

~ FVBD[�w?8`K�82K
χ|�|(
"
) = e ��Nk8 R r�; { | = { z = § BDFV:�;J<�=�>AWB�F�=Jg�:�GjK�BDX R B�=�W2=�F2>e7�82S�=�> χz�z = χ|V| =

M � O & n��BD<�=�>�W HUB-7JXmg�:?> w�:�G g�7�B�S�=�W2t �2=�W27�[�;?;�N
=?8VX�8V['=�;J<DW2=�=�B�EVFd; ;�S2B�E R 7�;?;�X
<�;JS2B�E'FV; R B�:�g�<�82TUF�E!GF282K�¤bWj;cS�EV:�g�<�8!G�@ y =

M�; y =
£:mbOoN¦BDw�=?82K�B`B�=�;

B�K�8V92>�SD82TUF�E!GvC�BD:?WVW [V7�BDX
B�9�w�K�;�Xq;qN R B��'FVBDX
g©Xq>s;�@9Vw�WVEd] G�SD=�B =�W R 7�;?S2BDw?;�XUN =�B ;�E R BD:^]V9'g�WVX S
['7J82H�;J<DWVE2K�;�@¡;�:?:�TUE'F27�82�?;�G�@¥;�S�K�84<DWVE'F2S2WIF�WVE'FVB�SD>A@
R 7�;JXmW27�B�S?n

n+o'Ð p�ÁGq�Á'ÀÍ¼
É'Árq�À#Átsvu#Ì$wJx!ÌzyV¼tuX{ry�ÃdÎ ÏVÏdÐ�Ã|u'¸}ol~�Ãt���



�^, 7�0$>�� 9�1�5J35F���55;�0+H��J5�0 /�0$C�5v;D5�3<= C�0����J959vH235=��L<F+>vF�� F	��3�0$EV5
�J9�/
6�E':Jg�<-84W

α = −
M [�:^82SD=�>kW³@�827?82K�F�W27�;�EVF2;�K�;�S

B�Ed=JB-S�=�B�X E'B�EVF�B�GJ=J;�; XmB�[�g�F±C�>AF2] R BD:?g�<-W2=�> E
R B�X�B���]DT H�B�7�X
g�:�> w�:�G B�E2=�B�SD=�B�[�B g�7�B�SD=�G
�2=�W27�[';�;qn��IBDw`7�W2�bW2=�;�Gj928Vw�8V<�;j7?8V9'C�;�S�8VW'FVE!G =�8�w�SD8
�VF'8 R 8Jnb6¦=�8V<�8V:�Wh7�8VEVEVXq8VF27�;?SD8VWVF'E!G�Ed;JEVF'WVXY8©Sh<�;�EVFVB
R B R W27�WV<�=�B�X E':?82CDB�X X�8V['=�;JFd=�B-X R BD:?W~ { z = e 2�
 4 | T�� MD��n 6 �'FVB�X EV:?g-<�8VW EVFd7�g�K�FVg�7�8
�2=�W27�[�WVFd;�<�WVEdK�BD[�B E R WdK�Fd7�8 R 827J8VXq8V[V=�W'F2;?K-8 Fd82K�B-SD8�N
<�F'B�g�7�B�SD=?;`�2=�W27�[�;�;©7�82E R B�:�B�¤IWd=?> R 827?8VX�; ~ K�7�B�X
WB�w�;�=JBD<�=�B�[�B =�8D;�C-B�:�]2��W'[�B R 7�; ��WV:�>�@ y �S4E':�WVw�EVFdS�;�W 7?8VEd��W R :�W2=�;�G 9d8 EV<-WVF { | R 7�;w�S2g?K-7?8VF2=�B�XaS�>�7�B�¤bw�Wd=?;�;`S B-FVEVg-FVEVF'SD;JW�X�8V['=J;�F2=�B�[�B
R B�:�G
n¡¨�:�Gf;�=�FVW27�W'EVg�TU�IWdts=�8VE R 827?>²g�7�B-SD=JW2t �B�Ed=JB-S�=�B�[�B²; R W27�S4B-[�B²S2B�9�C�g�¤bw�W2=�=�B�[�B � ;JXmW2TUF
X�W'EVF'BeEV:�W'wJg�TI�b;�WvHUB�7�X
g-:?>¯N�w�82TI�b;JW`B�C-�¯;�tew�:JG
�VF�B�t R 8�7�>eE'w�S�;�[b;¡�2=�W27�[�WVFd;�<�WVEdK�g�T �IWV:�]J�
� "�Ø§Ò" = −y Ó −

yO
(
O y −

M
)
4 i Ó + � ( T {�| T & ) N }�� M !

� "�Ø§Ò" = −
M

− {�| Ó + � ( {�| � ) N y =
M N ~ ���

∆( § ) = ∆ T ��� = " = � Ò" −
���"

=

=
y ÓO�� ê −
&
(
O y ) � T {�| T

Ó�ê
+ � ( T { i T Ó�� + � ) n ~�� �

1^EV:�; R Wd7�S2>�t`;�9 �VF';�@v7�W�9�g�:�]!F'8VF�B�S¡=�W R B�E'7�W'w�E�F'SVWV=�=�BS�>AF'W2K�82WVF�;�9²B�C->A<�=JB-t FVWVB-7�;?; S2B�9'X�g��IW2=�;?t�N�FVB
S4F�B�7�B�t B�K�829V>�SD8VWVFVE�G C�BD:?WVWfF�B�=�K�;JX��dHIHUW2KDFVB�X ;
R B�:�g�<�W2=�E R B�XmB��b]�T±E R Wd�?;�8V:^]2=�B�t�X
BDw�;?H�;?K�82�?;�;F�WVB�7�;?;�S4B-9!XYg���Wd=J;�t�Nhg�<�;JF'>�S�82T���Wdt�K�B-=?K�7�WVF'=?>�t
S�;�w�B R W27�8VFVB-7?8hS4BD9VXYg��IW2=?;�G! 

= −4 i } | ~ EVXUn�L O?Q���n��7J;�S4W'w�WVX F282K�¤IW g�FVBD<�=�W2=�=JBDW�SD>�7�8V¤bW2=�;JW w�:JG
�IWV:�;q�

∆( e ) =
y �O Ó�ê −
&
(
O y ) � T {�| T

Ó"� 



M
−

} +
M

O
(
O y −

M
)
Ó {�| Ó 

 #
~�$ �

�
82K�8!G HUB-7�X
g�:^8�BDC�W'E R WV<�;�S�8VW'F B�<�W2=�] SD>kE'B�K�g�T
F�B�<�=�B�EVF'] S R :?BDF2] w�B T { | T�% √y n �
82K�N R 7�;
T { | T = √y�` O B�Fd=�B�E2;�FVW':^]2=�8!G�B��b;�C�K�8`=JW R 7�WdS�>���8VWVFM'& n
6�F!B�7J>AXa��82[�B�X`G�S2:JG�W'F�E!G�g�<-WVF R 7�B�w�BD:^]2=JB-t¡EVB�E'F2u82S4:�G�T���Wdt°Xq8V[V=�;�F2=�B�[�B R BD:JG { z Nvg�E2;�:^;�SD82TI�IW2t7�8VE2�IW R :JWd=?;�W�g�7JB-S�=�W2t�nJO�FVBbw�B�E'F2;J[%8VWVFVE�G E R B�X
B-�¯]2T

R 7J;�X
W2=�Wd=?;�G E R Wd�?;�84:�]D=�B�[�B S�827�;J82=�F28 FVWVB-7?;�;
S4BD9VXYg��IW2=?;�t�w�:�G³CD:^;�92K�;�@³g�7�B�SD=�W2t��2=�W27�[�;�; L � Q!n1mEV:^;¡[�8VXq;J:�]4F�B�=�;�82=¥Ed;JE'F!W'X�> x

=
x "

+
 N�FVB

� "�Ø§Ò =
M
O (� �" +

�)("
) +−

M
O √(

� "� −
� Ò" ) Ó +

ª T+* �'( T Ó N
~�, �

[�wJW�g�<-F!Wd=JB^N¦<�FVBhS`=�82��W'X E':�gJ<-82W�S4B-9VXmg?�IWd=J;�W- 
=

= −{ z } z ;�XYWVWVF EVFd7�B�[�Bj7?82SD=�>kW =�g�:^T w�;?8V[�B�=J82:�]�=�>AWX�8VF27�;�<�=�>AW �':?WVXmW2=�F2> S R 7�WVw�E'F282S2:?Wd=J;�;=JWdS4BD9VX
g���Wd=?=�B�[�B [%84XY;J:�]2FVB-=?;�82=?8Ux "
= −y/. Ó − { | y | N8 =�WVw�;�82[�B�=�8V:^]2=�>AW��V:�WVXmW2=JFd>  "�Ò = −{ z 〈 § T y z T M 〉X
B�[�g-F C�>AFd] =?82t�w�W2=�>±F282K�¤IW�E R BDX
B��b]2T F'WVB-7J;�;

S4B-9VXmg?�IWd=J;�t��

T〈 § T y z 
 � 〉 T Ó ≈ y Ó 



M
−

M
(
O y −

M
)
Ó { | Ó 



N }�� M � O�n ~ M § �
�
82K�;�X B�C-7�849�B�X�N`w�:�G T { | T���� M R 7�;�@�B�w�;�X =�8

B�E2=�B�S2W ~�$ ��N ~�, � ; ~ M § � K S�8V¤�=JBDX
g w�:�G
w�8V:^]2=JWdt���WV[#B 7�W�9�g�:�]!F'8VF�g i2E';�X�XmW�FV7�;�<-=�B�[#B
B�F�F'8V:�K�;�S282=�;4Gml ~ 7�;�E�ncMd� B�Ed=�B�S�=�B�[�B ; R W27�S2B�[�BS4B-9VCDg�¤bwJWd=�=JBD[!B g�7�B�SD=�W2tq�

� "�Ø§Ò = −y Ó −
y%

(
O y −

M
)
{ | Ó +−

∆O N }�0 M N ~ M�MD�
[�wJW�B�F'C�7�B��IW2=�>±<�:�W2=�> C�B�:�W'WfS�>AE'B�K�B�[#B R B-7�G�w�K�8X�8V:?BDEVFd; R B { | ; { z N 8��2=�W27�[�WVFd;�<�WVEdKJ8!G �IWV:�]eSR Wd7JS2B�X R 7?;�C�:�;J¤IWd=?;�;¡w�8VWVFVE�G�H�B�7�X
g�:�B�t

∆ = √∆( § ) Ó +
ª y Ó 4 z Ó ~ M'O?�

E
∆( § ) ;�9 ~�� �2n21�B�:�WVW_F�B�<�=�B�W�SD>�7�8V¤bW2=�;JW_w�:�G ∆R BD:?g�<�8VWVX =�8µB-E2=�B�S2W ~3$ �³;�E 9V82XmW2=JB-t S ~ M'O?�

X�=JBD¤�;�FVWV:�G R 7�;54 { z Ó =J8 y Ó − y Ó { | Ó � (
O y −

M
)
� S

EVB�BDF2S2WVF'EVFdS�;�;©E ~ M § ��n�­Y8VX
W'F';JXUN�<-F!BhS�w�8V:^]2=JWdt���;�@7?8VE'<�WVF'82@ w�:JG K�7�84F'K�B�EVF'; HUB�r�XYg�:�8 ~ M�O���C�g-wJW'F
HI;J[#g�7?;�7�B�SD8VF2]UG�SD=JB^N�@?BDF!G =�g�¤b=JBZ;JXmWVFd]�S�S�;�w�g
N�<-FVB
B�=�8 X
BD¤bWVF C->AF2] g�F'B�<�=JW2=�8 g�KJ8V9d82=�=?>AX S�>��IW
B�C-7?8V9VBDXUn^��Wd7JWV@�B�wDG K X�8V['=�;JF'=�>AX`@?8D7�82K�FVW27�;�EVFd;?K�82X
B�E2=�B�SD=�B�[�BfEVB-EVF�B�G�=�;�GYN R BD:?g�<�8VW'X�;�9 ~ M-MD�e; ~ M'O?�
=?8VX�8V['=�;J<DW2=�=�B�EVFd]

6����}����� Á�Â�Ü�É�Ï�Â�É	Ü�Ãüå�Ý	Í�Ü�×�Í�Â�Ê	æ�Í}È�Ï�Ç�×�ÇýÈ}Æ�Í�Ï�Â�Ü�ÃüË�Í�×�Ï�Ç�Ç�È�Ý	Ç�×�Ç
Æ�Ã}Ü�Ã}Ú Ã}×�Ý�Í�Â�Ê�Ï�Ã?Æ�Ü�Ê � 7

=
"�Ø«ÒEÌäÈ�Ë�É�æ�Ã}Í ê

=
Ò ò 8 9 : É�Ü�Ç�Ì}Ý�Ê

å�Ý�Í�Ü�×�Ê�Ê�ô�·

p�ÁGq%ÁVÀÍ¼YÉVÁlq�À�ÁtsJu�Ìzwvx�Ì$yV¼huX{ y�ÃVÎ Ï'Ï2Ð�Ã
u'¸}or~�Ãh��� n+o!Ï



� z( " )({�z ) =

O y Ó {�z
√∆( e ) � +

4 y � {�z Ó
~ M�£��

;�S4BDE R 7J;�;�X
<�;�S4BDEVFd]

χ z�z( " )( { z ) =
ª y Ó ∆( § ) Ó�

∆( e ) Ó +
ª } � 4 z ��� &�� �

~ M�ª��

~ w�7�g�[�;JW�K�B�X R B�=�Wd=JF'>eXY>e=JW�SD> R ;JE2>�SD8VWVX ��n:�bFVEdTUw�8S�>AF'W2K�8DT�FsE':?W'w�g�TU�b;JW SD>�S4B-w?>�nh6YB�u R W27�S�>A@
N R 7�;
y =

M+mbO_�VFd;s7�WV9�g�:�]4F'82FV>�E'B�S R 82w�8DTkF�E�FVBD<�=�>kXY;qn6
B�u S4F'B�7�>�@
N�K�BDX R B-=JWd=�Fd8IS2B�E R 7�;?;�X
<�;�S2B�EVFd; χz!z( " ) ;�X
W2uWVFjK�8DKcH�g?=�K��?;�G { z R 7J;�S2EVW'@ y H�B�7�X
ghF282Kc=�829'>UuS�82W2X�B�[�Bew�S�g�X
WD7?=�B�[VB 7?82E R 7JW'w?W2:�WD=?;�G��¦FD]DTUw?Wd=?F28?n
6�u�F27�WVFd]�;�@¹N R 7J; { z → § Ebg�<�W'FVBDX R B R 7�8�S2B�K

χz�z( " )( e ) =
O Ó"� −

Ò
(
% y ) �


 {�| T Ó ê




M
+

y −
M

O
(
O y − � ) Ó 4 |

Ó 



N y � �_` % n
�
; R ;�<�=�>�t R 7�B�HU;�:�] �'FVB-t K�B�X R B�=�Wd=JF'>S4BDE R 7�;J;�X
<-;?S2B�E'F2; R 7?;�S4W'w�W2=¡=�8¯7�;JE�n^O R 7�; { | = § NP¬S E':?g�<�8VW y =

M�Nf[�w�W =�8D=�W'EVWd=?> R 7J8DK�Fd;J<DWVE2K�;EV:�;?SD82T��¯;�WVE�G FVBD<�=?8!G K�7�;�S�8!G ~ ¤b;�7�=?8!Gm��N
R 7J;�C�:�;�¤�Wd=�=?8!G R B�HkB�7�XYg�:?W ~ M�ª^� ~ R g�=�K�F2;�7�=?8!Gm��;g�FVBD<�=�W2=�=�B�W R 7J;�C�:�;�¤IW2=�;�W ~ FVB-=?K�8!Gm��N
;�:?:�TUEVF'7�;J7�g�T���;�W��dHIHUW2K�F';?SD=�B�EVFd]µ;�E R BD:^]V9Vg-WVX�>A@
R 7J;�C�:�;�¤�Wd=�;?t�n�UWd7JW'@JB-w�G®K±F'W27�X
BDw?;�=�8VX�;J<DWVEdKJ;�X�S2WV:�;�<�;�=?8VXUN
B�F'X
WVF';�XUN <�F�B R B�:�g�<�Wd=J=�>AW 7�WV9'g�:^]VFd8VF2> w�:JG
B�Ed=JB-S�=�B�[�B EVB�E'F�B�G�=�;�G BDF2S2WV<�82TUF E2S2W27�@^=�;J9dK�;JX
F�WVX R W27�8VFVg�7�82X & ��� ∆

N R 7�; K�B�F'B�7�>�@ SDK�:�8Vw
S4BD9VCDg�¤Iw�W2=�=?>A@ E'B�EVF'B4G�=�;�t S2B S2EVW
F�W27JXmB�w�;�=?8VX�;�<�W'E2K�;�W S2WV:�;�<�;?=�> �dK�E R B-=JWd=J��;�84:�]D=�BX
82:
n �bw�=�82K�B 7�BD:^] �VFd;J@ 7�WV9Vg-:^]VF28VF'B�S =JW
;�EV<�Wd7 R >�S�8VW'FVE�G E2K�8V9282=�=�>kX�N R B�E2K�BD:^]2K�g R 7�;& � � % y −

M³g-¤�W R 8�7�8 =�;�92K�B�:�WV¤b82��;�@±g�7�B�SD=�W2t
B�F'w�WV:�W2=�8sB�FfBDEVF28V:�]2=?>A@
N`F'8DKµ<DFVB S�K�:�8Vw²S2B S2EVW
F�W27JXmB�w�;�=?8VX�;�<�W'E2K�;�W S2WV:�;J<-;?=�> SD=JBDE!G�F F'B�:�]2K�B
B�Ed=JB-S�=�B�W�; R W27�S4BDWbS2B�9�C�g�¤bw�Wd=?=�B�WIE'B�E'FVB2G�=?;�G
N�8Ig�¤bW

S4F'B�7�B�Wa; R B�E':JW'w�g�TI�b;JWvS4BD9VC-g�¤Iw�W2=�=J>AWvEVBDEVFVB2G�=�;-Gw�82TUFf�2K�E R B�=�W2=���;?8V:^]2=�B³X�8V:^>AW R B R 7?82SDK�;�nk�Y82KJ;�WFVW'X R W27?8VF'g�7�> C�g-wJW'X =�8V9d>�S�82F'] =J;�92K�;�X�;�N 8
EVB�BDF2S2WVF'EVFdS4g�T���W'W R 7�;JCD:^;�¤bW2=�;JW �w�S4g�@�g�7�B�SD=�WdS�>�X�n
6YB�E R B�:�]29VB-S�82SD�¯;�E2] H�B�7�X
g�:�8VX�; iDE2;JXYX
u

WVFd7J;�<�=�B�[�B BDFVFd8V:�KJ;�S�82=�;�Gml ~ MDMD�cw�:�GfB�Ed=JB-S�=�B�[�B ;
R Wd7JS2B�[�BhS2B�9�C�g�¤bw�Wd=?=�B�[�B`g�7JB-S�=�W2t�N�928VXYWV<�8VW'XUN�<�F'B`S
R Wd7JS2B�X�S2BD9VC�g�¤�wJWd=?=�B�XcE'B�E'FVB�GJ=J;�; � z( Ò ) ; χz!z( Ò ) ; χ |Dz(

Ò
)B�FV:�;�<�8DTkF'E!G´FVBD:^]2K�Bf92=?82K�BDX�BDF E'B�BDF2S2WVFVE'F'S4g�T���;�@

S4W':^;�<�;�= BDE2=�B�SD=JBD[�B�EVB-EVF�B�G�=�;�GYn��¦:�WVw�B�SD8VFVWV:�]D=�B�N�;�9
~ O?��¢ ~ ª��bS�>AF'W2K�82WVF�N^<-F!B

� z  = � z( " ) YhZ ∆O , 2

χz�z = χz«z( " ) YhZ ∆O & +
(
� z( " ))Ó

O & a Z � (∆� O & ) #
~ M'¬?�

�IBDw�B�C�=�>AW H�B�7�X
g�:�> R B-:Jg-<�82TUFVE�G�;�w�:JG � | j N χi . ;
χ|�| N R 7�;�<�WVX S4:�;�GJ=J;�W_FVW'X R W27�84F�g�7�> 82=�84:�B�[%;J<-=JB
S4:�;�G�=?;�T { | n
	�82K S R Wd7?S2B�X�N F282K³;³S2B�S2F�B�7�B�XEV:�g�<�8!G�@ BDEVFd7�>kW S2E R :�WVE2K-; χz!z E'[�:^8V¤�;?SD82TUF�E!G
N
g���;�7�G�G�E2] ;¡g�XYW2=�]��b8!G�Ed] S���Wd=JF27�W�n

��F'B�C�> R 7�WVw�EVF'8DS�;�F2] E'WVCDW R B�:�=Jg�T K�827�F2;�=�g
;J9'X�Wd=JW2=�;�G

χz�z( " ) S¯9d82S�;�E2;�X
BDEVFd;¥BDFbX�8V['=�;JF2=�B�[#B R B�:�G
N=JW'B�C�@�B�w�;�X
B 7?8VE'EVX�8VFd7J;�SD84F'] �VF'g S4W':�;J<�;�=Jg�K�8�K
HUg�=�KJ��;�T R Wd7�W'X
W2=�=�>A@ { | ; { z N F�n�W�n\K�8�K
R B-S4Wd7J@�=JBDEVFd]�=�82w R :�B�EdK�B�EVF']DT ( { | N { z ) n
��8VXcC�g-wJW'Fg�w�B�C-=JWVW�N B-w�=?82K�B^Nf7�8VEVEVXq8VF27�;�S�82F']�E'WV<�Wd=�;�G �'F�B�t
R B-S4Wd7J@�=JBDEVFd; χ. .( " )({ z ) R 7?; =�W2K�B�F'B�7�>A@
HI;?KDE2;?7�B�SD82=�=?>A@ 9d=J8V<-W2=?;�G�@ { | n ¨�7�g�[';�X�;
EV:�B�SD84XY;qN R 7�; R B�EVF�B�GJ=J=�B�t R B R W27�W'<�=�B�t E'B�EVF'u
8�S2:�G�TI�IW2t { | C�7�8VF2]`;J9�X
Wd=JWd=J;�G R 7�B�w�B�:�]D=�B�taE'B�EVF'u8�S2:�G�TI�IW2t { z n��82t�w�W2=�=J>�W HUB-7�XYg�:^> ; E'B�B-FVS2WVF'EVFdS4g�T���;�W
;J:�:^T�EVFd7�8���;?; w�82T�F R B�:�=�B�W R 7�W'w�EVF282S2:?Wd=�;JW B
R B-S4W'w�W2=?;�; ;�9Vg�<�8VWVX�>A@ @�827?82K�F�W27�;�E'F2;�K S�X�8V:�>A@
X�8V['=�;JF2=�>A@ R B�:�G�@
n 6 C�B-:?]D�b;�@ ¤IW R B�:�G�@=?8VX�8V['=�;J<DW2=�=�B�EVFd] w�B�E'F2;�[�8VWVF =�84Ed>��IW2=?;�G ;
S4B-E R 7?;�;JXm<�;�S4BDEVFd; C�>AE'F27�B g�C�>�SD82TUF�n���7J;�S4W'w�WVX
7JW'9!g�:�]2FV82F'>�7�8VEV<�W'FVB-S_; Se�VF'B�X EV:�g�<�82WJN�EV<�;�FV8VG S
['8VX�;�:^]VFVB�=J;�82=�W�x

= − { | y | − − { z y z − y z Ó R Wd7�S�>AWw�S�8 <-:?W2=�8 B-E2=�B�SD=J>�XY;qN�8 <�:�W2= X
82[�=�;�Fd=�B�t
8�=�;�9!B-F27�B R ;�;ag-<�;�F2>�SD84W'X�KJ82K R B R 7�82S�K�g�n �b7�;©�VF'B�Xg�w�B�C-=JB S�>AC�7J8VFd] B�Ed;³K�BDB�7�w�;�=?8VF_F282K�;�X�BDC�7�8V9VB-XkN
<�FVBDC�> BDw?=�8 ;�9�=J;�@ C->A:^8 =�8 R 7�82S2:?Wd=J8 S2w�B�:�]
X�8V['=�;JF2=�B�[#B R B-:�GYn 6 F282K�B�X³EV:�g�<�8VWc['8VX�;�:^]VFVB�=J;�82=
R 7�;?=�;�X
82WVF S�;�w x

= −4 } z′ −
a��
c
Ó

ϕy ′z Ó +
+
a��
c ϕ c

���
ϕ( y | ′ y z′ + y�.′ y | ′ ) − c

��� Ó
ϕy ′| Ó N [�w�Wa��

c ϕ = { z ��{ � c
���

ϕ = { | ��{ � { = ({ | Ó + 4�z Ó )
( � Ó n

�IWd7JSD>�t <-:JWd=�G�S2:�G�WVF'E!G B-E2=�B�SD=J>AX�N³B�E'FV82:�]�=�>AW
EV:�g�¤�8VF S4B�9'X�g��b82TI�b;�X�; R B R 7�82SDK�8VX�;qn���7?;�X
Wd=�W2=?;�WFVW'B�7�;J;�S4BD9VXYg��IW2=?;�t�w?8VW'F�E�g�<�W'FVBDXfK�S�8Vw�7�8VF2;�<�=�>A@
R B R 7�82S2B�K�w�:�G�B�Ed=JB-S�=�B�[�B g�7�B�SD=-G¥�2=�W27�[�;?;

6����}��� ·��6Ã�×�Ý�Ê	Â�Ý�Ã�ÅNÌ}Ç�È�Æ�Ü�Ê�Ê	Ú�æ�Ê�Ì�Ç�È}Â�Ä χ���( � ) ÌBà�Ã}Ì�Ê�È�Ê	Ú�Ç�È�Â�ÊMÇ�Â � �ÌWÈ�Ë�É	æ�Ã}Í ê
=
ÒWò�È�Ú�·�Â�Í�Ï�È�Â�ô�·

n���� p�ÁGq�Á'ÀÍ¼
É'Árq�À#Átsvu#Ì$wJx!ÌzyV¼tuX{ry�ÃdÎ ÏVÏdÐ�Ã|u'¸}ol~�Ãt���



� " = −{�y − y Ó a�� c
Ó

ϕ −
y O c

��� Ó ϕ + � ({ −
Ò
) =

= −} √{ i Ó + { z � − y Ó + } 


y −

M
O 




{�| Ó
{�| Ó + {�z Ó + � ({ −

Ò
)
n

�bF�E2TUw�8JN�S�>�<-;JEV:�G�G¥X�8V[�=?;�Fd=?>�t¡X
BDX
W2=�F
� z( " ) =

} 4Jz
({ | Ó + { z Ó ) Ò � � + y (

O y −
M
)

{ i � {�.
({ | Ó + { . � ) � + � 




M
{ Ó





N

� |( " ) =
} 4 |

({�| Ó + {�z Ó ) Ò � � − y (
O y −

M
)

4 z Ó 4 |
( 4 | Ó + 4 z Ó ) Ó + � 




M
4 Ó 

N

R BD:JgD<-8VW!XhKDB�X R B-=�W'=�F�g X
8V[#=�;�FV=�BDt¡SVBDE R 7�;�;�Xm<-;JSVBDE�F';

χz'z(
"
) =

O yI{?| Ó
({�| Ó + {�z Ó ) &���Ó +

+
O y (
O y −

M
)
4 i � ( 4 i Ó −

£ { z Ó )
({�| Ó + {�z Ó ) & + � 




M
{ &





N

S¯<�8VEVFd=�B�EVFd;YN

χ z�z( " ) T � � = " =
% }

 4 i 
 +

O y (
O y −

M
)

{ | Ó + � 



M

 { | T & 



n

¨�7Jg-[�8dG K�B�X R B�=�W2=�F28�F'W2=�9VB�7�8 S2B�E R 7�;�;JX
<-;?S2B�E'F2;7�82S�=�8

χ|-|(
"
) =

O y�{ z Ó

({ | Ó + { z Ó ) V � � −

−
O y (
O y −

M
)
4 . � (4 . Ó − � {�| Ó )

( {�| Ó + {�z Ó ) & + � 



M
{ &





N

F'8�K�<-F!B

χ|�|(
"
) T �
�

=
" = � 




�

 4Ri T & 

 #	�7�B�XYW¯F�B�[�B�N

χ|D|(
"
) T ���

=
" =

% yT {�z 
 −
O y (
O y −

M
)

{�z Ó + � 



M

 {�z T & 



n

��82K�B�=�W2�qN

χ|�z(
"
) = −

O y^{U|'{�z
( {�| Ó + 4 z Ó ) & � Ó −

−
ª y (
O y − � ){ | { z {�| Ó − {�z Ó

( {�| Ó + {�z Ó )& + � 



�
{ &



 #� =?8V:?BD[';�<�=�>kW 7�W'9Vg�:�]VF28VFd> R BD:?g�<�82T�F!E�G S

C�BD:^]2�¯;�@hX
82[�=�;�Fd=�>k@ R B�:�G�@h;`S¡:JW'['K�B R :�B�EdK�B�E'F2=�B�XEV:�g�<�8VW ~ EVXUn�w�8V:�WVW-��N?B-F!:�;�<�8!G�E2]¯F'B�:�]2K�B 92=?82K�BDX R B R u7?82S2B�K�n

��,87^0$>�� 9�1�5�3<F��Y5v;-0�H���5?0 /-0BC�55;�5�35=C�0 � �59<L�CS95H ���5HBE'35=��3L5F+>5F	�8F���3�0$E!5 �59J/
	�82K ; R 7�;�7�82EVE'X�B�Fd7�W2=�;?;¡:�WV['K�B�B-E2=�B�[�B EV:�g�<�8!G
N�SB�E2=�B�S2W 7�WV9Vg-:?]2F28VF'B�S w-:JG :?W'[�K�B R :?BDE2K�BDEVF2=�>A@

R 827�82X
82[�=JW'F';?K�B�S ~ α = +
M4�cF282K�¤IW_:�WV¤�;�F_HUB-7JXmg�:�8

w�:JG E2;�X
X
W'FV7�;�<�=�B�[�B 7J8VEd��W R :�W2=�;�G g�7�B-S�=�W2t��d=JW27�[�;�;B�E2=�B�SD=�B�[�B EVBDEVF'B�G�=�;�GYN B�w�=�8�KDB F�W R W27�] ;JX
W'WVF�E!G
EVWd7?;�GcF'B�<-W2Kc=�8�B-E2; { z N�w�:�GvK�B-F!B�7J>A@ R 7�; { | = §B�C-7?8V9Vg�TkF'E!GhiDEVF'>UK-;�l S �d=�W27J[#WVF2;�<�W'E2K�BDXcE R W2K�Fd7�W�n

��B�CDEVFdS4Wd=?=�>AW 9'=?8V<�Wd=J;�G ['8VX�;�:^]VFVB-=?;�8D=�8
=JWdS4BD9VX
g���Wd=?=�B�t 9'82w�84<-; S <�;�EVF�B R 7�BDwJB-:?]D=�B�XX�8V['=�;JF2=�B�X R BD:?W x " = y z Ó − { z y z XmB�[�g�F
K�:^8VEVEd;�HI;?��;?7�B�SD8VF2]VE�G R B R 7�WVw�E'F282S2:?Wd=J;�T y z N <-FVBR 7�;?S2BDw?;�F�K ;J9V:�B�XY=JBDX
g @^827�82K�FVWd7�g �2=�Wd7J[�W'F2;�<�WVEdK�B�[�BE R W2K�F'7?8 L«ª^Q�n �b7�; =�W'C�BD:^]2�¯;�@ 9V=�8V<�W2=�;�G�@
R B R Wd7�W'<�=�B�t E'B�E'F282S2:JG�T���Wdt X�8V['=J;�F2=�B�[�B R B-:�G
T { | T
	�� M EVWVFdK�8 g�7�B�S�=�W2t³EV:�WV[�K�8 w�WdHUB�7�X�;�7�gJW'F�E!G
NF282K <�FVB S X
W'EVF'82@ EVFd>�K�B�S E w�S4g�KJ7�8VFd=J>�X
S�>�7�B�¤bw�W2=�;�WVX S4BD92=�;�KJ82T�F R 7�BDE2S2WVFd> ~ �'FVB
;J:�:^T�EVFd7�;?7�g�WVF�[�7�8�H�;?K�N R 7�;�S4W'wJWd=?=�>�t =?8I7�;�E�n�£�w�:�GEV:�g�<�8!G y =

O ; T { | T = § N«MD��N�@�B�7�B��IB`B R ;�E2>�SD8VWVX�>AWFVW'B�7�;�Wdt S2B�9'X
g��IW2=�;Jt w�:JG w?S2g�K�7�84F'=�B�[�B
S�>�7�B�¤bw�W2=�;�G ~ S�F'B�<�KJ8V@hEVFd>�K�B�S�� ;�:�; w-:JG`C-:?;�92K�;�@
g�7�B-SD=JW2t¡�d=�Wd7J[�;�; ~ S B�K�7�WVE'F2=JBDEVF�G�@��VFd;�@�F'B�<�WdK^��n
¨�:�G B�Ed=JB-S�=�B�[�B ; R W27�S2B�[�B S2B�9'C�g�¤Iw�W2=�=�B�[�B

g�7�B-SD=JW2t��d=JWd7�[%;?;�FVBD<�K�8VX EVFd>�KJ8 EVBDB�F'S4W'FVEVFdS4g�TUF
92=�8V<�W2=�;�G { z = {�� N?[�w�W�S E':�g�<�8VW y ��WV:�>A@

{ � =
%�


−
M N����

= ( } +



)( y − � +
M
)
N



= −y +

M�N
−y +

O�N�������N y −
M�N y N

~ M �?�

6����}���	� � Ê	Æ�Ê�æ�Ý�Ã�ÅEÈ�Â�Ü�É	Ï�Â�É	Ü�Ã4å�Ý�Í�Ü�×�Í�Â�Ê�æ�Í�È�Ï�Ç�×�Ç4È}Æ�Í}Ï�Â�Ü�Ã�Ë	Í�×�Ï�Ç ¥
Æ�Ë	Ç�È�Ï�Ç�È�Â�Ý	Ç�×�ÇZÆ�Ã}Ü�Ã}Ú�Ã�×�Ý�Í�Â�Ê�Ï�ÃLÌðÝ�Ã}Ï�Ë�Ç�Ý	Ý�Ç�ÚFÚ�Ã}×�Ý	Ê�Â�Ý	Ç�ÚFÆ�Ç�Ë	Í
ò ê

=
Ó�ô}·

p�ÁGq%ÁVÀÍ¼YÉVÁlq�À�ÁtsJu�Ìzwvx�Ì$yV¼huX{ y�ÃVÎ Ï'Ï2Ð�Ã
u'¸}or~�Ãh��� n��JÎ



8¯S EV:�g�<�82W y R B�:�g���WV:�>A@

{ � =
O 
 N�� � = (y +

M � O ) Ó −

 Ó N



= −y +

M � OoN −y + � � O^N �h�}� N y −
£ � O?N y −

M � O�n
~ M � �

6
C�:�;�92; K�8V¤bwJB-t FVBD<�K�; {�� N R BD:^]V9'g�G�E2]b7�WV9�g�:?]2F'84F�B�XF�WVB�7�;?; S2B�9'X
g��IW2=�;�t S EV:�g�<�8VW w�S4g�K�7�8VF2=�B�[�B
S�>�7�B�¤�wJWd=�;�G ;�:^; CD:^;�92K�;�@ g�7�B�S�=�W2t �d=JW27�[';�;qN
R B�:�g�<�8VWVX�:�B�K�8V:�]�=�>�W HUB�7�XYg�:�>Z�oS�EV:�g�<�82W y ��W':^>A@;�X
WVW'X

� "�Ø§Ò = � Ó − � +
M � O − (



−
M � O ) { z +−

+−
M
O √� � 4 | Ó + ( {�z − { � )

Ó N ~ M $ �
8¯S EV:�g�<�82W y R B�:�g���WV:�>A@
� "�Ø§Ò =


 �
− � � ª −


 {^z +−
M
O √� � {�| Ó + ({�z − { � )

Ó n
~ M , �

6¦8V¤b=JB R BDw�<�W27�K�=�g�F2]?N�<�FVB B�E2=�B�SD=�g�T 7JBD:^]�S
w�82:?]D=�W2t���W'X R 7?;�X
W2=�Wd=?;�; R BD:?g-<�W2=�=?>A@ HUB�7�X
g-:�w�:JG=�;J9'K�B�:�WV¤�82�b;J@ g�7�B�SD=�W2t��2=�W27�[';�;�C�g�w�WVF ;�['7�8VF2]
K�B�7�=JWdS4B-t�<-:JWd=�S ~ M $ �b; ~ M , ��NmS E2SVG�9';�E�<�WVXhC�g�w�WVX
[�B�S2B�7�;�F2]�B�7�WV9'g�:�]4Fd8VF�� * ~ M $ ��; ~ M , ��K�82K©BvE2;�X
X�uWVF'7?;�<�=�B�X 7�8VE2�IW R :�W2=�;J;
n²¨�B�C-8�SD;�X FV8DK�¤bWJN <DFVB
7�WV9Vg-:?]2F28VFd> ~ M $ � ; ~ M , � R 7�W'w�EVF282S2:�G�TUFE28VX
BDEVF'B4G�FVWV:�]2=?>�t ;�=�F!Wd7JW'EfSsEdSdG�9d;µE R 7�B�CD:?WVXYB�tE R ;?=�B�S2BD[!B�F'g�=?=�WV:�;�7�B�S�82=�;-G L $ N , Q!N�[�w�W©BDE2=�B�SD=?>AX
R 7�W'w�X
WVF'B�X ;JE'EV:�WVw�B-S�8D=�;�G G�S2:�G�WVF'E!G ;�X
W2=�=�B
7�8VE2�IW R :JWd=?;�W¯g�7�B�S�=�W2t¡�d=JW27�[';�;qn
�
8VE'EVX
BDF27�;�X =?8VX�8V['=�;J<DW2=�=�B-EVF2] S B�Ed=�B�S�=�B�X

EVBDEVF'B4G�=�;�; � |( " ) K�82K HUg�=�K��J;�T R 7�BDw�B�:�]�=�B�[�BX
82[�=�;�Fd=�B�[�B R B�:�G { z R 7�;µ7�8V9':^;�<�=�>k@ 92=�8V<�Wd=?;�G�@
R B R W27�WV<�=�B�t�EVBDEVFd82S4:�G�TU�IWdt { | nI6fE'B�B�F'S2WVF'EVF2SD;�; EHkB�7�XYg�:^8VX�; Ed;JX
XmWVFd7J;�<�=�B�[�Bf7�8VEd��W R :�W2=�;�G ~ M $ ��;~ M , �©w�:�G BDE2=�B�SD=JBD[�B_g?7�B-S�=�G �d=�W27J[%;?; R 7J;�X�8V:^>A@

92=�8V<�W2=�;�G�@ T { | T�� � M S�B�KJ7�W'EVF2=�B�E'F'; 9'=?8V<�Wd=J;�t
{ z = {�� E � EVFd>�K�8VX�; �VFVB-[�B g�7�B�SD=�G �2=�W27�[�;?; E
R Wd7JSD>AX S2B�9VCDg�¤bw�W2=�=?>AX ;�E2K�BDX�8!G S2WV:^;�<�;�=�8� |( " ) = − ∂

� " ` ∂ { i 7J8DSD=J8
� |( " )( { z ) =

M
O

� � {�|
(
� � {�| Ó + ( {�z − { � )

Ó
)
( � Ó N T { z − 4 � T�� M�N

~ O § �
[�wDW { � ; � � B R 7�W�wDW!:DG�TAF�EÍGZSV>¦7�8!¤�W�=�;4G�Xm; ~ Ml����; ~ M � �4n	�BD:^;�<�W'EVFdS4B S4E R :?WVEdK�B�S?� |( " ) =�8 S4E'W2t¡BDE2; { z 7�82S�u=JB O y n 	�8V¤bw�>�t R ;�K ;�X�W'WVF @^827�82K�FVWd7J=�g�T
928VB�E'F27�W2=�=�g-T_HABD7�X�g EIXY8VK2E';�X�gDX^B2X

√
� � ` % S�F�B2<�KD8!@

{ z = {�� ; �b;�7�;�=�B-t�� √
� � 
 4Ri T NDF'8VKb<�F�Bb��Wd=�F'7J8�:�]2=J>�WS4E R :�W'EVK�;�=JW'E2K�B-:?]DK�B¡SD>���WZ;���;�r�W R Wd7�;JH�W27�;?t�=?>A@�n6 <-84E'FV=�B�E'F2;
N S�E':�g�<�8VW R B-:Jg���WV:�>A@ y S�>AE'B�Fd8

=?82;�C�B�:�]D�UW�[�B ~ ��W'=�F'7�8V:�]V=�BD[�B�� R ;JK-8 E!BDE�F'82SV:�G-W�F
Ò
⁄ Ó (y +

M � O ) N-8b=�82;JXYW2=�]��IW'[�B 7�8DS�=�8 √y�� O ~ SbEV:�g�<�8VW�JW':^>A@ y EVBDB�FdS4W'F!E'F2S2W2=�=�B Ò ⁄ Ó √} (y +
M
)
;

√y�� % ��n
�IBDE2K�B�:�]DK�g�7J8VE'EVF'B�G�=�;JW X
WV¤Iw�g Xq82K�Ed;�X
g�X�8VX�;�=�8
B�E2; { z 7�82S�=�B O�N E g�S2WV:^;�<�Wd=�;JWVX T { | T B�=�;
R 7�WVw�7�8VE R B�:�B�¤bWd=J> K±=�82:�B�¤IW2=�;�T ;±EV:�;�GJ=J;�T E
B�C-7?8V9VB-SD82=?;�WVX´S�=�8V<�8V:�WhHUB�7�X�> S SD;�w�Wei-K�B�7�B�=�>IloN
K�B�F�B�7�8!G R 7�; w�8V:^]2=JWdt���W'X g�S2WV:�;�<�W2=�;J; T { | TR 7�;JBDC�7�WVFd8VWVF®K�B�:�B�K�BD:?BDB�C-7?8V92=�>�t R 7�B-HI;J:�]?n O�FVB
@?B-7JB-�IB SD;�w?=�B =�8 EVWd7�;?; ['7�82HI;�K�B�S�N R 7�WVw�EVF'u8�S2:�W2=�=J>A@j=�8 7J;�E�n^ª wJ:�G�E R ;?=�8 y =

O^n
6�F'B?7�>AX R 7?;�XmW�7�BJX ED:?g�¤�;�F K�B�X R B?=�W-=�F28X�82[�=�;JF'=�B^t S2B?E R 7�;J;�X�<-;�S�B�E�Fd; χ. .( " ) S 9282SD;�Ed;JX
BDEVFd;¡B�F

{ z R 7�; 7�849�:�;�<�=?>A@ 92=?8V<-W2=�;�G�@ { | n ��=�84:�B�[%;J<-=JB� |(
�
) �VF28�S2WV:�;J<-;?=�8_F282K�¤IW R B�:�g�<�82WVF�E!G´=�8_B�Ed=JB-S4WHUB�7�X
g�:�>�Ed;�XYX
WVFd7J;�<�=�B�[�Bh7�82E2�IW R :?Wd=�;�Ga;YN¦C�g-wJg-<�;E2SVG�9282=�=�B�t E �2=�W27�[';�Wdt EVBDB�F'=JB-��W2=�;�WVX

χz!z( " ) = −
O
∂
Ó � " � ∂{ z Ó NmS¯B�KJ7�W'EVF2=�B�E'F';�;�9V:�B�XmB�S 7?82SD=�8

χ z�z( " )( {�z ) =

� � { | ÓL � � {�| Ó + (4 z − { � )
Ó Q & � Ó N T {�z − { � T�� M N~ OoMD�

[�wJW�S2WV:^;�<�;�=�> {�� ;�K�BD�2HIH�;J��;JWd=�Fd> � � F'WI¤IW�N�<�FVBZ;S�H�B�7�X
g�:�W ~ O § �4n6YB�X�=�B�[';�@±B-FV=�B��bW2=�;�G�@�E2S2B�t�EVF2SD8 X
82[�=�;�Fd=�B�t
S4B-E R 7?;�;JXm<�;�S4BDEVFd; R B�w�BDC�=�> F'8�K�B�S�>AX w�:�G
=?8VX�8V['=�;J<DW2=�=�B�EVFd;YNhBDw�=?82K�B W'EVF2] ;�E'g��IWVE'F2S2W2=?=�>AW
B�FV:�;�<�;�G
n]�
82K�N�S�E2;J:�g�C�B-:JW'W�C�>AE'F27�B�[�B_g�C�>�S�82=�;-G
R 7�;�g�w�82:JWd=?;�;�B�F_F'B�<�WdK³;�9V:?BDX�8 {�� ~ R Bf9d82K�B�=�gw�S4g�XYW27�=JBD[�Be7�8VE R 7JW'w�WV:�W2=�;�G �AF']DTkw�Wd=JF'8J�jS2E R :�W'E2K�;B�K�8V92>�SD82TUF�E!G B�E'F27�WVW�N 8 8 R�R 7�B�K�E2;�X�82�?;�G ~ OoMD�
@?B-7JB-�IB R W27�W2K�7�>�S�8VW'F =JW FVBD:^]2K�B B�K�7�WVE'F2=JBDEVFd;
;J9':JB-X�B�S { � Nv=JB²; R 7�B�XmWV¤bg�F2K�;²X
WV¤Iw�g²�VFd;�X�;
FVB�<-K�8VX�;qN [#wJW R 7�B�;�EV@�B�w�;�F_=?8V:�B�¤bWd=J;�W_S2E R :JW'E2K�B�S?n�b7�;��VF'B�X XYB�¤�=�B�;�E R B�:�]29VB-S�8VFd]�i�[�:�B�C�8V:�]2=JBDW�l
R 7�WVw�E'F282S2:JWd=?;�W w�:JG

χzVz(
"
) S SD;�wJW HUB-7JXmg�:�>

EVg�XmX�;?7�B-S�8D=�;�G

6����}��£�� è�Ç�Ì�Í�Î	Í�Ý�Ê	Í Ý�Ã}Ú�Ã}×�Ý	Ê�æ�Í�Ý	Ý�Ç�È�Â�Ê Ë�Í�×�Ï�Ç�Æ�Ë�Ç�È�Ï�Ç�È�Â�Ý�Ç�×�Ç
Æ�Ã�Ü�Ã�Ú�Ã}×�Ý	Í�Â�Ê�Ï�Ã8Ì8à�Ã}Ì�Ê�È}Ê�Ú�Ç�È�Â�ÊäÇ�Â2Ú�Ã�×�Ý�Ê�Â�Ý�Ç�×�ÇXÆ�Ç�Ë�ÅEÌ8È�Ë�É	æ�Ã}Í
ê

=
Ò�·

n��zo p�ÁGq�Á'ÀÍ¼
É'Árq�À#Átsvu#Ì$wJx!ÌzyV¼tuX{ry�ÃdÎ ÏVÏdÐ�Ã|u'¸}ol~�Ãt���



χz!z( " )({ z ) = ∑� = ���

�
� � � {�| ÓL � � {�| Ó + ({�z − { � )

Ó Q &�� � N

[�w�W�S E':Jg�<-84W y ��WV:�>k@ 
 Ò = −y +
M�� 
 Ó = y NZ8eSE�:�g�<�82W y R B?:�g���W�:�>A@ 
 Ò = −y +

M � Oo� 
 Ó = y −
M � Oon¨�:JG

χz z( " ) SD>AEVBDF28 S4E R :�WVEdK�B�S M � (√
� � T { |�
)g�X
Wd=J]D�b8VWVF'E!G_Ea7�BDEVF'B�X T { | T ~ R 7J;_FVB-t_¤IW��b;�7?;�=JW

√
� � T { | T ��N�;eCDB�:�WVWhSD>AEVB�K�;�W R ;?K�;�7?8VE R B�:�B�¤�W2=?> S
��W2=JFd7�WJNh8 =JW´=�8 R W27�;�HUW27�;?;�n �ABDB�F2S2WVF�E'F2S2g�TI�b;JW
;�:?:�TUEVF'7�82�?;�; R 7J;�S4W'w�W2=�> =�8±7�;�EJn ¬?nf6�:?;�G�=�;JW
F�WVX R W27�8VFVg�7�> S�B�Ed=JB-S�=�B�X F282K�B�W²¤bWJN K�82K ; S
:�WV['K�B�BDE2=�B�X�EV:�g�<�8VW�NmB R ;�Ed>USD8VWVF'E!GjH�B�7�X
g�:�84XY;�F'; R 8~ M'¬�� ; ;�:�:^T�EVF27�;�7�g-WVFVE�G ['7�82HI;�K�8VX�;qN
R 7J;�S4W'w�W2=�=?>AX�;�=�8 7�;JE�n:� ; � n

� ,��8F���C�� ;-023J5�0
�

8
9
=
B
B
C
7
8
9
;
W
S
W
:
;
<

;?=�; <�8VE'F2=?>A@�EV:�g�<�8VW2SvS4E'W�¤bW R B�9'S4B�:�G�W'F`EVw�W':^8VFd]=JWdK�BDFVB-7?>AW B-C���;�W SD>�S4BDw�> B R BDS2W�w�W'=�;J;7�8!EVE�XY8!F'7�;�S28!WVXY>¹@jE2;�E'F�W!XaS¡��W!:�BDXkn	�D:?8'S2=JBDW�E'B�EVF'B�;�F
S FVB�X�N <-FVB S4E'W B-FVXmWV<�Wd=?=�>AW B-EVBDC�W2=�=JBDEVFd;
HI;J9';�<�WVEdK�;J@ @^827�82K�FVW27�;�EVF';?K =?8VC-:?T�w�8�T�FVE�G S
B�CD:^8VEVFd;²=JWVCDB�:�]D��;�@²92=�8V<�W2=�;�t R B R W27�WV<�=�B�t E'B�EVF'u
8�S2:�G�TI�IW2t X�8V['=J;�F2=�B�[�B R B�:�G
N�K�B�[�w�8 R 7�B�;�EV@�B�w�;JF�EVg�u��W'EVF'S4Wd=?=�8VG R W27�WVE'F27�B�t�K�8��2=�W27�[�WVF';J<-WVE2KDB�[�B E R WdK�F27�8?n�b7�;�C�B�:�]2�¯;�@ ¤�W 9V=�8V<�W2=�;�G�@±Xq8V[V=�;�FV=�B�[�B R B-:�G=?8VX�8V['=�;J<DW2=�=�B�EVFd] wJB-EVF';J[�82WVF =�8VE2>���Wd=�;�G
N 8
S4B-E R 7?;�;JXm<�;�S4BDEVFd]¯EVF282=�B�SD;�FVE�Gj=�;J<DFVB�¤b=�B�XY82:JB�tYn��7�;��VFVBDX EVg��IWVE'F2S2W2=�=�g�T 7�B�:�] ;�['7J8VW'F FV; RX�8V['=�;JF2=�B�t 82=?;�9VB�F'7�B R ;J;
N�F�n WJn�92=�82K K�B-=JE'F282=�F2> α

n
� 8 G�92>�K�W S4BDE R 7�;J;�X
<-;?S2B�E'F2; ;�X�W'WVX S EV:�g�<�8VW
α = −

M�B�w�;J=�B�<�=J>�W S4E R :�WVEdK�;qNq8¡S�E':?g�<�8VW α = +
M �E2;�EVFVW'X�g O y S4E R :?WVEdK�B�S?n 6�EVW X�=�B�[�B�BDC�7�8V92;�W

B�C+�?WVw�;�=-G�WVFVE�Gcg�=J;�S4Wd7�E28V:^]2=�B�E'F2]DT³HkB�7�X�N¦=?8 R 7J;�X
Wd7S�S�;�w�W w�S4g�XYW27�=JBD[�B�7?8VE R 7�WVw�W':?Wd=J;�G �AFd]2TUw�W2=�F28 w�:�G
χz z n6Y:^;�G�=?;�WcF�W'X R Wd7J8VF'g�7�> E2S2B�w�;JF�E�G K_=�WdK�B�F'B�7�B�X
g
EV[�:�84¤�;?SD82=J;�T�;�:^;�7?8V9VXY>�S�82=�;?T R ;�K�B�S?n 6 EV:�g�<�8VW
<�;JE'F�B R 7JBDwJBD:^]2=�B�[�B R BD:JG²F'B�<-WV<�=�>AW�B-EVBDC�W2=�=JBDEVFd;
S4B-E R 7?;�;JXm<�;�S4BDEVFd;�S³SD;Jw�W

δ
u«H�g?=�K��?;�t EVXYW2=�G�TUF�E!G

S4E R :�WVEdK�8VX�;eK�B�=�W'<�=JB-teSD>AEVBDF2>³;��b;?7�;�=?>�n ��=�8V:�B�u[';�<�=?>AX B�C�7�8V9VBDX S EV:�g�<�8VW E R ;?=�8 y =
M$m�O

S4B-E R 7?;�;JXm<�;�S4BDEVFd] χ|V| S R B R W27�WV<�=�B-X Xq8V[V=�;�F2=�B�X
R BD:?W R 7?; K�B�=�WV<-=JB-t F�W'X R Wd7J8VF'g�7�W E'F282=�B�SD;JF�E!G
B�FV:�;�<�=�B�t�BDF�=�g�:JG
n ­Y8VX
WVF';JX F282K�¤IWJN <-F!B =?82K�:�B�=
X�8V['=�;JF2=�B�[#B R B�:�G
N�FJn WJn R B�G�S2:�W2=?;�W R B R Wd7�WV<�=�B�t�E'B�EVF'u8�S2:�G�TI�IW2t { | NvS2:�;�G�W'F =J8 HUB�r�X
g

χz�z R B-w�B�C-=JBFVW'X R W2r?8VF'g�r�WJn1Y�IW 7�8V9 R B�w-<�W27�K�=JW'XkN <�F�B w�:�G B R ;�E282=�;-G=?;�92K�BDFVW'X R W27?8VF'g�7�=?>A@ E2S2B�t�EVFdS 7�8VEVE'X
B�F'7JWd=J=�>A@
8�=�;�9!B-F27�B R =�>k@ R 8D7�8VX�8V['=�WVF2;�K�B�S S =�82;JCDB�:�WVW
;?=�FVWd7�WVE2=�B�t�B�C-:?8VE'F2;¡X�8V['=�;JFd=J>A@ R B�:�W2t�HI82K�F2;�<�W'E2K�;

6q���}��
 ·
��Ë�Ê�Å	Ý�Ê�ÍBÂ�Í�Ú�Æ�Í}Ü�Ã�Â�É�Ü�Þ;Ý	Ã�Æ	Ç�Ì�Í�Î	Í�Ý�Ê	Í�Ý	Ã�Ú�Ã�×�Ý�Ê	æ�Í�Ý�Ý	Ç�È�Â�Ê
Ë	Í�×�Ï�Ç�Æ�Ë�Ç�È}Ï�Ç�È�Â�Ý�Ç�×�ÇöÆ�Ã�Ü�Ã�Ú�Ã�×�Ý�Í�Â�Ê	Ï�ÃtÆ�Ü�Ê � 7

=
"�Ø Ò Ì=È�Ë�É�æ�Ã�Í

ê
=
Ó�·

6����}��� ·�� Ë	Ê�Å�Ý	Ê�Í)Â�Í�Ú�Æ�Í�Ü	Ã�Â�É	Ü�Þ Ý	ÃþÌ�È�Æ�Ë	Í�È�Ï�Ê÷Ú�Ã}×�Ý	Ê�Â�Ý�Ç�ã
Ì�Ç�È}Æ�Ü�Ê�Ê	Ú�æ�Ê�Ì�Ç�È�Â�Ê Ë	Í�×�Ï�Ç�Æ�Ë	Ç�È}Ï�Ç�È�Â�Ý�Ç�×�Ç Æ	Ã�Ü	Ã�Ú�Ã}×�Ý	Í�Â�Ê�Ï�Ã Æ�Ü	Ê� 7

=
"�Ø Ó&ÌmÈ�Ë�É�æ�Ã}Í ê

=
 �ë�Ó�·

6����}����� ��Ã}Ì�Ê	È�Ê�Ú�Ç�È�Â�Ä�Ì�Ç�È}Æ�Ü	Ê�Ê	Ú�æ�Ê	Ì�Ç�È�Â�Ê2Ë	Í�×�Ï�Ç�Æ�Ë	Ç�È}Ï�Ç�È�Â�Ý�Ç�×�ÇNÆ�Ã ¥
Ü�Ã�Ú�Ã}×�Ý	Í�Â�Ê�Ï�Ã8Ç�Â4Æ�Ç�Æ�Í�Ü�Í�æ�Ý�Ç�ã;È�Ç�È}Â�Ã}Ì�Ë�Å�Ñ^�aÍ�ã;Ú�Ã�×�Ý�Ê�Â�Ý�Ç�×�ÇEÆ�Ç�Ë�Å� 7 ÌäÈ}Ë�É�æ�Ã�Í ê

=
 �ë�Óîò�Æ�É�Ý	Ï�Â�Ê�Ü�Ý�Ã�ÅðË�Ê	Ý�Ê�Å :üÆ�Ü	Ê�Ù�Ë	Ê�ç�Í�Ý�Ê�Í

È�Ê�Ú�Ú�Í�Â�Ü�Ê�æ�Ý�Ç�×�ÇWÜ�Ã}ÈÍ��Í}Æ�Ë	Í�Ý�Ê�Å�ô}·

p�ÁGq%ÁVÀÍ¼YÉVÁlq�À�ÁtsJu�Ìzwvx�Ì$yV¼huX{ y�ÃVÎ Ï'Ï2Ð�Ã
u'¸}or~�Ãh��� n����



w�B�E'F28VFVBD<�=�B 92=�8VF2] R B-S4W'wJWd=?;�W²B�Ed=JB-S�=�B�[�B�g�7�B�SD=�G
�2=�W27�[';�;qn
¨U:�G K�7J8VFdK�B�E'F2; R 7J;�S4BDw�;�X :�;?�b] B�E2=�B�SD=�>kW

7�WV9Vg-:?]2F28VFd> ;²B R g�E2K�8VW'X w-B�EVFd8VFVBD<�=�B ['7�B-X�B�9'w�K�;JW
HkB�7�XYg�:^>�N E'F2827�8!G�E2] K�BDX R W2=�E2;�7JB-SD8VF2] �VFVB
[�7�8�H�;J<-WVE2K-;JX�;�;�:?:�TUE'FV7�82�?;�G�X�;�n
¨UBDC�82SD;�X =�WVE2KDB�:�]�K�B 928VXYWV<�82=�;?t B XmWVF'B�w�;?K�W

7�8VEV<�W'FVB-S�n �b9Vg�<-W2=�;JW HI;�92;�<�W'E2K�;�@ EdS4B-tJE'F2S
B�w�=�B�BDE2=�>A@ R 827J8VXq8V[V=�W'F2;?KDB�S B R ;?7�8V:?BDE2]?N S2B�u
R W27�S�>�@
NY=�8�8D=�8V:^;�F2;�<�W'E2K�;JW�FVB�<-=?>AW ;j7J829'=JBD[�B�7�B�w�8
R 7J;�C�:�;�¤�Wd=�=?>AW SD>A<�;JE':JWd=?;�G
N S2B�u«S2F�B�7�>A@¹N =�8
K�B�X R ]DTkF'W27�=?>AW 8D=�8V:^;�F2;�<�W'E2K�;JW ; <�;�EV:�W2=�=�>kW
7�8VEV<�W'F2>�NZ8 Fd82K�¤�W ['7�82HI;�<�W'E2K�;JW R B�EVF'7�B�Wd=?;�G
nKO�F2;
R B�w�@?BDw�> S29282;�X�=�B K�B�=�Fd7�B�:�;?7�g�TUF�;±w�B R BD:^=�G�TUFw�7Jg-[ w?7�g�['8Jn���7�;©�'F!B-Xe<�8VE'FVB`;�X
W2=�=�B�[�7�82HI;�<�WVEdKJ;�t
X�W'FVB�w`E':?g�¤�;�F¡E'F2;�X
g�:�B�X�82=�82:?;�F';J<�W'E2K�;�@c7�82EV<DWVFVB�S�N
G�S2:�G-G�E2] 82=�8V:?BD[!BDXvHI;J9';J<-WVE2KDB�[�B �2K�E R W27�;�X
W2=�FV8?n��S4F�B�7�> SD>U7�8V¤�82T�F±[�:�g�C�B-K�g�T CD:^8V[�BDw?827�=�B�E'F2]
6Un´pen�� g?KDW27?=�;�K�g
N S4XYWVEVF'W E K�B�F�B�7�>AX C->k:�;
EVw�W':^82=�>�=�8D�b; R W27�S�>AWa�¯8V[�; S�F�WVB�7�;?;_E R ;�=�B�S�>A@E2;�EVF'WVXUn
¨I82=�=�g�Te7�8VC�BDFVg XY> R B-E2SVG��b8VWVX �¯n�pen 	�BDEVWdS�;�<�g
N

<�]2WbEV:�g�¤bW2=�;JW�=?8Vg�K�WIG�S2:JG�WVFVE�G¡w�:�Gj=�82E�B-C�7�829V��B�X�n
Ò�·��m·���·���Ã�È}Ë�Ã�Ì}È�Ï�Ê�ã�Ø ��· �u·���Ë�Ä�Å	Ý�Ç�Ì"Ø ��· �2·���É	Ï�Í�Ü	Ý�Ê�Ï�Ø�	�
��


 Ø2 �Ò�ÒWò�Ò�Õ�Ö�&�ô}·
Ó�·��W·��m·��Wª ¾	¨�¿	­�»M¨�¿	½��m·���·���¨}²�ª«¨�»�²¶¸	©¯© Ø�������� ������y! �#" �%$�Ø�Ò���Õ
ò}Ò�Õ�Õ�Ó�ô�·&�· �u· ��·&��Ë�Ä�Å	Ý�Ç�Ì"Ø'�m·(��·���Ã�È�Ë	Ã�Ì�È�Ï�Ê	ã�Ø();· ��· ��Ã�È}Ê�Ë�Í�Ì�È�Ï�Ã�Å�Ø
	&
'� "+* Ø Ò�ÒÍ"dò}Ò�Õ�Õ'��ô�·

� ·-,&·Jì!·/.dÊ	Ë�Ã}Â�Ç�Ì�Ã	Ø ��· �2·0�qÉ	Ï�Í�Ü�Ý	Ê�Ï�Ø2143#��	��5$�ØXÒ�Ó�Õ�"
ò}Ò�Õ56�Õ�ô�· �·!7�· ��·�Û�Ç�à�Í�Ý	Ô�Í�Ë�Ä�Î�Ø98À���}{;:�xm� 1<3#��	 "5= Ø!6�"rò�Ò�Õ��56�ô�·

6�·��m·>��·D��Ã}È�Ë�Ã�Ì}È}Ï�Ê�ã�Ø ��· �u·���Ë�Ä�Å	Ý�Ç�Ì�Ø?1@3��A	CB%��Ø�ÒÍ�}Ó � ò�Ò�Õ�Ö � ô%D�?E<	 �!�	Ø�Ó56�"rò}Ò�Õ�Ö'��ô�·��·GFa·���·�ìuÃ�Ì}Þ�Î	Ç�Ì�ØIH �}x	����~��}x+JK:��ML�x	����|�x Ø6â�Ã�É	Ï�Ã	Ø �6Ç�È}Ï�Ì�Ã
ò}Ò�Õ���&�ô�·

Ö�·A
�·ON"·�P�®�°�°�®}µ µ}Ø���·���¹�¨�¸�º�¨�»�¨}º¶µ ¾�ØA
�·&Q�·�$�­�º¶²¶®�¾�Ø�R2·A	�·¦
�·
S�© ²¶¹�®}º�Ø�
�·?(q¨�º¶°�Ø ¨}¿�½0Tä·��D*�®�º¶°�®�º}Ø �U�%V���WYX+Z�� ���[�?��·�� 
 Ø�Ò
ò}Ò�Õ�Ö'��ô�·

Õ�·���·^	�·#� ®�¨}¿2¨�¿	½\N�·�$&·#P�© »	© ¿�°�²¶µ¶­�¿�Ø^] ��_�y�y � � ���[�?��· * ��Ø�Ò�ÓV"#�
ò}Ò�Õ� �Õ�ô�·

`>a^b�cedgf�h-i�f�jlk�dgm�jnf\i�jeaAi�f�jodgp f>qIa>r�m�s�p k>t�p k�u
i>k�jlk#hGkwv�sxfxdyq-p sIa�z�u p {�m^f|hIkwv�s!fxd}p ~'r}p f�u �

�/���&�!��kwq�u k��^q��^p pl�>�I�!�G���Gu ��k�s!a����
k�s^�/�Gmw�>�I�!�&k�q�p�u fA�^q���kA�^k

Q�¹�®��	®�¹�¨}»�© ­�º;­5�8¼�¿	© ¨%��© ¨�ª�´	¨�º�¨�¦�¨}°�¿�®�µ¶²;© ¿ï¨}¿
­+��ª§©o��¼	®&¦�¨}°�¿�®�µ�© ��� © ®�ª«½M© ²��}­�¿�²�© ½�®�º¶®�½M¨}²�¨I�¯¼	¿?��µ�© ­�¿6­��
µ�®�¦a´�®�º¶¨�µ ¼	º�®	·2
�¿6®�¿	®�º¶°z¾B²¶´	®���µ º�¼�¦;²�µ¶º¶¼?��µ¶¼	º�®W¨}¿�½I��­�¦�¥
´�­�¿	®�¿�µ¶²d­5�!¦a¨�°�¿�®�µ�© ±�¨}µ�© ­�¿�¨}¿�½4²¶¼�²g��®�´�µ�© �"©«ª¯© µ ¾4¨}º�®M­+�	¥
µ�¨�© ¿�®�½�·6¤���¨+��µ��¯­�º¶¦�¼�ª«¨}®��§­�º�µ¶¹	®8²¶´�© ¿ ê

=
Ò}ë�Ó2¨}º¶®

½�®�º�© »�®�½�·>S�­�º�¨�ºg��© µ¶º¶¨�º ¾B»�¨�ª«¼�®�²�­5� ê *�®�²¶µ¶¼�½�¾B®�¨�² ¾�¥§¨+�	©«²
¨�¿	½ï®�¨�² ¾	¥¯´"ª ¨}¿�®K�}¨�²¶®�²ä¨}¿�½ï½�®}µ ®}º�¦é© ¿�®ðµ�¹�®ðµ¶¹�®�º¶¦�­�¥
½�¾	¿�¨�¦W© �<��¹�¨}º�¨%��µ¶®�º�©«²¶µ¶©���²8© ¿î½"©��y�¯®�º¶®}¿�µXª§© ¦W© µ © ¿�°K��¨�²¶®}²
ò�²¶¦�¨�ª¯ª�¨�¿�½4ª ¨}º¶°�®B¦�¨}°�¿�®�µ�© ��� © ®}ª ½	²�Øqª ­�*Z¨�¿	½N²¶¼�´	®�º�ª«­�*
µ�®�¦a´�®�º¶¨�µ ¼	º�®}²}Ø�®�µg��·!ô�·�� µ�© ²�²¶¹	­�*�¿Xµ�¹�¨�µB© ¿Xµ�¹�®M®}¨�² ¾	¥
´�ª«¨�¿	®���¨�²¶®I�¯­�ºmª«­�*;µ�®�¦a´�®�º¶¨�µ ¼	º�®}²�µ¶¹�®mµ¶º�¨�¿�²¶»�®}º�²¶®d¦�¨}°�¥
¿�®�µ�© ±�¨�µ © ­�¿ð¨}¿�½Zª¯­�¿�°z© µ ¼	½�© ¿	¨�ªM²�¼	²g��®�´�µ�© ��©«ª§© µ ¾ð¨�²��¯¼�¿5�}¥
µ�© ­�¿�²B­5�&¦�¨�°�¿	®�µ�© �/� © ®}ª«½8²¶µ¶º�®�¿	°�µ�¹4®���¹"© ��© µB¨N²¶®�º�© ®�²d­��
²�¹	¨�º¶´M²¶´�ª«¨�²¶¹	®�²
*�¹	®�º¶®�¨�²�© ¿Mµ ¹	®&®�¨}² ¾�¥§¨%��© ²���¨}²¶®&µ¶¹�®mª¯­�¿	¥
°�© µ¶¼	½�©«¿�¨�ª���­�¦�´�­�¿	®�¿�µ¶²�­�� µ¶¹�®�²¶®(��¼�¨�¿�µ�© µ�© ®�²�¹	¨�»�®W­�¿"ª ¾B¨
²�© ¿	°	ª ®�²¶´"ª ¨}²¶¹�·

n�� ~ p�ÁGq�Á'ÀÍ¼
É'Árq�À#Átsvu#Ì$wJx!ÌzyV¼tuX{ry�ÃdÎ ÏVÏdÐ�Ã|u'¸}ol~�Ãt���


