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-U[é07;#0þ  A#BI=@=@;#DC;#d

�\479<9<?@a7BI?@g�A76#EcBID�=@?@8:;ñA5?@EF9<BI=@;#DI?@EF6ñO7B�?@05=@;#EF?@]#]#BI;ñA747EJ?@GH6#059<6�?@^`BQGH459<?@DI6é8:B�b<?
=@;#GR47076#GR6#079<6¡478:;¡O#67DQDC?&b<;#EJGH45DC?&b<6#07;7GH6#05;#DC;#]7BC=@?&A7EJ;�A7;#8:9<?&O#?Å�T?LA7BC07By6
°�?@A7;747DC?@E�>J�#gZ~(@#�
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Waz φs( )= 1
2

WRP sin 2 φs − φ 0( ) SÊ´`dIê�ï�[
/103GR;#O#;3?@07?@DC;#]7;#gu8:BKO#6#b<BI07BC8:=L6>DI�1�
���_�F���C�h§7�K�����@á
�L���#���Cá>à`�_����� �@¤I�h=@;#07076#8:8:?h=@;#0
DC?h8:;#DI?fEF;#9<?@^`BI;#076>O76#DIDC�Q?L07]#;#DI;>^`6#07BI9<?@DC6

θ µ d°�6#E�A7BI=@=@;#DI6�EF;#9<?@^`BI;#07B�EFBQ8:A76#9<9<;�?@DIDI�C?@8j8:6�b<?@=LBIDC67g�DQ?²SÊ´`dIê�ï�[\ ²ª#6#0VO76#8:=@EFBI9<9M?²O#?@DIDI?
?@A7A7E�;78L8:BIGR?@^`BI;#076>A7?@EJ?@ª7;#DIBC=@?*�

Waz φs( )= 1
2

WRP φs − φ 0( )2 SÊ´`dIê�´j[
��470727476#g�²(Æ­Çc=@;#BI07=@BIO#6Ü=@;#0éBID�=@;76#b<b<BC=@BQ6#079<6éO7Bs?@07=@;7EF?@]#]#BI;é?@^`BCGR479<?LDC6ÜO#67b<BC07BI9<;
8:;#A7EF?@dGy 07;78L9<EJ?�=@;#0#;#8L=@6707^`?@gfDI6k4707BQ=@N76iGHBI8j47EF6iO#Bh67076#EF]7BC?�O7Bf?@07=L;7EF?@]#]#BI;
?@^jBIG�479<?@DC6 6#8j6#]#47BI9<6�0567DCDI�CBI079<6#EJa7?@DIDC; O#Bñ?@07]#;#DIB�O#?�ï�õ®?È~#ï�õ®8L;707;�27456#DCDI6
6#b<b<6#9<9<47?@9<6cO#?@Du07;#8:9<EF;>]�EF47A7A7;#goA767E�8:47ª#8:9<EF?@9<BuO#B��KB _ 6#a7?@A7;�EJ?@9<;c? | ï�õ�>½´jï#¬�´`ê�@Àg
A76#EV8:47ª#8:9<EJ?@9<B�O#B±XZêÉ>À´_ô(@c6%A76#EV8:47ª#8:9<EJ?@9MB�O#B�A7;#DIBCGR6#EFB�b<;#9<;#8:6#078:BIª#BQDCB�>½´#Y(@½d�/
EFBI8:47DC9<?@9MBR8:A76#EFBQGR6#079<?@DQBRO#BIGR;#8:9<EF?@07;�=@N56#gHA56#E�2747678L9<B�GR?@9<6#EJBI?@DIBIgRDI?%b<;7EFGR47DC?-O7B
��?@A7BI07BI¬K°o?@A7;#47DI?@E SÊ´`dCê�ï�[ O76#8:=@EFBIa76 ª76#076 DI�I?@07O#?@GR6#079<; O#67DCDQ�C67076#EF]#BI? O5B
?@07=@;#EF?@]7]#BC;+?@^`BIGH479<?@DI6#gV?@07=@N76¡A76#E�]7EF?@07O#B�?@07]#;#DIBCg�?@Dy=@;#079<EJ?@EFBI;¡O#By2547?@079<;
?@a7a7BI6#076>A76#E�DI�I?@07=@;#EF?@]7]#BC;>^`6#07BI9<?LDI6W>À´
��g
´#�(@½d
¨o�IBC059<6#EFb<?@=@=LBI?ÛBC07a7678L9MBI]#?@9M?ÛBI0>27476#8:9<?Û9<6#8:Bo Û25476#DCDQ?Û9<EF?ÛBIDo=@EJBC8:9M?@DIDC;>DCBI2747BIO#;>W�XZYé6
470þ8:;#9<9<BCDI6+8:9<EF?@9<;+O#B�A#;#DIBCGR6#EJ;¡S<DC?lÝTá#¤\V��I�H�I§#�L[é8:9<EF458L=@BI?@9<?@d � 47678:9<;+9<BCA7;+O#B
BC079<67EFb<?@=@=@BI?3 Û25476#DCDI;c479<BIDIBI^`^`?@9<;cA76#E�DI6c?@A7A7DIBC=@?@^`BI;#07Bu6#DC679<9<EF;#¬P;#9<9<BC=@N56cO#6#Bu=@EFBI8L9<?@DID B
DCBI2747BIO#BIdu°o6#E�9M?@DI6>BC079<67EFb<?L=@=@BI?ÛDI�Q?@07=@;#EF?@]#]7BC;c?@^`BIGR479<?@DI6> Ûb<;#EJ9<6#do/Ä0>9<?LDIBu=@;707O7BC^`BI;#07BIg
DC6.EJ;#9<?@^`BC;707B�O76#D�O7BIEF6#9<9M;#EJ6.BI0%8:47A76#EFb<BI=@BI6%A7EF;#O#;#9<9<6.O#?@B�=@?@GRA7B�?@A7A7DIBC=@?L9<B�8:;#07;
A7BC=@=@;7DC6�67g�A76#EJ=@BZ/@g�0767D�8:6#]#47BI9<;�479<BIDIBI^`^j67EF67GR;�8j6#GRA7EF6�DI?-8j6#GRA7DCBQ=@6�EJ6#DI?@^`BI;#076
SÊ´`dCê�´j[lA76#E O#6#8:=@EFBIa76#EJ6 DI�I?@07=@;#EF?@]#]7BC;#d-©�;#07;#8:9U?@079<6�DC?Ú]#EF?@07O76�BIGRA7;�EF9<?@07^`?
?@A7A7DIBC=@?@9<BIa7?ÛO#Bo25476#8:9<?ÛBC059<67EFb<?@=@=@BI?@go?LDuGH;#GR6#079<;c05;#0c6#8:BI8L9<;707;cGHBI8:47EJ6cO#6#DIDC?Û8:47?
6#076#EJ]#BC?ÜO#B�?@07=@;#EF?@]#]7BC;�?@^`BQGH479<?LDI6#g�GR?ò8:?@A7A7BI?@GR;�8:;#DI;�=@N76�BID�=@;#6#b<b<BI=LBC6#079<6�O5B
?@07=@;#EF?@]7]#BC;È²�Q3 éGR?@]#]#BI;#EF6-O7B3´`ï x0ÊÃË "UG!�1d�¨u�C?L8:8:6#07^`?éO7B±O#?@9MB�8:A76#EJBCG�6#079<?@DIB� 
O#;#a7479<?@g�=@;#GR6�a76#O#EJ6#GR;#gR?@D�b<?@9<9<;�=@N76�DI6�;#EJO#BC07?@EFBI6�9<6#=@07BI=@N76�A767EyDI?-GHBI8:47EJ?
O#6#DIDC�I?@07=@;#EJ?@]#]#BI;%?@^jBIGR479M?@DC6%O76#8:=@EFBQ9<9<6%BC0-DI6#9<9<6#EJ?@9<47EF?ñ07;#0%8:;#05;.?@A#A7DIBC=@?@ª#BIDQB�?LO
?@07=@;#EF?@]7]#B(=@;#8:ý!b<;#EF9<BId!X«;7GH6 a56#O#EF6#GR;#g!BC0@a76#=@6#g!B(G�6#9<;#O#B!8:A76#EFBQGR6#079<?@DIB
8:a7BCDI47A7A7?@9<B�0767D�07;#8:9<E�;�DC?@ª#;#EF?@9<;7EFBI;ÜA767EFGR6#9<9<;#07;òDC?yGRBC8:47EJ?�O#B�?@07=@;7EF?@]#]#B�GR;#DI9<;
b<;#EF9<BId
mon ãmon ãmon ãmon ã  qsv#}pz#ru}Cr%�P�K}�z#v#����r%�Kxp{Ê�u|�|UrK{Ê�%xÄwW��{
�Kt@�Kw.�@vé�Px±�Pw-z7v#���Pr%�>v�+Kw��P|�xpz7rqsv#}pz#ru}Cr%�P�K}�z#v#����r%�Kxp{Ê�u|�|UrK{Ê�%xÄwW��{
�Kt@�Kw.�@vé�Px±�Pw-z7v#���Pr%�>v�+Kw��P|�xpz7rqsv#}pz#ru}Cr%�P�K}�z#v#����r%�Kxp{Ê�u|�|UrK{Ê�%xÄwW��{
�Kt@�Kw.�@vé�Px±�Pw-z7v#���Pr%�>v�+Kw��P|�xpz7rqsv#}pz#ru}Cr%�P�K}�z#v#����r%�Kxp{Ê�u|�|UrK{Ê�%xÄwW��{
�Kt@�Kw.�@vé�Px±�Pw-z7v#���Pr%�>v�+Kw��P|�xpz7r

xÄw�+K�PrK�3�u|U{
xpvc�Kx�|xÄw�+K�PrK�3�u|U{
xpvc�Kx�|xÄw�+K�PrK�3�u|U{
xpvc�Kx�|xÄw�+K�PrK�3�u|U{
xpvc�Kx�|7Ìfxpt5|Ìfxpt5|Ìfxpt5|Ìfxpt5|
/10k27476#8:9<;!A7?@EF?@]#EJ?@bU;!O#6#9<6#EFGRBI076#EF6#GR;lBCDh=@?@GRA5;!O7BCEJ6#9<9<;#EF6lO#BÛ4707;l8L9<EF?@9<;!O7B
XZ¨o©�g3A7;78:9U;!9<EF?kO#476!8:47ª#8:9<EF?@9<B3A7BI?@07B3A7?@EF?@DIDI6#DIBÛ6!8:;#9<9<;�A7;#8:9<;(?@O(450(=@?@GRA7;
GH?@]7076#9<BC=@;7dH/Ä0�2747678:9<?-=@;707b<BC]747EF?@^`BC;7076�BIDHO#BIEF679M9<;#EF6�N5?%4707?%O#6#b<;#EJGH?@^`BQ;#076�O7B
A747EF;Ü�KcZ�C£P� d
mon ã npmmon ã npmmon ã npmmon ã npm  qsv#t5ry�Px�t5|�{_v7|�r�t@�P�3xqsv#t5ry�Px�t5|�{_v7|�r�t@�P�3xqsv#t5ry�Px�t5|�{_v7|�r�t@�P�3xqsv#t5ry�Px�t5|�{_v7|�r�t@�P�3x­ÍÍ ÍÍ�xCw��
xpwxCw��
xpwxCw��
xpwxCw��
xpwuxp|Urxp|Urxp|Urxp|Ur
XZ;#078:BCO76#EFBI?LGH;%DI?ñ=@;#07b<BC]#47EJ?@^jBI;#076%O#B�³uBC]#47EJ?ñS
´jdIW�[Ud�°T;#07BI?@GR;%DC?ñ8:47A767EFbUBI=@BC6%O5B
8:6#A7?@EF?@^`BI;#076�0767D A7BI?@07;�àHó�ïy6VBID�076#G�?@9<BI=@;V076#DQDC?²EJ6#]#BI;#076�à  ï�d(y�A7A7DIBI=@N7BC?@GR;
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470&=@?@GHA7;þGR?@]#076#9<BI=@;+ìììì DC4507]#;þDC�I?@8j8:6ÎT7d�XZN7BI?@G�BC?LGR;
β
DI�Q?@07]#;#DI;þbU;#EFGR?@9<;

O#?@DCDI�Q?@8:8L6yb<?@=LBCDI6�=@;70yBIDZ=@?@GHA7;y6
φ µ DI�I?@07]�;#DI;�b<;�EJGR?@9U;yO#?@DZO#BIEF6#9<9<;7EF6�=@;70yDI�C?@8:8:6T7d

 

µ:¶ ·
¸�¹<º�»
¼ Ïµ:¶ ·
¸�¹<º�»
¼ Ïµ:¶ ·
¸�¹<º�»
¼ Ïµ:¶ ·
¸�¹<º�»
¼ Ï#¾�i�Ç7É
ÎMÌ�ÈUÇ7ÐIÅòÉ
ÈUË3É�Á ÓFÈÊÐCÐIÅ�Ó�ÈÜÉUÁ3Ò<Ç�ÍFÎMÌ Ã
ÁÄÅUÇ7ÈòÉ�Á3ú
®�¯¢ÍFÅUÇ�Ò<Ç7Î�ÂJÒ<Ã5È
Ó<ÏIÁ1ÍMÁÄÈÜÍFÅUÇÎMÇ7ÍFÅ�Ó�ÎMØ
Ø_ÁÄÅ Ã
Ë1Î1Ç7ÎMÓ�È0k5Á ÇsÃ_Ó�È
ÂÀÈUÇ
Æ`Î\É
ÁuÒ<ÇÛÍJÎMÌ Ã7Å�Ì�ÎMØ
Ç7ÈÊÐ ÁÄÍFÅÑÐÐÐÐ�k@Ã7ÎMÓ�ÎMË Ë1È�Ë1Å�Î1Ë Ë­¬ ÎFÂJÂÀÈ°±�Ô�Õ ËoÂÀÈ
ØÊÌ�È�Ç5ÐIÅÐ Ó�ÎJÐCÐIÈUØ_Ø
Á1ÎJÐCÅ
(- - -) ÂJÒUËPÃ
Á1ÎMÇ5ÅsÆ�Ò!Ó�Á Ç5É
ÁÄÍFÎ�Ë�¬ ÎFÂÀÂJÈsÏ
Î�ÍMÁ Ë1ÈHÂJÒUË Ë­¬ Á Ç5ÐCÈ�Ó<Ï½ÎJÍFÍ1Á1Î�ÂÀÒ,o
ÂJÐ Ó�ÎFÐIÅ�ÔÄÇ5È�Ì�ÎJÐ Á1ÍFÅ0kÌ±ÈUÇ5Ð Ó�È«ÁTÂÀÈ�Ø
Ì�ÈUÇ7Ð Á#Á ÇÛÐ Ó�ÎJÐIÐpÅ±ÍFÅ�Ç7Ð Á Ç5Ò
Å�ÕZÖ{Ö{×PÁ Ç5ÉUÁ1ÍFÎ1Ç#Å«Ë1Î�É�Á ÓFÈ�Æ½ÁÄÅ�Ç5È�É
È
ËoÉ
Á ÓFÈÊÐIÐpÅ�ÓFÈ_Ô

β Ø Ë�¬ ÎMÇ
Ø7Å
ËÄÅÐ Ó�Î\Ë­¬ ÎFÂJÂÀÈ�Ï½ÎJÍMÁ ËÄÈhÈ
É�Á Ë�ÍFÎ1ÌZÃ5Å±Ì�ÎMØÊÇ7ÈÊÐ Á1ÍFÅ0k
δφ Ù(Ø Ë1ÎRÉ_È5ÖIÁÄÎMÆÀÁÄÅ�Ç5ÈhÉ
È�Ë�É�Á ÓFÈÊÐIÐpÅ�ÓFÈhÂJÒUË Ë1Î�ÂJÒ<Ã7È�Ó<ÏCÁÄÍMÁÄÈÉ_Î1Ë Ë­¬ ÎFÂJÂÀÈ�Ï
ÎFÍMÁ Ë1È�È

φ
ÕQÆE× Ø Ë­¬ ÎÄÇ_Ø5Å�Ë1Å�Ð Ó�ÎKÁ Ë�É�Á ÓÊÈÊÐIÐCÅ�ÓFÈ\ÈoË­¬ ÎFÂJÂÀÈÚ±
kPÍFÅUÇ φ Ù Ò φ

ÕQÆeÒaÓ
×C¼
�K6(ìììì� �?@ª7ª#?L8:9U?@05^j?�BC079<67078:;#gÛBCDÛ076#GR?@9MBI=@;!8:Bh?@DIDCBI076#?�DI4707]#;lBCDÛ=@?@GRA7;l076#DIDC?
EF6#]#BI;#076�=@6#079<EJ?@DC6�O#6#D�=@?@GRA7BI;#076�6�A7;#8:8:BI?@GH;�=@;#078:BIO#6#EJ?@EF6�BCD�=@?LGRA7BI;#076�8:6#GRBI¬
BC07b<BI07BI9<;#du/Ä07b<?@9<9<BIgKDI?fA7EF6#8:6#05^j?hO#67DIDI?f8L67=@;#07O#?f8:47A76#EJb<BC=@BI6>S½à�ÛH§@[Z07;#03BI07b<DC456#07^`?ÛBI0
GH;7O#;�?@A#A7EJ6#^`^j?@ª#BIDI6�DC�I?L07O#?@GR6#079<;�O76#DRO7BCEJ6#9<9<;#EF6.076#DCDI?-EJ6#]#BC;7076�ï��(à�� §S"�ê�d
��470727476#gÛA767Eé2745?@079<;!EFBC]#45?@EFO#?i25476#8:9<?iEF67]#BC;7076#gÛ9<479<9<;!?@a7a5BC6#076l=@;#GR6l8:6lDC?
8:6#=@;#07O#?Ü8:47A76#EJb<BC=@BI6ñ07;#0ñb<;#8:8:6�A7EF6#8:67079<6�6�BCD�=@?@GRA7BI;#076�b<;#8:8:6�BI07b<BC07BI9M?@GR6#079<6
6#8:9<6#8:; S½à

→ ∞
[Ud>°oB\�!a7BI=@BC05; ?@DIDC?k8:47A76#EJb<BC=@BI6 à�óþï#g>=@B>8:?@EFî�4707?k^j;#07?lO7B

9<EF?@078:BI^jBI;#0767g�BI0¡=@47B�DI6¡GR;#DC67=@;#DC67g�A747EiEFBIGH?@056#07O#; 076#D�A7BI?@07;ÜT�V@g�EF47;#9<?@07;
a7?@EFBI?@07O#;>DI�C?@07]7;#DC;3?@^jBQGR459<?@DC6

φ
S½àÊ[Udu/ÄDuO7BCEJ6#9<9<;#EF63EJBC8:47DI9<?��

00 003óVSU=@;#8
φ
S½à
[ZgK8:BC0

φ
S½à
[Uguï#[ SÊ´`dCê�ê�[

�K47DIDC?�8:47A76#EJb<BC=@BI6éS½à�ó.ï�[H=@�I �4707?�=@;#GHA56#9<BC^`BI;#076é9<EF?�DC�I6#b<b<6#9<9<;éO#B�a7;#DI4#GH67g�=@N76
9<6#07O#6®?@O®?@DIDIBC0765?@EF6®BIDcO7BCEJ6#9<9<;#EF6®076#DIDI?(O7BIEF6#^`BI;7076®BC0 =@47Bc8:;#07;®;#EJBC67079<?@9<6 DI6
GH;7DC6#=@;#DI6�?@DIDI�CBI079<6#EJ07;yO#67D =@?LGRA7BI;#076ySU=@BI;# �A5?@EF?@DIDI6#DI?@GR6#079<6�?@D�=@?@GRA7;#[Ug 6�274767DCDI;
O#6#DIDC�I?@07=@;#EJ?@]#]#BI;#g�=@N76 9<6#07O#6 ?@O ?@DCDQBI076#?@EF6 BQD²O#BIEF6#9<9<;#EJ6 DC4707]7;&DI�I?@8:8L6®b<?@=@BIDC67d
y�DCDI�I6#2747BIDCBIª#EFBI;#g�BCD�O#BIEF679U9<;5EF6VBI0�8:47A76#EJb<BC=@BI6�b<;#EJGH?@gTEJBC8:A76#9<9<;�?@DCDI�I?@8:8j6�T5g�450²?@07]#;#DI;
φ µ Û β

¬
δφ µ gsO7;#a76#gsA76#E3=@;#07a76#07BI6#07^`?@gs?@ª#ª7BC?LG�;Ü479<BCDIBI^j^_?@9<;ÜBCD\8:BIGRª#;#DI; δφ µ A767EBC07O7BC=L?@EJ6�DI;ñ8:A7;#8:9<?@G�6#079<;ñO#6#D�O5BCEJ6#9<9<;#EF6ñO#?@DIDQ�C?@8j8:6ñb<?@=LBCDI6#g�G�BI8L45EF?@9<;ñ076#D�a767EF8:;

;#EF?@EJBC;iSUBC0�a76#EF8:;k;#A#A7;�8:9<;i?%27476#DIDC;i459<BCDIBC^`^`?@9<;iA767E�]#DIBH?@DC9<EJBf?@05]#;#DCBI[Ud � 476#8:9<?
=@;#07a76#07^`BI;#076� �479<BIDC6�A76#EH?@a76#EJ6�a7?@DI;#EFB«A7;78LBI9<BIa7B«O#B

δφ µ 076#DIDC6�07;#8:9<EF6�=@;#0#O#BI^`BC;#05B

��z 
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8:A76#EFBIGR6#079<?@DIBT8:9<?@07O#?@EJOVS<ï�õ��
β
��~�ï�õJ[UdT¨o?cEJ;#9<?@^jBI;#076

δφ µ O#BIA76#07O76VO#?@DIDC�IBI079<6#078:BC9<îO#6#DIDC�I?@07=@;#EJ?@]#]#BI;�6#g�2747BC05O#BCg�DI?-O#6#9<6#EFG�BI07?@^_BC;#076.8:A76#EFBIGR6#079<?@DC6.O#B
δφ µ bU;#EF07BI8:=@64707?cGRBI8:47EJ?cO#BIEF6#9<9M?cO#67B�GR;#GR6#079<BTO7B�b<;7EF^`?cO#BT?@05=@;#EF?@]7]#BC;7d�e\67O#BC?@GR;#gT?LO76#8:8:;#gTBID

A7EF;#=@67O#BCGR6#079<;>A767E�O#6#9<67EJGHBI07?@EJ6
δφ µ d

°�6#E�BIDh05;#8:9<EF;k8:BI8:9<67GR?@gfDI?�O#6#058:BI9<î�8:47A76#EJb<BC=@BQ?@DI6i9<;#9<?@DC6iO#BH6#076#EJ]#BC?.DCBQª#6#EJ?�8:B
;#9<9<BC67076þBC079<67]#EF?@07O#;þDI4707]#; à�DC?®8:;#GRGR?®O#67DV=@;#079<EFBIª#479<;þ6#DI?@8:9MBI=@;+SU8:67=@;#07O#;
9<6#EFGRBI076�O#6#DIDI?>SÊ´_dZY�[U[\6VO#B�27476#DIDI;�GH?@]7076#9<BI=@;�SUO�?@9<;�O#?@DIDI?>SÊ´`d\��[U[Ug�6V8:;#GRGH?@07O7;�BID
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