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P�RI^	x�X�G

��M$O8W��#\�`���O8V	K T�V	KY^!M�N>KY^	M�^mM$b�x$K�M�N>K�OQP�RIS�T�V!W$XQKYX�S�W$^{�?K z!^!a	K�P�X8OQM3M�aZ°�KY\I\�RI^4b�W$N�RI\IRIW�P XQK�OQO8RI^	x�X \IR  $K
S�\IW$X8X8RIS�W$\(T�W�P�W$\I\�KY\?OQP�W$^!XQT?M$P8OgM�^�O8V!KZXQT�V	K�P�K$G��@V	K7X�R�O8z!W�O8R�M�^�RCX@RI\I\Iz�XQOQP�W�OQKYapRI^pÂ R�x	G?F�GIH�W�G�� T?KY^!S�RI\&��M$P
W�P8P8Mv°E�gRIXgOQP�W$^!XQT?M$P8OQKYa�M�^wW�XQT#V	K�P8KUb�P8M�N O8V	Km^	M$P8O8VpT?M�\�KZOQM�O8V	K4K��3z!W�OQM$P_W$\�M�^	xjW�S K�P8O8W$RI^w\�M�^	x�R�O8z�a	K
W$^!a W$\�° WY`�X+T?M�RI^3O8RI^	xwX8M�z	O8Vl° W�P�a!XYG.-7K�K�T�RI^	x�O8V!RIX{a!RIP8KYS O8R�M�^ �0/�T�W�P�W$\C\�KY\�OQP�W$^!XQT?M$P8O�1G�4°�KpbcM�\C\�Mv°¿O8V	K
K��3z!W�OQM$PpW$^!a K�~$KY^3O8z!W$\I\�` P8K�O8z!P�^qOQM O8V	K�^	M$P8O8V TDM�\IK�O8V3z�X 5�/ 4� (�!DMT 90F�1 /$4�4�6#G �L\�O8V	M�z	x�V O8V	KwW�P�P8Mv°
-�/ >@-�8� mT?M�RI^lOQKYa OQM�O8V	KpXQM�z	O8V���°�Khy#^!a R�O8XZy#^!W$\�T?M�X8R�O8RIM�^/P8M$O8W�OQKYa ��`�W$^ W$^	x�\IK32 °�R�O8V�P�KYXQT?KYS OmOQM
��°7G�PYG�O�G �{R�O8X�RI^!RIO8RIW$\!M$P�RIKY^lO8W�O8R�M�^���X8K�KLÂ R�x	G!F�GIH�W�G]�@V!KLX8R�
�K�M$b(O8V�RIX�W$^!x�\�K42na!K�TDKY^�a!X¶M�^hO8V	KU\�M�M$ThS�V	M�XQKY^
#{R�O�°�RI\I\��?K@O8V	KL\IW�P8x$K�P�O8V	K�b z	P8O8V	K�P�°�K�OQP�WY~$KY\?W$\�M�^!x4WZN+K�P�RIa!RIW$^(G � K�y#^!a>O8V!W�O�O8V	K�M$P�R�KY^3O8W�O8R�M�^+M$boO8V	K
W�P8P8Mv°�M$P��DN>M$P8KZx$KY^!K�P�W$\I\�`��!M$b¶X8M�N>KZ~�W�P�RIW���\IK7a	M3KYX�D74�9+2B1	9CJ�2(D 9�4 �090 ;4�2��$T��0D7-�/ A�-�/ J*1�-#5�9:1�2 4�D 1 2 4�J�D7�
5	8N5	/�1 #nO8V!RIX_x$K�M�N+K�OQP�RIS{T�V	KY^!M�N>KY^	M�^ RIX_P8K�b�K�P8P8KYa�OQMnW$X=-�D�FM4�/$4�D74�, 8�G���V	K>S�V!W$^	x$KjRI^�O8V	K+a!R�P8KYS O8RIM�^
M$b XQ°�RI^	x>RI^pÂ	M�z!S�W$z�\�O � X@T?KY^!a!z�\Iz!N¤W�b�OQK�P�M�^!KUP8M$O8W�O8R�M�^�M$b O8V	KUKYW�P8O8Vn�?KY\�M�^	x�X OQM+O8V!RCXgS�\IW$X8X	�!W$Xg°�KY\I\oW$X
T�V	KY^	M�N>KY^�W�P8KY\CW�OQKYa4OQM3H�JK-�D*9CJ�, 6�-�2 -�/0/$1	/79C2 -�D� �6�4�2(9 GgÀ_^	K�°�Wv`ZOQMUP8KYW$\CR$
�K ��z!W$^3O8z!N�T�W�P�W$\I\IKY\�OQP�W$^!X8TDM$P�O
RIX=-N���C-76#-�9C��5	�C9C8��]O8V!W�OmRCX	� X�\�Mv°�S�V!W$^	x$K$G��@V	K+~�W�P�RIW��#\�KYXZX8z!����KYS O4OQM�S `�S�\IRIS+K�~$M�\Iz	O8R�M�^ W�P8K�T#W�P�W$N>K�OQK�P�X
RI^O8V	K/t�W$N�RI\�OQM�^!RIW$^ M$bmO8V	K XQ`�X8OQKYN ��b�M$P�K ¦	W$N>T�\�K W � ^	M�^��)z�^!R�b�M$P�N=��N+W�x�^	K�O8RIS�y�KY\CaW$XpX�V	Mv°�^ RC^
Â RIx	G	d�GIH�G��@V	K_W$a!RIW���W�O8RCS�O8V	K�M$P�KYN �¢��ox�z!W�P�W$^3OQK�KYX@O8V!W�O O8V	KUXQ`�XQOQKYN|P8K�O8z	P�^!X�OQM{RIO8X M$P�R�x�RI^!W$\DXQO8W�OQK3��O8V	K
^	M$P8O8VwTDM�\IK4RI^wO8V	KmK ¦�W$N>T#\�K4W��?Mv~$K�����z!OLR�OLz!X8z!W$\C\�`hW$S ��z!R�P�KYXLWjx$K�M�N>K�OQP�RCS4T#V!W$XQK4W$X_WhN+W$^!R�b�KYXQO8W�O8R�M�^
M$b_W$^�V	M�\�M�^	M�N4`$G t�KY^!S K��gS `�S�\IRIS��gW$a!RIW��#W�O8RISpK�~$M�\Iz	O8RIM�^ W$^!aqW$^ W$^!V	M�\�M�^!M�N+RIS�KY^3~�R�P�M�^!N>KY^3O�W�P8K�O8V	K
S M�^!a!R�O8R�M�^�Xgz!^!a	K�Pg°�V�RIS�V�°�K7K ¦�TDKYS O�x$K�M�N>K�OQP�RISUT#V!W$XQKYXgOQM+K ¦	RIXQO08�G

��K�P8P8`qT�V�W$XQKYXjV�WY~$K �?K�KY^ M$�#XQK�P8~$KYaÁRI^qM$T�O8RIS�W$\_XQ`�X8OQKYN+X	��RI^ O8V	K�S M�^lOQK ¦�OpM$bZ^�z!S�\�KYW�P�N+W�x�^	K�O8RIS
P8KYXQM�^!W$^!S K�� W$^!a/RI^ N+M�\�KYS�z!\IW�P7W$^!a W�OQM�N�RIS>T�V3`�X�RIS�X�G>�@V	K�`�W�P8K�W$^3O8RIS�R�T�W�OQKYa OQMn�DK{x$KY^	K�P�W�OQKYa¹RI^�O8V	K
a	`�^�W$N+RIS,��z!W$^3O8z!N RDKY^	MLK �DKYS OU�F�·��	W$^!amV!WY~$K �?K�KY^mX8z	x$x$KYXQOQKYa>W$X W_N>KYW$^!X b�M$P+��z!W$^3O8z!N S M�N>T�z	O8W�O8R�M�^
�F�H��¯G>J_K�M�N>K�OQP�RIS{T�V�W$XQKYXUW�T!T?KYW�PUW$X7Wpz!^!R�~$K�P�X8W$\-b�KYW�O8z	P8K+RC^�a!`�^!W$N�RIS � W$V!^��)�¥KY\I\�K�P_XQ`�XQOQKYN+X30HY¢��¶W$^!a
S�W$^/RI^!a!z�S K4T?K�P�X8RCXQOQKY^lO_S�z	P8P�KY^lO8XURI^ N+KYXQM�X8S M$T�RISmP�RC^	x�X��d$F��¯G{rwW$^3`wT#V	KY^	M�N>KY^!W�\IR  $KmO8V!Km°�P�R�O8V	K{M$b�W
9;:=<?>A@#BDCFEHGJI;GJBDC?KLBDMONDE�GPNDQ?NRI;GJ@#GSI�TUNDC?EU@*TH@#VJGJ@A>#W0BXVJYHI;GPBDCZ@,NRCUGJCZ[�\;GJC�@#GJ[?VJ>AQ]>^\;>#VPNR_H>,E�`?Ka>#>(b cH`?dRegf
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Â R�x�z	P8K{F�GIH�µ�²�M�^!S K�T!O�M$b�x$K�M�N>K�OQP�RIS4T�V!W$XQKYXYG@WG�@� S�\IW$X�X8RIS�W$\(~$KYS OQM$PUOQP�W$^!XQT?M$P8OQKYanW$\IM�^	xjW
S�\�M�XQKYa/\IM3M$T M�^/WnXQT�V	K�P8K>V!W$XZS�V!W$^	x$KYa�R�O8XUM$P�R�KY^3O8W�O8R�M�^/W�b�OQK�P7M�^	K�P8M�z!^!a�S `�S�\�K$G>� �L�@V	K
S M�^!S K�T!O�M$b T�P8M���KYS O8RI~$KZXQT�W$S KZW$^�a�O8V	KZW�T!T?KYW�P�W$^!S KZM$b¥x$K�M�N>K�OQP�RIS7T�V�W$XQKYX@RI^�O8V!RCX T�RIS O8z	P8K��
XQK�K7OQK ¦�O�b�M$P�a	K�O8W$RI\CX�G

TDM�\I`�N>K�P 0H�·��3W�P8K]^!Mv°�K ¦�T�\IW$RC^	KYaURI^UOQK�P�N�X(M$b�x$K�M�N>K�OQP�RIS]T�V!W$XQKYX��ªW$^!a4R�O(RIX(V!W�P�aUOQM�a!RCXQO8RI^	x�z!RCX8V��?K�O�°�K�KY^
S�\IW$X8X8RIS�W$\�W$^!a1��z!W$^lO8z�N x$K�M�N>K�OQP�RIS�T�V!W$XQKYX �}��¯G�®i^+K ¦�T?K�P�RIN+KY^lO8X °�RIO8V>T?M�\IW�P�R$
�KYa>\IRIx�VlO¶RI^>S M�RC\�KYa>M$T!O8RIS�W$\
y��!P8KYX WUS�V�W$^	x$K@RI^mO8V	K@a!R�P�KYS O8R�M�^mM$b#\IRI^!KYW�P T?M�\IW�P�R$
�KYa{\IR�x�V3O RIX�N+KYW$X8z	P8KYa 0H ������O�`3T#RIS�W$\I\�`4�3`mRI^lOQK�P�bcK�P8KY^�S K
M$P4yD\�OQK�P�RI^	x	GwÀ_O8V	K�P4K ¦�T?K�P�RIN>KY^3O8XZW�P�KjT?K�P8b�M$P�N>KYa�°�R�O8V/T?M�\IW�P�R$
�KYa�^	KYz!OQP8M�^!XmRI^�Ww~�W�P�`�RI^!xnN+W�x�^	K�O8RIS
y�KY\Ia?0HYd��¯G�t�Mv°�K�~$K�P��(K ¦�T?K�P�RIN>KY^3O8X@°�RIO8VnO8V	K4KY\�KYS OQP8M�^�XQT�RC^nX8z	����KYS O�OQM�W$^�RI^!V!M�N>M$x$KY^	K�M�z!XLN+W�x�^	K�O8RIS
y�KY\Ia>W�P8K�^!M$O¶`$K�O¶b�M�z!^!a>RI^{O8V!RCX¶\IRI^	K��$T#W�P8O8\�`Z�?KYS�W$z!X8KgO8V	K�S M�^!a!RIO8R�M�^{M$boW$a!RIW���W�O8RIS�RIO)`{RIX�V!W�P�a{OQMZW$S�V!R�K�~$K
°�R�O8V�T!P8KYX8KY^lO@K ¦�T?K�P�RIN>KY^3O8W$\oW�P8P�W$^!x$KYN>KY^lO8XYG

�@V	K�P8K�V!W$aU�?K�KY^7RI^!a�RIS�W�O8R�M�^!XDb�M$P-O8V	K¶K ¦	RIXQOQKY^�S K¶M$b�x$K�M�N>K�OQP�RIS�T#V!W$XQKYX(�?K�b�M$P8K@HY¢$}���W$^�a7b z	P8O8V	K�P�N+M$P8K��
°�KY\I\��  �^	Mª°�^jM$T!O8RIS�W$\#K �DKYS O8XgV!Wv~$K_K ¦�T?K�P�R�KY^�S KYa�Wm^	K�° RI^lOQK�P�T!P8K�O8W�O8R�M�^hRI^+O8V!KL\IW$X8O]`$KYW�P�X�G À_^	K�K ¦	W$N>T�\IK
RIXpO8V	K�� 4�J�8 67FM-� 	1  �FG� 5�930HYF����Ub�M�z!^!a��` J_M�z	` RI^ HY}$¢�·�G ®iO�RIXpW$^ W$a!a�R�O8R�M�^!W$\{HY}�·���T�V!W$X8K/X8V!R�b�O
O8V!W�OLW$\C\(° WY~$KYX�� RI^!S�\Iz�a!RI^	x{KY\�KYS OQP8M�N�W�x�^	K�O8RIS{W$^!anX8M�z!^!a�° WY~$KYX(�@T#W$X8X8RI^	x>O8V!P8M�z	x�V�W+b�M�S�z!XLW$S ��z!R�P8KZRC^
S M�N>T�W�P�RIX8M�^�°�R�O8V W�T�\IW$^!K>°�Wv~$K$G+®�O8X7P8KYS KY^lO4RI^lOQK�P�T!P8K�O8W�O8R�M�^ W$XZx$K�M�N>K�OQP�RIS>M$P4��K�P�P8`nT�V�W$XQK+RIX_��W$XQKYa
M�^/W�S `�S�\IRCS{T�W�P�W$N>K�OQK�PZW$XUz�X8z!W$\��o^!W$N>KY\I`nO8V	K+S M�N>T#\�K ¦w° WY~$K+b�P8M�^3OUP�W$a!RIz�X�M$b S�z	P8~�W�O8z	P8K>W$X8XQM�S�RIW�OQKYa
°�R�O8V/WwJUW$z!X8X8RIW$^/�DKYW$N 0HYF��¯G�®�^qHY¢$�$� � W$^!S�V!W�P�W�O8N+W$^ 0H$H	��S M�^!X8RIa!K�P8KYa�O8V	K+T�V�W$XQK�X8V!RIbcOURI^/W��DKYW$N
M$b7S M�V	K�P8KY^3Oj\IRI^!KYW�P�\�`/T?M�\IW�P�R�
�KYaq\IR�x�V3O+X8z	���QKYS O+OQM W/XQK���z	KY^!S KnM$b_T?M�\IW�P�R�
YW�O8R�M�^qS�V�W$^	x$KYX�GÁt�KwbcM�z!^�a
WnS M�^3OQP�R���z	O8RIM�^�O8V!W�O7° W$X4a	K�OQK�P�N+RI^	KYa���`�O8V	K+x$K�M�N>K�OQP8` M$b O8V	KjS `�S�\�KjM�^ O8V	K �¥M�RC^!S�W�P �KjXQT#V	K�P8K��-O8V!K
XQM��)S�W$\I\�KYa5� W$^!S�V!W�P�W�O8^!W$NsT�V!W$X8K$G

� Kn°�M�z!\Iaq\CR6 $KpOQM y#^!RCX8V O8V!RIX>RI^3OQP8M�a!z!S O8R�M�^ OQM�x$K�M�N>K�OQP�RISnT�V!W$XQKYX>°�R�O8V O)°�M�P�KYN+W�P" �X>M�^qO8V	KYRIP
N+W�O8V	KYN+W�O8RIS�W$\	a!KYX8S P�R�T!O8RIM�^oG¥Â R�P�X8O	�$O8V	K�P8K RIX WLS�\CW$X8X8RIS�W$\�W$^!W$\�M$x�z!K�M$b#O8V	K �3z�W$^lO8W$\�T�V�W$XQK�b W$S OQM$P��l^�W$N>KY\�`
t�W$^!^�WY`�� XgW$^	x�\�KLO8V!W�Oga	KYX8S P�R��?KYX]O8V	K.-N�N���C9C�C4�D7-�/�X8V!R�b�O�RI^jO8V	K_S�\IW$X8X8RCS�W$\DW$a�RIW���W�O8RIS�W$^	x�\�KL~�W�P�RCW���\�KYX�W�bcOQK�P
M�^	KZS�\�M�XQKYawS `�S�\IK7M$b K�~$M�\Iz	O8R�M�^oG�®�O�RIX@XQKYN+RCS�\IW$X8X8RIS�W$\C\�`�P8KY\CW�OQKYa�OQM+O8V	K �3z!W$^3O8z!N x$K�M�N>K�OQP�RISZT�V!W$XQK30HY���¯G
�@V	KhM$O8V	K�P>T?M�RI^lO{S M�^!S K�P�^�X{O8V	KjP�KY\IW�O8R�M�^ OQM OQM$T?M�\�M$x$`¹W$^!a a!R��DK�P8KY^3O8RIW$\�x$K�M�N>K�OQP8`$G �@V	K�S M�^!S K�T!O>M$b
672 4	�	1#5�9C�0A�1� �6�-N5�1� �° W$X@X8z!S�S KYX8X8b�z!\C\�`+W�T!T�\IRIKYa+OQM1��z!W$^lO8z�N�N+KYS�V!W$^!RCS�X #jW �DWY~$M�z	P�RCX�x�RI~$KY^pRI^jÂ R�x	G!F�GIH�G
�@V	K \�Mv°�K�P¶S�\�M�XQKYa{\�M�M$T4P�K�T!P8KYXQKY^3O8X WLS `�S�\�K RI^&�3z!W$^3O8z!N N>KYS�V!W$^!RIS�W$\�XQO8W�OQK@XQT#W$S K���M$P 672 4
��1B5P9C�!A�1�tLRI\��?K�P8O
XQT�W$S K��O0Hvu��¯G���V	KZS M$P8P8KYX8TDM�^�a!RI^	x>tLRI\��?K�P8O@XQT�W$S K4RIX�W{y#�!P8K7��z�^!a!\�KLMv~$K�P_O8V	KZX8O8W�OQKmXQT#W$S K��#XQ`�NZ�?M�\IR�
�KYa
�3`¹O8V	KpT�W�P�W$\I\IKY\�\IRC^	KYX�G �ÁR�O8V	M�z	O{x$M�RI^!x b�z	P�O8V	K�P>RI^lOQM a	K�O8W$RC\IX{°�K;�8z!XQO>XQO8W�OQK�O8V�W�O>O8V	K�OQP�W���KYS OQM$P�` RC^
t�RI\I�DK�P�O�XQT�W$S K3��O8V!K_X8M��)S�W$\I\�KYapV	M$P�R�
�M�^lO8W$\o\IRIbcO��]a	M�KYX�^!M$O@V!WY~$KUOQM>�?K_S�\�M�XQKYapW$XgRI^!a�RIS�W�OQKYah�3`jO8V	K_M��?XQK�O
�2I0HY}��¯G�Â RI^!W$\I\I`��!°�K{N>KY^3O8R�M�^wO8V!W�O�O8V!K4��K�P8P8`pT�V�W$XQK4S�W$^w�?KZO8V	M�z	x�V3OLM$b�P8KYX8z!\�O8RC^	x>bcP�M�NsWjx$K�M�N>K�OQP�RIS
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~$KYS OQM$P�T?M$OQKY^lO8RCW$\��!W$^pRIa	KYW{O8V!W�Og°�KU°�RI\C\#a	K�K�T?KY^pW$^!a�K ¦�T�\�M�RIO \CW�OQK�PgM�^oG¶®iO RCX ��W$XQKYa�M�^pO8V	K7S M�^�S K�T!OgM$b
x�W$z	x$K>OQP�W$^!XQb�M$P�N+W�O8RIM�^!XLO8V!W�OURIXL°�KY\I\��  �^	Mª°�^�bcP�M�N ��z!W$^3O8z!Nsy�KY\Ia�O8V	K�M$P8`$GZ®i^�a!R0�?K�P8KY^3O8RIW$\ x$K�M�N>K�OQP8`��
O8V	K{x$K�M�N>K�OQP�RIS{~$KYS OQM$P7T?M$OQKY^3O8RIW$\ RIX_S�W$\I\�KYa�W)5#4�D*D 1B5P9C�C4�D�G4�@V	Kmx$K�M�N>K�OQP�RCS4T#V!W$XQK{O8V	KY^�P8KYX8z!\IO8X�W$X_O8V	K
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ε = 0.25 (ε = 0.40)
θd/π = 0.45
θd/π = 0.25
θd/π = 0.25, ε = 0.40
θd/π = 0.05
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a) Total transmission:
ε = 0.25
g* = 1, M = me

Bφ = 30 Φ0 / (π a2)
Bz = 15 Φ0 / (π a2)
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Partial transmissions
in Sz - basis:
b) Diagonal elements
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c) Nondiagonal elements
T↑↓
T↓↑
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b) Partial transmissions
in Sz - basis:

T↑↑
T↓↓
Büttiker et al.

ε = 0.25, α = 0°
g* = 1, M = me

keff a = 5.2

a) Total transmission:
T 
Büttiker et al.
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a) Total transmission:
ε = 0.25
g* = 1, M = me

Bφ = 30 Φ0 / (π a2)
Bz = 15 Φ0 / (π a2)
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c) Partial transmissions
in Sα - basis:
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b) Partial transmissions
in Sz - basis:

T↑↑
T↑↓
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�Um�ukw��	> @ Æ µ-� ABBC DFE ¹DFG ¹ 6 Ó

ÆÖÕ
ABBC D"G ¹D"E ¹ 6 ;

× Ë�¡���´�Ì
tvq:w��ªevc/tEh"tvqdgvm�q�hO�\tNgYq:myh"iknl�Um�ukwC��>�@ÍÆ Ç�ÂNÃ��ABBC DFE ¹DFG ¹ 6 Ó

Æ
ABBC D"G ¹D"E ¹ 6 ; < Ë�¡��®¡YÌ

`badm�jSm�c"m�uktNh"ipeYqUj/adeYukw�my�vm�q°r/adm�q�tvq�ikq�hSmygvmyc6q�fU� }�myc�ev�8¼�f-��¾�f:tvq�h"t���m�qdmyhSc{tNhSm�h"adm�c{ikqdg¤tvjlnytvq�}�m
jSmym�q��ªc"eY� Ï¶¾�jy��Ëª´d��´�Ý���´d�®¡Nµ-�U´d�®¡v¡YÌ>}�m�nytvf:j"m6h"a:ikj�noevc"c"m�j"�ZeYqUw:j>hSe\n{a:tvq:gvm�jbev�8Î°}��ztvq�ikq�hSmygvmyc/tvq:w�tvq
e��vmyc{tvukuÍj"ipgYq�n�a:tvqdgvmv�UrOadmyc"m=tN�:�UuxiknytN}Uupmv�-wde�m�j/qdevhbn�a:tvqdgvm h"a:m6hSc{tvq:j"�\ixj"j"ipeYqztv�E�Uuxiph"f:wdmv�H mEj"a:tvukuÍqde�r jSh"f:wd��h"a:m·ik�E��ukiknytNh"ipeYq:jbev��h"adm�jSm�c"m�uktNh"ipeYq:j{a:ip�Uj�eYq�h"adm�hSc{tvq:j"�¤ikj"j"ipeYq�tv�E�Uukiph"fUwdm�jy�
jSmym�Ï¶¾��=Ëª´d�®Ðv¡YÌ�� H msr/ixuku���qUwVh"aUtNhzixq8I5J���}�tvj"ikj|h"admsjS�Uikqd���:c"m�jSmyc"�-ikqdg hSc{tvq:j"�\ixj"j"ipeYq:jË<tvukjSe nytvukukm�w
w:iktNgveYq:tvu8noeYq�hSc{ip}Ufdh"ikeYq:jOj{fd}UjSm�¾�fdm�q�h"up�dÌ��ÁtvqUikj"a�ËªØ JÑIÑ ÆÖØ JÒIÒ Æ µ�Ì���r/admyc{m�tvjOh"a:m�j"�Uikq-��¼�ik�:�Uikqdgd�devc6qdeYqd�w:iktNgveYq:tvu���hSc{tvq:j"�¤ikj"j"ipeYq�tv�E�Uukiph"fUwdm�j�tNc"m·q:eYq-��¸ymyc"eztvq:w�m�¾�f:tvu>ËªØ JÑ�Ò Æ Ø JÒ�Ñ Ì��b��q�h"adm �ªeYukupe%r/ikqdgd��tvuku�jS��ikqw:ipc"m�noh"ipeYqUj�tNc"m�c"m�uktNhSm�w�³LK�³NM-¯?Ov¨�P"¯"²�³<¨�KN©QK�Rb³NM-¯TSU.Vv©Z¯�³<¨<²XW>¯ZY[O·³NM\Uv³K¨x¥�©�Kv³]W_^�¯�O·¨ª© P"¯�U�YU¥�¦\U�²�¯.` H mbgYip�vm
qde�r5tvq:tvuk��h"iknytvuKmy�-ikwdm�q:nom��ªevc6h"a:ikjltNhl�Uc{j"h�j"ikgYa�hlj"fdc"�Uc{ikj"ikq:g\}�m�a:t��-ipeYfdc���f:j"ixqdg�h"a:m�w:mo��q:iph"ipeYqUj�Ëª´d�®¡YÚ��
´d�®ÛvÜ���´d�®ÐNµÁ��´d�®ÐvÃYÌ6tvq:w�h"adm�c"m�uktNh"ipeYq:j�Ë�¡��®ÐYÌ�tvq:w�h"adm�fUq:iph"tNc{iph��zev�+h"adm��\tNhSc{iknom�jOØ Ù Ô Ø Ù"Ù �Zm�jS��m�nyiktvukup�zh"a:tNhØ a ¹Ù Æ Ø 9Ù �
Ï+�Ntvukf:tNh"ikq:g¤h"adm��\tNhSc{iô�Qb a ¹/gYip�vm�q}���Ï¶¾��KËª´d�®ÐÁ´�Ì�ikq�t¤jShSc{tvikgYa�hS�ªevc"r>tNc{w�noeY�\�Ufdh"tNh"ipeYqr2m ev}:h"tvikq

��evc/t\h"tvqdgvm�q�h��\tNgYqdmyh"ikn6�Um�ukw��]c6 Ó Ædc6 ; �

b a ¹ Æ ¢
Ã�e
fgggggggg
h

i ¹ i Ó i ; µ
i Ó Õ i ¹ µ i ;iZj µ i ¹ i Ó
µ iZj i Ó Õ i ¹

kmllllllll
n
Ô Ë�¡��®ÛYÌ

r/iph"a
i ¹ Æ Ë 6 ¹ Õ 6 : ÌoË�bpoqeyÌÍÕVË 6 9¹ Õ 6 9: Ì Ôi Ó Æ ÕOÃ�Ë�c6 Ó Ë�bpoqeyÌ5orc6 9; Ì Ôi ; Æ Õ·Ë 6 ¹ o 6 : Ì5o Ë 6 9¹ o 6 9: Ì Ôi j Æ Õ·Ë 6 ¹ o 6 : ÌoË�bposeyÌ Ó o Ë 6 9¹ o 6 9: Ì < Ë�¡��ÚvÌ

`badm=ikq��vmyc{j"ipeYqzev�8h"a:ixj��\tNhSc{iô�z��ikm�ukw:j
b ¹ ; Ætb Ó : Æ Ã�e i ;i ; iZj Õvu i Ó ¹ o i ÓÓ�w Ô Ë�¡��®ÝYÌ
b ¹ : Ætb Ó�; Æ µ Ô Ë�¡��®ÜYÌ
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tvq:w�h"adm�jSm c"m�j"f:uph"j�tNc{m=�Utvj"jSm�w�eYq�ikq�hSeEh"adm=hSc{tvq:j{�\ikj"j"ikeYq|tv�\�Uukiph"f:w:m�j2ixqQI�����}Utvj"ikjy�
Ø E�E Æ Ø G�G tvq:w Ø E�G Æ Ø G�E Æ µ < Ë�¡��k¢yµ�Ì

��q�hSmyc{�\j�ev�6hSc{tvq:j"�\ixj"j"ipeYq �Uc"ev}UtN}Uikuxiph"ipm�j�r=��c���hy� I J���}Utvj"ikj¤h"a:ikj¤c"m�tvw:j|tvnynoevc{w:ikqdg hSe#Ï�¾�j���Ëª´d�®ÝvÃYÌ¤��evc>�@ÍÆ Ç�ÂNÃ Ô Å Æ Ç�ÂNÃ
Ø JÑ�Ñ Æ ¢

Ã Ë�Ø E�E o���Ø E�G o���Ø G�E ÕsØ G�G Ì ÔØ JÑ"Ò Æ ¢
Ã Ë�Ø E�E o���Ø E�G Õ	��Ø G�E o Ø G�G Ì ÔØ JÒ<Ñ Æ ¢
Ã Ë�Ø E�E Õ	��Ø E�G o���Ø G�E o Ø G�G Ì ÔØ JÒ�Ò Æ ¢
Ã Ë�Ø E�E Õ	��Ø E�G Õ	��Ø G�E ÕsØ G�G Ì�× Ë�¡��k¢v¢�Ì

h"admyc"my�ªevc"mv�
Ø JÑ�Ñ Æ Ø JÒIÒ Æ µ tvq:w Ø JÑ{Ò Æ Ø JÒ<Ñ�
 Ø E�E Æ Ø G�G Ô Ë�¡��k¢�ÃYÌ

h"a:tNh|ixjy�>h"adm�c"eYukm�ev�6h"adm°w:iktNgveYq:tvu�Ë����tvq:w�����Ì\tvqUw�qdeYq-�§wUiktNgveYq:tvubm�ukm��Em�q�h"jsË��� tvq:w�����Ì¤ikj6~Sf:j"h
ikq�hSmyc�n{a:tvqdgvm�w�r/adm�q�jSrOiph"n{a:ixqdg�}Zmyh�r�mym�q I����¶tvq:w I5J���}�tvj"ikjy�
`badm\c{m�j"f:uph¤Ë�¡��k¢�ÃYÌ ikj6c{tNh"a:myc·j"fdc{�:c{ikj"ixqdg�j"ixq:nom\iph jSh"tNhSm�j·h"a:tNh·eYq:up�m�upm�nohSc"eYq:j h"a:tNh|²mM]UN©,V�¯ Ó h"adm�ikc

jS�Uikq\tNc{mOhSc{tvqUj"�\iphShSm�w¤h"adc"eYfdgYa�h"adm/c�ikqdg tvq:w�h"a:ikj�adeYukw:j¶ikq\�UtNc{h"iknyf:uktNc?U�Y®¥mK�ikq\h"adm UFON¨%U���UY³<¨<²�uxik�\iph��8ºOj
t\noeYq:jSm�¾�fdm�q:nom=h"a:m=hSc{tvq:j"�¤ikj"j"ipeYq|�:c{ev}UtN}Uikukikh§�EhSm�q:w:jbhSe¤¸ymyc"ed�
ºOukh"adeYfdgYa�r2m�aUt��vm|�:c"e��vm�q h"adm\�Uc"ev��myc"h"ipm�j¤Ë�¡��k¢�ÃYÌ ev��h"adm\hSc�tvq:j"�\ikj{j"ipeYq�tv�E��ukiph"f:wdm�j\Ë<tvqUw��:c"ev}:�

tN}Uikukiph"ikm�jy��c"m�jS��m�noh"ip�vm�up�:Ì/��evc6h"adm\j"�Zm�nyixtvu�nytvjSmEev�2tzh"tvq:gvm�q�h �¤tNgYqdmyh"ikn��Um�uxw���h"admy��c{m��\tvikq°�Ntvukikw��evc=t
�Ufdc"m�up�sc�tvw:iktvu2�\tNgYqdmyh"ikn��Um�ukw#tvq:w#h"admyc"my�ªevc"mz�ªevc�tvq�� ixq-���Uuktvqdm|�\tNgYqdmyh"ikn��Um�uxw��sÄ:fdc"h"admyc��Eevc"mv�+h"a:ixj
m��Zm�nohOr2tvjOtvukjSeE�ªeYf:q:w�ikqzh�r�eN�§w:ix�Em�q:j"ipeYqUtvu�c{ikqdgYj�tvj/r�m j{a:tvuku�w:ikj"nyfUj"j>}�m�upe�r=�H m�h"fdc{qqde�r hSe|h"adm�nytvj"m�rOadmyc"m·aUtvup�+t\¼Zf-��¾�fUtvq�h"f:� ��m�qdmyhSc{tNhSm�j�h"adm�c{ikqdgd��j"f:n�a�h"aUtNh�h"a:myc"m�ixj
tvqsºOa:tNc{eYqde���� » eYa:� ¼�f-�s¿����VÆ ¿>À�ÂNÃ����Oe�r2my�vmyc��Ír�m\tvj"j{f:�Em�h"admE�\tNgYqdmyh"ikn·�Um�uxwtNhlh"adm���eYj"iph"ikeYq
ev��h"admEc�ikqdgzhSe�c"m��\tvixqfUq:n{a:tvq:gvm�w���i���mv�p�Íh"adm\º » ¼�fd��hSe�}�m�gvm�qdmyc{tNhSm�w }��°t�jSeYupm�qdeYixw Ëªc{tNh"admyc=h"a:tvq
}��ztEadeY�Eevgvm�qdmyeYfUj������§noeY�E��eYqdm�q�h�Ì���`badm6¾�f:tvq�h"f:� q�f:� }�myc>Î�ikj>h"adm�q�c"m�w:f:nom�wz}��|aUtvup�Ítvq�ixq�hSmygvmyc��
no���UÏ�¾U��Ë�Ð��®ÐNµ�Ì���tvq:w�Ï�¾U��Ë�¡��®ÐYÌba:tvjbhSe¤}Zmlc"my��uktvnom�w�}��

6 ¹ ÆÖÕ 7 9: 6 Ó ÆÖÕT7 9; Ô6 : ÆÖÕ 7 9 ¹ 6 ; ÆÖÕT7 9Ó Ô Ë�¡��k¢�ÐYÌ
c"m�j"f:uph"ixqdg�ixq�t6�¤ikq�fUjI�§j"ipgYq�ikq��ªc"eYq�h�ev��h"admbupe%r�mycS��c�ipgYa�h+wUiktNgveYq:tvu:Ã �=Ãl�\tNhSc{iô���!�/e%r�my�vmyc��-tvuphSmyc{qUtNh"ip�vm�up�
r�m6nytvq�f:jSmlÏ¶¾�jy��Ëª´d��´�Ý��:´d�®¡Nµ-�:´d�®¡v¡YÌ��ªevc�h"adm 6#" Ô 7 " w:ipc"m�noh"uk�¤tvq:w�c"m�tvukip¸ymlh"a:tNh>h"admy�¤tNc{m¶~"f:jSh2c"evh"tNhSm�w�}��$ a "&%(' Ó r ��c���hy�:h"adm�¿)����Æ µ\�Átvukf:m�jy�*�/m�qUnomv�:r�m·nytvq�rbc{ikhSm

Ø +-, ' ÓÙ�.^Ù"Ù0/ ÆÖÕ1��Ø ÀÙ�.ôÙ"Ù0/ Ô Ë�¡��k¢o´�Ì
r/admyc"m�Ø ÀÙ�.ôÙ"Ù0/ tNc"m�h"adm�hSc{tvq:jS�ªmyc��\tNhSc{iknom�j>ikq¤h"adm�¸ymyc"eN��¼�f-��j{iph"f:tNh"ipeYq���º�nynoevc{w:ikq:gYup�v��r2m���q:w¤h"adm��¤tNhSc{iô�b tvj

b + , ' Ó32�465Æ 7�Õ1�98 Ó Ø ÀÙ"Ù�8 ¹ Õ ¢
Õ1� 8 a ¹¹ Ø ÀÙ a ¹ 8 a ¹Ó;: a ¹ Ô

Æ Õ ¢ �=< 8 Ó Ø ÀÙ"Ù 8 ¹ o>8 a ¹¹ Ø ÀÙ a ¹ 8 a ¹Ó@? a ¹ < Ë�¡��k¢�¡YÌACBZé�ê%æIä�ë�êÁáãê%ð=ç�à%äbè%á�ë�äIæ�ç�áãé�êEé�ó�ç�àÁä�â6D%áãê�á�ç2àÁî�â�ç�éFEvä�êÁé{ç�äSè�î�êÁè�æSî"ë�ä�óôí%ò®òHGJI�äCD%ç+áãê�ö�áãêNè=ç�àNî"çLK MON+î�ò�ñ�îCG�â�ö�äIî�êÁâ
îbâ6DÁáãêJP&QSRTP&U6VXWZY�P�[TQ�é{ó�ç�à%ä�öbî{ð�ê%ä�ç�áãæ]\ÁäIò®è þ_^ é�ë�î�ç§î�ê%ð�äIêyçKöbî�ð�ê%ä�ç�áãæ]\ÁäIò®è�ùYæIé�êÁâ�äSìyí%äIêyç�ò`Gyù%ç�àÁä¶â6DÁáãê=é�óZî�êaK MON�ø�ä�ò®ä�æ�ç�ë�é�êDvé�áãê�ç�âCáãêyç�éF[cb�bd[0e9PfYV�è�áãë�ä�æ�ç�áãé�êÁâ�î"ç�ç�à%ä8äIêyç�ë§î�ê%æIä+î�êÁè/ç�à%ä�äZg�áãçCé{ódç�àÁäKë�áãê%ð%ù�ë�äIâ6DväIæ�ç�á`hoäIòHG þ
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0
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2

ε = 0.25, α = 90°
Bφ = 30 Φ0 / (π a2)

a) ΦAB = 0

b) ΦAB = 0.25 Φ0

c) ΦAB = 0.5 Φ0

Ä8ipgYfdc"m�¡��k¢���`Íevh"tvu6hSc{tvq:j{�\ikj"j"ikeYq��:c{ev}UtN}Uikukikh§� ikq t �Ee-wdm�uljS�-jShSm�� r/iph"a 6 9 Æ ¢stvq:w
� Æ����+tNh��:�-m�wEjShSc"m�q:gvh"aEev��h"a:m�h"tvqdgvm�q�h��\tNgYqdmyh"ikn>��m�ukw ���=��jy�vm�q:myc"gv�·ev�Zh"admbikqUnyikwdm�q�h
m�upm�nohSc"eYq:j�����q�h"admOfd�:��myc8�Uiknoh"fdc"mv��qde=ºOaUtNc"eYqde���� » eYa:� ¼�f-��ixj���m�qdmyhSc{tNh"ikqdglh"adm/c{ikqdgd�8Ädevc
j"�\tvuku
	 4�� b��Cr2m\tNc"m¤ikqh"adm\tvw:ixtN}UtNh"ikn�ukik�\ikhOr/ikh"a�¸ymyc{e�hSc{tvq:j"�¤ikj"j"ipeYqC��j"mymEhSmo��hy��>ukm�tNc{up���ixj"ip}Uupm�ikj�h"adm|�¤ikq:ik��f:� ixq h"admzhSc{tvqUj"�\ikj"j{ipeYq tNh�	 4�� b#Æ c� �\Â�� Ð-�sÄdevc¤qdeYqd��¸ymyc"e¼�f-�h"adc"eYfdgYa�h"adm=c{ikq:gd��h"a:m jShSc{f:noh"f:c"m=ikj�upm�j"j/n{a:tNc{tvnohSmyc�ikjSh"iknN�

`badm6ikq��vmyc{jSmlh"tNÉvm�jbh"adm�qzh"a:m6��evc{�½Ë<tNgYtvixq��d��evc�h"a:m=jS��m�nyiktvu�nytvjSm6ev�Kt�h"tvq:gvm�q�h/�¤tNgYqdmyh"ikn��Um�ukwC�"c6 Ó Ædc6 ;

� b +-, ' Ó�� a ¹ Æ ¢
Ã�e
fgggggggg
h

� ¹ µ � ; � :
µ Õ � ¹ � : Õ � ;
� j � ¹ À � ¹ µ
� ¹ À Õ � j µ Õ � ¹

kmllllllll
n
Ô Ë�¡��k¢�ÛYÌ

r/iph"a

� ¹ Æ Ë 6 ¹ o 6 : ÌoË�b o eoÌ o Ë 6 9¹ o 6 9: Ì Ô
� ; Æ Õ·Ë 6 ¹ Õ 6 : ÌKÕ�Ë 6 9¹ Õ 6 9: Ì Ô
� : Æ Ã�Ë�c6 Ó Õ c6 9; Ì Ô
� j Æ Õ·Ë 6 ¹ Õ 6 : ÌoË�bpoqeyÌ Ó ÕVË 6 9¹ Õ 6 9: Ì Ô
� ¹ À Æ Ã u%c6 Ó Ë�bpoqeyÌ Ó Õ c 6 9; w Ô Ë�¡��k¢�ÚvÌ

r/admyc"mEh"adm 6 " tNc"mEh"adm�¥ZU�S¤¯ tvj ikq°h"adm\nytvj"m¤r/iph"a:eYfdh6ºOa:tNc{eYqde���� » eYa:� ¼�fd�Z�E�Iq��vmyc{h"ikqdg�h"a:ikj6�¤tNhSc{iô�
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eYqdm=ev}:h"tvikqUj
b + , ' Ó¹ ; ÆÖÕ(b + , ' ÓÓ : Æ Ã�e Õ � Ó ¹ � ; o u � Ó; o � Ó: w � j�

b + , ' Ó¹ : Ætb + , ' ÓÓ�; Æ Ã�e Õ � Ó ¹ � : o u � Ó; o � Ó: w � ¹ À� Ô Ë�¡��k¢�ÝYÌ
r/iph"azh"adm noeY�¤�EeYq�wdm�qdeY�¤ikq:tNhSevc

� Æ � : ¹ o u � Ó; o � Ó: w u � Ój o � Ó ¹ À w Õ Ã � Ó ¹ Ë � ; � j o � : � ¹ À�Ì < Ë�¡��k¢�ÜYÌ
º/gYtvikqC�:h"a:ikj�ikj>hSc�tvq:j"�\iphShSm�w�hSe\h"adm=hSc{tvqUj"�\ikj"j{ipeYqztv�E�Uukiph"fUwdm�jy�-tvq:w�h"adm6c"m�j{f:uphbikqQI � ��}Utvj{ikj�c"m�tvw:j

Ø + , ' ÓE�E Æ ÕbØ + , ' ÓG�G tvqUw Ø + , ' ÓE�G Æ Ø + , ' ÓG�E Ô Ë�¡��®ÃNµ�Ì
r/admyc"mEtvuku�¾�f:tvq�h"iph"ipm�j6tNc"m\qdeYqd��¸ymyc"e�noeYq�hSc{tvjSh"ikqdg�h"a:mEc"m�j"f:uph��ªevc=h"adm\qdeYq-�§wUiktNgveYq:tvu8hSc{tvq:j{�\ikj"j"ikeYq�tv���
�Uukiph"f:w:m�j·ikq�h"a:m�nytvjSm�r/iph"a:eYfdh�¼�f-���#`Íc{tvq:jS�ªevc{�\tNh"ikeYq hSesI J���}Utvj"ikj��-ipm�ukw:j�tvnynoevc{wUikqdgshSe�Ï¶¾��/Ë�¡��k¢v¢�Ì
h"a:tNh

Ø JÑIÑ + , ' Ó Æ Ø + , ' ÓE�E o ��Ø + , ' ÓE�G �Æ µ Ô
Ø JÒIÒ + , ' Ó Æ Ø + , ' ÓE�E Õ ��Ø + , ' ÓE�G �Æ µ Ô
Ø JÑ�Ò + , ' Ó Æ Ø JÒ<Ñ + , ' Ó Æ µ < Ë�¡��®Ã-¢�Ì

`ba:ikj�c"m�j{f:uphEtN�:�Uukikm�j�r/adm�qdmy�vmyc\h"a:m�ºOaUtNc"eYqde���� » eYa:� ¼Zf-�#m�¾�f:tvukjEaUtvup��tvq�ikq�hSmygvmyc|q�fU� }�mycEev��¼�f-�
¾�f:tvq�h"t�¿>ÀN�Ki���mv�|¿���� Æ��=¿>À�ÂNÃ Ô �6ÐY¿>À�ÂNÃ Ô <m<m< ���/m��Em�� }�myc·h"a:tNh=r2m¤a:t��vm|tvj"j"f:�\m�wsh"adm¤º�a:tNc"eYqde%���» eYaU�5¼�fd�\hSe�nytvf:j"m�qde�n{a:tvq:gvm�ikq¤h"admltvqdgYupmOÅ�ev��h"adm��¤tNgYqdmyh"ikn/�Um�ukw��� rOiph"a\h"adm	�N�§tÁ�dikj��+`ba:myc"my��evc{mv�
ikq°c"m�tvukikj"h"iknEj"iph"f:tNh"ikeYq:jlr/admyc"m¤h"admE¼�f-�°�\ipgYa�h=evc{ipgYixq:tNhSmE��c{eY�½t Ë<adeY�Eevgvm�q:myeYf:j�Ì6�¤tNgYqdmyh"iknE��m�ukw	���
ikq
�v�§w:ipc"m�noh"ipeYqC�Ur2m�mo�-��m�noh�w:my��iktNh"ikeYq:j/�ªc"eY� h"adm�c"m�j"f:uph�Ë�¡��®Ã-¢�Ì�wdmy��m�q:w:ikq:gEeYq�h"a:m·m���m�nohlev�]���=eYq°Å¶��/e%r�my�vmyc��Z�ªevc/uktNc"gvm=ikqd���Uuktvqdm6�\tNgYqdmyh"ixnl�Um�ukw:j>h"a:m=ikq-¼�fdm�qUnom�ev�!��� 
 ¿>À�ÂNÃNÇ5b Ó r/ikukuZ}�m=qdmygYukikgYip}Uupmv�`badm�Ua���j"ixnytvu/�Em�tvq:ixqdg ev�=h"aUikj¤c{m�j"f:uph¤ixj¤h"a:tNhzikqVh"adm�:c"m�jSm�q:nomev� a:tvuk�lt�¾�f:tvq�h"f:� ¼Zf-� eYq:up�
m�upm�nohSc"eYq:j¶h"a:tNh��Y¯{¯�¦�h"adm�ipc¶j"�UikqEw:ipc{m�noh"ipeYq\w:fdc�ikqdg�hSc{tvq:jS��evc"h¶tNc{mbhSc{tvq:j"�¤iphShSm�w���Uc"m�nyikjSm�up�·h"admbev�:��eYj"ikhSm
ev�·r/aUtNh�r�ms�ªeYf:q:w �ªevc�¸ymyc"e�¾�f:tvq�h"f:� ¼�f-� Ë<jSmym�Ä8ipgYjy�/¡��k¢N� ¡��®Ã tvq:w h"a:m�w:ikj"nyf:j{j"ipeYqVev��t��vmyc{tNgvm�w
hSc{tvq:j"�\ixj"j"ipeYq¤�:c"ev}UtN}Uixukiph"ipm�j+ixq¤h"adm��ªeYukupe�rOikqdg·j"m�noh"ipeYq�Ì��¶`baUikj+ev��m�q:j2h"adm���eYj"j"ip}Uixukiph§��ev��noeYq�hSc"eYukukixqdg h"adm
hSc{tvq:j"�\ixj"j"ipeYqEev�¶Ëª��eYuktNc�ip¸ym�w�ÌKm�upm�nohSc{eYq:j2}��E�NtNc"�-ikqdg=h"adm�q�fU� }�myc¶ev��¼Zf-�\¾�f:tvq�h"t·�Zm�q:myhSc{tNh"ikqdg=h"a:mOc{ixqdg �
���bh"a:m�ipcEq�f:�·}�myc�ixj·ikq�hSmygvmyc��+eYqUup� jS�Uixq-��¼�ip�:��ikqdgzm�upm�nohSc"eYq:j�tNc"mzhSc{tvqUj"�\iphShSm�w�×���evcEt�¼�f-�#noeYq:jSh"iph"fdhSm�w
}���t�a:tvup���§ikq�hSmygvmyclq�f:�·}�myc/ev��¼�fd��¾�f:tvq�h"t�j"eYupm�up��m�upm�nohSc"eYqUjOÉvmymy��ikqdg¤h"a:m�ipc�j"�Uikq�nytvq}�m �ªeYf:q:w�ikq�h"adm
mo�-iph"ixqdgEupm�tvw��+Ädevc��\tNgYqdmyh"iknl¼Zf-��m�j�ixq�}�myh�r�mym�q��Uh"adm j"iph"fUtNh"ipeYq�ikj�ikq�hSmyc{�Em�w:ixtNhSm�rOiph"azhSc{tvq:jS��evc"h�ikq�tvuxu
n{a:tvq:q:m�ukjbjSmym Ä8ipgd�U¡��®ÃÁ}��H m�j"f:�\�\tNc�ip¸ym\h"a:ikj�qde%�vm�u/¥§¦�¨ª©:«¬2¨®¦ ¯<±�¯{²�³�tvj·�ªeYukupe%r/j�  ´YµY£��\ÄdevcEikq-���UuxtvqdmE�Um�ukw gvmyeY�EmyhSc{ipm�j�tvq:w
jS���¤�EmyhSc{ikn·}UtvukukixjSh"ikn �¤iknoc"eYjShSc{fUnoh"fdc"m�jOr�m\a:t��vm\wdm��EeYq:j"hSc{tNhSm�wsade�r5tvqstvwUw:iph"ipeYq:tvuÍj"�\tvuku8º�a:tNc"eYqde%���
» eYaU�½¼�fd� ¿���� nytvq }�m�f:j"m�w�hSe°noeYq�hSc"eYu>jS��ikq°¼�ip��j=tvq:w�hSeh"f:qdm�h"adm¤��eYuktNc�ip¸�tNh"ipeYq�ev��hSc�tvq:j"�\iphShSm�w
m�upm�nohSc"eYq:jy��`baUikj�¾�fUtvq�h"f:� ikq�hSmyc"��myc{m�q:nom·�Em�n�a:tvq:ikj{� wde�m�j/qdevhOc"m�¾�fUipc"m=tvw:iktN}�tNh"iknyiph§�v�>�Iq�noeY�·}Uikq:tNh"ipeYq
r/iph"aztEjS�UikqzwdmyhSm�nohSevc�j"f:n�a�tEwdmy�-iknom6�\t��|}�mlfUjSm�wzhSe\noeYq�hSc{eYu�jS�Uixq¤��eYuktNc{ik¸ym�w|nyf:c"c"m�q�hy�:j"ik�\ikuxtNc�hSeEh"adm
jS�Uikq|�Um�uxw-��m��Zm�noh�hSc�tvq:j"ikjShSevc/�:c"ev��eYjSm�w�ikq�  ´�ÛÁ£��
�lqdm�¾�fdm�jSh"ipeYq�tNc{ikj{ikqdglikjKr/admyh"admyc+j"fUn{aEtvq�m���m�noh+�:c"my�NtvikukjÍr/adm�q�noeYq:j"ixwdmyc{ikqdg ON¨ ±���¥�¨��N¯Kwdmy�-iknom�j�tvq:w

w:ikjSevc{w:mycS�§t��vmyc{tNgvm�ws¾�f:tvq�h"iph"ipm�jy��`ba:ikjOc"m��\tvixq:j/tvj6tvqikq�hSmyc"m�jSh"ikqdg|�:c"ev}�upm�� jSe|�<tNc���º�qdevh"admyc6¾�fdm�jSh"ipeYq
ikj>c"m�uktNhSm�w�hSe\��eYj"j"ip}Uukm��Em�tvj{fdc"m��Em�q�h"j�evcOtN�U�UukiknytNh"ipeYqUj�ev�8h"a:ixj>m��Zm�nohy���bm�nom�q�h/mo�-�Zmyc�ik�Em�q�h"tvu��:c"evgvc"m�j"j
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ε = 0.25, α = 90° 
Bφ = 30 Φ0 / (π a2)

a) ΦAB = 0
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b) ΦAB = 0.25 Φ0

c) ΦAB = 0.5 Φ0

in Sα - basis:
Tα

Tα

Tα

Tα

Ä8ipgYfdc"m�¡��®Ã ���8tNc"h"ixtvu�hSc�tvq:j"�\ikj{j"ipeYq��Uc"ev}UtN}Uikuxiph"ipm�j6�-jy���EeY�Em�q�h"f:� 	 4�� b�ev�bh"adm�ikqUnyikwdm�q�hm�upm�nohSc"eYq:j/ikq|h"adm6j"tv�Em=�Ee-wdm�uZjS��j"hSm�� tvj>��evcbÄ8ipgd�:¡��k¢¤Ë 6 9 Æ ¢ Ô � Æ � � Ì��:tNgYtvikq�tNh>�U��m�w
jShSc"m�qdgvh"a�ev��h"adm=h"tvq:gvm�q�hl�\tNgYqdmyh"ikn=�Um�ukw ���:�>t�Ì��/e|ºOaUtNc"eYqde���� » eYa:� ¼�f-�z��m�qdmyhSc{tNh"ikqdg
h"admEc{ikq:g �b}�m�j"ikwdm�jO¸ymyc"e�hSc{tvq:j{�\ikj"j"ikeYq��ªevc=j"�\tvuku 	 4�� b�tvq:wh"adm � ÐÁ���ªm�tNh"fdc"mv��r2mEjSmymEh"a:tNhh"admzhSc{tvq:j"�¤ikj"j"ipeYq ikj �Uc"e��-ikwdm�wtKN©	Y���}��sh"adm�jS�Uixq-��¼�ip�:��ikqdgzn{a:tvq:q:m�ukjy��i���mv�p��eYq:up��� JÑ�Ò tvq:w
�
J
Ò�Ñ tNc"m�©�KN©:«	��¯mP KN�bn�Ì1�Otvuk�Kt�¾�f:tvq�h"f:� ¼�f-�zh"adc"eYfdgYa�h"adm=c{ikq:g �+ev�:��eYj"iphSm j{iph"f:tNh"ipeYq�j{f:n{ah"a:tNh�qde�r
� JÑ�Ñ tvq:w�� ÒIÒ tNc"mlqdeYq-��¸ymyc"ed�¶`/admOwdmy�-iktNh"ipeYqUj+�-ikj"ip}Uukm/ikq\h"a:m�w:ixtNgvc{tv�ÈtNc�ikjSm/�ªc"eY�h"admz�ªtvnohEh"aUtNh�h"a:m�¼Zf-��r2tvjEnoc{m�tNhSm�w }�� ta:eY�Eevgvm�qdmyeYf:j��Um�uxw����N�+h"admyc{my��evc"m�t#��m�noh"ikqdg
h"adm�tvq:gYupm�Å��z}ZÌ6Ädevc�evh"admyc��Átvuxfdm�j=ev�>h"adm|ºOa:tNc{eYqde���� » eYa:� ¼�f-����hSc{tvq:j"�Zevc{h=e�nynyf:c{j ikq
tvuku¶n�a:tvq:qdm�uxjy� �/m�qUnomv����evc·�ZeYuxtNc{ip¸ym�w�ikqUnyikwdm�q�h=m�upm�nohSc"eYq:j��Kh"a:m�jS�Uixq�nytvq }�m¤j"r/iph"n{a:m�w }��
tN�:�Uup�-ikqdgEtvq�º�a:tNc"eYq:e���� » eYaU� ¼�f-�zev�8a:tvup�ÍtE¼�f-�|¾�f:tvq�h"f:���

ikq�noc{m�tNh"ikqdgzjS�Uikq-����eYuktNc�ip¸ym�w�m�upm�nohSc"eYqUj�ixq�jSm��¤iknoeYq:w:f:nohSevc�jOikjOc"my��evc"hSm�w��Zmv��gd�p�Cikq�  ´�ÃÁ£��l��hlikj�ik�E��evc"h"tvq�h
hSe�qdevhSmOh"a:tNh¶h"a:mOikq�hSmyc"�ªmyc"m�q:nomo��}UtvjSm�w�jS�Uikqd��¼�ip��m��Zm�noh>w:ikj{nyf:j"jSm�w\tN}�e%�vmOc"m�¾�f:ipc{m�j��Ua:tvjSmOnoeYadmyc"m�q:nomOe��vmyc
h"adm�r/adeYupmzj"tv�E��upmv� Ï+����myc{ik�\m�q�h"tvukuk�v�+iph�r2tvjEikqUwdmym�w#��eYf:qUw h"aUtNh\noeYadmyc"m�q:nom�ev�ljS�Uikqd�§jSh"tNhSm�jEnytvq�}�m
�\tvikq�h"tvikqdm�w�fd��hSe�j"nytvupm�j�ev���Eevc"m h"a:tvq�¢yµvµ � �   ´v´v£KtNh ³§¯ZSO¦d¯mP Uv³ �\P"¯�¥ K R UTRy¯���E¯mY �%¨�©U�

� m�qdmyc{tvuxup�v��noeYadmyc"m�q�hlnoeYq�hSc"eYu�tvq:w°¾�f:tvq�h"f:�4hSc{tvq:jS��evc"hOev�¶jS�UikqjSh"tNhSm�j6ikqjSm��\ixnoeYq:w:f:nohSevc6admyhSmyc"eN�
~Sf:qUnoh"ipeYq:j6evc�¾�fUtvq�h"f:� wdevh"j ixj=tNhShSc{tvnoh"ikqdg°ikq:noc{m�tvj"ikqdg�ikq�hSmyc"m�jShz  ´�¡Á£���º/�U�UukiknytNh"ipeYqUjl�:c"ev��eYjSm�w�jSe��ªtNc
ikq:nyukf:w:m�jS�Uixq·hSc�tvq:j"ikjShSevc�j>  ´�ÛN£��v��uphSmyc{jb  ´�ÚÁ£���tvq:w�j"nytvuktN}Uukm>w:my��iknom�j8�ªevc¶¾�f:tvq�h"f:� ikqd�ªevc{�\tNh"ipeYq��:c"e-nom�j"j"ixqdg
  ´�Ý-�C´�ÜÁ£��¤º�wd�Ntvq:nom�j=ikq°h"a:m¤ikqÁ~Sm�noh"ipeYq°ev�>jS�Uikq-����eYuktNc�ip¸ym�w�n�a:tNc"gvm|nytNc"c{ipm�j¤  ´�ÃN£¶ikq:w:iknytNhSm�j=h"admE�:c{ikqUnyip�Uupm
tN}Uikukiph���hSe ��myc"�ªevc{� jS�Uixq m�upm�nohSc"eYq:iknyj   ´�ÐÁ£=}UtvjSm�w eYq qdeYq:�\tNgYqdmyh"ixnsjSm��\iknoeYq:wUf:nohSevc�wdmy�-iknom�jy� `baUikj
r/ikwdm�q:j2h"adm��Um�uxw�ev�Kf:j"f:tvu��\tNgYq:myhSeN��m�upm�nohSc"eYq:iknyj/ikqz�Emyh"tvukj�tvq:wzev��m�q:j>fd��h"adml�:c{evgvc{tv� ev�ÍnoeY�·}Uikq:ixqdg
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b) Q = 1 (intermediate)
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c) Q = 5 (adiabatic)
〈T〉
Tα  , Tα    
Tα  , Tα

0 0.2 0.4 0.6 0.8 1

ΦAB / Φ0
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a) Q = 0.2 (diabatic)
〈T〉
Tα  , Tα

Tα  , Tα

Ä8ipgYfdc"m�¡��®Ð ���8tNc"h"iktvuOtvq:w �<f:uku>hSc{tvqUj"�\ikj"j{ipeYq��:c"ev}UtN}�ikukiph"ipm�j�ikqdI J ��}�tvj"ikjy��t��vmyc�tNgvm�wVe%�vmyc
m�qdmyc"gv�v�K��j��Ch"adm¤º�a:tNc"eYqde%��� » eYa:� ¼�f-�h"adc"eYfdgYa�h"adm\c{ikq:gd�¤`badm\noeYfd��ukikqdgz�UtNc{tv�\myhSmyc·ikj
� Ælµ-�®Ð���`ba:m jShSc"m�qdgvh"a�ev�8h"adm=h"tvqdgvm�q�h��¤tNgYqdmyh"ikn6��m�ukw�ikj/ixq:noc"m�tvjSm�w��ªc"eY� t�Ì>hSe¤n�Ì���noevc"c"mo�
jS��eYq:w:ikq:gbhSe6w:i&��myc"m�q�hKwdmygvc"mym�j8ev�UtvwUiktN}UtNh"iknyiph��v�Yikq:w:ixnytNhSm�w }��=h"adm>tvw:iktN}UtNh"ixnyiph§�=��tNc{tv�EmyhSmyc
� ���/evhSmzh"admzn{aUtvqdgvm�ikq h"a:m���eYuktNc{ik¸�tNh"ipeYq�ev�bhSc�tvq:j"�\iphShSm�w#m�upm�nohSc{eYq:j�fd��eYq�h"f:q:ixqdg�h"adm
¼�f-�z¿����CÂv¿>ÀOh"adc"eYfdgYa|h"adm6c�ikqdgd��c"m�j"f:uph"ixqdg·ikqzt�jS�Uixq-��¼�ip�¤�\m�n{a:tvq:j{ik� tNh/¿����CÂv¿>À6ÆÖµ-�®¡��
`badm�j"a:ip�ªhbev�+h"a:m�gYukev}UtvuÍ�¤ikq:ik��f:� }���a:tvup��t�¼�f-��¾�f:tvq�h"f:�4ikq�n�Ìbr=��c���hy��t�ÌOikj�tvq�m���m�noh
ev�8h"adm » myc"c"�z�Ua:tvjSm6h"aUtNh/ikj>�:c"m�j"m�q�h/ixqzh"adm=tvw:iktN}UtNh"ixn6j"iph"f:tNh"ipeYq�n�Ì��

h"adm6c{ikn�az�Ua��-j"iknyj2ev�8jS�Uikqd���ZeYuxtNc{ip¸ym�w\��tNc"h"iknyupm�j2r/iph"a�tvuxu�h"a:m=tvwd�Átvq�h"tNgvm�jbev�8jSm��\ixnoeYq:w:f:nohSevc��<tN}:c{iknytNh"ikeYq
tvq:w�hSm�n{a:q:eYupevgv�v��mv��gd�p���:c"m�nyikj"mzw:m�j"ipgYq#ev�Oq:tvq:e�m�upm�nohSc{eYq:ikn|wdmy��ixnom�j�r/iph"a�noeYq�hSc{eYukuktN}Uupmzn{aUtNc"gvm�nytNc"c{ipmyc
wdm�q:j"iph"ikm�jEtvq:w ev�:hSe�m�upm�nohSc"eYq:ixnytvubtN�:�UukixnytNh"ipeYq:jy���Iq�h"a:ikj\noeYq�hSmo��hy�>h"adm�h"admyevc"myh"iknytvukuk� �:c{m�w:iknohSm�w jS�Uixq-�
¼�ip�#m��Zm�noh\w:ixj"nyf:j"jSm�w tN}�e��vm��\ipgYa�h�}Zm�noeY�\mztvq�ikq�hSmyc"m�jSh"ixqdgnoeYq�hSc"eYu��Em�n�a:tvq:ikj{� tNhEj"f���nyipm�q�h"up��upe�r
hSm��E��myc{tNh"fdc"m�jy�

@8A<BCA�� � L���GIF:T	��
 ]NG�FCJ�WvPsRôW�W%RôHKJ XZG�H��F	�ZR��ôR^]�R��:W
� e/�<tNc8r�m>w:ikj"nyfUj"jSm�w6h"adm>jS�Uixq-��¼�ip�6m���m�noh8��eYf:qUw ikq h"adm��Uc"my��ikeYf:j�jSm�noh"ikeYq�ixq=hSmyc{�\jÍev�ÍËªhSevh"tvudtvq:w �UtNc"h"iktvuªÌ
hSc{tvq:j"�\ixj"j"ipeYq��:c"ev}UtN}�ikukiph"ipm�j¶h"a:tNhbtNc"ml�<tvjSh"up�¤eYj{nyikukuktNh"ikq:gd�8ºO�vmyc{tNgYikq:gEh"adm�jSm=¾�f:tvq�h"ikh"ipm�j>nytvq:nom�ukj�eYfdh>h"adm
�ªtvjSh¶eYj"nyikukuktNh"ikeYq:j�tvq:wEc"my�vm�tvuxj+h"admbikqUadmyc"m�q�h���m�tNh"fdc{m�j�ev��h"admbhSc{tvq:j{�\ikj"j"ikeYq·�Uc"ev}UtN}Uikuxiph§�v�Í��qEh"aUikj�jSm�noh"ipeYq��
r�m=rOikuku�wdm��EeYq:j"hSc{tNhSm=h"adm=jS��ikq-��¼�ip�|m���m�nohOikqzhSmyc{�¤j�ev��t��vmyc{tNgvm�w�hSc{tvq:j"�¤ikj"j"ipeYqUjy�djSmym Ä8ipgd�U¡��®Ð��
`�e�h"a:ikjlm�q:w���r�m\noeYq:j{ikwdmyc6h"admEm�qdmyc{gv� Ë����2�Cevc c���2�Cc{m�jS��m�noh"ip�vm�up�:Ì�t��vmyc{tNgvm�w hSevh"tvu+hSc{tvqUj"�\ikj"j{ipeYq
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ikqzh"adm nytvjSm ev�8q:e\tvw:w:iph"ipeYqUtvuU¼Zf-�Z�dÉvmymy��ikqdgEh"adm w:mygvc"mym=ev��tvw:iktN}UtNh"ixnyiph§�znoeYq:jSh"tvq�hy� H m ixq�hSc"e-w:f:nom6h"a:mUFON¨%U���Uv³<¨�²y¨<³ ��¦\U�P�U�S¤¯y³§¯mP � tvj�h"adm·c{tNh"ipe¤ev�¶h"adm·jS��ikq��:c"m�nom�j{j"ipeYq�Ëªevc��ÍtNc{�Eevc�Ì���c"m�¾�fdm�q:no�����gYip�vm�q�ixq
Ï¶¾��KË�Ã��k¢�ÌbhSe\h"adm evc{}Uiph"tvuCtvqdgYfUuktNcb�ªc"m�¾�f:m�q:no�����
	���w:mo��qdm�w�ikq�Ï¶¾��ÍË�Ã��®ÃYÌbtvqUw�ev}:h"tvikq#Ëªr/iph"a�OÆ ¢=tvq:w
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 c� �� c��� < Ë�¡��®ÃvÃYÌ

`badm=tvw:iktN}�tNh"iknyiph§�|�UtNc{tv�\myhSmyc � ixj�h"adm=a:ipgYa:myc�h"adm �Eevc"m=tvwUiktN}UtNh"iknlh"adm·j"iph"f:tNh"ipeYq�ixjy�
`badm�t��vmyc{tNgvm�wzhSc{tvqUj"�\ikj"j{ipeYq\ikqEh"a:m�tN}Uj"m�q:nom/ev�Ctvq|tvw:w:iph"ikeYq:tvu:º�a:tNc"eYqde%��� » eYa:�È¼�f-�Eh"adc{eYfdgYa¤h"a:m

c{ikqdg ixj¶j"ade%r/q|ikq¤Ä8ipgd�-¡���´d�+��q¤h"admltvw:iktN}UtNh"iknOukik�\ikh/Ë �! #" Ì���h"adm�hSc{tvq:j"�¤ikj"j"ipeYq¤tN�:�:c"eYtvn�adm�j¶¸ymyc{e�w:f:m
hSe�h"a:m�m���m�noh�ev��h"a:m » myc"c{�\�Ua:tvjSmv���Iq�h"admlevh"admyc��:w:iktN}�tNh"iknN��uxik�\iphOË �$ µ�Ì��dh"admlq�f:�Emyc{iknytvuZw:tNh"t�tNgvc"mym
r/iph"a�h"adm�tvqUtvup��h"ixnytvu�c{m�j"f:uphlËª´d�®ÃNµ�Ì��Uq:tv�Em�up�&% �('+Æ Ã � Â-ËI¢¶Õ � Ì��-ev}:h"tvixqdm�w¤}��¤t��vmyc{tNgYikqdgEh"adm�mo�-�:c"m�j"j"ikeYq
Ëª´d�k¢�ÝYÌO��evclh"adm�hSc{tvq:j"�¤ikj"j"ipeYq��:c"ev}UtN}Uixukiph§� ��Ë � Ô�)+*vÔ�) ��� ÆÖµ�Ìbtvq:w�}����·fUuph"ip�Uup�-ikqdg�}���h§r2ezhSe|tvnynoeYfUq�h��evcbh�r�e�ev��m�q�n{a:tvqUqdm�ukjy�

, eYj"h8ixq�hSmyc"m�j"h"ikqdgYup�v�Áh"admyc"m2tNc"m�c{mygYipeYq:jÍr/admyc"m-% �-'�wdc{ev�Uj�hSe�¸ymyc"e�h"a:tNh8tNc"m2q:evhÍnytvf:jSm�w·}��=gvmyeY�EmyhSc{ikn
�Ua:tvjSm�m��Zm�noh"j��=��qevc{w:myc�hSe�ikq��vm�jSh"ipgYtNhSm�r/aUtNhlaUtN�:��m�q:jbh"admyc{mv��r�m�upe�evÉ�tNhlh"admEqdeYq-���Ntvq:ikj"a:ixqdg\hSc{tvq:jS�
�\ikj"j"ikeYq�tv�\�Uukiph"f:w:m�j2Ë�¡��®ÜYÌ��-ikq��UtNc"h"iknyfUuktNc�tNh�h"adm�q�f:�\myc{tNhSevc i ; Æ 6 9¹ Õ 6 ¹ o 6 9: Õ 6 : ÆÖÕ�Ã �Y���Ë 6 ¹ o 6 : Ì��H iph"a�h"adm=mo�-�:c"m�j"j"ikeYq:j>��evc 6 ¹ Ô 6 : �UfdhbikqC�-no���UÏ�¾�jy��Ëª´d��´�Ý��Z´d�®¡Nµ�Ì��Ur2m6��qUw

i ; ÆÖÕOÃ �8Ë<j"ikq>ÎUÑ ¹ Ç�Õ j{ikq2Î�Ò ¹ Ç�Ì noeYj%Ë/.�Ñ¹ o0.YÒ¹ ÌnoeYj%Ë/.�Ñ¹ Õ1.YÒ¹ Ì Ô
Ë�¡��®ÃvÐYÌ

�Em�tvq:ikqdg¤h"a:tNh i ; gve�m�jOhSe¤¸ymyc"e|r/adm�q:my�vmyc/h"adm�w:i&��myc"m�q:nom ikq�h"adm·jSm�noeYqUw��<tvnohSevcO�Ntvq:ikj{adm�jy�b��}��-ipeYf:j{up�v�
h"a:ikjÍe�nynyfdc�j�r/a:m�q=ÎUÑ ¹ tvq:w·Î�Ò ¹ w:i��ZmycÍ}�� tvq·my�vm�q�ikq�hSmygvmyc8q�f:�·}�myc���Ï��-�Utvq:wUikqdgbh"adm2w:i&��myc"m�q:nom�ÎUÑ ¹ Õ6Î�Ò ¹ 2�465Æ2 ÎfUj"ikqdgzË�Ð���´�ÚvÌ2��evcTc� �\Â c��� j"�\tvuku���tvq:w�ÊdÑ¹43 ÊZÒ¹ �-r2m6a:t��vm6hSeEjSeYup�vmlh"admEË65lipev�Ua:tvq�h"ikn��§ukikÉvm%Ì+m�¾�f:tNh"ipeYq

2 Î�Æ noeYj ÊdÑ ¹ o ÊZÒ¹Ã o c� �� c��� j"ikq ÊdÑ ¹ o#Ê�Ò¹Ã Ë�¡��®ÃÁ´�Ì

hSe��-ipm�ukw 2 Î tvjltvq�my�vm�q°ikq�hSmygvmyc��Évmymy�Uikqdg|ikq��\ixq:w�h"a:tNh�h"adm=Êsh"adm��¤jSm�up�vm�j�wdmy��m�q:w�eYq�h"adm Î��b`ba:m
�Uc{jSh�¸ymyc"e�ikj>c"m�uktNhSm�w�hSe 2 Î�Æ Ã�r/ikh"a�Ë�Ê-Ñ ¹ o Ê�Ò¹ ÌSÂNÃ Æ Ç�ÂNÐ���gYip�-ikqdg�c{ikjSmlhSe|t�c{tNh"ipe ;c� �� c��� Æ � Ð Ë�¡��®Ãv¡YÌ

ikq�tvnynoevc{w:tvq:nom r/iph"a|h"adm6ev}UjSmyc{�ÁtNh"ipeYqC�+`badml��eYuxupe�r/ixqdg·¸ymyc{eYjbikqzh"adm6t��vmyc�tNgvm�w�hSc{tvqUj"�\ikj"j{ipeYq¤}�m�upeYq:g�hSe
2 Î�Æ ´ Ô Û Ô <m<m< tvq:wze�nynyf:cOtNhbc{tNh"ikeYj c� �\Â � c��� 
 ¢�Â87�ev� � ¢�¡ Ô � Ðv¡ Ô <m<m< �UjSmym=Ä8ipgd��¡���´¤��evc/ixukukf:jShSc�tNh"ipeYq��ÄdevcOnoeY�E��upmyhSm�qdm�j"jy�dr2m=jSh"tNhSm6h"a:tNh�h"a:m=uktvjSh��<tvnohSevcbev�>Ë�¡��®ÃvÐYÌ�noeYq�hSc{ik}UfdhSm�j�hSeEh"admlgvm�qdmyc�tvuCj"upev��m�ev�9% �-'��
r/admyc"m�tvj2h"adm��ªtvnohSevcbwUikj"nyf:j"j"m�w¤tN}�e��vm=ikj�c"m�jS��eYq:j{ip}Uupm��ªevc>h"admOeYj{nyikukuktNh"ipeYqUjy��h"admO��qdm�jShSc{f:noh"f:c"mOev��r/a:ikn�a
ikqzh"fdc{q�ixj�wdmyhSmyc{�\ikq:m�wz}��|h"adm wdm�q:eY�\ikq:tNhSevc��H mOtvukj"e6�ZeYixq�h8eYfdh+h"aUtNh�h"adm/jS�-�\�EmyhSc"�·�:c"ev��myc"h"ipm�j8ev�Zh"admbeYj{nyikukuktNh"ipeYqUjÍev�:% �-'>Ëª}�myh�r�mym�q¤h"admb¸ymyc"eYj�Ì
jShSc"eYqdgYup��w:my�Zm�qUw�eYq�h"adm·noeYfd��ukikqdg\��tNc{tv�EmyhSmyc � }Zmyh�r�mym�qh"adm·c{ikqdg�tvq:w�h"a:m·upm�tvw:j��ZjSmym�Ä8ipgd�Z¡���´d�lÄdevc
�\tÁ�-ix�\tvubnoeYfd�Uuxikqdg°jShSc"m�qdgvh"aÖË � Æ½µ < ¡YÌ��btvq tN�:�:c{e��dik�\tNhSm�tvq:tvuk��h"iknytvubmo���:c{m�j"j"ipeYq��ªevc\h"adm�t��vmyc{tNgvm�whSc{tvq:j"�\ixj"j"ipeYq<;��nytvq�}Zm6ev}Uh"tvikqdm�w��
=?> é{ç�ä�ç�àNî"ç�ç�à%äUë�äIâ�í%ò�çdáãâ-áãêNè%ä�äSè�æIé�ê%â�á®â<ç�ä�ê�ç�ñCáãç�à+ç�àÁäUáãö)Dvé�â�äSè�æIé�êNè�áãç�áãé�êA@BDCFE @G�H ç�éOEvä�â�öbî�òãò�î�â�ò®é�êÁðÍî�âJI G�HLK I M þ
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Ä8ipgYfdc"m�¡���´ ��`�c�tvq:j"�\ikj{j"ipeYq°�:c"ev}�tN}Uikukiph���t��vmyc�tNgvm�w e%�vmyc·h"a:m¤Ädmyc{�\i¶m�qdmyc"gv� ���5Ë c���2��c"mo�
jS��m�noh"ip�vm�up�:Ìbtvj�t��ªf:qUnoh"ipeYq�ev��h"a:m�tvw:ixtN}UtNh"iknyiph����UtNc{tv�EmyhSmyc � �ªevc�tvq°ikq-����uktvqdm¤Ëªh"tvqdgvm�q�h�Ì
�\tNgYqdmyh"ikn��Um�uxw tvq:w�qdesº�a:tNc"eYqde%��� » eYa:� ¼Zf-����m�qdmyhSc{tNh"ikqdgh"admzc{ikq:gd�`ba:m�h"ikukhSm�w#tÁ�dikj
ikj�h"adm�noeYfd�Uukikq:g¤�UtNc{tv�\myhSmyc � �6`badm��\tNhSmyc{iktvu8jS��m�nyiô�Zn=�UtNc{tv�\myhSmyc{j 6 9 ��evclh"adm�gv��c"eY�\tNgN�
qdmyh"ikn�c{tNh"ipestvq:w h"admzm��Zm�noh"ik�vm��\tvj"j � tNc"m�n{a:eYjSm�q�admyc"mztvq:w�ikq h"a:m��ªeYukupe%r/ikqdg��UgYfdc"m�j
tvj 6 9 Æ ¢�¡stvq:w � Æ µ < µYÃvÐ � � noevc"c"m�jS��eYq:w:ixqdg°hSes��q:º�jy� `ba:mz�¤tÁ�-ik��f:� % �-'

�����
ev�

% �-'¤ikj\ev}Uj"myc"�vm�wVtNh � Æ µ-�Oi���mv�p�bikq h"a:m�w:iktN}�tNh"ikn�ukix�\iphy� ��h|eYq:up� wdmy��m�q:w:j\eYq � tvq:w
ev}�my��j�h"adm�uxt�r % �('

�����
Æ Ã � Â-ËI¢�Õ � Ì�rOadmyc"m�µ�� � � µ < ¡�� `/adm��\ikqUik�\tsikq$% �-'EtNh

� Æ � Ð Ô � ¢�¡ Ô � Ðv¡ Ô � ÛvÐ Ô � ÜvÜ#tNc"msnyupm�tNc{up����ikj{ip}Uupm�tvqUw w:m�j"noc{ip}�m�w�ixq�h"adm°hSmo�-hy� `badme��vmyc{tvuxu�wdm�nyt��ev��% �-'OhSez¸ymyc"e�tvj6tvwUiktN}UtNh"iknyiph���ikj�c"m�tvn�adm�w�Ë �  " ÌOikjltvq°m���m�noh6ev�¶h"adm
» myc"c"�\�UaUtvjSm/h"a:tNh�noeYq�hSc{ip}Uf:hSm�j�jShSc{eYqdgvm�jSh�ikq\h"a:m�tvw:ixtN}UtNh"ikn�ukik�\iphy�Í��q�h"admlikq:jSmyhy��h"adml�EeYjSh
ikq�hSmyc"m�jSh"ikqdgE�Uc"ev��myc"h"ipm�j�tNc"m=m�qUuktNc"gvm�w��

H m·jSh"tNc{hbmy�Átvuxf:tNh"ikqdg\Ï�¾U��Ë�¡��ÚvÌ���evc � Æ µ < ¡�Ë<a:m�q:nomv��b oqe�Æ � ¢�Õ Ã � 
 µ�Ì2c"m�j{f:uph"ikqdgEikq
i ¹ Æ Õ·Ë 6 9¹ Õ 6 9: Ì Ôi Ó Æ ÕOÃ�c6 9; Ôi ; Æ 6 9¹ Õ 6 ¹ o 6 9: Õ 6 : ÔiZj Æ 6 9¹ o 6 9: < Ë�¡��®ÃvÛYÌ

Ädevc/h"adm·wdm�qdeY�\ikqUtNhSevc � 
 i ; iZj Õ u i Ó¹ o i ÓÓ w ikq�Ï�¾U��Ë�¡��®ÜYÌ��Zr�m6ev}Uh"tvikq�h"a�f:j
� Æ Õ·Ë 6 ¹ o 6 : ÌoË 6 9¹ o 6 9: Ì5o Ë 6 9¹ o 6 9: Ì Ó ÕVË 6 9¹ Õ 6 9: Ì Ó Õ�´/ËNc6 9; Ì Ó

Æ Õ·Ë 6 ¹ o 6 : ÌoË 6 9¹ o 6 9: Ì5o#´Ywdmyh 9 Ô Ë�¡��®ÃYÚvÌ
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r/iph"a�wdmyh 2�465Æ 6 ¹ 6 : Õ��6 Ó; �¶��q:j"myc"h"ikqdgEÏ¶¾�jy��Ëª´d��´�Ý��Z´d�®¡Nµ�Ì�tvq:w�j"fd}UjSh"ikh"fdh"ikqdg 2 Î�Æ ÎUÑ ¹ Õ�Î�Ò ¹ �dr2m tNc"c{ip�vm=tNh

Ë 6 ¹ o 6 : ÌoË 6 9¹ o 6 9: Ì¶Æ � 6 ¹ o 6 : � Ó Æ Ã noeYj Ó Ë/. Ñ ¹ o0. Ò¹ ÌnoeYj Ó Ë/.�Ñ¹ Õ1.vÒ¹ Ì
ËI¢�Õ�noeYj 2 ÎCÇ�Ì Ô

wdmyh Æ Õ $ " . � Ñ Þ�� � Ò Þ / % < Ë�¡��®ÃvÝYÌ
`ba:ikjl�Zq:tvukup�upm�tvw:j=hSe�h"adm\�ªeYukupe%r/ikqdg�tvq:tvuk��h"iknytvu¶mo���Uc"m�j"j"ipeYq���evc·h"adm¤hSc{tvqUj"�\ikj"j{ipeYq�¦�P�K���U��y¨�Y^¨<³ �Ëª´d�®ÃvÜYÌ
��evc � Æ ¢�ÂNÃ�Ë�b\ÆÖÕ·¢�ÂNÃ Ô e/Æ ¢�ÂNÃYÌ �

� ��� �¹ ' Ó Æ
� E�E o � G�G Æ
Ý � Óe Ó b ¹ ; b 9 ¹ ; Æ Ý i ; i 9;Ë � 6 ¹ o 6 : � Ó o ´+wdmyh 9 Ì�Ë � 6 ¹ o 6 : � Ó o�´+wdmyh�Ì < Ë�¡��®ÃvÜYÌ

��q�Ï�¾U��Ë�¡��®ÃvÐYÌbr2m tvupc"m�tvwd�|my�Ntvukf:tNhSm�w��UtNc{hbev�Íh"a:m q�fU�Emyc{tNhSevcbh"a:tNhb��q:tvukup�¤��ipm�uxw:j
i ; i 9; Æ ´ noeYj Ó Ë/.�Ñ¹ o0.vÒ¹ ÌnoeYj Ó Ë/.�Ñ¹ Õ1.vÒ¹ Ì

Ë<j"ikq>ÎUÑ ¹ ÇzÕ j{ikq>Î�Ò ¹ Ç�Ì Ó

Æ ¢�Û noeYj Ó Ë/.�Ñ¹ o0.vÒ¹ ÌnoeYj Ó Ë/.�Ñ¹ Õ1.vÒ¹ Ì
j"ikq Ó 2 ÎCÇÃ noeYj Ó ËªÎUÑ ¹ o#Î�Ò ¹ Ì�ÇÃ < Ë�¡��®ÐNµ�Ì

Ä:fdc"h"admyc��Eevc"mv�:h"adm=w:m�qdeY�\ikq:tNhSevc/my�ÁtvukfUtNhSm�jbhSe
��� Æ � 6 ¹ o 6 : � : o Ý � 6 ¹ o 6 : � Ó �bm�Ë<wdmyh�Ì o ¢�Û

Æ ´ noeYj : Ë/.�Ñ¹ o0.vÒ¹ ÌnoeYj : Ë/.�Ñ¹ Õ1.vÒ¹ Ì ËI¢�Õ noeYj 2 ÎCÇ�Ì Ó
Õ·¢�Û noeYj Ó Ë/.�Ñ¹ o0.YÒ¹ ÌnoeYj Ó Ë/.�Ñ¹ Õ1.YÒ¹ Ì

ËI¢�Õ noeYj 2 ÎCÇ�Ì�noeYjÁËªÎUÑ ¹ o�Î�Ò ¹ Ì�Ç�o ¢�Û Ô Ë�¡��®Ð-¢�Ì
r/admyc"m6r2m a:t��vm·f:jSm�wzh"a:m f:q:iph"tNc�iph§�°Ë<wdmyh:wdmyh 9 Æ ¢�Ì�ev�ÍØ Ù Ô Ø Ù{Ù �`badm\qdmo�-h=jShSmy�#ikjlhSe���myc"�ªevc{�4h"adm¤t��vmyc�tNgYikqdgd�a�Omyc"mv��r2m¤tNc"mEeYqUup�ixq�hSmyc"m�j"hSm�w�ikq°h"adm\¾�f:tvukiph"tNh"ik�vm
}Zm�aUt��-ipeYfdc�tvq:wEqdevh�ikq�tvuku�h"admb¾�f:tvq�h"iph"tNh"ip�vmbwdmyh"tvikuxjy�K`/admyc"my�ªevc"mv�vr�m���myc"�ªevc{�Öh"adm�t��vmyc�tNgYikqdg=�:c{e�nom�w:f:c"m
��evc+Ï�¾�jy�:Ë�¡��®ÐNµ-�-¡��®Ð-¢�ÌK}���qdmygYupm�noh"ikq:gltvuxu�hSmyc��\j8}�m�tNc{ikqdgO�ªtvjSh�eYj{nyikukuktNh"ipeYqUjy�vikq ��tNc"h"iknyf:uktNc8r2m>�Ufdh8tl�ªtvnohSevc
¢�ÂNÃb�ªevc�h"adm�uktvjSh�noeYj Ó ��hSmyc���ikq=h"adm¶q�f:�Emyc{tNhSevc>Ë�¡��®ÐNµ�Ì�tvqUw=qdmygYupm�nohÍh"adm�jSm�noeYqUw=hSmyc{��ikq6h"adm2wdm�qdeY�\ikqUtNhSevc
Ë�¡��®Ð-¢�Ì��2`baUikj>��ikm�ukw:j2��evcOh"adm=t��vmyc�tNgvm�w�hSc�tvq:j"�\ikj{j"ipeYq|�:c"ev}UtN}�ikukiph��

% � ��� �¹ ' Ó '+Æ Ý ��¢�Û
	 ��� A .� Ñ Þ � � ÒÞ /	 ��� A .� Ñ Þ a � ÒÞ / j{ikq Ó�� � %Ó � ¹Ó
´��d´ o 	 ����� .�� Ñ Þ � � ÒÞ /	 ��� � .�� Ñ Þ a � ÒÞ / ËI¢�Õ noeYj 2 ÎCÇ�Ì Ó�� 3

¢�ÛEnoeYj Ó Ë/.%Ñ¹ o0.YÒ¹ Ì�j{ikq Ó � � %Ó´To�noeYj : Ë/.%Ñ¹ o .vÒ¹ Ì8ËI¢�Õ noeYj 2 ÎCÇ�Ì Ó Ô Ë�¡��®ÐvÃYÌ

f:j"ikqdg .%Ñ¹ 3 .vÒ¹ ikq�h"adm�uktvj"h\jShSmy�C� ��h\ikj�r2evc"h"a hSe ikq�hSc"e-w:f:nomzh"adm��\m�tvq tvqdgYupm ;Ê5Ëªevc ;.�Æ ;ÊCÂNÃ���c"mo�
jS��m�noh"ip�vm�up�:Ì��Zq:tv�\m�up� ;Ê 2�465Æ ¹Ó Ë�Ê-Ñ ¹ o�Ê�Ò¹ Ì��OÄdevc6noeY�E�UukmyhSm�qdm�j"jy�Zr�m�tvukjSe|wdmo��qdm·h"adm·�Em�tvq�É-ikqdmyh"ikn6m�q:myc"gv�¾�f:tvq�h"f:� q�fU� }�myc ;Î�Æ ¹Ó ËªÎUÑ ¹ o�Î�Ò ¹ Ì��-tvq:w¤h"admOw:i��Zmyc"m�qUnomOtvqdgYupm 2 Ê�ÆVÊdÑ¹ Õ|Ê�Ò¹ ��gvm�q:myc{tvukip¸�ikq:g Ï¶¾���Ë�Ð���´�¡YÌhSe

noevh ;Ê�Æ ;Î o ¹Óc� � Ô Ë�¡��®ÐvÐYÌ
tvq:w�gYip�-ikqdg�c{ikj"m6hSe\h"adm6c"m�uktNh"ikeYq:j

;Î Æ � c����Õ ¢Ã o�j"ikq 2 ÊÃ j"ikq ;Ê 3
� c���Õ ¢Ã Ô

2 Î Æ noeYj ;Êo c� �� c��� j"ixq ;Ê Ô
h"tvq 2 Ê Æ Õ 2 Îc� � o��� . �� a ¹ /�� � <
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Ä:fdc"h"admyc��Eevc"mv�:r2m=nytvq�m�tvj"ixup��mo�-�:c"m�j{j ;Êtvq:w 2 ÎsikqzhSmyc{�\j/ev�Íh"adm·tvw:iktN}UtNh"iknyikh§�|�UtNc{tv�EmyhSmyc � wdmo��q:m�w
ikq�Ï¶¾��ÍË�¡��®ÃvÃYÌ �

noevh ;Ê Æ ¢
�
Õ  noeYj ;Ê�Æ ¢

� ¢ o � Ó Ô Ë�¡��®ÐÁ´�Ì
2 Î Æ Æ � ¢ o � Ó <
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my�ÁtvukfUtNhSm�jlhSe�tvq°my�vm�qsikq�hSmygvmyc��·º�j�tvukc"m�tvwd��w:m�j"noc{ip}�m�w�tN}�e%�vm�Ë<jSmym\Ä8ipgd�C¡���´�Ì��Ch"a:ikjla:tN�:��m�q:j�tNh � Ó 
c� Ó � Ó Â c��� Æ Ð Ô ¢�¡ Ô Ðv¡ Ô <m<m< � �Iq�Ä8ipgd�>¡��®¡��/h"adm�c"m�j"f:ukh\ev�=Ï¶¾���Ë�¡��®Ðv¡YÌ�ikj�j"ade�rOqVikqVnoeY�E�UtNc{ixjSeYq r/ikh"ah"adm\q�fU�Emyc{iknytvu�w:tNh"t-�Í��eYikq�h"ixqdg�eYf:h=t�gve�e-w�tNgvc"mym��\m�q�h=ev�>h"admEh�r�e�nyfdc"�vm�jy�E�Iqstvw:w:iph"ikeYq���r�m\nyukm�tNc{up�
ev}UjSmyc"�vm�wdmy��ixtNh"ipeYq:j+ev��h"adm�upe-nytvuU�\tÁ�dik�\t6�ªc"eY� h"admb�Ntvukfdm�j+gYik�vm�q\}��Eh"adm �Cevc{m�q�hS¸�iktvq��:c"my�<tvnohSevcl¢�Â-ËI¢)o
� Ó Ì�� �Iq�hSmyc{m�jSh"ikqdgYup�v��h"a:m��Uc"my�ªtvnohSevc O"K�S�¨�©�UY³§¯�¥lh"adm��ªtvukup��e(� ��evc=noeYf:�Uukikqdg|jShSc"m�qdgvh"aUj � }Zm�uke�r 3 µ < ´�tvjikukukf:j"hSc{tNhSm�wzikq�Ä8ipgd��¡��®ÛEtvq:w�nytvq�tvukjSeE}�m=noeYq-��c{�Em�w�ikq�Ä8ipgd��¡���´Ë<ikq:jSmyh�Ì : �H m�jSh"tNhSm�h"a:tNh¤h"a:m�}�m�a:t��-ipeYfdcEev�lh"adm#¯y© �N¯mY K�¦d¯ % �-' 4 ��� ev�lh"adm�t��vmyc{tNgvm�w hSc{tvq:j"�¤ikj"j"ipeYq % �('���evc
�  µ\ixj�c{tNh"admycbr2m�uku�wdm�j{noc{ip}�m�w|}��

% �-' 4 ��� Æ Ã �
¢�Õ �

¢
¢ o � Ó Ô Ë�¡��®ÐvÛYÌ

tvjOwdm��\eYq:jShSc{tNhSm�w�ikq�Ä8ipgd�Z¡��®Û\��evc � � µ < ´d�bÄdevclj"�\tvuxu��Átvuxfdm�j�ev� � �Zwdmy�-iktNh"ipeYq:j��ªc"eY� Ï¶¾��ÍË�¡��®ÐvÛYÌ/e�nynyfdc
�Emyc"m�up� tNh¤h"a:m���eYj"iph"ipeYq:j\r/admyc"m % �-'\wdc"ev�Uj\hSe ¸ymyc"e Ë<i���mv�p� � Æ � Ð Ô � ¢�¡ Ô � Ðv¡ Ô <m<m< Ì���tvq:w�h"adm�w:ik�Uj}Zm�noeY�\m=h"adm=q:tNc"c{e�r2myc/h"adm j{�\tvukupmyc � �
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��c{eY� h"adml�\ikqUik�\t6ikj��vmyc"�\r2m�ukuUw:m�j"noc{ip}�m�wE}��¤t �Cevc"m�q�hS¸�iktvq���evc ��� µ < ´d�+º �\t%~Sevc2n�a:tvqdgvmikq�h"adm=j{a:tN��m6ev�Íh"adm·�\tÁ�-ix�\tEtvj �  µ < ¡��UjSmym Ä8ipgd�Z¡��®¡��

¸ymyc"e|t��vmyc{tNgvm�w°hSc{tvq:j{�\ikj"j"ikeYq�ikj/tvq�m���m�noh"ip�vm ¼Zf-��ev�¶a:tvup�8t\¼Zf-��¾�f:tvq�h"f:� Ëªr/iph"a�t�¿>À�����myc{ipe-w:iknyiph���tvj
ikq��vm�j"h"ipgYtNhSm�wzikq � m�noh"ipeYq�´d�k¢N�®ÐYÌ�� H adm�q|qde·º�a:tNc"eYqde%��� » eYa:� ¼�f-�Emo�dikjSh"jy��h"admb¼Zf-�\nytvq¤}�mb�:c{e��-ikwdm�w\tvj
gvmyeY�EmyhSc{iknO¼�f-�\�-ikt·h"admlgvmyeY�EmyhSc{ikn��UaUtvjSmv��no���dÏ¶¾���Ëª´d�®Ã-¢�Ì�� �/evhSmv�:a:e�r2my�vmyc��:h"a:tNhb¿ À ÂNÃ�ikj2h"adm��¤tÁ�-ik�¤tvu
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��evcO��qUºOj�Ë<jSmym·Ä8ipgd��¡���´�Ì��bÄ:evc � Æ µ-��h"admyc"m ixjbqde\hSc{tvqUj"�\ikj"j{ipeYq��djSmym hSmo�-hy�/�lq�h"a:m=evh"admyc
a:tvq:w��d�ªevc �$ #" �Uh"adm=eYj"nyikuxuktNh"ipeYq:j�tNc"m·upeYjSh/tvq:w1% �-'>wdmy��m�q:w:j>eYqUup��eYq�h"adm noeYfd�Uuxikqdg � �
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��m�noh8ev�:h"a:m » myc"c"�6��a:tvjSm>ikq=h"a:ixjÍtvw:ixtN}UtNh"ikn¶uxik�\iphCikjKnoeY�E��m�q:j"tNhSm�w�}��6h"adm>ºOa:tNc{eYqde���� » eYa:�
¼�f-�zh"adc"eYfdgYazh"a:m=c{ikqdgd��`ba:m=�\ikq:ik�¤t·ev�A% �-'2e-nynyfdc/q:e�r tNh � Æ � Ý Ô � ÃÁ´ Ô � ´�Ý Ô � ÝNµ:�

¾�f:tvq�h"f:� w:fdm�hSe�tvq°tvw:w:iph"ipeYqUtvu�º�a:tNc"eYqde%��� » eYa:�4¼�fd��ikjO�:c"m�jSm�q�hy��tvqstvw:w:iph"ipeYqUtvuCgvmyeY�EmyhSc{ixn ¼Zf-��ev�
¿>À�ÂNÃzikqh"adm\tvw:iktN}UtNh"ixn·ukix�\iphOw:m�jShSc"e��-j6h"admEj"ikh"f:tNh"ipeYq��CjSmymEÄ8ipgd��¡��Ú�� �/e%r�my�vmyc��Íh"adm�qr2mEmo����m�noh6¸ymyc"e
hSc{tvq:j"�\ixj"j"ipeYq�ikqzh"a:m w:iktN}UtNh"ixn6ukik�\iph�tvq:w�ikq:wdmym�wz�Zq:w�iph�h"admyc"m��N�2Ä:fdc"h"a:myc{�Eevc"mv�Uixq�h"adm j"ikh"f:tNh"ipeYq�r/ikh"a
a:tvup��t6¼�fd��¾�f:tvq�h"f:� ��m�qdmyhSc�tNh"ikqdg6h"admOc{ikqdgd��r�m/��q:wEh"adm�j"tv�Em � Â-ËI¢ÍÕ � Ì§�§wdmy��m�q:wdm�q:nomOev��h"adm/t��vmyc{tNgvm�w
hSc{tvq:j"�\ixj"j"ipeYq��likq�h"adm�U"ON¨�U ��Uv³<¨�²6ukik�¤iph�h"a:tNh�r�m·É�qde%r��ªc"eY� h"adm ¸ymyc{eN��¼�f-��nytvjSm�ikq�h"a:m·w:iktN}�tNh"ikn ukix�\iphy�
`ba:ikj�nytvq¤}ZmbfUq:wdmyc{jShSe�e-w�}���c"m�tvukip¸�ixqdg6h"a:tNh+h"adm/gvmyeY�EmyhSc{iknb¼�f-��nytNc{c{ipm�j+t=q:mygYtNh"ip�vmOj"ikgYq\tvq:wEh"admyc{my��evc"m
noeY�E��m�q:j"tNhSm�jbh"a:m=ºOa:tNc{eYqde���� » eYa:� ¼Zf-�Z�
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ç�àÁî{ç�ç�à%ä2ç�ë§î�ê%â�ö�á®â�â�áãé�ê EväIæIé�ö�äIâ��Iä�ë�é þ� éSñ�äCh�ä�ëSù�ç�à%é�íÁð�à·ç�à%á®â�áãâ�ç�ë�íÁä�óôé�ë+ç�à%ä>êÁé�ê%ø�î hoä�ë§î�ð�äSè ç�ë§î{êÁâ�ö�áãâ�â�áãé�ê%âIùdæ�ó þ ù ä þ ð þ ù^ áãð þ �yþ ïZE�ù�ç�àÁáãâ�ä�åYäIæ�ç�áãâ�ò®é�â<ç¶è%í�ë�á®ê%ð/ç�à%ä�î hoä�ë§î{ð�áãêÁð D%ë�éyæIäSè�í%ë�ä EväIæSî�í%â�ä>áãê�é{ë§è%ä�ë8ç�é IoäIäCD�� \#g�äSè6í Dvé�ê h�î"ë6G%áãê%ð @G�H ùè�á�åYä�ë�äIêyçCöbî�ð�êÁä�ç�áãæ!\Nä�òè/â<ç�ë�äIêÁð{ç�àläIêyç�ä�ë�ç�à%ä8æSî�òãæIí%ò®î{ç�áãé�ê�ùvâ�äIä ^ áãð þ ��þ ��þ

� � âÍæSî�ê î�ò�ë�äSî�èdG Evä¶â�äIäIê=áãê ^ á®ð þ���þ � ùYç�àÁä+é�â�æIáãò®ò®î"ç�á®é�êÁâ¶î{ë�ä¶ñ�î{â�àÁäSè6é�í�ç�î{â��#áãêÁæ�ë�äIî�â�äIâ8òãäSî�è%áãêÁðOî�â G�ö)D�ç�é�ç�áãæSî�òãòHGlç�é
ç�à%ä�îTEvé hoä�ö�ä�ê�ç�áãé�êÁäSè1h�î{òãíÁä þ
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ε = 0.50 (back)
ε = 0.25 (front)

Ä8ipgYfdc"m·¡��®Ý �2`�c�tvq:j"�\ikj{j"ipeYq|�:c"ev}UtN}�ikukiph��¤t��vmyc{tNgvm�we%�vmycOh"adm·Ädmyc{�\i�m�q:myc"gv� ����tvj/tE�<f:q:n��
h"ipeYqzev��h"a:m�tvw:ixtN}UtNh"iknyiph��¤�UtNc{tv�\myhSmyc � ��evcbtvqzikq-����uktvqdmO�¤tNgYqdmyh"iknO�Um�ukwztvq:wzt�¾�fUtNc"hSmyc>ev�
t�¼�f-��¾�f:tvq�h"f:� ��m�qdmyhSc{tNh"ikqdg�h"admlc{ixqdg·�ªevc��Iq:ºOj6Ë<jSmym=tvuxjSeEÄKikgYjy�:¡���´\tvq:w�¡��ÚvÌ��¶º�uph"adeYfdgYa
h"admyc"mEikjljSeY�Em�jShSc{fUnoh"fdc"m�ikq�h"a:m�nyf:c"�vmv�Ciphlikj/�<tNc6upm�j"jln{aUtNc{tvnohSmyc{ikjSh"ixn·h"aUtvqixq�h"admEjS��m�nyiktvu
j"iph"f:tNh"ikeYq:jbw:ikj{nyf:j"jSm�wztN}�e��vmv�

tNh � Î Ó Õ�¢�r/iph"a�Îtvq ¯ �N¯o©Eikq�hSmygvmyc��*�Oe�r2my�vmyc���a:myc"mOh"a:m�hSc�tvq:j"�\ikj{j"ipeYq¤ixj�eYqUup�¤w:ik�¤ikq:ikj"a:m�wEtvq:wzwde�m�j
©�Kv³Cwdc{ev��hSe\¸ymyc"ed�Uixqz�ªtvnohOh"adm6eYj"nyikukuxtNh"ipeYq:j>�Ntvq:ikj"a�ikqzh"a:m=tvw:iktN}UtNh"ikn6uxik�\iph>tvj/w:ixj"nyf:j"jSm�wztN}�e��vmv�
��q�h"a:m�gvm�qdmyc{tvubj"ikh"f:tNh"ipeYq#r/admyc"mzh"adm�º�a:tNc"eYq:e���� » eYaU� ¼�f-�#ikjEqdm�iph"admyc\tvq ixq�hSmygvmyc¤q:evc\a:tvup�Otvq

ikq�hSmygvmyc8��f:uph"ip�Uukm�ev�dh"adm�¼�f-�=¾�f:tvq�h"f:�Ö¿>ÀÁ�Nh"admyc"m2tNc"m�q:e/j"ipgYq:tNh"f:c"m�jCev�:jS��m�nyiktvu�ikq�hSmyc{m�jShÍikq h"adm�t��vmyc{tNgvm�w
hSc{tvq:j"�\ixj"j"ipeYq|�:c"ev}�tN}Uikukiph��v�¶�lqdm6h§���UiknytvuCmo�-tv�E��upm=ikj�j"ade%r/q�ikq�Ä8ipgd�Z¡��®Ý���evcOt�¼�f-��¿���� Æ µ < Ãv¡+¿>Àv�
@8A<BCA�� � HKP X�F�GIRôW%HKJ [\R^]ND F ]�[ H�� 
�R�P ��J�WÁRôHKJ�F �>PH 
 � �
� e\�<tNc��Ur2m w:ikj{nyf:j"jSm�w�hSc�tvq:j"�\ikj{j"ipeYq�tv�E�Uuxiph"f:wdm�j�ikq�tvq�eYqdmo�§w:ix�Em�q:j"ipeYqUtvu��Ee�w:m�uCjS�-jShSm���� 2eYq:nomyc{q:ixqdg
mo����myc{ik�\m�q�h"tvu2c"m�tvukixj"tNh"ipeYq#r/admyc"m|c{ikq:gYj·ev� W+©:¨<³§¯ ��¨%Ov³NMtNc{mzfUjSm�w��¶th§r2eN�§w:ik�\m�q:j"ipeYq:tvu6Ë�ÃNw�Ì·jS�-jShSm����
ikjy��ev��noeYfdc�jSmv�C�Eevc"m�c"m�tvukixjSh"iknN�=`badm�m���m�noh6ev�¶h"admEqdeYq-���Ntvq:ikj{a:ikqdg�c{tvw:iktvuÍmo��hSm�qUj"ipeYqev�¶h"adm�c{ixqdg|ixjOh"a:m
�ZeYj{j"ip}Uikuxiph§��ev�=aUt��-ikqdg jSmy�vmyc�tvu·³�P�UN©d¥ �N¯ZP�¥y¯|�\e�wdm�j���evc��>ev�Zm�qVn{a:tvqUqdm�ukjy��tNc{ikj{ikqdgs�ªc"eY� h"admnoeYq-��q:ixqdg
�ZevhSm�q�h"iktvuZikq�c{tvw:iktvu�w:ipc"m�noh"ipeYqC�Í�Iq¤h"a:m�ukix�\iph�ev�CeYqdm�ev��m�q�n�a:tvq:qdm�u���i���mv�p��eYqdm�hSc{tvq:jS�vmyc�jSm��\e�wdmv��r2m/��qUw
h"adm�nyupeYj"m�jSh�j{ik�\ikuktNc�iph§��hSe�t#¢yw�c{ikq:g����z�Iq Ä8ipgd�8¡��®Ü�r2m�noeY�\�UtNc"m¤c{m�j"f:uph"j ��evc·h"adm�¢yw c{ikqdg�r/iph"a�w:tNh"t
��c"eY�   ´:¢o£8��evcltzÃNw�c{ixqdg¤�Ee-wdm�uÍr/iph"a�~"f:jSh/eYqdm·ev��m�qn{a:tvqUqdm�u��/`ba:m·uktNhShSmyc6tNc"m·ev}:h"tvikqdm�w�r/iph"a:ixq�t|ÃNw
h"ipgYa�hI��}�ikq:w:ikq:g��Ee-wdm�u�ikq�t � c"mym�q��<f:q:noh"ikeYqz��evc{�¤tvukikj"�  �¡vÃN£��H ml�ZeYixq�h+eYf:h�h"a:tNh2h"admlÃNw|�\e�wdm�uUev�¶  ´:¢y£�a:tvj�q:e·tvwÁ~"f:jSh"tN}Uukm/�UtNc{tv�\myhSmyc>noeYq�hSc"eYukuxikqdg=h"adm�noeYfd�Uukixqdg
}Zmyh�r�mym�q h"adm�c�ikqdg°tvq:w#h"adm�upm�tvw:jy�+tvjEikj�gYip�vm�q ixq hSmyc{�¤j·ev� � �ªevc�h"a:m°¢yw �\e�wdm�u��°`ÍesnoeY�E�UtNc"m�h"a:m
w:tNh"t-� � r>tvjOtvwÁ~"f:jShSm�w�f:j"ikq:gEh"adm �Ntvukfdm=ev� % �('�tNh � Æ µ-�Ur/a:myc"m=r2m·nytvqtN�:�Uup�|h"adm·tvqUtvup��h"ixnytvuCc"m�j"fUuph

���ªêOäZgdDvä�ë�áãö�äIêyç�â�ñCá�ç�àlâ�äIö�áãæIé�êNè%í%æ�ç�é�ë�àÁä�ç�ä�ë�é�â<ç�ë�íÁæ�ç�í�ë�äIâ�ç�àÁáãâ�æSî{êLEvä�î{æ�à%áãäChoäSè1E�G�ç�íÁêÁáãê%ð>î�è%è%á�ç�áãé�êÁî�ò�ðoî{ç�ä hoé�ò�ç§î�ð�äIâ þ



����� � ���[35* ����#T
 ��!"�)#�$%��&(')#�*�+ ÛvÜ

0 1 2 3 4 5 6 7
Adiabaticity parameter Q

0

0.1

0.2

0.3

0.4

0.5

A
ve

ra
ge

d 
tr

an
sm

is
si

on
 〈T

〉

1d numerics (ε = 0.316)
2d numerics (tight binding)

Ä8ipgYfdc"m°¡��®Ü � ºO�vmyc{tNgvm�w hSc{tvq:j"�\ixj"j"ipeYq��:c"ev}UtN}Uixukiph§�#�ªevc � Æ µ < Ð-¢�Û#noeY�E�UtNc"m�w r/ikh"a h"admc"m�j"f:ukh"jCev�dtOÃNw·�Ee�w:m�u�  ´:¢o£��8`badm+c{m�j"f:uph"j�r2myc"m2tvwÁ~SfUjShSm�w=}��6n{ade�eYj"ikqdg � hSeOgYip�vm�noeYixq:nyikwdm�q:nom
tNh � Æ µ-�¶`badm6h�r�e�nyfdc"�vm�j/tNgvc{mym=r�m�uxu��

% �-'oË � Æ µ�Ì+Æ Ã � Â-ËI¢bÕ � Ì���º�nynoevc{w:ikq:gYup�v� � Æ5µ-�®Ð-¢�ÛEr>tvj/n{a:eYjSm�q���`/adm=tNgvc"mym��Em�q�hOev�8h"adm6h�r�e|nyfdc"�vm�j
ikj�j"tNh"ikjS�ª��ixqdgd��ikq ��tNc"h"iknyf:uktNc�r/adm�q#qdevh"iknyixqdg�h"aUtNh�h"a:m|j"aUtN�Zm|ev�bh"adm�nyfdc{�vmzixj·wdmyhSmyc��\ikqdm�w }�� � �¶jSmym
ÄKikgYjy��¡��®¡���¡��®Û �
@8A<BCA�� � R�PsR^]�R�JUTVWÁR^]���F:]�RôHKJ�W�� � 
CRôF ��FU]�Rp_sF�J 
 
CRôF	��F:]�Rp_ G �dT�R�P �

ÄKixq:tvukup�v�8r2m|}Uc{ipmo¼U��ikq��vm�jSh"ipgYtNhSm�h"a:m�hSc{tvqUj"�\ikj"j{ipeYq��:c{ev}UtN}Uikukikh"ipm�j ikq h"adm UFON¨%U���UY³<¨<²�tvq:w#h"adm ON¨�U ��Uv³<¨�²
ukik�\iph/��evc�h"adm�ikq-���Uuktvq:m �\tNgYqdmyh"ikn �Um�ukw�gvmyeY�EmyhSc"�v�6º�w:iktN}UtNh"ixnyiph§��ikj�n{aUtNc{tvnohSmyc{ip¸ym�w°}���h"adm�wdeY�\ikq:tvqUnom
ev��h"adm¤�\tNgYqdmyh"ixnE�Um�ukw e��vmyc�h"adm¤evc{}Uiph"tvu+�Eevh"ikeYq��K�¤tvq:ip�ªm�jSh"ikqdg�iph"j"m�up��ikq°Ê-Ñ¹ Æ ÊZÒ¹ Æ Ê-ÑÓ ÆÈÊ�ÒÓ Æ Ç�ÂNÃr/a:ikn�a ikjEmy�-ikwdm�q�h\r/adm�q h"a:ikqdÉ-ikqdgsikq h"a:m�gvmyeY�EmyhSc{ikn�ikq�hSmyc"�:c"myh"tNh"ipeYq�ev�lh"adm�tvqdgYupm�j\ÊÍ��no����Ä8ipgd��Ð��®Ð��
��q:j"myc"h"ikqdg�h"adm noevc{c"m�jS��eYq:w:ikq:g·�Ntvukfdm�j��ªevcbh"adm·tvqdgYupm�j . 2�465Æ Ê�ÂNÃ��

. Ñ¹ Æ . Ò¹ Æ . ÑÓ Æ . ÒÓ Æ
Ç
´ Ô Ë�¡��®ÐYÚvÌ

ikq�hSe�Ï�¾�jy�¶Ëª´d��´�Ý��Í´d�®¡Nµ�Ìlupm�tvw:jlhSe�tzc{m�uktNh"ipeYq}�myh§r2mym�qsh"adm\�\tNhSc{ip��m�upm��Em�q�h"j6ev�¶h"a:mEhSc{tvq:jS�ªmyc=�\tNhSc{iknom�j
Ø Ù Ô Ø Ù"Ù ��q:tv�Em�up� 6 ¹ ÆÈÕ 6 : � H adm�q°qdeztvw:w:iph"ipeYqUtvu�º�a:tNc"eYqde%��� » eYa:�4¼�fd��ixj/�:c{m�jSm�q�hy��r2m�ev}:h"tvikq���c"eY�
Ï¶¾��ÍË�¡��ÚvÌ i ; Æ µ-�UgYip��ixqdg���iktEÏ�¾U��Ë�¡��®ÜYÌ/ik�\�\m�w:iktNhSm�up�

� Æ µ Ë�¡��®ÐvÝYÌ
��evc�h"adm°hSc{tvqUj"�\ikj"j{ipeYq �:c{ev}UtN}Uikukikh§� ikqVh"admstvw:iktN}UtNh"ixnuxik�\iph\rOiph"a ¿ ��� Æ µ-�È`ba:ixj�ikjzt�nyupm�tNc�tvq:w
r�m�uku�É-qde�rOq  �ÐvÜN£6j{ipgYq ev�·t » myc"c"����a:tvjSm°h"a:tNhzm��Zm�noh"ik�vm�up� tvnoh"j�uxipÉvmtvq º�a:tNc"eYq:e���� » eYaU� ¼�f-��eYq
h"adm�hSc{tvq:j"�\ixj"j"ipeYq��:c"ev}UtN}�ikukiph��ztvqUw��Ctvnynoevc{w:ikq:gYup�v�CnoeYq�hSc�ip}UfdhSm�j�hSe�h"admEikq�hSmyc"�ªmyc"m�q:nom�m��Zm�noh"j�� H admyc"m�tvj
ikq h"admf:j"f:tvuOºOa:tNc{eYqde���� » eYa:� mo�-��myc{ik�Em�q�h\¸ymyc"e hSc{tvq:j"�¤ikj"j"ipeYq�ikj¤tvn�a:ipmy�vm�wVr/iph"atM]U�Y R¤t ¾�fUtvq�h"f:�
¼�f-����m�qdmyhSc{tNh"ikq:g¤h"adm�c{ikqdgd��r�m���qUw�h"a:ikj�j"iph"fUtNh"ipeYq�ikq�h"adm ¦�P"¯�¥y¯y©�²�¯ K R U��l¯ZP�P �·¦�M\UÁ¥y¯6m�¾�f:ik�Átvupm�q�h/hSe
a:tvup�bt�¼�f-� ¾�f:tvq�h"f:�
	\�ªevc�¸ymyc"esºOaUtNc"eYqde���� » eYa:� ¼�f-��� 2eYq:jSm�¾�fdm�q�h"up�v�+ip��r2mztN�U�Uup��tvq�tvw:w:iph"ikeYq:tvu
� �ªêÁè%äIäSèYù�ó^é�ë� ��� E�� ç�à%ä 	Zä�ë�ë6G DÁàÁî�â�ä2ç§î0IoäIâ8ç�à%ä�h�î{òãíÁä�� ������î�êÁè=ç�à%ä>ä�åYäIæ�ç�á h�ä��Nídg î�â�â�éyæIá®î{ç�äIè�ë�äSî�è�â��� �
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ºOa:tNc{eYqde���� » eYa:�4¼�f-����h"a:m·ikq�hSmyc"�ªmyc"m�q:nom�m��Zm�noh"j6tNc"mv��ev�¶noeYf:c{jSmv��n{a:tvq:gvm�wtvqUw�r2m�qde�r ev}UjSmyc{�vm�qdeYqd�
¸ymyc"e hSc{tvq:j"�¤ikj"j"ipeYqVj"ikq:nom�h"admsqdmygYtNh"ip�vm�ikq�hSmyc"�ªmyc"m�q:nomm��Zm�noh�ev�·h"adm » myc"c"� �UaUtvjSmixj|nytvqUnom�upm�w fd��eYq
tvw:w:ikqdgEfd��tvuku��Ua:tvjSm�j��:no���:h"a:m=w:ikj"nyf:j{j"ipeYqztNhbh"adm=m�qUwzev� � m�noh"ipeYq�¡��k¢N�®Ã��
��q¤h"adm/ev�U�ZeYj{iphSmbnytvjSmv�di���mv�p���ªevc�wUiktN}UtNh"iknbnoeYqUw:iph"ipeYq:j��Yh"adm/�\tNgYq:myh"ikn��Um�uxw\wde�m�j¶qdevh��Uukt��Et6c{eYupmv��tvq:w

r�m tNc{m ikqzh"adm=j"ikh"f:tNh"ipeYq�ev�
.%Ñ¹ Æ .YÒ¹ Æ .�ÑÓ Æ .vÒÓ Æ µ Ô Ë�¡��®ÐvÜYÌ

tvj�tNgYtvikq ikj�nyupm�tNc��ªc"eY� h"adm�gvmyeY�EmyhSc�ikn���iknoh"fdc"mv� `ba:ixj\uktvjSh\m�¾�f:tNh"ipeYq jSh"ikuxubadeYukw:j¤ikq h"admnytvjSm�ev�=t
Ë<qdevh6hSe�e�jShSc"eYqdg�Ì�adeY�\evgvm�qdmyeYf:j=�\tNgYq:myh"ikn��Um�ukw��myc"��m�q:w:iknyfUuktNcbhSe�h"adm�c{ixqdgd�·ºO��hSmyc·jShSc{tvipgYa�hS��evc{r2tNc{w
�\tvq:ip�UfUuktNh"ipeYq���r�m�c"m�noe��vmyc�tvq m�¾�f:tNh"ipeYqV�ªevc¤h"adm�hSc{tvq:j"�\ixj"j"ipeYq��:c{ev}UtN}Uikukikh§� j{ik�\ikuktNcEhSe#Ï¶¾��OËª´d�ÚNÛYÌ��
q:tv�Em�up�

� 2�� � �E�E Æ
� 2�� � �G�G Æ ´ � Ó
¢�Õ Ã8noeYjKË�Ã )8* o Ã ) ��� Ì�Ë�bpoqeyÌ Ó o Ë�bposeyÌ : Ô Ë�¡���´Yµ�Ì

r/iph"a
)8* Æ Ç

� c� � Ô ) ��� Æ Ç ¿ ���¿>À Ô
r/admyc"m ¿����#ikj>tNgYtvikqzh"adm6ºOaUtNc"eYqde���� » eYa:� ¼�fd�¤h"adc"eYfdgYa|h"adm6c�ikqdgd��`ba:ikj�mo�-�:c"m�j"j"ikeYq|ixj�m�¾�f:ip�Ntvupm�q�h�hSe
Ï¶¾���Ëª´d�k¢�ÝYÌ�ev}:h"tvixqdm�wz}�� »��fdhSh"ipÉvmycOmyh/tvu��� �ÃYÚ%£��dr/aUikn{a�qdevhOj"fdc"�:c�ikj"ikqdgYuk�·c"my�vm�tvuxjbh"adm=nyupeYj"m=��ixnyikq:iph��\ev�Kt
¢ywzc{ikqdg�j"fd}-~Sm�noh2hSe\tvqzmo��hSmyc{qUtvuZº�a:tNc"eYq:e���� » eYaU� ¼�f-��tvqUtvup��¸ym�wzh"a:myc"m6tvq:w|h"adm6w:iktN}UtNh"ikn�ukik�¤iph�Ëªr/ikh"a
¼�f-��¿����+Ì2noeYqUj"ikwdmyc"m�w�admyc"mv�:no���UtvukjSeEh"adm·w:ikj"nyf:j{j"ipeYq|ikq � m�noh"ipeYq�´d�k¢N�®Ð��
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�lqdml��eYj"j"ip}Uixukiph§��hSeEtvn{a:ikmy�vm=t�noc{e�r/q-�§uxipÉvm6�\tNgYqdmyh"iknO�Um�ukw°Ë<no���-Ä8ipgd�:Ð��k¢o}ZÌ2noeYqUj"ikjSh"j>ikq��Uuktvnyikq:g�t��\iknoc{eN�
�\tNgYqdmyh�ikq·h"adm2nom�q�hSc"m�ev�:h"a:m�c{ixqdgOikq·r/a:ixn{a·h"adm�m�ukm�nohSc"eYq:j8�Ee��vmv���Iq·mo����myc{ik�\m�q�h"jy�Nh"a:ixjÍnytvq�}�m2w:eYqdm�}��
j"fd��myc{ik�E��eYj"ixqdgO�ªmyc"c"eY�¤tNgYqdmyh"ikn/�¤iknoc"eYjShSc{fUnoh"fdc"m�j+tNh�h"admOtN�:�Uc"ev�:c{iktNhSm/�ZeYj{iph"ipeYqEikq\tvq|º�a:tNc"eYqde%��� » eYa:�
wdmy��ixnom| �Ðv¡Á£��/`/adm=mo�-�Zmyc�ik�Em�q�h"tvuCc"m�tvukik¸�tNh"ipeYq�f:j"m�w�ikq �/my���� �Ðv¡Á£8ikj/t�wd��j"�:c"eYj"ikfU� j Ë65��:Ìb�¤iknoc"eY�\tNgYqdmyh
ikq°h"admEnom�q�hSc{m\ev�2t��¤iknoc"eYq-�§j"ik¸ym�wuke�ev��upe-nytNhSm�w�ikqh"adm\aUipgYas�Eev}Uikuxiph§��h�r�eN�§wUik�Em�q:j"ikeYq:tvuKm�upm�nohSc"eYqsgYtvj
Ë�Ã 5�Ï � Ìlev��t � tvº�jI�§º�u � tvº�j·a:myhSmyc"eÁ~SfUq:noh"ipeYq��E`badmEm�ukm�nohSc"eYq:j6h"adm�q jSmym¤tzc{ikq:gN�§ukipÉvm�gvmyeY�EmyhSc"��tvj=ixuô�
ukf:jShSc{tNhSm�w ikq�Ä8ipgd�ÍÐ��k¢o}��8tvqUwsh"admy��tNc"m¤j{fd}-~Sm�noh=hSe�h"adm|qdeYq-�§f:qUip��evc�� �\tNgYqdmyh"ikn���m�ukw�noc"m�tNhSm�w }��sh"a:m
�\iknoc"eY�\tNgYq:myhy�|`ba:mEh"ikuph=tvqdgYupm�Å ev�2h"a:m¤�\tNgYqdmyh"iknE�Um�ukwsr=��c���hy� �N�§tÁ�dikj=�NtNc{ipm�j6eYq �Em�jSeYj"noev��ikn\upm�qdgvh"a
j"nytvupm�j tvqUwsh"admyc"my�ªevc"m�tvuxupe�r/j=hSe�ev}UjSmyc"�vm|j"ipgYq:tNh"f:c"m�j6ev�>gvmyeY�EmyhSc{ikn\�Ua:tvjSm�j·ikqs�\tNgYqdmyhSeN�§noeYq:wUf:noh"tvq:nom
�Em�tvj"fdc"m��\m�q�h"jy���Iq�h"adm�mo�-�Zmyc�ik�Em�q�h· �Ðv¡Á£�nyupm�tNc6j"ipgYq:j/ev�+h"adm�qdeYq-�§f:q:ik��evc{� �\tNgYqdmyh"ikn �Um�ukw�r�myc"m�jSmym�q��
mv��gd�p��}�m�tNh"ikqdg��UtNhShSmyc{q:j�ixq·h"a:m>º�a:tNc"eYq:e���� » eYaU� eYj"nyikukuktNh"ikeYq�� » myc"c"�·�Ua:tvjSm>m���m�noh"j+a:t��vm�}Zmym�q��:c{ev�ZeYj"m�w
tvjbeYqdm=��eYj"j{ip}Uupm��Em�n{a:tvqUikj"� hSe¤w:m�j"noc{ip}�mlh"adm�jSm=�ªm�tNh"fdc"m�j��H m�qde�r �:c"m�jSm�q�h·nytvuxnyf:uktNh"ipeYq:j ev��h"admz�\tNgYqdmyhSeN�§noeYq:w:fUnoh"tvq:nom�Ëªevc�hSc�tvq:j"�\ikj{j"ipeYq°�:c"ev}�tN}Uikukiph��v��c"mo�
jS��m�noh"ip�vm�up�:Ì�h"adc"eYf:gYa t�¢yw c{ixqdg�r/iph"a·tOnom�q�hSc{tvu��\iknoc"eY�\tNgYq:myhÍf:q:w:myc��NtNc{iktNh"ipeYq ev�:tvq mo�-hSmyc{q:tvu��\tNgYqdmyh"ikn
�Um�ukwz��myc"��m�q:w:iknyfUuktNc¶hSe�h"adm6c{ikqdgEikqzevc�wdmycbhSe¤tvw:w:c"m�j"j�h"adm6mo�-��myc{ik�Em�q�hbikq �/my���Í �Ðv¡N£��
`badm¤�¤tNgYqdmyh"ikn��Um�uxwsev��t�no��uxikq:wdmycS�§j{a:tN��m�w�¤iknoc"eY�\tNgYqdmyh�ikj=noeY�E��fdhSm�w�ikq�ºO�:��m�q:w:ip� ��¤�Iq�h"a:m

�ªtNcS����m�ukw���ixq\�UtNc"h"ixnyf:uktNc�tNh2h"admO�ZeYj{iph"ipeYq\ev��h"a:m/c{ikq:gd��h"adml�\tNgYqdmyh"ikn/�Um�ukw¤ikj¶c�tNh"admyc�r2m�ukuUhSc"m�tNhSm�w|}��\h"a:m
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Ä8ipgYfdc"m°¡��k¢yµ � Ï¶upm�nohSc{eYq:j�ixq�t ¢yw�c{ixqdg j"f:}-~Im�noh�hSe#tvq ikq:a:eY�Eevgvm�qdmyeYf:j|�\tNgYqdmyh"ikn��Um�ukw
noc"m�tNhSm�w }�� t nom�q�hSc{tvu�5���j"�:c"eYj"ikfU� �\iknoc"eY�¤tNgYqdmyhy� � fd��myc{ik�E��eYjSm�w�ikj�t adeY�\evgvm�qdmyeYf:j
�\tNgYqdmyh"ikn6�Um�ukw=� À ��myc"��m�q:w:iknyf:uxtNc¶hSe\h"adm c{ikqdg�h"a:tNh/nytvq�}�m��NtNc{ipm�wC�

w:ip��eYupmltN�:�:c"e��-ik�¤tNh"ipeYq�tvq:wzr2m a:t��vm·tvnynoevc{w:ixqdgEhSe¤Ï¶¾��ÍË���k¢yµ�Ì
�� Ë �� Ì+Æ Õ � Ã ����� Ó u � Ó o � Ó w a � A
	 ÕOÐ � � �$�� o Ë � Ó Õ Ã � Ó Ì �$ �� × Ë�¡���´:¢�Ì

r/admyc"m�h"adm¤}UtNc��\tNgYqdmyh�a:tvj�t�a:m�ipgYa�h�Ã � tvq:w#t�c{tvw:ixf:j � � ��jSmym|Ä8ipgd� ��®Ã���`ba:m��\tNgYqdmyh"ixn\�Um�uxw ��
ikj/ikuxukf:jShSc{tNhSm�w�ixq�Ä8ipgd�Z¡��k¢v¢N�/`/adm �\tNgYqdmyh"ik¸�tNh"ipeYq�ev��h"a:m }UtNc��\tNgYqdmyhOixj/tvj"j"fU�Em�w�hSe|}Zm·upeYqdgYiph"f:wUikq:tvu��
�� Æ � �$ �v����q�h"adm�mo����myc{ik�\m�q�h\�Em�q�h"ipeYqdm�w�tN}Ze%�vmv��iph\ikj\noc"m�tNhSm�wV}��#ikqUiph"iktvukup��tN�U�Uup�-ikqdg°t�jShSc"eYqdg
�\tNgYqdmyh"iknl��m�ukw�ikq ��Ëªevc Õ ��Ì>w:ikc"m�noh"ipeYq��

, evh"ik�ÁtNhSm�w }��Öh"a:m�É-ikq:w ev���Em�tvj{fdc"m��Em�q�h"j nytNc{c{ipm�w5eYf:h ikq  �Ðv¡N£���r2mVikqUnoevc"��evc{tNhSm�tvqÈmo��hSmycS�
q:tvubadeY�EevgveYq:myeYf:j��¤tNgYqdmyh"iknz�Um�uxw���À�ixq �N�§w:ipc{m�noh"ipeYq ikq�eYfdc�noeYq:j"ikwdmyc�tNh"ipeYq:j\tvq:w�jSh"f:wd���\tNgYqdmyhSeN�
noeYq:w:f:noh"tvq:nomOtvj¶t6�<f:q:noh"ipeYq�ev�Zh"a:ikj+mo��hSmyc{qUtvu-�Um�ukwJ�lÀ>h"a:tNh+gYik�vm�j�c{ikjSm�hSe·tvq�¯�^�³§¯ZP�©�U�YYº�a:tNc"eYqde%��� » eYa:�
¼�f-�|¿ ��� 2�465Æ4Ç5b Ó �lÀN�8`/adm/hSevh"tvu��\tNgYq:myh"iknb��m�ukw ¹ À ikj¶h"adm�q|h"admlj"f:�5ev��h"adm��¤tNgYqdmyh"ikn/�Um�ukw �� � Ë�bdÌ+w:f:m
hSe\h"adm �\ixnoc"eY�\tNgYqdmyhbtvq:w�h"adm=�NtNc{iktN}Uupm6adeY�\evgvm�qdmyeYf:j/�¤tNgYqdmyh"iknl�Um�uxw=��À �$ �N�UjSmym Ä8ipgd��¡��k¢yµ-�
��q�h"a:ikj/gvmyeY�EmyhSc"�v��h"adm m�ukm�nohSc"eYq:j�ikq�h"adm·c{ikqdg¤tNc{m mo�-�ZeYj"m�w�hSeztvq�¨ª©�M]K�SK�V�¯o©Z¯�K ��¥b�Um�ukw#Ëªmo�-nomy�:hlip�

h"adm��Uuktvqdm�ev�¶h"adm\Ã 5lÏ � noeYixq:nyikwdm�j�r/iph"a�h"admEnom�q�hSc{tvu8�Uuktvqdm�ev�¶h"a:m��¤iknoc"eY�\tNgYqdmyh�Ì/ev�¶�:��m�w°�Ee-w:f:uxf:j
� ��zË�bdÌ � Æ � �� � Ë�b-Ì o �lÀ �$ � � � `/a:ikj·ev�Zm�qUj·h"a:m��ZeYj{j"ip}Uikuxiph§�ev�/ev}Uj"myc"��ixqdgj{ipgYq:j�ev�/gvmyeY�EmyhSc�iknz�Ua:tvjSm�j��ikq°�UtNc"h"iknyfUuktNc=j"ipgYq:jlev� » myc"c"��Ua:tvj"m�j=ikq°h"adm\tvw:ixtN}UtNh"iknEukik�¤iphOrOadmyc"mEh"adm\m���m�noh"j�tNc"mEmo����m�nohSm�w hSe�}�m
jShSc"eYqdgvm�jShy��`/adm\c"m�tvjSeYq �ªevc·h"a:ixj=ikj wUikj"nyf:j"j"m�wsikq >aUtN�:hSmyc�Ð�tvq:w nytvq }�m\m�tvj"ipm�jSh�f:q:wdmyc�jShSe�e-wsr/a:m�q
h"a:ikqdÉ-ikqdgev�lh"adm » myc"c"�#�Ua:tvjSm�tvj¤h"adm�jSeYukikw�tvqdgYukm�ikq��UtNc{tv�\myhSmyc¤jS�Utvnom�h"aUtNh¤ikj�hSc{tvnom�wVw:fdc{ikq:g�eYqdm
c"eYf:q:wzhSc{ik�C� H admyc{m�tvj/ikq|h"adm tvwUiktN}UtNh"iknlj"iph"fUtNh"ipeYq��dh"a:ikj>jSeYuxikw�tvqdgYupm=ikj�w:myhSmyc{�\ikqdm�wz}��|h"adm=tvqdgYupm=Å ev�
h"adm hSevh"tvuK�\tNgYqdmyh"ikn �Um�ukw �� hSe¤h"adm��N�§tÁ�-ixjy�Zixq�h"adm·q:eYq �tvw:iktN}UtNh"ixn=nytvjSm�Å a:tvjbhSe|}�m=c"my�Uuktvnom�w�}��zh"adm
j"�\tvukupmycbtvq:gYupm6Ê   jSmym Ï¶¾�jy�ÍË�Ð���´�¡���Ð���´�ÛYÌ§£8h"a:tNhbgve�m�jbhSe¤¸ymyc{e¤ikq�h"adm·w:iktN}UtNh"iknlukix�\iphy�-c"m�w:f:nyixqdg�h"adm jSeYukixw
tvqdgYupm=tvnynoevc{w:ixqdgYup�v�H a:m�q w:ikj{nyf:j"j"ikq:g|�Uc"ev��myc"h"ipm�j6ev�>h"adm|�\tNgYqdmyhSeN�§noeYq:w:fUnoh"tvq:nom�ikq�wdmy��m�q:wdm�qUnomEev�1��ÀEikh a:tvj=hSe�}�m
h"tNÉvm�qixq�hSe|tvnynoeYf:q�h�h"a:tNh�}�evh"a�h"adm·mo��hSmyc{qUtvuÍ�\tNgYq:myh"ikn6�Um�uxw �lÀ �$ � tvqUw�h"adm �Um�ukw �� � ev��h"a:m·�\tNgYqdmyh
Þ , � ä�íÁâ�äCç�àÁäCêÁé{ç�áãé�êÁâ�öbî�ð�êÁä�ç�áãæ \NäIò®è6õ��� ÷�î{êNè>öbî{ð�êÁä�ç�á®æ�áãêNè�íÁæ�ç�áãé�ê6õ��C ÷Uâ G�ê%é�ê�G�ö�é�íÁâ�òHG�áãê>ç�àÁáãâZæ§àNî0D%ç�ä�ëSù EväIæIî�íÁâ�äCñ�ääcg%æ�ò®í%â�á`hoäIòHG�æ�é�êÁâ�á®è�ä�ëODvé�áãêyç�â�é�í%ç�â�á®è%ä8ç�à%ä8ö�áãæ�ë�é�öbî{ð�ê%ä�ç�ñCàÁä�ë�ä��C � B , �� à%é�ò®è%â þ
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Ä8ipgYfdc"mE¡��k¢v¢�����myc"h"iknytvu8tvq:w�c{tvw:ixtvu��\tNgYqdmyh"ixn=�Um�uxw ���·tvqUw � � ikq�w:ip��eYupm tN�:�Uc"e��dik�\tNh"ipeYq
Ë���k¢yµ�Ì/ikqzh"adm j"tv�\m tNc"}UiphSc�tNc"�|fUq:iph"j>�ªevcOt\�\ixnoc"eY�\tNgYqdmyhbrOiph"a � Æ � � Æ ¢6�ªevc �EÆ µ < Û��H a:myc"m�tvj h"a:m¤�\tNgYqdmyh"ikn\�Um�ukw ���Eikj\©Z¯LV,Uv³<¨ �v¯·tNh=h"adm¤��eYj"ikh"ipeYq°ev�>h"adm\c{ikq:gd� � Æ�bU�8iph=ikj
��eYj"iph"ip�vm���evc�j"�¤tvuku � �+`badmyc{my��evc"mv��h"admE³LKv³LU�Y�¼�f-�\h"adc{eYfdgYa|h"admOc�ikqdg·nytvq|}�ml�Ee�w:m�ukupm�w\}��¤t
jShSmy��r/ikjSm=��evhSm�q�h"iktvu�r/iph"a�t�¦\KÁ¥�¨<³<¨��N¯O�\tÁ�dik�\tvu��Ntvukfdm � 4��� �

noeYq�hSc{ik}UfdhSm6hSe\h"adm·ºOa:tNc{eYqde���� » eYa:� ¼�fd��h"adc"eYf:gYa�h"adm6c{ikq:gd�+ÄdevcOj"ix�E�Uukiknyikh§�v��r�m w:m�j"noc{ip}�mlh"adm=�\iknoc{eN�
�\tNgYqdmyh=tvjltzw:ip��eYupmz¯ �N¯mP � �0M-¯mPS¯lixq�jS��tvnom ¹S¹ � H ikh"a:ikq�h"aUikjltN�:�:c"e��-ik�¤tNh"ipeYq��Zh"adm �N�§noeY�E��eYqdm�q�h�����ev�
�� � gYip�vm�j/c�ikjSm=hSeztvq�º�a:tNc"eYq:e���� » eYaU� ¼Zf-��¿ � h"adc"eYfdgYa�h"adm c�ikqdg\r/ikh"a �N�§noe�evc{w:ikqUtNhSm � 2�465Æ ���#h"a:tNh
ikj

¿ � Æ � Ó %À � >�� �À�� � � � �
Æ Õ � À �Ã ÃNÇ � � � Ó � �À � Ë � Ó Õ Ã � Ó� Ì

Ë � Ó o � Ó� Ì � A � �
Æ � À �	�
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b Ó

Ë�b Ó o � Ó� Ì = A Ô Ë�¡���´�ÃYÌ

r/admyc"m>r2m>aUt��vmbwdmo��q:m�w � Æ Ã � Ç � � Ó �vh"a:m2�veYuxf:�Em2ev�Uh"adm��\iknoc{eY�\tNgYqdmyhy��`badm2hSevh"tvu:º�a:tNc"eYqde%��� » eYa:�
¼�f-�zh"adc"eYfdgYazh"adm c{ikqdgEikj>h"adm�q�gYip�vm�q�}��
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 � 
 Æ Ç5b Ó�� �lÀ o � À ��
ÃNÇ+Ë�b Ó o � Ó� Ì = A�� 2�465Æ Ç5b Ó � �lÀ o � 4��� � Ô Ë�¡���´�ÐYÌ

r/admyc"mF� 4��� ikj>t�²�KN©:¥�³LUN©U³��\tNgYqdmyh"iknO�Um�ukw|h"a:tNhbnoc{m�tNhSm�j�h"adm6j"tv�Em=º�a:tNc"eYqde%��� » eYa:� ¼�f-�z¿ � h"adc"eYfdgYa
h"adm=c{ikq:g�tvj/h"adm6�NtNc"��ixqdg ���{�§noeY�\�ZeYq:m�q�hbev�8h"adm=�¤tNgYqdmyh"iknl�Um�uxw �� � ev�Kh"adm �¤iknoc"eY�\tNgYqdmyh ¹ Ó �

� ikq:nom6h"a:m �\tNgYqdmyh"ip¸�tNh"ikeYq�ev�8h"adm �¤iknoc"eY�\tNgYqdmyhOikjbqdevhbmo�dtvnoh"up�zÉ-qde�r/q�ikqzh"adm fUq:wdmyc{up�-ikqdg�mo�-�Zmyc�iô�
�Em�q�hy��iphbikjbn�a:tNc{tvnohSmyc{ip¸ym�w�}��|h"adm=��tNc{tv�EmyhSmyc � ��� �

Ç5b Ó ��� 2�465Æ Õ � ��� ¿>À Ë �Æ ¿ � Ì Ë�¡���´v´�Ì
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ÞAIß�àÁäIâ�ä¶çªñZé�\ÁäIò®è%â8î"ë�ä�ë�äIò®î"ç�äSè E�G C����� ��� ������� � ��� ��� A � �� C � þ > é�ç�ä+ç�àÁä¶é D Dvé�â�á�ç�ä>è�áãë�ä�æ�ç�áãé�ê é�ó C � î{êNè C����� ùYæ�ó þ î�òãâ�é�áãê^ áãð þ ��þ ï�ï þ
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ikq�h"a:mnytvuknyfUuktNh"ipeYq:jy�ÖÄdc"eY� h"a:ixj�wdmo�Zq:iph"ipeYq tvqUw Ï�¾U�6Ë�¡���´�ÐYÌ|iph|ikj�ix�\�Em�w:iktNhSm�uk��nyukm�tNc|h"aUtNh|h"a:m �N�
noeY�E��eYqdm�q�h�ev�+h"adm�hSevh"tvu8�\tNgYqdmyh"ikn �Um�ukw��ÁtvqUikj"adm�jO��evc=¿ ��� Æ � ��� ¿>ÀN��ik�E�Uup�-ikqdgEtvq°ikq-����uktvqdm �\tNgN�
qdmyh"ikn��Um�ukw ¹ ; � �� Æ � � �$ � Ô Å Æ Ç�ÂNÃ��\º�uph"adeYfdgYash"a:m�ËªhSevh"tvu�Ìl�\tNgYqdmyh"ixn��Um�ukw°ikj6jS�-�\�EmyhSc�ikn�r=��c���hy�Ch"a:ixj�ZeYixq�hy�bh"a:m ËªhSevh"tvuªÌzºOaUtNc"eYqde���� » eYa:� ¼�f-�Vh"adc"eYfdgYa h"adm°c{ikq:g ikj©�Kv³L` `ba:mc{m�tvjSeYq ��evc�h"a:ixj|ixj¤h"adm
� mo��hSc{t��E¼�f-��nytvf:j"m�wz}���h"adm=qdeYq-�§f:qUip��evc�� �\tNgYqdmyh"ixn��Um�ukw|ev��h"adm6�\ixnoc"eY�\tNgYqdmyhy�:no���:Ï¶¾��CË�¡���´�ÐYÌ�� 2eYqd�
jSm�¾�f:m�q�h"up�v�2r2m�nytvq:qdevh�mo����m�noh\h"adm�hSc�tvq:j"�\ikj{j"ipeYq#�:c"ev}UtN}�ikukiph�� hSe�}�m�jS�-�\�EmyhSc{ixn�r ��c���hy�¶tvq mo�-hSmyc{q:tvu
¼�f-� ¿���� Æ � ���¶¿�À%�OjSmymÄ8ipgd��¡��k¢�Ã�� H m°tvuxjSe#�\m�q�h"ipeYqVh"a:tNhztNh�gYik�vm�qVmo�-hSmyc{q:tvu��\tNgYqdmyh"ixn��Um�uxw��À Æ ¿����+ÂÁÇ5b Ó h"adm°tvqdgYupm°Å ev�=h"admhSevh"tvu6�\tNgYqdmyh"ikn��Um�ukw �� tNhzh"admc{ikqdg �ZeYj{iph"ipeYq r=��c���hy���v�§tÁ�-ikj
wdmy��m�q:w:jy�-ev�8noeYfdc{jSmv�:eYq�h"adm jShSc"m�q:gvh"a�ev�8h"adm=�\iknoc"eY�¤tNgYqdmyhy�Utvq:w�ixj��:c"e%��ikw:m�wz}��sË�c� 2�465Æ ���8Â�b-Ì

noeYjUÅ�Æ �lÀ o>���
� Ë � À o>� � Ì Ó o>� Ó� Æ ¢�Õ + ���� ��� + ,� ËI¢�Õ + � �� � � + , Ì Ó o ; � �¹ a Ó �� A < Ë�¡���´�¡YÌ

Ä:fdc"h"a:myc{�Eevc"mv�Ír�m\ikq�hSc"e-w:f:nomEtvq�tvw:ixtN}UtNh"iknyiph����UtNc�tv�EmyhSmyc � � �ªevc=h"adm\�\ixnoc"eY�\tNgYqdmyh=ikqstvqUtvupevgv�
hSe¤Ï¶¾��ÍË�¡��®ÃvÃYÌ��

� � Æ c� � �� � �� � � Æ c� � �	 ��� J . + � ��� À /	 4�� b Ô
h"a:tNh ikjl¸ymyc"e�ikq°h"adm¤w:ixtN}UtNh"ikn�ukik�\ikh�tvq:w ikq:noc"m�tvjSm�j=r/adm�qstN�:�:c{eYtvn{a:ikq:gztvwUiktN}UtNh"iknyiph��v� H iph"ash"adm\noeYq-�
�vm�q�h"ipeYqUj¶ev� >a:tN�UhSmyc2Ð��-iph+nytvq¤}�mbmo�-�:c"m�j{jSm�w\ikqEhSmyc��\j¶ev� � ��� tvq:w\h"a:mbm��Zm�noh"ik�vmOgv��c"eY�\tNgYqdmyh"ixn/c{tNh"ike6 9 tvj

� � Æ 6 9 �� � � ��� ; ��¹ a Ó � � A� ��� < Ë�¡���´�ÛYÌ
`badm�c"m�j"f:ukh"jO�ªevclh"admEnytvuknyf:uktNhSm�w°�\tNgYq:myhSeN�§noeYq:w:f:noh"tvq:nom|tNc"mEj"ade%r/q°ikq�Ä8ipgYj���¡��k¢�Ã��K¡��k¢o´���evclh"adc"mym

w:i&��myc"m�q�h\w:mygvc"mym�j\ev�ltvw:iktN}UtNh"ixnyiph§�v� � � Æ µ < ´ Ô ¢ Ô ¢yµ-� `ba:ikj��UtNc�tv�EmyhSmyc�ikj¤tvwÁ~SfUjShSm�w�}��#h"adm��Uc"ev��mycn{adeYiknom�ev�Oh"a:m�m��Zm�noh"ik�vm�gv��c"eY�\tNgYqdmyh"ikn�c{tNh"ipe 6 9 tvq:w h"adm�m���m�noh"ip�vm�\tvj"j � �>upm�t��-ikqdg�h"a:m�jShSc"m�qdgvh"a
ev�/h"adm��\iknoc{eY�\tNgYqdmyhEnoeYq:jSh"tvq�h\tNh � ��� Æ ¡���Ë<`badm�noeYq:qdm�noh"ipeYq�hSest°jS��m�nyiô��n|�\tNhSmyc{ixtvu2j"��jShSm�� ixj
�:c"e��-ikwdm�w�}���n{a:e�eYj"ixqdg � � tvnynoevc{wUikqdg�hSe�h"adml�:c"e-w:f:noh 6 9 � �Ì H m6�ªeYukupe%r h"a:m�gvmyeY�\myhSc"��wdm�j{noc{ip}�m�w�ixq
 �Ðv¡Á£8tvqUw�n�ade�eYj"m�h"a:m·c{tvwUikf:jbtvj?b|Æ ¡Nµvµ8Î �s�l`badm�Ã 5lÏ � ikjO�Uuktvnom�wikq�t��Uuktvq:m·up�-ikqdg�¢�¡Nµ8Î � tN}�e��vm
h"adm nom�q�hSc{tvu��Uuktvq:m6ev�Íh"adm 5O�-jS�:c{eYj"ikf:����Ï¶�vm�q�h"f:tvuxup�v�dr�m·tvj"j"f:�Em=�¤tÁ�-ik�¤tvuCnoeYfd�Uukixqdgd� � Æ µ-�®¡��
`badm|hSevh"tvu>hSc{tvq:j"�¤ikj"j"ipeYq ikj�j"ade%r/q ixq#Ä8ipgd��¡��k¢�Ã�� Ädevc\noeY�\�UtNc{ikjSeYqC��r�m�j"ade%r ikq Ä8ipgd�+¡��k¢�ÃNt°h"adm

c"m�j"f:uphOev� »��fdhSh"ipÉvmyc6myh6tvu��� �ÃYÚ%£��CÏ�¾U��Ëª´d�k¢�ÝYÌ���h"a:tNh6tN�:��ukipm�jbhSe�tzj"iph"fUtNh"ipeYq ��¨<³NM]K �d³��\ixnoc"eY�\tNgYqdmyhy�=`ba:m
mo��hSmyc{qUtvud¼�f-��upm�tvw:j�hSe·h"admbr2m�ukuô��É-qde�rOqEºOa:tNc{eYqde���� » eYa:� eYj{nyikukuktNh"ipeYqUjy� �Oe�r2my�vmyc��dadmyc"m�r2mOa:t��vmbh"tNÉvm�q
ikq�hSeEtvnynoeYf:q�h�h"adm��Zmym��\tvq�j"�UukiphSh"ikq:g=ev��h"admlm�qdmyc{gv��tvq:w|h"adm6ikq-¼Zfdm�q:nom/ev�Íh"adm » myc"c"�\�UaUtvjSm\Ë<tvj"j"f:�\ixqdg
tvq tvw:iktN}UtNh"ixn�j"iph"f:tNh"ipeYqZÌ���`/adm�gvmyeY�EmyhSc{ikn�¼�f-�#tvnynoevc�w:ikqdg�hSesh"a:m » myc"c"�#�Ua:tvjSm�ikjEixq:nyukf:wdm�w#ikq�h"adm
Ëªm��Zm�noh"ip�vm%Ì¤º�a:tNc"eYqde%��� » eYa:� ¼�f-����no���¶Ï¶¾��OËª´d�®Ã-¢�Ì��bc{m��Ee��-ikqdg�h"a:m�wdmygvm�qdmyc{tvno��ev�lh"adm�h�r�e m�upm�nohSc"eYq
gYtvjSm�j�� M
	 Ë��� 	 Ì2r/a:myc"m6h"adm jS��ikqzikj Ë<tvq�h"i�Ì�tvukipgYqdm�w�r/iph"azh"adm6hSevh"tvuK�\tNgYqdmyh"ikn6�Um�ukw �� Ë<no��� >a:tN�:hSmycOÐYÌ��
��q¤h"adm/tvw:iktN}�tNh"iknbukik�¤iphy�YÄ8ipgd��¡��k¢�ÃNw���h"admOj{f:� ev��h"adm/h�r�e�noevc"c"m�jS��eYq:wUikqdg6nyfdc"�vm�j2j"adeYf:uxw�gYip�vm/h"adm/mo�-tvnoh
c"m�j"f:uph�tvjOikq:wdmym�w�ikj>�ªeYf:q:wC�:jSmym=h"adm=w:ixj"nyf:j"j"ikeYq�}�m�upe%r=�
��q Ä8ipgd�=¡��k¢�ÃÁ}d�§w5h"adm jShSc"eYqdgvm�jSh�w:my��iktNh"ikeYq:j��c"eY� º�a:tNc"eYq:e���� » eYaU���§ukipÉvm eYj"nyixukuktNh"ipeYq:jtNc"m jSmym�q

tNc"eYf:q:w ¿����+Âv¿>À�Æ � ��� Æ ¡��2ikq:w:ixnytNh"ikqdg�h"a:m�ik�E��evc"h"tvq:nom|ev�/gvmyeY�EmyhSc�iknz�Ua:tvjSm�j�h"a:myc"mv� �Iq#�ªtvnohy�
Þ =Sß�àÁáãâZâ�á�ç�íÁî{ç�áãé�êbñ�î{âZâ<ç�íNè�áãäSè>áãêOè�ä�ç§î�áãòNáãê���äIæ�ç�áãé�ê ��þ ïÍî�êÁè2ñ�äCóôé�íÁêNèbî8æ§àNî"ë§î�æ�ç�ä�ë�áãâ<ç�áãæ8è�äCDväIêÁè%äIê%æIäCé�óYç�àÁä+õkî hoä�ë§î{ð�äSèÁ÷

ç�ë§î{êÁâ�ö�áãâ�â�áãé�ê�D�ë�é EÁîTEÁáãòãá�ç G/é�êOç�àÁä � àNî"ë�é�êÁé hyø
	Zé�à%ö �Nídg�ç�à%ë�é�íÁð�à/ç�àÁäKë�áãê%ð þ � éSñ�äZhoä�ëSù%á®ê/ç�àÁä!D�ë�äIâ�äIêyçCâ�á�ç�íNî"ç�á®é�ê�ñ�äKæSî�êQ([TY-WX[TQ Y�U6[��{ç�àÁä�õôë�äIâ�á®è%í%ä"÷��Nídg2è�íÁäZç�é8ç�à%ä�êÁé�ê%øxíÁê%áãó^é�ë�ösöbî{ð�êÁä�ç�á®æ�\ÁäIò®è2é�óvç�à%ä�ö�áãæ�ë�é�öbî{ð�êÁä�çUî�êNè¶ç�àÁä�áãê%ø DÁò®î{êÁä�öbî�ð�êÁä�ç�áãæ\ÁäIò®èlîTD DväSî{ë�â�î{âCç�ë§î{êÁâ�áãäIêyçCë�äIð�áãö�ä8ñCà%äIêLh�î{ë6G�áãêÁð¶ç�àÁä�äZg�ç�ä�ë�êÁî�ò � àÁî{ë�é�ê%é h�ø
	Zé�àÁö �Áí g þ
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a) Büttiker

Ä8ipgYfdc"m°¡��k¢�Ã � , tNgYq:myhSeN�§noeYq:w:f:noh"tvq:nom ��evcztvqVº�a:tNc"eYq:e���� » eYaU� w:my��iknom�r/iph"aVt nom�q�hSc{tvu
�\iknoc"eY�¤tNgYqdmyh=Ë � ��� Æ ¡YÌ¶f:q:wdmyc2�NtNc{iktNh"ipeYq�ev�Ch"adm�mo��hSmyc�q:tvu�¼�f-�|¿ ��� �+t�Ì+`Íc{tvq:j{�\ikj"j"ikeYq
�:c"ev}UtN}�ikukiph���r/iph"adeYf:hl�¤iknoc"eY�\tNgYqdmyh·tvnynoevc{w:ikqdg�hSe�Ï¶¾��¶Ëª´d�k¢�ÝYÌ\Ë »��fdhSh"ipÉvmyc·myh tvu��p��no���� �ÃYÚ%£ªÌ
tvw:tN�:hSm�w hSe m�ukm�nohSc"eYq:j�r/iph"a�j"�Uikq j"f:}-~Im�noh�hSe t » myc"c"���Ua:tvjSmv� `/adm�jSeYuxikw tvq:wVw:tvj"adm�w
ukikqdm�noevc"c"m�jS��eYq:w�hSezh"adm�h§r2e|m��\myc"gYikqdg|m�upm�nohSc"eYqgYtvjSm�j � M 	 Ô �� 	 �6��qw�Ì���h"adm�j"f:� ev�+h"adm
h§r2e�noeYq�hSc{ik}Ufdh"ipeYq:j/ikj/j"a:e�r/q�tvjOw:tvj{adm�w�ukixqdmv�>}ZÌ§�§w�Ì>`Íevh"tvuKhSc{tvq:j"�\ixj"j"ipeYqz�:c{ev}UtN}Uikukikh§�|��evc
jS�Uikq:�ªf:uÁm�upm�nohSc{eYq:jy×N}ZÌZw:iktN}�tNh"ikn8c"mygYik�Em+ixqlr/a:ikn�a6hSc{tvq:j"�¤ikj"j"ipeYqlikj�j{ik�\ikuktNc�hSebh"aUtNhÍwdm�j"noc�ip}�m�w
ikqs �ÃYÚ%£��:n�Ì�ikq�hSmyc{�Em�w:iktNhSmlnytvjSm6r/a:myc"mOm���m�noh"jbw:f:m�hSe�gvmyeY�EmyhSc�iknytvu��Ua:tvjSm�j>}�m�noeY�Eml�-ikj"ip}�upmv�
w�Ì¶tvw:iktN}UtNh"ikn�ukik�¤iph+w�Ì+h"a:tNh2ixj�wdeY�¤ikq:tNhSm�w�}��¤ixq�hSmyc"�ªmyc"m�q:nom�m���m�noh"j�w:fdm�hSe�w:i��Zmyc"m�q�h » myc{c"�
�Ua:tvjSm�j��ªevc¶h"adm � M '§�8tvqUw � � '§��m�upm�nohSc{eYq�gYtvj"m�jy����q�tvukuUnytvj"m�jy�-h"adm/m���m�noh�ev��gvmyeY�\myhSc{iknO�Ua:tvjSm�jikjbupeYj"h���evc/w:eY�\ikq:tNh"ikq:g�mo�-hSmyc{q:tvu��Um�ukw���¿ ��� � � ��� ¿>ÀÁ�

h"a:ikj2noevc"c"m�jS��eYq:w:j�hSe�h"adm�j{iph"f:tNh"ipeYq�r/admyc"mOh"admlmo��hSmyc�q:tvu:¼Zf-�|¿ ��� nytvq:nom�uxj�h"a:m/¼�fd�¤w:fdm/hSe�h"adml�\iknoc{eN�
�\tNgYqdmyh�j{f:n{a¤h"a:tNh+h"adm/q:eYq-�§f:q:ip�ªevc{�Ö�Um�uxw�ev�Zh"a:m/�\iknoc"eY�¤tNgYqdmyh¶}�m�noeY�Em�j��\tÁ�-ix�\tvukup��ik�E��evc"h"tvq�hy�K`ba:m
jShSc"eYqdg�ixq�hSmyc"�ªmyc"m�q:nomEm���m�noh"j�tNc"eYf:q:w ¿)���+Âv¿ À Æ � ��� jShSm�� ��c{eY� h"adm¤j"uxipgYa�h"uk��w:i&��myc"m�q�h6eYj"nyikukuktNh"ikeYq
��c"m�¾�fdm�q:nyikm�j+ev��h"adm � M '§�Ktvq:w � � '§��m�upm�nohSc"eYq:j>w:f:mbhSe h"admOm��Zm�noh2ev��h"adm » myc"c{�E�Ua:tvjSmv� �bmygYfUuktNc�º�a:tNc"eYqde%���» eYaU���§ukipÉvmeYj"nyikukuxtNh"ipeYq:j\tNc"m°c"m�noe%�vmyc"m�w tvj|h"adm�mo�-hSmyc{q:tvul�\tNgYq:myh"ikn���m�ukw �lÀ Æ ¿)���+ÂÁÇ5b Ó }�m�noeY�Em�j
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b) QM=1

a) QM=0.4

c) QM=10
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Ä8ipgYfdc"m ¡��k¢�Ð �>Ï+�veYukf:h"ipeYq�ev�Kh"adm tvqdgYupm�jOÅ�tvq:wzÊfUq:wdmyc�h"adm n�a:tvqdgvm·ev�Kh"a:m6mo��hSmyc{qUtvu��Um�ukw�lÀN���Iq h"admztvw:iktN}�tNh"ikn�j{iph"f:tNh"ipeYq n�Ì���Ê-Ñ¹ Ô Ê�Ò¹ �ªeYukupe%rÈh"a:m|tvqdgYukm|Å c{m�jS��m�noh"ikqdg�ÊdÑ¹ Ô ÊZÒ¹�� Åtvupr>t��-jy��`badm=�Eevc"m·w:iktN}UtNh"ikn=h"adm=c"mygYik�\m ikjy�dh"adm�uktNc"gvmyc/ixj�h"adm·wUi&�Zmyc{m�q:nom6}�myh§r2mym�q�ÊdÑ¹ Ô ÊZÒ¹tvq:w Å���`ba:m\evh"admyc��Utvipc=ev�btvqdgYukm�jy��ÊdÑÓ Ô ÊZÒÓ �Kikj c"m�uktNhSm�w hSe�ÊdÑ¹ Ô ÊZÒ¹ }��sh"adm|jS�-�\�EmyhSc"�sukikq:mh"adc"eYfdgYa�Å Æ µ-�

wdeY�\ikq:tNh"ixqdgd� `/a:ikjEh"tNÉvm�j|�Uuktvnom��ªtvjShSmyczikq wUiktN}UtNh"ikn�j{iph"f:tNh"ipeYq:j�Ë<ÄKikgd�2¡��k¢�ÃÁ}ZÌ\h"a:tvq ikq ikq�hSmyc{�Em�w:ixtNhSm
Ë<ÄKikgd��¡��k¢�ÃNn�Ì�evcOtvw:iktN}UtNh"ikn\Ë<Ä8ipgd�Z¡��k¢�ÃNw�Ì�nytvjSm�j��H m���eYikq�h6eYfdh=h"aUtNh h"admyc"m�tNc"m¤h�r�e°tvw:iktN}UtNh"ixnEukik�\iph"jl��eYj"j{ip}Uupm �6eYqdm���evc�wdeY�\ikqUtNh"ikqdg|�Um�ukwsev�>h"admS�¨�²mP�K�SU.VY©Z¯y³<��h"adm=evh"admycbeYq:m=��evcOwdeY�\ikq:tNh"ixqdg·mo�-hSmyc{q:tvu��Um�ukw=� À �]�/myc{mv�:r�m=w:m�j"noc{ip}�mlh"adm=jShSc"m�q:gvh"a�ev�
h"adm��¤iknoc"eY�\tNgYqdmyh6ikq�hSmyc{�\j�ev� � � h"a:tNh6ikj�wdmo��q:m�w�tNhlh"adm���eYikq�h=¿����+Âv¿ À Æ � ���2�l�IqÄ8ipgd��¡��k¢�ÃÁ}d�
w���h"adm�tvw:iktN}UtNh"iknyikh§� Uv³�³NM�¨x¥l¦�KN¨�©�³¶ikj=ixq:noc"m�tvjSm�w����lqsh"adm¤evh"admyc·a:tvqUw���tvw:iktN}�tNh"iknyiph§�snytvq }ZmEc{m�tvn{adm�w
ikq:wdmy��m�q:wdm�q�h>ev��h"adm·j"hSc"m�qdgvh"a�ev��h"a:m·�\iknoc{eY�\tNgYqdmyh/�ªevcOj"hSc"eYqdg¤mo�-hSmyc{q:tvuÍ�\tNgYqdmyh"ikn=�Um�ukw:j���ÀN�Zi���mv�>��evc
� ¿���� ��� � ���¶¿>ÀÁ�¶º�nynoevc{w:ixqdgYup�v�-r�m=��q:wzh"adm=j"fU� ev�Íh"a:m=h§r2e¤nyfdc"�vm�j/��evc/h"adm � M 	 tvq:w �� 	 m�upm�nohSc"eYq
gYtvjSm�j¶ikq�Ä8ipgd�Y¡��k¢�ÃNt=hSe=noeYixq:nyikwdm>r/iph"a�h"adm�mo�dtvnoh¶�\tNgYq:myhSeN�§noeYq:w:f:noh"tvq:nomO��evc+uxtNc"gvm>mo��hSmyc{qUtvu-¼�f-�-m�j+¿����UÁ¥ ��¯ZYNY_UÁ¥>��evcOa:ipgYa�tvw:iktN}�tNh"iknyiph§�|�UtNc{tv�\myhSmyc � � Ë<ikqUw:iknytNhSm�w�}���h"a:m=w:tvj"adm�w�nyf:c"�vm ikq�Ä8ipgd�U¡��k¢�ÃNw�Ì��
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Ä8ipgYfdc"m�¡��k¢o´ � � tv�Em2tvjÍÄ8ipgd�Á¡��k¢�Ãb}Uf:hC��evcÍh"adm¶��tNc"h"iktvuvhSc{tvqUj"�\ikj"j{ipeYq6tv�E�Uukikh"f:wdm�jCikq I � ��}Utvj"ikj
  jSmym·t�Ì§�§n�Ì§£��Ztvq:w I J ��}Utvj{ikj   jSmym wZÌ§����Ì§£��:c"m�jS��m�noh"ip�vm�up�v�

h"adm¤Ë<wdmymy�ZÌ>wUiktN}UtNh"iknlukik�¤iphy� �OevhSm h"a:m=jS���¤�EmyhSc"�¤ev�Kh"adm nyf:c"�vm�j��ªevc>Ê-Ñ¹ Ô Ê�Ò¹ tvq:w|Ê-ÑÓ Ô Ê�ÒÓ r=��c���hy��Å�Æ µEtNh¿ ��� Âv¿�À/Æ � ��� �
Ï+�vm�q�h"f:tvukup�v�/r�m�}:c{ipmo¼U� w:ixj"nyf:j"jEh"a:m��UtNc{h"iktvubhSc{tvqUj"�\ikj"j{ipeYq tv�E�Uukikh"f:wdm�jy�>r/a:tNh|nytvq�}�mwdeYqdm�m�ip�

h"admyc�ixq I � �OevcI J ��}Utvj"ixjy�ÍjSmym � m�noh"ipeYq ´d��´d���Iq Ä8ipgd�K¡��k¢o´°r2m�noeY�E��tNc"m¤}�evh"a�c{my�:c"m�jSm�q�h"tNh"ipeYq:jy��tNgYtvikq
��evc·h"adc"mym�wUi&�Zmyc{m�q�h w:mygvc"mym�j ev�btvwUiktN}UtNh"iknyiph�� Ë<no���KÄKikgd�Í¡��k¢o´YtÁ�§n�Ì�� H admyc"m�tvj·eYq t��Uc{jSh j{ipgYa�h h"adm¤�UtNc"�
h"iktvuKhSc{tvq:j"�\ixj"j"ipeYq��Uc"ev}UtN}Uikuxiph"ipm�jbikq>��Kv³NM�c"my�:c"m�jSm�q�h"tNh"ipeYq:jlupe�evÉ�jShSc"eYq:gYup��eYj"nyikuxuktNh"ikqdgd�Zt�nyupeYj"mycluke�evÉ�tNh
¿����+Âv¿�À Æ � ����Æ ¡�c"my�vm�tvuxjOh"a:m�wUi&�Zmyc{m�q:nom �/ºOc"eYf:q:w�h"a:ikjO��eYikq�hy��h"adm�e(�Z�§w:iktNgveYq:tvuKhSmyc{�\j � E�G Ô � G�E�Átvq:ixj"a�ikq I5J��2}Ufdh/q:evh/ikq I�����}�tvj"ikjy�>`badm6m���m�noh�ixjbh"adm j"hSc"eYqdgvmyc�h"adm wdmymy��myc/r2m·tNc{m·ikq�h"a:m tvw:iktN}UtNh"ixn
c"mygYik�Emv��i���mv�p��ikq:noc"m�tvjSm�jO�ªc"eY� Ä8ipgd��¡��k¢o´Yt|hSe|nN�O��q�h"a:ikjOjSm�q:jSm·h"admI J���}Utvj"ikj�ikjbh"a:m�tN�:�Uc"ev�:c{iktNhSm·n{adeYiknom
tvj2ikh¶j"ade%r/j¶h"a:mOmo�-��m�nohSm�w�w:ixtNgveYq:tvukiph��\ikqEh"adm�hSc{tvq:j"�¤ikj"j"ipeYq¤noe�m ��nyikm�q�h"j2ikq\h"a:m�tvw:ixtN}UtNh"iknbukix�\iph�r/admyc{m
h"adm=m�upm�nohSc"eYq�jS�Uikq|�ªeYukupe%r/j>h"adm w:ikc"m�noh"ipeYqzev�8h"adm=�\tNgYqdmyh"ixnl�Um�ukw��

`�e j{f:�\�\tNc{ik¸ymv�/r2m°aUt��vm�ikwdm�q�h"iô�Um�w nyupm�tNc�j{ipgYq:tNh"fdc"m�j|ev�·gvmyeY�EmyhSc{ikn°�UaUtvjSm�j�ikq h"admsnytvuknyf:uktNhSm�w
�\tNgYqdmyhSeN�§noeYq:w:fUnoh"tvq:nom�ev� ¢yw#c{ikq:gYj=r/iph"a#nom�q�hSc{tvu>�\iknoc"eY�\tNgYq:myho¹ : �+jSmym�ÄKikgd�8¡��k¢�Ã���`ba:my��tN�:��m�tNc�tvj
ikq�hSmyc{��myc"m�qUnom¤m���m�noh"j·h"aUtNh�wdm�j"hSc"e��sh"adm�c"mygYf:uktNc�ºOaUtNc"eYqde���� » eYa:� eYj"nyikukuxtNh"ipeYq:j=ikq t�nomyc"h"tvixq�c{tvqdgvm|ev�
mo��hSmyc{qUtvu-¼�f-�-m�j�¿����2��`badmbj"ip¸ym�ev�Zh"a:ikj¶ikq�hSmyc{�Átvudwdmy��m�q:wUj8eYqEh"admbjShSc"m�q:gvh"aEev��h"admb�\iknoc"eY�¤tNgYqdmyh¶tvq:w\ixj
j"�\tvukupmyc2ikq¤wUiktN}UtNh"ikn/c"mygYik�Em�jy� >eYq:nomyc{q:ikq:g=h"admOtN}�e%�vmo�§�Em�q�h"ikeYqdm�wzmo����myc{ix�Em�q�hl �Ðv¡Á£��-iph¶r>tvj2�Zmyc{��evc{�\m�w
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f:q:wdmyc�c{tNh"a:myc�w:iktN}UtNh"ixnnoeYqUw:iph"ipeYq:j�Ë<j{ik�\ikuktNc|hSe h"adeYj"m�ev��Ä8ipgd��¡��k¢�ÃÁ}ZÌ|h"a:tNh�tNc{m�qdevh��<t��vevc{tN}Uukm���evc
h"adm�ev}UjSmyc{�ÁtNh"ipeYq ev��gvmyeY�\myhSc{ikn���a:tvjSm�m���m�noh"jy� ºOnynoevc{wUikqdgYup�v�>iphEr>tvj\�ªeYf:q:w�h"a:tNh�h"adm�mo�-�Zmyc�ik�Em�q�h"tvu
ev}UjSmyc"�NtNh"ipeYq:j�noeYf:uxw q:evh�}Zm°tvnynoeYf:q�hSm�w �ªevc�}��VgvmyeY�EmyhSc{ikn°��a:tvjSm�jy� �/e%r�my�vmyc��6h"a:mev}�jSmyc"�NtNh"ipeYq ev�
gvmyeY�EmyhSc{ikn|�Ua:tvj"m�m���m�noh"jEikq�m�ukm�nohSc"eYq:ikn�c{ikqdgjShSc{f:noh"f:c"m�j·tN�U�Zm�tNc�j hSe°}�m¤��eYj"j"ik}Uupm\ikq#�Eevc"mztvw:iktN}UtNh"ixn
c"mygYik�Em�jy�2h"a:tNh¤nytvqC��mv��gd�p�>}�m�tvn{a:ikmy�vm�w r/iph"a j"hSc"eYqdgvmyc¤�\ixnoc"eY�\tNgYqdmyh"jy� ��h"admyc\��eYj"j"ik}Uikukiph"ikm�j tNc"m�h"adm
�ªtN}:c�iknytNh"ipeYq|ev�ÍtN�:�Uc"ev�:c{iktNhSm�uk�¤tNc"c{tvqdgvm�wz�ªmyc"c"eY�¤tNgYqdmyh"ikn��UtNc"h"iknyukm�j= �¡NµN£CtN}Ze%�vm6evcbikq�hSeEh"adml�Uuktvqdm�ev��h"adm
Ã 5�Ï � �Yevc+hSe=fUjSm��Emyh"tvukukikn6Ëªc{tNh"a:myc+h"a:tvqEjSm��\ixnoeYq:w:f:noh"ikq:g�ÌCc�ikqdgYjy�Í��q��-ipmyr ev�Zh"adm�ikq:noc"m�tvj"ixqdg6jShSc"m�qdgvh"a:j
ev�2qdeYqd�§f:q:ip�ªevc{�4�\tNgYqdmyh"ikn��Um�uxw:jOtvn�a:ipmy�vm�w ikqmo����myc{ik�\m�q�h"jy���\tNgYq:myhSeN�§noeYq:w:f:noh"tvq:nom|nytvuknyf:uktNh"ikeYq:jl��evc
c{ikqdgYj>c"m��¤tvikq�tvq�ikq�hSmyc"m�jSh"ixqdgEj"fd}-~Sm�nohy�
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Reflection and refraction at a planar interface
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m=3, ρ=2 (symmetric combination)

k=8 (not an eigenvalue)k3,2=9.761
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a) TM, n = 1.54

b) TE, n = 3

(0$��lk�g�� d {!� ��� jl�-�!t1g%$�m�jle7j��P� � t�o��2t�e!s9t�e�t�#)r(��$�o&t�#�#�r s��&���&g%�$�e��=s g��=m�jle�t�e�o��*�+$�s����H�
��j�gPt ^ |�� t�e�s�u ^ |S�5��jl#�t1g�$��&�=s4#�$��l�:�/h��&g%m�k�m/������t�e��l#)��j��V$�e�o&$�s��=e!o��.s��=s�k�o��=s4h($�t�����
g%t=r Tv��t=h��.o�j�g�g%�=m���jle�s��=e�o���{n|�����m �(k�t1g��=m<s��=e�j�����������e�k���&g%$�o&t�# m�jl#�k���$)jle!m'j�� ����m&{ Z! {�8 l p {�8 � ^ �+$)���5g��=t�#/�!t1g��2$�e �����,$�e����&g�h1t�# Z �Df	* � j ^ {���$�e�o��4������g��=m�jle�t�e�o��*�=e��&g���r9$�m
-��&���
t1����g�j � $��t1���=#)r ��� �=sqp0����� 4 TBt � $�m~m���jJ�+m.�����6s��&���=e�s��=e�o��8jleT�����2t�e��lk�#�t1g~�-jl�-�=e���k����k!t�e:��k�� e(k���u��&g={ |����,t���g%�&�=�-�=e:�4u �&�3�V�&�=e[�����`e�k!�-�&g%$�o&t�#�g��=m�k!#)��m Z m�r(��u�jl#�m ^ t�e�s���(m&{ Zed { d p d {gf ^ Z #�$�e��=m ^ $�m�h��&g�r:��j�jis�$)�Z�����@o�jle�s�$���$)jle;k�e�s��&gS�/��$�o%� ����m={ Zed { d p d {gf ^ �<�&g��s��&g%$)h��=s9$�m-�Nk�# � #�#��=sqp'$
{���{)p "f� Z ��� ^ / ��� Z ��� ^ { " e7u��&�B�<�&�=e �����4s�$�m�o�g%�&����m�jl#�k���$)jle!m~j�����(m&{ Z! {�8 l p  {�8 � ^ ����$�m2$�m6e�j��2������o&t�m���pY�l$�h($�e��zg%$�m�����j ' k�o���k!t1��$)jle�m&{ � jle!m��&��k��=e:��#)r�p
����� ' k�o���k�t1��$)jle!m�s��&���=e�s`jleE�����xh1t�#�k���yj�g~�+��$�o�� ����m&{ Zed { d p d {gf ^ t1g��6�&h t�#�k!t1���=sTt�m"$�m
s��=�-jle�m���g%t1���=sT��j�g~m�#�$��l����#)r,s�$F6��&g��=e��.��t=h��2h��=o���j�g%m���� Z ��� ^ { 2 j����;t�#�m�j4����t1�"�����x|#� T
g��=m�jle�t�e!o��8�+$�s����`$�m@t��jle�j���jle�$�o8�yk�e!o���$)jle,j���m�$�eK7 �+���&g��=t�m�t��t � $��"k�� $�mPj�u^m��&g�h��=s
��j�g/�����@|=�5o&t�m���{�"f��o�j�g�g��=m���jle�s!m���j����� A<g��&�+m����&g/t�e��l#)�@$�e:��g�jis�k�o��=s;$�e��(�=o���$)jle  {�j1{

�+���&g��P������t�e��l#)�3`  $�mS��g�jJh($�s��=s2u�r
	j
m%$�eK7��

� ���- � m��=oU`  
�

j
o�jlm�`  *

 ` AR?$AuBPG'D :HGqI$95A OpNEM<M<N�nv:<G@LUn%A}D@N0G@N"IY;(>+ACQC:\O�[qI$9@A ?$A.B"Mo>'B�?(IvN"O���� nv95ACG�QCNEGSOsd5;(:<N"GfQ.B"G�t+A=A��SQCM<d'D@ACD�g



����� � ��� ��� ��� 
 ���*����� �)�*�����
	 � ��� �*�)��� � ��� ��� 

	 � 	 ��� � � � ��
�� � � j l  

0 10 20 30 40 50 60

-0.25

0

0.25

0.5

0.75

1

1.25

Ratio value vs. m

(0$��lk�g�� d {  ��� $��$)��t1��$�jle�mcj��������<t1���!g�j � $��t1��$)jle�j���������g%t1��$�jlm Zed {�j j1p d {�j l ^ u�r@�����V��t�e����=e����j�g�m��t�#�# g��&�yg%t�o���$)h��8$�e�s�$�o��=m Z � � j�1 � � ^ {6|����-�-jle�j���jle�$�o&t�#�#)r�$�e�o�g��=t�m�$�e��2#�$�e��=m�t1g��-�����
g%��mnj��U���!{ Zed {�j l ^ �&h t�#�k�t1���=s8t1�V��� � � 4V( 4 1 ��8 Z �yk!#�#�#�$�e�� ^ t�e�s8e�� �l#)�=o���$�e��.�����+$��t��l$�e�t1g�r�!t1g�� Z s�t�m����=s"#�$�e�� ^ �+��$�o��@��g%jWh��=m ��j�u �Vt+h��&g�r ��j�jis~t1����g�j � $��8t1��$)jleq{Z|+���Y�Nk�#�#�jlm%o&$�#�#�t1��$�e��#�$�e���$�mn�����/#���mnj�� ���^{ Zed {�j l ^ p�t��lt�$�e8�&h t�#�k�t1���=sxt1����� ��� 4 (14 1 ��8 {�"3��mVt1����g�j � $��8t1��$)jle-u(r
�����-��t�e����=e��@$�m�$�#�#�k!m���g%t1���=s�u�r������-s�t�m����=s*jlm�o&$�#�#�t1��$�e��6#�$�e��"��j�gP�����~m%t��-����~{�� ���&g��=t�m
��j�g � 1 l �����P�B�<j8o&k�g�h��=m��/$�#�# Z e��=t1g%#)r ^ o�jl$�e�o&$�s���pi�yj�g+m��t�#�#)�&g � �����&g��Pt1g��@s��&hi$�t1��$)jle�mS$�e
�����@g�� �l$�jle -�� ��� Z ��� ^ ����t1�+o&t�k�m���t-�yt�$�#�k�g���j��0����$�mSt1����g%jlt�o%�q{

��t�e=`  � ^ Z � ��� ^ A- A ( jF1 Zed {�jB� ^�����&h1t�#�k�t1���.`  k!m�$�e�� ���!{ Zed {�jB� ^ $�e;�����.�yj�g%� `  � t1g%o���t�e Z o�j��i7 ^ � 7 ( � � l k�����j � ����j�g%s��&g/$�e
m�$�eK7z��j8u � `  � -� ��� 6 j� W -� ��� X � 6 8�
4 W -� ��� X 	 ( � l 1 Zed {�j � ^? o&o�j�g�s�$�e��l#)r�pn�<�6j�u���t�$�eE��j�g~�����6g%t1��$)j*j��������1A<�=m�m��=#<�yk!e�o���$)jle�m�jleT�����6#���m@j��S����m={ Zed {�j j ^ t�e�sZed {�j l ^ p^g��=m�� �=o���$�h��=#)r�p �! Z � ��� ^�! �"%$ Z � ��� ^ �

o�jlm Z��  (
	 A ^o�jlm Z��  #"%$ (
	 A ^ * Zed {�j0� ^
�+���&g�� �  $�m��l$)h��=e;u(r

�  � � Z � ��� ^ A ( - A 6 - A� ��� 6 - � W -� ��� X � 6 8 -�
4 W -� ��� X 	 ( - � l 6 � l ( � �
� � ���� ^ jF( W -� 4 X A 6 W -� 4 X A 6 j� W -� 4 X <�� ( - � l ( � � 1 Zed {�j  ^

"fe;�����@#�t�m���m����&���V�@��tWh���e�� �l#��=o����=s������ ����� j�g%s��&g����&g%� t�e�s��t�s��@t�e�� � �!t�e!m�$)jle2��j8#�$�e��=t1gSj�g%s��&g+$�e� ���~p�j�g#� p�g��=m����=o���$)h��=#)r�{���^{ Zed {�j0� ^ o&t�e�u �.�yk�g%�����&g/m�$��-�!#�$ � �=sx�/���=e4t1���!g�j � $��t1��$�e�� �  #"%$ � �  6 � � l {+|���$�m��+$�#�#���k�g�ejlk��P��j;u��~$�e�t1���!#�$�o&t1u!#)�.�yj�g@m��t�#�# � Z ��� l pZm�t=r ^ pZt�e�s�#��=t�s�m���j���g�jle��6g%�=m�k�#)��m�$�e,����$�m/g%� �l$��-��p m��&�( $���{ d { d {Y|+���+g��=t�m�jle8�yj�g�����$�mY$�mY����� Z m�#�$��l��� ^ s�$F6��&g��=e�o��/$�e������t1g��lk��-�=e���m<j��c������o�jlm�$�e��/�yk�e!o���$)jle�mY$�e



j l d � ��� ��� � � �����
	 � ��
�����-� � ������
 � � ����� ���
������e(k��-�&g%t1��j�g Z��  ^ t�e�s�s��=e�jl�$�e�t1��j�g Z��  �"%$ ^ { � jle!m��&��k��=e:��#)r�p!�+���=e4o�jle!m�$�s��&g��=s4t�m/t-�Nk�e�o���$�jle�j��- p(������g%�=t�#qt�e�s2$��t��l$�e�t1g%r�!t1g��<j�� �������yg%t�o���$)jle;s�j��3�
, e��&�=s2��j"u���jlm�o&$�#�#�t1��$�e��"�yk�e!o���$)jle�m<t1u jlk��<�����- TBt � $�m={ �/t1�����&g=pc�����=$)g@t=h��&g%t����=sEh1t�#�k��=mPt1g��t�#�#�jW�<�=s���j;��jlm�m��=m�mPt�e�jJh��&g%t�#�#'m%#)j�����pcm��&�0(0$���{ d {  {V"feo�jle:��g%t�m�����j6����$�m+u��=��t=hi$)jlk�g=p^t1����g�j � $��8t1��$)jle�u(r;�����"��t�e����=e:���Nk�e�o���$)jle�#)�=t�s�m/��jxjlm�o&$�#�#�t1��$)jle�m�j��nu j����
�����.g��=t�# t�e�s4$��8t��l$�e�t1g�rx�!t1g���j��n�����.AV�=m%m��=#c�Nk�e�o���$)jle�g%t1��$)j8t1u�jlk�������� - TBt � $�m&p!o�j�g�g��=m�� jle!s�$�e��~��jxt�et=h��&g%t�����h1t�#�k��xj��#�&�&g�j,t�m-$�m"s��=�-jle�m���g%t1���=s $�e`�����;m�t��� � �lk�g���{ ? #)����jlk��l�Ee�� �l#��=o���$�e��*�����xjJh��&g%t�#�#
m�#)j�����u(r4���&g��yj�g%�$�e��8�����~��t�e����=e��@t1����g%j � $��t1��$)jle,$�m�t ��j�jis�t1����g%j � $��t1��$)jle*�yj�g � 1 l pc$)���Nt�$�#�m���j�g
m��t�#�#)�&g � �/���&g��P�����Pg��=m%k�#)��mS��g%�=m��=e:���=s�u �=#�jW��s�je�j�����jl#�sqp�m��&�.( $���{ d { d {"3�0�<�.t�m�m�k!�-� � ��j8u��@e�j��+��j�j6m��t�#�#
p��<�.o&t�e�t1����g�j � $��8t1���@����� A<�=m�m��=# �yk!e�o���$)jle;g%t1��$�j Zed {�j0� ^ u(r�������t�e����=e���t�e�s`��g�jio��&�=s`�Nk�g������&g={ ��$�e�o��-�<�8o&t�e`j�u���t�$�e������8|�� g��=m%k�#)�P�yg�jl� �����8|S�[� � ��g��=m�m�$�jle
u�r7$�e����&g%o%�!t�e��l$�e�� - t�e�s - (Kj4t�e�s9m��&����$�e�� h � 4`t�m6s�$�m%o&k�m�m��=s7$�e ������o�jle���� � �6j��3���^{ Zed {  ^ p�V�8o�jle!m�$�s��&g � g�m��@|=�[��jl#�t1g�$��&�=s,#�$��l���@t�e�s�s��=s�k�o��-�����8|�� � � ��g%�=m�m�$)jle,�����&g%�=t1�����&g���g�jl� m�r(�8�-�&��g�r
o�jle�m�$�s��&g�t1��$)jle�m&{]�Yh t�#�k!t1��$�e��~�����@g%�!m�j��<���!{ Zed {�j l ^ t�e�s;k�m%$�e��~g��=#�t1��$)jle Zed {�j0� ^ ri$)�=#�s�m�! Z � ��� ^�! #"%$ Z � ��� ^ � ��t�e �  ������ W &,+ 6i8 X &,+ * Zed {�j d ^
�+$)���

W &)+ � � Z �! #"%$ Z 4 ^ �! Z 4 ^ 6HG  #"%$ Z 4 ^ G  Z 4 ^�^ ( h Z �! Z 4 ^'A 6EG  Z 4 ^'A ^Z ���  �"%$ Z 4 ^ ( h �  Z 4 ^�^ A 6 Z � G  #"%$ Z 4 ^ ( hcG  Z 4 ^�^ A *
X &)+ � � Z �  �"%$ Z 4 ^ G  Z 4 ^ 6EG  �"%$ Z 4 ^ �  Z 4 ^�^Z ���! #"%$ Z 4 ^ ( h �! Z 4 ^�^ A 6 Z � G  �"%$ Z 4 ^ ( h G  Z 4 ^�^ A

�
( l �� 4 j

Z ���! �"%$ Z 4 ^ ( h �! Z 4 ^�^ A 6 Z � G  #"%$ Z 4 ^ ( hcG  Z 4 ^�^ A 1 Zed {�j_f ^"fe6������#�t�m���m����&�2�V�Pk�m��=s8������g��=#�t1��$)jle �! #"%$ Z 4 ^ G  Z 4 ^ 69G  �"%$ Z 4 ^ �! Z 4 ^ � l � Z � 4 ^)2 � �[v{ �(��g%t�$��l������j�g T�<t1g%s4t�#����&u�g%tt�e!s;k�m�t����@j��#���^{ Zed {�j  ^ ��j�g������@g��=m�jle�t�e!o��@�+$�s���� �6r($��=#�s�m��� ��� � "f� 2 t1g�o���t�e Z W 6i8 X ^ [Y*
� � ^ j�( W -� 4 X A 6 W -� 4 X A 6 j� W -� 4 X < 1 Zed { l 4 ^

� m%$�e��6�����~g��=#�t1��$)jle*t1g%o���t�e 4�� Z j � l�8 ^ #�e 2 Z j 6i8 4 ^ � Z j�( 8 4 ^ [Bp��<�~j�u���t�$�e*����� � e�t�#Zg��=m�k�#)�/��j�gP�����
g��=m�jle�t�e�o��.�+$�s����2j��0|=� ��jl#�t1g�$��&�=s;#�$��l�����+$)���;t-h1t�o&k�k�� ��t=h���h��=o���j�g 4;� ��� ���

� &,+ � ( j� � � #�e Z jF( X�&,+ ^ A 6 N W &,+ Q AZ j 6 X &,+ ^ A 6 Z W &,+ ^ A * Zed { l j ^
�+���&g�� W &,+ t�e�s X &)+ t1g��.$�e:��g�jis�k�o��=s;$�e ���^{ Zed {�j_f ^ {����e�jW�9��k�g%e��j������+o&t�m���j��q|�����jl#�t1g%$��=t1��$)jlec{7(�g%jl� ���!{ Zed {�j j ^ �<�+j�u���t�$�e-��j�g�m�k��6o&$)�=e:��#�r"#�t1g����� �  #"%$ Z � ��� ^�! Z � ��� ^ � o�j�� Z��  ^ � (���t�e W �  ( � l X ������ W &)( 6i8 X &)( * Zed { l l ^
�+���&g��1W &)( t�e�s X�&)( t1g��x�yjlk�e�sE�yg�jl� W &)+ t�e�s X�&)+ u�rz$�e:���&g%o���t�e��l$�e�� -
	 - ( j6t�e�s m��&����$�e��h���� 4i{Y|����&g��&��j�g%��p

W &)( � �! #"%$ Z 4 ^ �! Z 4 ^ 6EG  �"%$ Z 4 ^ G  Z 4 ^� Z � A Z 4 ^ 6EG A Z 4 ^�^ * Zed { l 8 ^
�� A_BP?$AuNEG@M\[J:<G|I$Am?$AC;�I$A.Df:<GJI$95A=?$ACMHBPI$:<NEGJOpN"? I$9@Au:HzUBPLE:<G'B�?([J>'B�?(I NPO � �_g��)B��|:HG@LU:HG*I$NwQCN"G5;(:HD@Am?�BPI$:<NEGFI$95AuA�s*d'B�I$:<NEG

OpN"?YI$95A ?$ACB"M >5BP?(IvNPO�� �_c|nv9@:HQ�9�n%NEd5MHD�L":<^�AuB0QCNP?(?$ACQRI$:<NEGfI$N0I$9@A ?$AC;(N"G'B"G@QCA=ACG@AR?$L"[*c@:<;Yt+Am[*NEG5D I$95A ;(QCNE>+A=NPO1I$95:<;�n�N"?��+g



����� � ��� ��� ��� 
 ���*����� �)�*�����
	 � ��� �*�)��� � ��� ��� 

	 � 	 ��� � � � ��
�� � � j l f

0 0.25 0.5 0.75 1

0

1

-y
T

M

0 0.25 0.5 0.75 1

0

0.25

-y
T

M

n=1.3

0 0.25 0.5 0.75 1

0

0.1

-y
T

M

0 0.25 0.5 0.75 1

sin χ

0

0.025

-y
T

M

n=6.0

n=3.29

n=2.0

Numerical solution 
-yTM

-yTM
sm  * (1-n2) (2n)-1 ln( (n-1)/(n+1) )

TM polarization, Re(kR)=50

0 0.25 0.5 0.75 1
0

1

2

-y
T

E

0 0.25 0.5 0.75 1
0

0.5

1

1.5

-y
T

E

n=1.3

0 0.25 0.5 0.75 1
0

0.5

-y
T

E

0 0.25 0.5 0.75 1

sin χ

0

0.1

-y
T

E

n=6.0

n=3.29

n=2.0

Numerical solution 
-yTE

TE polarization, Re(kR)=50

(0$��lk�g�� d { d � ? e�t�#)r(��$�o&t�#�#)r-�&h1t�#�k�t1���=s2g%�=m�jle�t�e�o��P�+$�s�����m�� &)( *�� &,+ Z o��f{����(m&{ Zed { l j1p d { l j ^ p�yk!#�#0#�$�e��=m ^ $�e�o�jl�-�^t1g%$�m�jle,�+$����,�����-� � t�o��.g��=m�k�#)��m Z ����m={ Z! {�8 l p  {�8 � ^ p0o�g�jlm�m��=m ^ ��j�g@|#�t�e�s7|=� ��jl#�t1g�$��&�=s #�$��l���&{ (�j�g � 1 8(p<t�#�#<o&k�g�h��=mo�jl$�e�o&$�s���{ �/jW�<�&h��&g=p�������t�e�t�#)r(��$�o&t�#
� � �!g��=m�m�$)jle!mYu�g%�=t'-8s�jW�/e6t1g%jlk�e�s � � l t�m�s�$�m�o&k�m�m��=sx$�ex�����/��� � �&{�(�j�g�|#� ��jl#�t1g%$��=t1��$)jle
�����;g��=m�k!#)���yj�gc� &�(9H: pV�-j(s!$ � �=sEu�rTt,�!���=e�jl�-�=e�jl#)j �l$�o&t�#<�yt�o���j�g8����t1�~�=e�m�k�g��=m~�����6g�$��l�:�
#�$��$���$�e��"u �=�!t=hi$)jlk�g 2 j54 d [Z$�mSt�#�m�j8m���jW�+e Z s�t�m%���=s�#�$�e��=m ^ {

X &)( � ( �! #"%$ Z 4 ^ G  Z 4 ^ 6EG  �"%$ Z 4 ^ �! Z 4 ^� Z � A Z 4 ^ 6EG A Z 4 ^�^
�

( l� � 4 j� A Z 4 ^ 6EG A Z 4 ^ 1 Zed { l � ^
| j~m�jl#)h�� ���^{ Zed { l l ^ p��<��e�j����/���!t1�V������o%��t�e�����j�� � � l $�e8������t1g��lk��-�=e��V�.{�g={��&{:������|=� o&t�m���s�j(�=mVe�j��
t�6 �=o��/�����.$��t��l$�e�t1g�r8�^t1g��&p�m�k�o��;����t1�S���!{ Zed { l j ^ t1���!#�$��=mSe�jW�[�yj�g7(�� p�t�e�s;�<�7���&������� � e�t�#�g��=m%k�#)�

� &)( � j� � � #�e Z j�( X &)( ^'A 6 N W &)( Q AZ j 6 X &)( ^ A 6 Z W &)( ^ A 1 Zed { l� ^2 j����@���!t1�>���!{ Zed {�j54 ^ o&t�e2u ��g��&��g�$)�����=e;$�ex���&g%�m�j��MWM* X �yj�g � e�j��S��j�jm%�t�#�# Z j � Z j�( � A_^ � ( j � � A ^t�m � &)(9;: � X�&)(� * Zed { l � ^



j&8\4 � ��� ��� � � �����
	 � ��
�����-� � ������
 � � ����� ���
�+��$�o��6$�mSo�jle�m�$�m����=e����+$)���1���^{ Zed { l j ^ $�e6�����@#�$��$)� X / j1p�W�� 4ip�t�e�s � ��� {Y|���$�m<$�m�$����=s�$�t1���=#)r
m��&�=e�k!m�$�e��-����� � g%m�� Tvj�g�s��&g+� � �!t�e�m�$�jle;j��'#�e 2 Z j 6E4 ^ � Z jY( 4 ^ [ � l�4 { ? �lt�$�eqp^t1���^#)r($�e��V���^{ Zed { l � ^ ��j�g� &)(9H: ��j������So&t�m���j��^|=�,��jl#�t1g%$��&�=s�#�$��l�:�Z�yt�$�#�m ��j���g�jJh($�s��<t�m��j�j����~m�jl#�k���$)jle.�yj�g�� &)+ p��+��$�o%�"k�e�s��&g%#�$�e��=m
jle�o��.�-j�g��.�����@m�$��le�$ � o&t�e:��t�e!t�#)r���$�o&t�#qs�$F6��&g��=e�o��=mSu��&�B�<�&�=e4|#� t�e�s4|=� ��jl#�t1g%$��=t1��$)jleq{"fe@( $���{ d { d �V�@$�#�#�k�m���g�t1���/�����Pg%�=m�k�#)��m�j�u���t�$�e��=s2u�rx�����@��t�e����=e��+t1���!g�j � $��t1��$)jlec{ ? �!t1g��S�yg�jl� �����
�yt�$�#�k�g��8�yj�g-m��t�#�# � s!$�m�o&k�m�m��=szt1u�jWh���pV�����xg%�=m�k�#)��m"t���g��&�2h��&g�rz�<�=#�#V�+$)���E�����2e�k���&g%$�o&t�#Vg��=m�k�#)��m=p0$�e
�!t1g���$�o&k�#�t1gS��j�g�g%�&��g%t�o���$�h��.$�e�s�$�o��=m�g��=#)�&h1t�e:�S�yj�g+m��=�$�o�jle�s�k�o���j�g+#�t�m��&g%m Z � � 8	1�8 ^ {

�ik���8t1g%$��=$�e��P���!$�mYo���t1�����&g��V����tWh���s��&g�$)h��=sxe��&�5t�e�t�#)r(��$�o&t�#^� � �!g��=m�m�$)jle!m'�yj�g (�g%�=m�e��=# o�j�� �xo&$��=e:��m
t1�'o&k�g�h��=s~$�e����&g��yt�o��=m'����t1�0�Vj�g�-��V�=#�#��yj�g � 1 l�� �yj�g � � l �-j�g��So&t1g��&�Nk�#�t1����g%j � $��t1��$)jle�m t1g��S$�e"j�g%s��&gW{(�k�g������&g��-j�g���pl������g��=m%k�#)��m0o�jlk�#�s"u�����k�t�#�$)��t1��$)h��=#)r.t�e!sV��k�t�e���$)��t1��$)h��=#�r.� � �!#�t�$�e��=s"$�e~tPe�jJh��=#ig%t=r Tvu!t�m��=s
�-j(s��=#�����t1����t�m�� � ���=e�s��=s�u(r6�����b2�j(jlm T����t�e!o%���=e���6 �=o���t�m��<�@m�t=� $�e2�����@�!g��&h($�jlk�mSm��=o���$)jleq{



� �������	�
���� �����	������������������ � � !#"$ �%�&(')*�+!#�,�-�
�����/./')�*� 0��1'2'2�3�*�4�

57698;:=<?>A@B:DCFE 8;GIH4JKGLCFE=E=MONP8;:DGLQRGS8;:=T U=>ATFV 8WMX<O6=GIUY<O6#ZK:DC-E 8WGSH,[\8;TR8W:=G\@SC2>]G	T-^_8;:DG
`-acbedXbBfSgihjacf CF6=61V=M?C-Hlk=<XMOMO<OCFHWUnm	opGrqsHW>]8	>]8;VsU Nt8;:=GRHBC&NtU=Nu6sC-Qv<O@I>w<O6�@SMOC2>;>;<?@SC-MxC-6D6uV=y
M?C-H\kD<XMOMX<?C-HBU=>LJ4<X8;:z:sC-HBU{J|CFMXM?>L<O6{8;GSHWQ}>LT-^�8W:=G�~xTF<O6D@IC-H=�GR>;GI@e8;<OTF6�mtopGP�FGI6=GSHBC-MO<O�SG
8W:=<O>lC-EDE=H;TuCF@B:Y8;TP8;:=G h;bi�Bh;�FfSgia��3b C-6=61V=M?C-H,k=<OMXMO<OCFHWUtk1N�C-MOMOT3J4<X6=�}MO<O�F:u8,HBC&N >�8;T9GS6u8;GIH
8W:=Gv<X6=6DGSHLU <?>]��J4:DGS6=GI�FGSHl8W:=G}@eTF6sU <�8W<XT26#^�T2Hl8;T-8BC-M�<O6u8;GSHW6DCFM_HWGe�sGI@j8W<XT26#<?>	�1<XT2MOC-8;GIU�m
o�<X8;:=<O6P8W:=GwJ�C&�FGwE=<O@e8;V=HWGF�1J|G,>]8WCFH]8�T2V=H�U <O>W@eVs>;>;<XT26}J4<�8W:P8W:=G,@ICF>;GwT-^n8W:=G,U=<XGIMXG)@j8;HW<?@
U <?>;��8W:DC38RJKG9�FGI6=GSHBC-MO<X�IGPk1NpqDHW>]8�EDMOC2@e<O6=�#C-6DT-8;:DGSHvU <XGIMXG)@j8WH;<?@�U <?>;� fB�-��fBbe�sgihjacfB�-d�d��
<O6D>;<OU Gl8W:=G\>]N >]8;GIQ�8;:DC-84<O>A>;V=kD>;GI�uV=GI6u8;MONPQvT3�FGIU�T-��8W:=G\@eGI628WH;G2mxo�G\>]8;VDU=N}8;:=GLk�Gey
:DC&�1<OTFV=HxTF^�HWGI>;TF6sC-6D@SGI>_ksTF8;:}<O6v8;:=G,U GSM?C&N\8W<XQvGwCF6DUR<X6}<X8W>��DTFV=HW<OGSH�8WHWCF6D>�^�T2H;Qtm_��:=<O>
CFMXMOT3JA>4VD>,8;T9<OU=GS6u8;<X^�NY8;:=G�8�N1EsGRT-^�8WHWC-��GI@j8WTFHWN��1<?CP<X8W>,MXGI6=�-8W:�ml |G)>]<?U GI>lCP�2H;G)C38w�3C-y
HW<XGS8�NvJ4:=<O>;E�GSHW<X6=�Fy¡�uC-MOMXGIH;Nuy¡8�N1EsGAQvT U G)>S�1J|GlCFMO>;T\qD6sU�J�C&�FGSy¡QvGI@B:sC-6=<?@SCFM=H;G)C-MO<X�)C38W<XT26D>
TF^_TF8;:=GIHwHWGS�FVDMOCFH4TFHWk=<�8B>Sm|opGr>�8WVDU N98;:=GI<XHl>]<O�F6sC38;VDH;G)>4<X6t8W:=Gr~xT2<X6D@IC-H=�G	>]G)@j8;<OTF6�CF6DU
8W:=GS<OHLU GSE�GS6DU=GS6D@SGRT26�8W:=GvHWC-8;<OT9TF^�8;:=GvHWGe^�HBCF@e8;<O�FGr<O6DU <?@eG)>l8;:DC-8l<?>	VD>;GIU�8;T�@eT2628WH;T2M
8W:=GLTFE�GS6=6DGI>W>�T-^¢8W:=G\>;N1>]8;GIQtm

£@?e¤ ¥�¦�U<F�F�ING UL¦"U+Ol§¨§/INDl¦�D'G L HJING U+O+O/d\¦�UVH�©SI]¦7¦yINUVHF§9ª�«6U|¬ K�INGcL d+HWD

|����-m�rim����=������t1���V�-�/$�#�# o�jle!m�$�s��&gP$�e*����$�m�o���t1�����&g@$�m�m���jJ�+e�$�e (0$���{Qf({�j1{ " mPo�jle�m�$�m���m�j��Vt Z #�t1g����&g ^s�$)�=#)�=o���g%$�o's�$�mj�j���g��&�yg%t�o���$)h���$�e�s�� � ��$ t�e!s@g%t�s�$�k�m � $ $�e.�+��$�o��.t+m%�t�#�#)�&g s�$�mj Z � A * � A ^ $�mc�=o&o��=e���g%$�o&t�#�#)r�!#�t�o��=sq{n|����/s�$�m���t�e�o��/u��&�B�<�&�=e8�����/�B�<j"s!$�mj~o��=e:��g��=m�$�mY�����+�=o&o��=e���g%$�o&$��Brj�g<s�$�m��!#�t�o��=�-�=e:�Y�!t1g%t��-�&���&g
® {"|���$�m�m�rim����=� $�m��=�.u��=s�s��=s�$�e,t�$)g��+$���� ��¯ � j1{�°�$)h��=e,t2m��&�Pj��Y�!t1g�t��-�&���&g%m Z ��¯ � j�* ��$ * � A ^ pq�����m�t��-�8g%�=m�k�#)��m@��jl#�s��yj�g.�����6m�o&t�#)�=szm��&� Z¡±��¯ * ±��$ � ��$ ±��¯ * ±� A � � A ±��¯ ^ ��j�g��<tWh��xh��=o���j�g%m ± � � � � ±��¯ p0$)������ ���&jl�-�&��g%rE$�m�e�j���o���t�e����=sq{ � jle�o��&g%e�$�e�������� ���&jl��&��g�r�p't�m%$��$�#�t1g@m%o&t�#�$�e��4t1�!�!#�$)�=m&{ (0$ � $�e��;�����
s�$)�=#)�=o���g%$�o&tip'�����2�!t1g%t��-�&���&gm��&��m Z � $ � j�* � A * ® ^ t�e�s Z ±� $ * ±� A � � A ±� $ * ± ® � ® ±� $ ^ t1g��2�&�(k�$)h1t�#)�=e���+���=e�� � ± � � � � ±� $ {|�����o&#�t�m�m�$�o&t�#^t�e�e(k�#�t1g'u!$�#�#�$�t1g%scp �/���&g��������/u�jlk�e�s�t1g�r"j��q������$�e�e��&gYt�e!sjlk����&g�s�$�mj-t1g�����t1g%s8�<t�#�#�m
����t1�no�jle � e�����g%t2²��=o���j�g%$)�=mn��j������St�e�e(k�#�t1g g�� �l$)jlecp��<t�m'm���k�s�$)�=s�u�r.AVjl�!$��lt�m 2 j544[v{#Z�j�g�jle-t�e�s (�g%$�m�o%��t1�$�e:h��=m���$��lt1���=s $�e`�!t1g%��$�o&k�#�t1g������´³D�1µ��&¶ *5, ��·_¶X¸ ,�,¹¸ ��º2$�e`�����6�=o&o��=e���g%$�o2t�e�e(k�#�t1g.u^$�#�#�$�t1g�s�$�e ��g��=t1�~s��&��t�$�#
2 j54�j5[v{ ���@�/$�#�#�o�jl��-�=e���jle����!$�m���6 �=o���$�e �I· * �xm�rim����=�m+u��=#)jW�[$�e2�����.o�jle:��� � �+j��#(0$���{�f({�j j1{"feE�����6��t1g%s�Tv��t�#�#Ym�r(m����=�8m 2 j544�p j54�j�[vpn�����xs�$)�=#��=o���g%$�o-��g%j�� �&g%��$)�=m@j��������xt�e�e(k�#�t1g�g�� �l$)jleTs�j�e�j��
�!#�t=r;t8g�jl#)�@u��=o&t�k�m��.g��&��g�t�o���$)jle���jxj������&g/g%� �l$)jle�m+o&t�e!e�j��+jio&o&k�g={ "fe4�����@�yjl#�#)jJ�+$�e��-�<�.�+$�#�#
p���jW�<�&h��&g=p
m���k�s�r-j����=e2t�e�e(k�#�t1gVm�r(m����=�8mV�/���&g���g��&��g�t�o���$)h��/�=m%o&t1� �P$�m<t�#�#)jJ�V�=scp(t�e�s6������o�jle � e��=�-�=e:���-�=o���t�e�$�m��
$�m���g�jJh($�s��=sxu(r8��j���t�#Z$�e����&g%e�t�# g�� ' �=o���$)jlec{'|����Po�g%$)��$�o&t�#qt�e��l#)��p ���^{ Z! {�8 ^ p!����t1��s�$�m���$�e��lk�$�m����=m'u��&�3�V�&�=e��j���t�#'$�e����&g%e�t�#Zg�� ' �=o���$)jle,t�e�s*�����~��jlm�m�$)u^$�#�$)�3rxj��Vg��&��g�t�o���$)h��-�=m�o&t1���-$�m/s��&���&g%�$�e��=s*�yg�jl�Q�����~g%t1��$)j6j��
�����g��&�yg%t�o���$)h��6$�e�s�$�o��=m�j��S�����8s�$)�=#)�=o���g�$�o&t;m�k�o��`����t1�������g��=#�t1��$�h��8�t1���&g%$�t�#Y��g�j����&g���$)�=mPe�jW� u��=o�jl�-�
$��-��j�g���t�e��&{"fe�����$�mSm��=o���$)jlecp��V�@�/$�#�# m���k�s�r6����$�mS$�e����&g��!#�t=rx$�e2���&g%�mSj���» jl$�e�o&t1g�¼��m��=o���$)jle�m&p�o��f{ �(�=o���$)jle  {�j1{]"fe( $���{	f({ l ������» jl$�e�o&t1g�¼��m�k�g%�yt�o��/j��cm��=o���$)jlex��j�g<t.o&#�t�m�m%$�o&t�# Z ��t1g�s8��t�#�# ^ t�e!e�k�#�t1g'u!$�#�#�$�t1g%s Z � A � 4 1!�(p ® �4 1 l l ^ $�mYm���jW�/eq{ ���/m��&��t�t¸ } *e³+�!��t�m���m��!t�o��+�+$����m��&h��&g%t�#^m���t1u!$�#�$��Br~$�m�#�t�e�s!m&p��Br(�!$�o&t�#!g��&��g��=m��=e���t1��$)h��=m
j��S�+��$�o��`t1g��xm%��jW�+eEjle`��j�� t�e�szu j�����jl� $�#�#�k�m���g%t1��$�e��6�����8g%$�o���e��=m�m@j��S�����8�!�!t�m��8m��!t�o���{ ? �t2² j�g



j&8 l � ������� 	 � � �	� ��
�
 ��� �n���� �  ����� ��
	 � � �H���H��� ��
 ��� � ��� � � 
�� ������� � 
��
�!t1g��<j��c�������!��t�m���m��!t�o��P$�mV��t1��=e2u�r8������m�j\TBo&t�#�#)�=s��! +D�,¹¸��7�5* + 2  � [v{ 2 �=t1gS�����/h1t�#�k��=m<m�$�e#" �%$ j/�V�� e�s2�����@�/��$�m����&g%$�e��7�lt�#�#)�&g�r6j�g�u!$���m&{� �&�8k!m-e�jW� t�s!s�g��=m�m~����� �(k��=m���$�jle ��jW� ��j

R2
δ

n1 n0 = 1n2

R1 r r’

φ’φ

(0$��lk�g�� f({�j � °��&jl�-�&��g�r7t�e�s e�j���t1��$�jle�m8$�e �����
s!$)�=#)�=o���g%$�o�t�e�e(k�#�t1gSu^$�#�#�$�t1g�sq{

�-j(s��=#Yt�e�szg��&��g��=m��=e��"��g%t2² �=o���j�g�$)�=m�$�ezt ³ ¸�*3¶ *���&,�'I¸(�.t�e!e�k�#�t1gPu!$�#�#�$�t1g%sq{ ���x�+$�#�#K��&�&�z����� �1µ , *!'
u jlk!e�s�t1g�r t�m5t �!t1g%s ��t�#�#�$�e j�g�s��&g9e�j��5��j
) #)j�jlm��+*8g%tWr(m=p!u!k��/t�#�#)jW� g��&�yg%t�o���$)h��~o�jlk��!#�$�e��-��j
������¸ � � *�'cs�$�mj��+���=e��&h��&gZ�����Vt�e��l#)�Vj��!$�e�o&$�s��=e�o��
t1� �����<$�e!e��&g u�jlk�e�s!t1g�rP$�mZm%�t�#�#)�&gZ����t�e.�����<o�g%$�� T
$�o&t�#Vt�e��l#)�x�yj�g"��j���t�#<$�e:���&g%e!t�#'g�� ' �=o���$�jleq{�|����=e
�����	,Iµ�¶¡¶=+1��· ¶X¸ ,¹µ�³�*xm���t�#�#<�=e����&g8������$�e�e��&g-s�$�mj
t�e�s"�����&g��S$�m e�j�g�� ' �=o����=s~g%tWr�{0|+��$�m t�m�m�k��-�!��$)jle
t1����g�j � $��8t1���=m](�g��=m�e��=#
w�m'#�tW�@p ����m&{ Z! { ��p  { � ^ p(��jtPm����&���/$�m����yk!e�o���$)jleq{.-+jJ�V�&h��&g=pi$)�n��t�m0��������g��=t1�
t�s�h t�e���t������j��t1��~����$�e��lm�o&#)�=t1g@t�e�s*��j�t=h�jl$�s
t�e8� � ��jle��=e:��$�t�#!$�e�o�g%�=t�m���j��q������e�k!�.u��&g'j��qg%tWr(m
$�e:h�jl#�h��=sq{ ���;�+$�#�#Yg��&�y�&g"��j����!$�m��j(s��=#�t�m/' *!&
,0' +1�&,¹¸32\*54Y+ � ��µ�¶F+6'87 �&¸¡¶i¶O¸�+6'B³�{ |���� ) g��=t�#�* m�$)��k�t1��$�jle9�+$�#�#�u��,m�jl�-�&�+���&g%�*$�e5u��&�B�<�&�=e ������o&#�t�m�m�$�o&t�#
u!$�#�#�$�t1g%s�+���&g�� * +1�� .g%t=r2$�mSt�#)��t=rimSg�� ' �=o����=s�t�e�s2������g��&�yg%t�o���$)h��Pu!$�#�#�$�t1g%s8����t1��e�� �l#)�=o���m������Pg�� ' �=o���$)jle
�+���=exg��&��g�t�o���$)h��/��g�t�e�m��$�m%m�$)jle$�mVo%��jlm��=eq{ �����+$�#�# � e�s-����t1�<����$�m<o�jl�.u^$�e�t1��$)jlex$�mVt1u^#)�+��j"� � �^#�t�$�e�����
�<tWh���Tv�!$�o���k�g���g��=m�k�#���m�h��&g�r2�V�=#�#q$�e��(�=o���$)jle f({�8({? e�� � t��-�!#)�Vj��������Y�!�!t�m��Vm��^t�o��Yj���t/g��&��g�t�o���$)h��Yu!$�#�#�$�t1g%s�$�mZm���jJ�+e�$�e (0$���{�f({�8({n|����'�!t1g%t��-�&���&g�mZt1g��
�����/m�t����t�m<$�e0(0$���{ f({ l p(�/$)���������t�s�s�$)��$�jle-j��qg��&�yg%t�o���$)h��/$�e�s�$�o��=m&p ��$ � 8.$�e�����/t�e�e(k�#�k!m't�e�s � A � j
$�e������$�e�e��&gVs�$�mj p�t�#�#�jW�+$�e��P��j�g<�!t1g���$�t�#^o�jle � e��=��=e:�<$�e-������t�e�e�k!#�k�m's�k��+��j.��j���t�#�$�e����&g%e�t�#!g�� ' �=o���$)jlec{
|����8�^��t�m��xm��!t�o�� $ e�jW� � jlm%m��=m�m��=m��yt1g~#)�=m�m"m���g%k!o���k�g���{ � �&g%��t�$�ez��g�t2² �=o���j�g%$��=m"t1g%�6#)jlm��.u��=o&t�k�m��6�����&r
t1g��-t�#�#)jW�<�=s*��j;�=e:���&gP�����"$�e!e��&g�s!$�mj;�+��$�o%�*t�6 �=o���mP�����"j�g%u!$)�/$�e�t6��t=r*����t1����������g�t2² �=o���j�g�r,o&t�e�e�j��
u �o&#�jlm��=s`t�e�r,�j�g���{|���$�mPt1�!�!#�$)�=m�$�e,�!t1g%��$�o&k�#�t1gP��j�j�g%u!$)��m�����t1�.�!$)�������8$�e�e��&g�s!$�mj4���&g����=e�s!$�o&k�#�t1g
o&#)�=t1g%#)r6h($�jl#�t1��$�e��~�����@o�jle�s!$)��$)jle2�yj�g���j���t�# $�e����&g%e�t�# g�� ' �=o���$)jle;� � o��&���+�yj�g ��$ � � A � � $�e2�+�!$�o%�;#�$��$)�
�����o&#�t�m�m�$�o&t�# t�e!e�k�#�t1g�u^$�#�#�$�t1g�s;�+$)���,��t1g%s*��t�#�#�m�$�m�g��=o�jJh��&g��=sq{ "fe!s��&�=sqp��V�s�j2e�j�� � e�s*����jlm��-j�g�u!$���m
g��&��g��=m��=e����=s6$�e�����/�!��t�m���m��!t�o���m���jJ�+e8$�e (0$���{	f({�8({:9Pe�����/j������&g<�!t�e�sqp:�<� � e�s-j�g�u^$)��m'����t1�<g��=�t�$�e
k�e�o%�!t�e����=sz$�ezo�jl�-�!t1g%$�m�jle`�+$)���`�����8��t1g%s Tv�<t�#�#Ym�$)��k�t1��$)jlec{ A<�=m�$�s��=m.�����8�/��$�m����&g%$�e�� �lt�#�#��&g�r*�j(s��=m
����t1�St1g��Pe�j��<t1�St�#�# t�6��=o����=s2u�r������$�e�e��&gVs!$�mj Z o��f{ �i�=o���$)jle  {�j1{�j ^ p!����$�m�t1���!#�$��=m'��j-t�e6j�g�u!$)� Z ( $���{�f({�8��j���g%$��l�:� ^ ����t1�+�Nk�# � #�#�m<������o�jle�s!$)��$)jle;j��n��j���t�# $�e����&g%e�t�#cg%� ' �=o���$)jle4t1�������.$�e�e��&g+s�$�mj6t�e!sqp!�����&g%�&��j�g���p
� �&g�m�$)��m $)��m g��&��g�t�o���$)h���j�� �=e!$�e���{)��jlm��'$�e����&g��=m���$�e��l#)r�p1�V�Ss�$�m�o�jWh��&g't�e��&� �Br(���Vj��;' *]º µ�¶ +6'Zj�g%u!$)� Z ( $���{ f({�8u j�����jl�\g%$��l��� ^ ��������g�t2² �=o���j�g�r2j��Z�+��$�o��6#�$)�=m<�!t1g���#)r �4¸ ,3 D¸ ������@$�e!e��&g<s!$�mj {7"f��mSt1�����=t1g%t�e�o��Ps��&���=e�s!m&pj���o�jlk�g%m���p jle`�����g�t1��$)j�j��������8g%�&��g%t�o���$�h��8$�e�s�$�o��=m&{ (�j�g"� � t���!#)��pZ$��.$�m@#)jlm��P�+���=e`$�e!o�g��=t�m�$�e�� ��$ ��j
��$��l���&gVh t�#�k��=m&{ |+���+��jlm�m�$�u!$�#�$)�3r@��j��!t=h���g�� �lk�#�t1gV��g%t2² �=o���j�g�$)�=mY���!t1�Y��g%tWh��=# $�e-u�j����8s�$)�=#��=o���g%$�o&mY$�m't.e��&�
���=t1��k�g%�@��jlk!e�s;$�e2�����@�^��t�m���TBm��!t�o���m���g%k�o���k�g%��{"fe �(�=o���$)jle f({�8��<�/�+$�#�#�s�$�m%o&k�m�mYm%k�o&o��=m�m��=m�t�e�s6#�$��$���t1��$)jle�mnj��c������o�jle�o��&�!��mVjlk���#�$�e��=sxt1u jJh��P$�e8�����
o�jle:��� � �.j��<�����g%tWr�Tv��t=h��6o�j�g�g��=m���jle�s��=e�o��$�e,�����s�$��=#)�=o���g%$�o~t�e�e(k�#�t1g�u!$�#�#�$�t1g%sq{ "fe,�yjl#�#)jJ�+$�e����(�=o���$)jlef({ l �<� � g%m���#)r6t�s!s�g��=m�mS������m�o&t1�����&g%$�e��8t1����g%jlt�o%����j8�����.t�e!e�k�#�t1g�u!$�#�#�$�t1g%sxjle��+��$�o%�;�<�.�+$�#�# u!t�m��.�����
�<tWh��.�!$�o���k�g��@$�e����&g���g��&��t1��$)jlec{

E=<;>@?BADCFE0G=AIH=J�AKE0L�H=ADGM?BE0L�N6O�P�G(QSRT>MU8J�E�>(AVN�P0>@H=J�AK>(L�G(CWP0UDAXE�CY>(AVUDH=RTE0N[Z



� ��� � �H���H��� ��
 �(� � ��� � � 
�� ������� � 
�� � ��
	 � 	 � � � � ��� � �6
 � j&88

0 1 2 3 4 5 6
φ

-1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

si
n 

χ

(0$��lk�g���f({ l � » jl$�e�o&t1g�¼�<m��=o���$)jle���j�gZ�����Vo&#�t�m%m�$�o&t�#:�!t1g%s�Tv��t�#�#�t�e�e(k�#�t1g u^$�#�#�$�t1g�s Z � $ � j�* � A �4 1��	* ® � 4 1 l l ^ m���jJ�+$�e��2t;��$��l��#�r�m���g%k�o���k�g%�=s*�8$ � �=s*�!�!t�m��"m��!t�o���{"|Vr(�!$�o&t�# g��&��g��=m��=e:��t�T
��$)h��=mSj��0m���t1u!#)��j�g�u^$)��mSt�e�s2�����@o�j�g�g%�=m���jle�s�$�e��"m���t1u!#)�@$�m�#�t�e�s�m<$�e6�!��t�m��@m��!t�o��@t1g��@m���jW�+e
jle���j��4t�e!s;u�j�����jl�;{

£@?BA CTINDl¦�D'G L^HJING_U+O+O+dr¦�UVH ©�I]¦7¦yINUVHF§ I3O\L ]<D\X`UYa'DbK�INGcL d+HWD

�������	� 
������������������������ �"!

"feT����$�m~m��=o���$�jle �V�2�+$�#�# ���=e��&g%t�#�$��&�2�����;$�s��=t�m~s��&h��=#)j����=s $�e �(�=o���$)jle  {�8*��j,�����;s�$)�=#)�=o���g�$�oxt�e!e�k�#�t1g
u!$�#�#�$�t1g%s4$�e,j�g�s��&g@��j4s��&���&g��$�e��~�����$#MTB�8t1��g%$ � ��j�g@����� * �0� * � ,�'I¸(�@t�e�e(k�#�t1gPu^$�#�#�$�t1g�sq{.|Zj�����$�m��=e�scpc�V�
m���t1g��8�/$)���7t�e9t�e�m%t1���4�yj�g��������t=h��*�yk!e�o���$)jle7�yj�g����� Z |#� ��jl#�t1g�$��&�=s ^ �=#)�=o���g%$�o � �=#�s&%"{ ���4�+$�#�#
s��=e�j����-�����-����g%�&�~s!$F6 �&g%�=e:��g�� �l$)jle!m�u�r 4 Z ��j�gP�����-�=e�hi$)g�jle��-�=e�������t1�@$�m�t�m�m�k!�-�=s,��j;u��~t�$�g ^ p j Z ��j�g�����Pt�e�e�k!#�t1gVg%� �l$)jle2j��cg��&�yg%t�o���$)h��@$�e!s�� � � $ ^ pit�e!s l Z �yj�gS�����P$�e�e��&g�s�$�me ^ ��j#�t1u��=#!��������t=h��P�Nk�e�o���$)jle!mt�m��<�=#�#qt�m������P��t=h���h��=o���j�g%m/����t1�+t1g���� ¯ *%� $ ������ � $ � ¯ *%� A ������ � A � ¯ {|�������g%j�u!#)�=� j��������'#MTB�t1��g%$ � j��"�����`t�e�e(k�#�t1g;u!$�#�#�$�t1g%s5o&t�e u��`s�$)hi$�s��=s $�e:��j7�����`m�o&t1�����&g%$�e��
��g�j�u!#)�=� t1�~������� µ�, *�'.u�jlk�e�s!t1g�r Z u �&�3�V�&�=e g%�&��g%t�o���$�h��6$�e!s�$�o��=m ��¯ t�e�s ��$ ^ t�e�sE����t1�-t1�"������¸ � � *�'



j&8�� � ������� 	 � � �	� ��
�
 ��� �n���� �  ����� ��
	 � � �H���H��� ��
 ��� � ��� � � 
�� ������� � 
��

0 1 2 3 4 5 6
φ

0

0.2

0.4

0.6

0.8

si
n 

χ
R2 = 0.6, δ = 0.22, n1 = 3, n2 = 1 

(0$��lk�g�� f({�8 � » jl$�e�o&t1g�¼�4m��=o���$)jle ��j�g8����� ' *(,0' +1�&,¹¸32\*8t�e�e(k�#�t1g~u!$�#�#�$�t1g%s��/$)���T������m�t��-�:����T
jl�-�&��g�r�t�mP$�e (0$���{Sf({ l t�e�s,�yj�g@g��&�yg%t�o���$)h��$�e�s�$�o��=m ��$ � 8	* � A � j1{~|����-�!t1g���j��<�!��t�m��
m��!t�o������!t1�$�m~$�e ' k��=e!o��=sEu(rz�����;g��&��g�t�o���$)h���j����=e�$�e��*j��+������$�e�e��&g-s�$�mez$�m-o�jl�-�!#��&���=#)r
g���TBm���g%k!o���k�g��=sq{ � ���&g��=t�m~�t�e�r`g�� �lk!#�t1g.j�g�u^$)��m�m%��jW�+eE$�e (0$���{Vf({ l t1g��6#�jlm��&p0�����&g��2$�m.t
e��&� jle�� Z u�j�����jl� g%$��l�:� ^ ����t1��$�#�#�k�m���g%t1���=m<t-e��&� ��jlm�m�$�u!$�#�$)�3r~��j�g�t"���&g%$)jis�$�o+j�g�u!$)������t1�S$�m
$�e����&g%�=e:�S��j�����Pg��&��g�t�o���$)h��@u!$�#�#�$�t1g%sq{

u jlk!e�s�t1g�r Z u��&�B�<�&�=e~g��&�yg%t�o���$)h���$�e�s�$�o��=m � $ t�e�s � A ^ { ? #)����jlk��l�@������m�o&t1�����&g%$�e��Pt1� t�s�$)�=#)�=o���g�$�oYs�$�mj��<t�m�=m�m��=e���$�t�#�#)r8m�jl#)h��=s;$�e �(�=o���$)jle  {�8(p������Pm�$���k�t1��$)jle6�V�@t1g%��o�jle���g�jle����=s2�+$)���2���&g%��$�m<�j�g��Po�jl�-�!#�$�o&t1���=s �� g%m��@j��St�#�#vp ������3�Vj,s�$�me(m@#�t=r,jle��x$�e������j������&gWp t�e�scp m��=o�jle!s�#)r�p �����=$)g�o��=e���g��=m��+$�#�#0$�e9���=e��&g%t�#Ye�j��
o�jl$�e�o&$�s���� �����+$�#�#Vu�� �l$�e �+$)���T�����4m%o&t1�����&g%$�e�����g%j�u!#)�=� t1�������$�e�e��&g~u�jlk�e�s�t1g�rEt�e�s7� � ��g��=m�m-�����
m�o&t1�����&g%$�e��;�t1��g�$ � # A �yj�g������~s�$)�=#)�=o���g%$�o.s�$�me6�.{�g={��&{qtxo�j(j�g%s�$�e!t1���"m�rim����=�Q�����"j�g%$��l$�e4j��'�+��$�o%�*s�j��=m
e�j��@o�jl$�e�o&$�s��-�+$)���*�����o��=e���g��j��������$�e�e��&g�s!$�mj {"|��!$�m�$��-�!#�$��=m+����t1�.�����o�j�g�g��=m���jle�s!$�e��2m�o&t1�����&g%$�e��
�t1��g%$ � # A �!t�m �3�
,Q� ��¶��Y�=e���g%$)�=m t�#�jle��/$)��mZs�$�t���jle�t�#v{M(�g�jl� �(�=o���$)jle  {�8��<�Vt�#�g��=t�s�r}ie�jW�E����� #MTB�8t1��g%$ �
j�� �����@$�e�e��&g�s�$�mj8�@{�gW{��&{�· ')¸�� *e³.o�j�j�g�s�$�e�t1���=m&p^m��&� ���^{ Z! { � � ^ p

# A�����	� � ( &�
 A�� � Z � $� � ^ ( ��� �� 
 P J E�� � �� � 
 P J E � � � &�
 A�� Z � $� � ^&�
 $ �� � Z � $ � � ^ ( � � �� 
 P J E � � �� � 
 P J E � � � &�
 $ �� Z � $ � � ^ ® ����� * Z f({�j ^
t�e�s*�+$�#�#Ze�jW� s��&g�$)h��������"g%�=#�t1��$)jle*u��&�B�<�&�=e,����� Z s�$�t���jle�t�# ^ # A�� t�e�s # A {@|Zj2����$�m��=e�s*�V�~��g�$)���������
t�e�m�t1���@�yj�gS�����P��t=h��@�Nk�e�o���$)jle;$�ex�����@t�e�e�k!#�k�m<$�e�· ')¸�� *e³.o�j�j�g�s�$�e�t1���=m&p��� � � �� (��® p��+$)�����® �����Ph��=o���j�g
��g�jl�\�����.o��=e���g��@j��0�����@#�t1g�����s�$�mjx��j�����@o��=e���g��.j�� �����.m��8t�#�#)�&g�s�$�me^p�t�m

% $ � Z �� (��® ^ � ����� " � = ���� & 
 A�� W�� $! �� (��®  X�"$# ��% 6 ������� " � # A����� & 
 A��	� W�� $! �� (��®  X�"&# � � %(' * Z f({ l ^
�*),+&g+.-),+�o�j/+ �xo&01+=e2-�m =3�� t1g4+.-�j"u5+�o6)�jlm�+=e7-�j~r809+$:1;<-)=+.;,+$>409?+$;�301@A;<B��C0D@=E&01;,+$@/-'�GF$H�+�I �J+�KA>�+�-)=+



� ��� � �H���H��� ��
 �(� � ��� � � 
�� ������� � 
�� � ���� � 	 � � � � ��� � �6
 � j&8 �

δ

r r’

φ’ = φ + χφ

χ

( 0�� K=?+ f3I � � ? ;=;=09-09B @7-)=+&B�?+���� B�?SA +$>>�+$:	� K=@=E -01B @=>&I
F�;=;=09-09B @ -)=+&B�?+��
� B�?.A +$>>+$:�� K=@=E -09B @=> A�  ���� �! * G  *�& 
 $ � *�&�
 A� �� -�B ?4+$:1F(-�+ -),+ F(?�� K�� +$@/->�� �F�@=;�� � � Z � 01> F<E B @=>�-F�@/-�� F�E -�B�? ^�� >�+&+ ( 0��,I3f3I � �72 � �\[

�  Z � � � ^ " #  %�� ��J � " � � J Z � ® ^��  N J Z � � ^ " # 
  N J � % 1 Z f3I�8 ^
" @=>+&?-01@�� -)=01>*01@2-�B0���AI Z f3I l ^�� +�B �=-F�01@7-),+ + �"! ?4+$>>09B @

±% $ � ����� " � ��J � " � = ���# &�
 A�� N J Z � $� ^ 6 # A����� & 
 $ �� N J Z � $� ^%$'& J Z �)( ® ^ "$# 
 � N J � % Z f3I+* ^� B�?�-),+ � F$H�+�� KA@=E -09B @ 01@ -),+ F�@=@3K=:1KA> � @,B � + �"! ?+$>>�+$; � I ?$I -&IA-)=+ E +$@/-�?+ B � -),+��A0-, ,�+&?�;A01>j � 0�I +�I � 0D@K=@ ! ?40.� +$; E B/B�?4;A01@=F(-�+$>&I 2 B �/� +*> ! +$E&0-�10 -),+�E B/+ � E&01+$@2-> =/�� �"0 -),+ ?+&�3K=09?+�� +$@/- -)=F(- -)=+*F � ! :101-K=;,+01@2� ?4B @2- B � F�@ 01@AE&01;,+$@/- � F$H�+ � 09-) F�@�, K=:1F(?3� B4� +$@/-K���5 >)=F�:1:6�5+ B @,+ 01@´µ��1·�'I¸17 *e³ E B/B�?4;A01@=F(-�+$> ������98 � ��J �98 � = ��;: 
 A�� N J Z �)( � ^<& J Z �=( ® ^ "&# 
 � N J � % � : 
 A�> Z �)( � ^ "$# > % 1 Z f3I � ^
� 09-)@? ���!��BA 6 � � AC� ?2D � � F�@=; K=>0D@=,FE J & > 8 
HG 8 J � & J � ® > G �=� +JI @=;7-)=F(-*E6),B/B >401@=,>�K �� � & > 8A� Z �)( ® ^ML A Z f3I�� ^! ?B�H801;,+$> F >K=09-FN�A:1+ >+&- B � E B/+ � E&01+$@2->X,PO6' +Yº=¸ 2* �Q5JI ? E&E B�?4;=0D@=, :-0 �=� + � ?409-�+
±%
( � ��> �98 �

RS+T ��G4U J �98 � # ® > G : 
WV �G Z � ( � ^ "$# GYX[Z & > 8 
HG 8 J � Z � ( ® ^ # V �
\G 8 J � 
\G 8 J � & J Z � ( ® ^ : 
 ( �G Z � ( � ^ "$# G]X $C^+_`
������ ��> �98 �

a : 
WV �> Z �)( � ^ "$# > X[Z ��G �98 � # V> G : 
 ( �G Z �=( � ^ "&# GYX9bdc Z f3I  ^e � J�AIE�G=Rgf0RTN6P�h[C E0Gji E�CYH=J�RT>�H=J�ADE0G=A;i G=A P0O�>�k l�monp Irq-sCt �\uwvyx I{z�| }~��� L }�� � q-sC� u p I	� � q-sCt uwvyx ���
CFE0GIH=J�A�f0AVN�ADG P<hYG=AV>�H(G=RTUDH=RTE�N2� � A ��� q.� o.� u �4��� t � �]�@J�RTU8J�RT> P�h+� PVQ�>.CFL]h+�Nh�hTA O RTN H=J�A P0N�N�LYh P�GKG=A;f0RTE�N�RTC � er� � Z���C H=J�RT>KRT>
N�E0H@H=J�A.U P0>(Ao��H=J�AIP0O�O�RTH=RTE0N�H=J�AVE�G=A;i J6P�> H=E#?BAIP �Y� hTRTA O�RTN Pri E+O�R+�6A O C E�Gji5H=J�P�H	��A O�E#N�E0H C L�G(H=J�ADGMUVE0N�>(R O�A8G;J�ADG=A�Z



j&8 � � ������� 	 � � �	��� 
�
 ��� � � �� �  ����� ���� � � �H���H��� ��
 ��� � ��� � � 
�� ������� � 
��
� ),+&?+ � + )AF$H�+ ?4+$F�; B\6 -),+ >4E&F(-�-�+&?401@=, �<F(-�?40 � # V B � -),+ 01@=@,+&? ;A01>j � I ?$I -&I -),+ E +$@2-�?+ B �G-),+F� 0-,;=01>j �

# V> G ������ ��J � � & > 8 
HG 8 J � � �)( ®�� # V �
HG 8 J � 
HG 8 J � & J � �)( ®���� ��� I
	 �
� ),+G>�-�?4K=E -K,?4+ B �=-)=0D> +&�3K=F(-09B @ >K=, ,�+$>-> F @,B�-F(-01B @ 0D@�-�+&?<�<> B �AF�-�?4F�@=>y� B�?<� F(-09B @��<F(-�?40 �� � @AF � +$:-0
# V � � 8 ( # V � � � -)=F(- ;,+$>E ?40 � +$> -),+�E6)=F�@=,�+*B � -)=+ B�?40-, 01@<B � -)=+�E B3B�?4;=01@=F(-�+�>�03>-�+�� I � 01-),B K,-�,�B 01@�,01@2-�B -),+�;,+&-F�01:1> B �C-)=0D> F !�! ?B F�E6) ��� +�?+$F�; B\6 � � � � � & � � 8A� F�@=; � 8 (� � � � & �-8A� � I� ),+ >E&F(-�-�+&?40D@=, �<F(-�?40 � # V F�:1:9B � > K=> -�B ;,+$>E ?60-�5+ -),+ >E&F(-�-�+&?601@=, F(- F�@ B\6 T E +$@2-�?4+$; ;=01>e � F�@=;� + E&F�@ @,B � � B�?�� K=:DF(-�+ -),+ >E&F(-�-�+&?40D@=, ! ?B � :9+�� B � -),+ F�@=@3K=:1F(?�A0D:1:101F(?4; 01@ -),+ > ! 09?401- B � �3+$E -09B @
 I�83I ? E&E B�?4;A01@=, :-0 � � + >�-F(?- � 09-) F�@ F�@A>F(-�� � B�?*-)=+ � F$H�+�� K=@AE -09B @ % ¯ B K=->01;,+�-)=+ F�@=@3K=:1F(?�>y03>�-�+���  ��= ���� ( � K=>01@=, ! B :1F(? E B3B�?4;=01@AF(-�+$> � 01@7-),+ � B�?<�

% ¯ � �� � � ��� �98 � % ¯ � � �� � � ��� �98 � � % 8� � � ¯ �� � Z ��� �9�98 � # �� � %��� � � � ¯ �� � ' c ��� I � �
� ),+&?+ � +�)=F$H�+ 01@/-�?B3;AK=E +$; -),+�>E&F(-�-�+&?401@�,F�<F(-�?40�� # B � -),+ � E B4� ! :1+&-�+ � >�08>�-�+�� F�@=; -)=+�;,+PI @=09-01B @=>

% 8� � � ¯ �� � � : 
WV �� � � ¯ � � " # � X c ��� I��54 �
% �� � � ¯ �� � � : 
 ( �� � � ¯ � � " # � X c ��� I���� �� B�? 01@AE B4�<01@=, F�@=; B K,-�,�B 01@=, � F$H�+$>*B K,->01;,+.-),+ ;=01>e I���B�-�+ -)=F(- � +�)AF$H�+�K=>�+$;7K ! ),+&?4+.-)=+[� ?+&+$;,B4�01@ I��,01@=, B @,+�B � -),+�F � ! :109-K=;,+$>$I

�80 �<0D:1F(?4:-0 �"� + � ?409-�+ � B�? -),+ � F$H�+ � K=@AE -09B @ %
( 01@7-),+�F�@A@/K=:DF(? ?+ , 09B @

%
( � �� � � �����98 � K � � % 8� � �)( �� � Z �������98 � # V���	� % ��	� � �=( �� � ' c ��� I�� � �

� 09-)7-),+ F � ! :109-K=;=+$> K � � -)=+�FN���=?+&H801F(-09B @=> F�>�01@"!$#3>&I ��� I��&% � � I���� � � F�@=; # V � ?4B4�'!$# I ��� I
	 � I�*B � ��� +�;,+&-�+&?<�<0D@,+ # � ?4B4� -),+ �<F(-E4)A01@=,<E B @=;=01-09B @=> � -)=F(- ?+ #3K=09?+[� B�? E B @2-01@3K=09- 0 B � -),+ � F$H�+� K=@AE -09B @<09->�+$: � F�> � +$:1: F�> -),+$01? ;,+&?409H(F(-09H�+�I��CB -)=01> +$@=; � +�01@/-�?B8;=K=E + -),+*@=B�-F(-09B @ B � E&F ! 01-F�:A:9+&-�-�+&?4>� B�? � K=@=E -09B @A> B � F(?y, K�� +$@/- � ¯ � F�@A; ?4+$>�+&?H�+ :9B � +&? E&F�>�+�E6)=F(?4F�E -�+&?4> � B�? -),+ F(?y, K��<+$@2- �)( � Iw° 09H�+$@ F�@01@=E&01;,+$@/- � F$H�+ B � F�@=, KA:1F(?r�<B4� +$@2-K �)( � � F$H�+J� K=@=E -01B @F�<F(-E6)=01@=, � B�? +$F�E4) F�@=, KA:1F(?r�<B4� +$@2-K �)*01@7-),+ >E&F(-�-�+&?4+$; �AKA@=E4)20809+$:1;=>
: 
\V �� "$# � X ® �,+ Z # �,+ : 
 ( �+ "&# + X � K 
 � �+ - 
\V �+ "&# + X Z �����98 � K 
 � �� # V� + - 
 ( �+ "&# + X c ��� I�� . �

� ),+&?+ � + ! B 01@2-*B K,-�-)AF(-�-),+ F � ! :101-K=;,+$> K 
 � �/ F(?+ @,B � E B3+ � E&09+$@/->.F�>4>�B3E&0DF(-�+$; � 09-) F�@ 01@=E B4�<0D@=,� K=@AE -09B @ B � F�@�, K=:1F(? � B4� +$@/-K��0( � @=F � +$:-0 : 
\V �� I2180D@=E +�-)=01>�)=F�>.-�B )=B :1;@� B�?.F�:D:3( F�@=; F(- I��3+$;( � B�?*F�:1:4* ��� + � ?409-�+ -)=0D> F�>*FQ�<F(-�?60�� + #3K=F(-09B @
5 
 � � : 
WV �  Z 5 # 
 � �  : 
 ( � � 5 K 
 � �  76 - 
\V � Z # V - 
 ( �98 c ��� I��P* �

� ),+&?+$# V 01> F �<F(-�?40�� � - 
WV � F�@=; - 
 ( � F(?+ ;=0DFN,�B @=F�: �<F(-�?401E +$> � - 
 ( U V �� / � - 
 ( U V �� ® � / � F�@=; � +<F�;,B ! -�-)=+: '�;�< @,B�-F(-09B @ � B�?=#3K=F�@2-01-09+$>.-)=F(- � F(-[I��3+$;>( � F(?+ -�?4F�@=> ! B >�+$; H�+$E -�B�?4>�F�@A;', F�0D@ � F(-�?40�� E6)=F(?4F�E -�+&??A@ E�H=A H=J�P�HCB >�H P�N6O�>MCFE0GMH=J�A A;hTAVUDH(G=RTU��6A;h O ��>(AVAED�J6P � H=ADGCF��1P�N6O�H=J�A iSP H=U8J�RTN]f#UVE0N6O�RTH=RTE0N�>KP G=RT>(A:P�>KP#UVE0N�>(A�G�L�ADN�UVA
E�CIH PKJ���A�hghML >MA�G�L6P�H=RTE0N�>VZ



��� � � ��������� ��
 �(� � ��� � � 
�� ������� � 
�� � ���� ��� ��� ��� ��� � �6
 � � .�	
B @=E + ( 01> H(F(?409+$; I�
 01-) -)=01> @,B�-F(-09B @ � + 0 �F� +$;=01F(-�+$:-0 � ?401-�+ -),+ �<F(-E6)=01@=,�E B @A;=09-09B @ � B�?<-),+;,+&?409H(F(-09H�+$> F�> � ¯ 6 5 
 � � :� 
\V �  Z 5 # 
 � �  :�� 
 ( � 8 � 5 K 
 � �  �)( 6 - � 
WV � Z # V - � 
 ( � 8 � ��� I���� �

� ?B4�0!$# I ��� I��P* � � +JI @=; FN� -�+&?�>4K=�A>�-09-K=-01@=,��������� - 
\V � Z # V - 
 ( � -)AF(-
5 K 
 � �  � 6 5 
 � � : 
\V �  Z 5 # 
 � �  : 
 ( � 8 � 8 ( � ��� I���� �

� @/-�?B8;=K=E&01@=, � K,?-),+&?<�<B�?+�� � ������ - � 
\V � Z # V - � 
 ( � F�@=;�� ������ � 8 ( � � � � + � ?409-�+ -),+$#3<%�<F(-�?60�� F�> -),+>�B :1K,-09B @7B � -),+ ! ?B �A:9+�� F�>
# � 6 �)( : 
\V � � D � ¯ :� 
\V � 8 6 � ¯ :�� 
 ( � D �=( : 
 ( � � 8 8 ( � ��� I���	 �

� )=01> :1F�>�- + #/K=F(-01B @ F�:D:9B � > K=> -�B F ! ! :-0 -),+ 
 0 , @,+&?�< ;,+$:1F�07< -0.� +.F ! ! ?B F�E4) -�B ?+$>�B @AF�@=E +$> � EP� I�13+$E -09B @
	/I
.3I
� � F�@=; � + � 01:1: >�-K=;=0 ?4+$>�B @=F�@=E + >0-, @=F(-K=?+$> 0D@ -),+ ;,+$:1F�0<-0 � +"! � � ¯ � 01@ -),+[� B :1:1B � 01@�,,I#
J+ ?+$E&F�:1:-)=F(-$! � � ¯ � 01> ! ?B ! B�?-09B @=F�: -�B7-),+ ;,+&?401H!F(-09H�+ B � -),+ ! )=F�>+ B � ;,+&- # � I ?�I -&I -),+ � F$H�+ H�+$E -�B�? � ¯ � >�+&+!$# I � 	/I+* � � I

% + � B�?+ � + ;A01>E&K=>> -),+ ?4+$>K=:9->C01@ -)=+ ?+��<F�0D@=01@=, ! F(?- B �=-)A01>CE6)=F ! -�+&? �N� + E B4� ! :9+&-�+ -),+ ;A01>E&K=>>409B @),+&?+ � 09-) >�B4�<+ E B4�Q� +$@/-> B @ -)=+ � F$H�+�� KA@=E -09B @=>&I � 01?4>�- B �=F�:1: �Y� + )AF$H�+G@,B�-C, 09H�+$@ -),+ � F�H�+r� K=@=E -01B @01@7-),+ 01@A@,+&? ;=01>j >�BQ� F(?$I � ),+�F�@=>4F(-�� 01> F�>�K=>K=F�:5F<>K � B � % +$>>+$: � K=@=E -09B @=> �
% V � � �� � � � �����98 � & �� & � � � V � � � " # � X � c ��� I�� 	 �

� ),+&?+ � +*F�;,B ! -�+$; ! ?40 � +$; E B/B�?6;=01@=F(-�+$> � B�? E B @/H�+$@=09+$@=E +�I �*),+ E B/+�' E&01+$@2-> & � F(?4+3� B KA@=;�� ?B4� � F(-E4)�<01@=, � 09-) -),+ � F$H�+3� K=@=E -01B @ 01@ -),+ F�@=@3K=:1K=> F(- -),+v¸)(*(,+!' �5B K=@=;=F(?<0�I3�CB -)=01> +$@=; � � + )=F�H�+ -�B ?+ � ?401-�+-),+ F�@=@/KA:1F(? � F�H�+ � KA@=E -09B @ ��� I�� � � 01@ -�+&?<�<>GB � ! ?40 �<+$; E B3B�?4;=01@AF(-�+$>�� 0 F !�! :-0801@=, -),+ F�;=;=09-09B @ -),+&B�<?+�� ��� I
. � � B�? % +$>>�+$:C� KA@=E -09B @=>&I.- � -�+&?.>�-�?4F�0-, )/-�� B�? � F(?6; F�:-,�+ �=?4F � +JI @A;
%
( � � �� � � � �����98 � K �� # : 
WV �� � �=( � � � Z # V ����6: 
 ( �� � �)( � � � $ " # � X � c ��� I�� � �

� ),+&?+ -),+ E B/+�' E&01+$@2-> K �� F(?+ ?4+$:1F(-�+$; -�B<-)=+ K � � 0K �� � �������98 � K �	� & �	� 8A� ������ 5 K  � � ��� I
��% �
-�@=B�-),+&? ?+��<F(?e 01>G01@ B�?6;,+&? E B @=E +&?4@=01@�, -),+ H(F�:101;=01-%0 B � -)=+ F�;A;=09-09B @�< -)=+&B�?+��,<j�AF�>�+$; + � ! F�@=>01B @B �C-),+ % +$>>+$:	� KA@=E -09B @ � ),+$@ E6)=F�@=, 01@�,��5+&- � +&+$@ ! ?40 � +$;7F�@=; KA@ ! ?40 �<+$; E B3B�?4;=01@AF(-�+$>&I � B�?*+ �,F � ! :1+ �+ � ! F�@A>09B @ B �8-),+ F�@A@/K=:DF(? � F�H�+�� K=@=E -01B @�01@R· ')¸17/+S³ E B3B�?4;=0D@=F(-�+$> � F�01:1> @=+$F(? -),+ B K=-�+&?C�5B K=@=;=F(?<0 � ),+&?4+ �� �  ��� ( D � V D ® I 1,0 �<01:1F(?6:-0 � + � ! F�@=;A01@=, -),+*F�@=@3K=:1F(? � F�H�+�� K=@=E -09B @<0D@{µ0( · 'I¸171+e³�E B/B�?6;=01@=F(-�+$> ;,B/+$>@,B�- � B�?eJ@,+$F(? -)=+ 01@=@,+&?�� B KA@=;=F(?y0 � ),+&?+  ��= 32 � V Z ® I"� )=+ ?+$F�>�B @�� B�? -)=01>J�5+$)=F�H309B K=? 01> -)=F(-F�@=, K=:1F(?3� B4�<+$@2-K�� 0D> @=B�-GE B @A>�+&?H�+$; 01@ -),+ +$E&E +$@/-�?401E F�@A@/K=:DF(?r� 01:1:101F(?6;542F�@=; -),+ + � ! F�@=>01B @ �A?+$F13>;,B � @ F(- ?4F�;=010 � )=+&?+ -)=01> 0D> ) @,B�-01E +$;�*�"0 -),+ � F$H�+$> � +$E&F�KA>�+�01@/-�+&?y� F�E +�� B KA@=;=F(?409+$>GF(?+ )=09-&I



� .�	 � ������� � � � �	��� 
�
 ��� ��� �� �  ����� ���� � � ��������� ��
 ��� � ��� � � 
�� ������� � 
��

0 1 2
Radial coordinate r/R1

E
ffe

ct
iv

e 
po

te
nt

ia
l V

ef
f

Model for melting 
ice particles in clouds

R2 / R1

Model for ring laser
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k0 = 3.1, m = 5 φ0 = 20°, χ0 = 19°

R2 = 0.6, δ = 0, n0 = 1, n1 = 3,  n2 = 4
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n1 = 3, R2 = 0.6
n2 = 2, δ = 0
n2 = 2, δ = 0.1
n2 = 2, δ = 0.3
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n1 = 3, R2 = 0.6

n2 = 4, δ = 0
n2 = 4, δ = 0.1
n2 = 4, δ = 0.3
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symmetric solution antisymmetric solution

R2 = 0.4,  δ = 0.2, n1 = 3,  n0 = n2 = 1, k0 = 1.66,  m = 3

� 0-, K,?+ � I���� � 1"0)�Q� +&-�?401E F�@=;�F�@/-01>�0)�Q� +&-�?40DE � F$H�+2� KA@=E -09B @ � B�? -)=+ F�@=@3K=:1F(?��A01:1:10DF(?4;B � � V � % � * � * � % � � � � ( � . � F�@=; � � � � V � �(I 18),B � @ 01> -),+ IA?4>�- � F �<01: 0 �<B3;,+� 09-) F�@=, K=:1F(?�� B4� +$@/-K�� 5 � . � ��� � � � � � � I>��B�-�+7-),+ +$@A)=F�@=E +$; 01@2-�+$@A>09-%0 0D@ -),+E B @=>�-�?40DE -�+$; ?+ , 09B @ B �C-),+ F�@=@/KA:1K=>GF�> + � ! +$E -�+$;@� ?B4� ?4F�0 <%� B8;,+$:	�AF�>+$; E B @=>01;=+&?4F(-09B @=>&I

φ’0 = 12°, χ0 = 35°

R2 = 0.4,  δ = 0.2,  n1 = 3,  n2 = 1

φ’0 = 12°, χ0 = 33.5°
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1 DJ�8j0AB1 g � ��� � 9 = AB/84C/\~ � g�/89Em 1 � 1 Q 5zD]4 = ATD]40��3BjCi 0 1 Q 5 5@/ = m = �8401<5BD Q % j S 2�4	5^� � 901DU4"5@1<ABc�1<AT1�4 Q 1�{ = 5@5@1<A�4$e Q AT1 = 5@1�gqi2�y5B901�1�FJ1 Q 5@AT/84C3�5@A = ~61�FUFUD]40� = FJ/840�+5B901�{ = 5B9C3 ��� A e6DU3�3B9EDJc�5@1�ggCj01y5@/�5B901y{CAB1�3@1�4 Q 1z/6c = �d~ = AT�2DU4C� � � 9 = AT/840/\~ � g^/89Cm % j S 2�4	5k� 1 /6A 2�4	5 � 2�F DU4"5@1<�61<A�eDU4"5@1<ABc�1<AT1�4 Q 1tDU3 Q /84C3B5@ATj Q 5BDJ~61 ��� /65@1t5B9 = 5>5B901 = ATml3>401<1�g 40/65�5@/�9 = ~61�1_^"j = F�FJ1�40�65B9C3<eQ c � ( A�� , �
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� 4C3B1<AB5BDU40�)5B901y�SAT3@5�DU4"5@/�5B901zF = 5@5@1<A+1_^"j = 5BDU/84$eCf^1y/6iC5 = DU4G& " 2�� � G& L GY 7 ,�9� � � � � � W � � �5B901Vm = �8401<5@/83@5 = 5BD Q�� /8DU3B3@/84n1_^2j = 5BDJ/84)f�DJ5B9 � � 5B901k1 � 1 Q 5BDJ~61�m = �84C1<5BD QkQ 9 = AB�61+g01�4C3BDJ5�� (+. �-,Cg01��S4C1�gnD]4= 4 = FJ/6�6�l5@/)5B901 Q 9 = AB�61zg01�4C3TDJ5.�>DU4�1�FJ1 Q 5@AB/83B5 = 5BD Q 3 � ! DU4 Q 1 � = S�f�1�FUF ) 3�1_^2j = 5BDJ/84 G& L GI � � {CAB1�3BjC{C{;/83@1�35B9 = 5 GI DU3 Q /84"5BDU42j0/8jC3 = 4CgtgCD � 1<AB1�4"5BD = iEFU16eSDU4t5B901q{CAT1�3@1�4h5�3BDJ5Bj = 5BDU/84}/6c = i = A�m = �8401<5+f+901<AB1 GY �� �/84CFJ� f�DJ5B9CD]4 5B901lm = �8401<5<e�DJ5'DU3zAB1<{SF = Q 1�g¢i2� 5B901 Q /84CgEDJ5BDJ/84x5B9 = 5n40/\f 5B901�3Tj0ABc = Q 1lgCDJ~61<AB�61�4 Q 1l/6c GI~ = 4CD]3B901�3<e05B9 = 5+DU3 (+.-* , e I ! � I ! ? � � � � W � .V�f�901<AB1 I ! = 4Cg I ! ? = AT1�5B901�40/6ATm = F Q /8m�{;/8401�4"5B3 /6c GI /84 5B901�3Bj0ABc = Q 1 � � 9EDU3�1_^2j = 5BDJ/84 ��DJ1�FUgE3�f�DU5B9	 ^ � � W � *V� 5B9 = 5 % ! � % ! ? � � GY L G� 7 ,�9� � Y ! e0f+901<AB1ycd/6A�5B901 Q ��FUDU4Cg0A�D Q = FSm = �8401<5�f�DJ5B9 GY {;/8DU4"5BDU40�= FJ/840� 5B901 Q �2FUD]4Cg01<A = S0DU3n5B901 ATDJ�89"5n9 = 4Cg�3TDUg01�D]3'40/84�\<1<AB/ /84CFJ�xcd/6An5B9C1�5@/6{ = 4Cg�i;/65@5@/84 i;/8jC4Cg = AB�3Bj0ABc = Q 1�3 � � 4C3@1<AB5BD]40� 	 ^ � � W � A � e G% � � G& L 2
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� Gf ��� % � � E FJ1 = gC3�5@/>5B901 � � 4���� 6�� 0z1TS2{EAB1�3B3BDJ/84

� C 2
� � Gf � � Y C � E " ; �
� Gf  � � �

� Gf " � < � � W � Q �
� �"!$#%!&#%')(+*-,/.0#%!&.214365+798;:=<21-�;>?#A@%BDC !$')!$BE@GF H)I)JLK



� ����� � ����
��
	6�������� �������
����� � ��� � Q �

BM

BM

Br

Bz

z

r

r1

r0 r2

(r,z)

R’

H

R’

H
M

1 DJ�8j0AB1 W � A � g = A}m = �8401<57/6c'FJ/840�8DU5BjCgCDU4 = F�m = �8401<5BD(\ = 5BDJ/84 Y f�DJ5B9 = {|/8D]4h5/� f � � � /6cAB1<cd1<AB1�4 Q 1x/84�5B901x/8j05B3TDUg01 � �x1¢jE3@1 Q �2F]DU4Cg0ATD Q = F Q /2/6ATgCDU4 = 5@1�3 � f � ! � ���?= 4Eg�AT/65 = 5BDJ/84 = F3@��m>m�1<5@AB� = i;/8j05�5B9C1 ���.= S0DU3 ��� 4t5B901qATDU�89h5<eC5B9C1'm = �8401<5BD Q �E1�FUg}/8j05B3BDUg01q5B901'm = �84C1<5+DU33 & 1<5 Q 9C1�g �
f�DJ5B9 Gf  � Gf " � {;/8DU4"5BDU40�ycdAB/8m 5B901+5@/6{ � = 4Cg�i;/65@5@/8m?ehAB1�3B{|1 Q 5BDU~61�FJ� � 1�4Cgl3BjCABc = Q 1�5@/q5B901+AB1<c�1<AT1�4 Q 1�{;/8DU4"5<eQ c � 1 DJ� � W � A � ! 1<ATDU1�3�1TS�{ = 4C3BDU/84�/6c � � � Gf  � = 4Cg � � � Gf " � �8DJ~61�3 5B901'�S4 = F�AB1�3BjCFU5+cd/6A 5B901�m = �8401<5BD Q 3 Q = F = A{|/65@1�4"5BD = F¤D]475B901zc = A � �E1�FUg = 3 � C 2�� � Gf � � ADC Y % � E " �f �F � � W � � �
f�9CD Q 9�DU3�5B901)c = m>DUFUD = A = 4Cg 1TS�{|1 Q 5@1�gxgEDJ{;/8FJ1zAB1�3BjEFJ5<e;f�DJ5B9 f F[7 ,�9��� f " � � " g01�4C/65BDU40� 5B901ngEDU3@5 = 4 Q 1n/6c5B901 AB1<c�1<AT1�4 Q 1 {|/8D]4h5[� f � ! � � D]4 Q ��FUDU4CgCATD Q = F Q /2/6ATgCDU4 = 5@1�3 � c�AB/8m 5B901 Q 1�4"5@AB1y/6c¤5B901 i = A � 1 AB/8m � W � A � f�1/6iC5 = DU4?cd/6A�5B901qm = �8401<5BD Q �E1�F]g?DU475B901yc = A � �E1�FUg7/6A�gCDJ{;/8FJ1 = {C{CAB/&S�DUm = 5BDJ/84G% � Gf � � � Y A % � E "�� � * f �� f " � � " ���� GW
	 � f " � A � "� f " � � " ���� GW ��� Z � W � � � �� 901<AB1�1TS0DU3@5zm = 4h� {;/83B3BDJiSFJ1'f = ��3zcd/6A Q = F Q jCF = 5BDU40�75B901l1TS = Q 5'1TS2{CAT1�3B3BDJ/84 cd/6Az5B901lm = �8401<5BD Q �E1�F]gc�AB/8m 	 ^ � � W � � � e�DU4 Q FUjCgEDU40��5B901)1TS�{ = 4C3BDJ/84 /6c � � � Gf � Gf E � DU4�5@1<ATm>3 /6c�¤1<�61�4Cg0AT1n{;/8FJ��40/8m>D = FU3 (+. �-,�/6A1TS2{EFU/8DJ5BDU40�>5B9C1 Q ��FUDU4CgCATD Q = F¤3@��m>m�1<5@AT�}/6c�5B901n{CAB/6iEFU1�m cd/6A = 4 = 4C3 = 5 \�DU4�5@1<ATm>3�/6c g^1�3B3B1�F�c jC4 Q 5BDU/84C3 "(+. �-, ��! DU4 Q 1�5B901<AB1+D]3�40/ Q FJ/83@1�g�c�/6ATm /6c$5B901+3B/8FUj05BDJ/84lc�/6A = FUFCAB1<�8DU/84C3�DU4�3@{ = Q 16e�f^1�iCATDU1 % �ngC1�m�/84C3@5@A = 5@1�61<5 = 40/65B901<Az{;/83B3TDJiEDUFUDU5.�7i = 3@1�g /84xgCDUAB1 Q 5 � = 4Cg { = AB5BD = F]FJ�t42jCm�1<ATD Q = F � 1<~ = FUj = 5BDJ/84 /6c^5B901>DU4"5@1<�6A = FU3yD]45B901 � /8DU3B3@/84 1_^"j = 5BDJ/84 � ! 5 = AB5BDU40�¢cdAB/8m 	 ^ � � W � � � eV5B901t1TS = Q 5lAT1�3BjCFJ5>DU4"~6/8FJ~61�3 = Q /84h5@A�DJiEj05BDJ/84 2�� �c�AB/8m 5B901n5@/6{�i;/8jC4Cg = AB��3BjCABc = Q 1��d{CATDUm>1�g Q /"/6A�gCDU4 = 5@1�3�g01�40/65@1'{|/8D]4h5B3�/84t5B9CD]3�3Bj0ABc = Q 1 � 5@/ 2 � cd/6A =AB1<c�1<AT1�4 Q 1 {|/8D]4h5 � f � � � DU4l5B9C1%+ � � {EF = 401 � D � 1 � ! � � � 5B9 = 5 Q /84"5 = DU4C3 = 47DU4"5@1<�6A = F|/\~61<A f E /6c�5B901 c�/6ATmc�� ?F � f E f E� f " � � � � %/� " � f E " � A f@f E ����� ! E Z
� 1<ATc�/6ATmlDU40�?5B901>5B9C1 f E � DU4"5@1<�6A = 5BDJ/84¤eXFJ1 = gE3y5@/ = Q /8m>{EFUD Q = 5@1�gx1TS�{CAB1�3T3BDJ/84¢gCjC1�5@/t5B901>{EAB1�3@1�4 Q 1>/6c f Ei|/65B9�DU4?5B901n4"jEm�1<A = 5@/6A = 4Cgtg01�4C/8m>DU4 = 5@/6A � � � c�f�16e|90/\f^1<~61<A�e Q 90/2/83@1n5@/lf�A�DJ5@1 GI � G& � G( DU4?/6ATg01<A��� .;,$BE(E(��-8 B .������ABE!! #A!&!$C#"ABE!"'�C$C#"%.;. @���7%$ C#"%BE!& �"%'('-C . 8 K)+*,"%..- ?0/ BE@�C .+198 '9C BE7�@�*�BE@�C #-8 @ *-8 . !&#%(DC !$BE@32 ( (EB0'AC B0 4$ #A@� C BE7)@%! C#"�'�C6'�8 .0@%79C$7($ '��65�'9@�C '(1�.)K
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