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��~�zy�!�q�huH�����h�E�{z;�!~�z���¡y���L�h��}��h�Lx�x£�{|/¡q���h�E�{z ~�z;�!¡y�E��u�}��h�Lx���~��D±>¡q��zqxE}��Yzy�Y�hzy��²i�Lx­��zq|/�{�euL��z��hzy��~{¡q���YvH¡qzy�B�:u��
~�zy��~��Y±>¡q��zqx��qzy�¯³�x{�hzy��´��H�����Kzq��vLzqxE} µ�}���z+|/�h��zy��zyx·¶ �{v£��z+uL��������ª{�Yzyx5���{� ~�z;�¯¸!¹º� �H��z+���{���{x»���{�Kzq���
�quL�h�q�{�hu�}�zy�{�y¤
r¦z	���:u�|/�·~�z;��u����{�Y�e�qu�}��h�Lx���zy��}¯�h|/|+zyx���z�¼B�{��¡qv£�h���h�Lx��!|/¡q}�¡q�H���H�Y�H�L�e�E�{zy�y®�u�¡y���Hx�u��{}��e�H��z�²��hz����H|/�:�H��}�z��
|/zqxE}��L¡yx{¡q��u��¦~©s �{x½x{�H�{vLzy�-u�����u���zq�h�©�:zy��}�µq}���z�~�¡y�q���Y}���uLx��!�hz	���Hx���}����{�Y��z;´�®{u���|/zy�Bx£�����h¡yuL�Y��zy�y®{�{�£¢����h�E�{z
��}�zq�h�huL�Y��zL®£vH�L�e�!����u�}��eu����©®��{��¡y~{�h��}��h�Lx��!~�z;�B�{���L�{���Y¡q}�¡;��~{z x{�L�{vHzyuL����|,u�}�¡y���eu��{�>®�zq}��L¤
¾����¬�Yz;�����Y|��{�hu�}��h�Lx���vL�LxE}��Kzq��|/z�}�}���z	~�z �iuL�Y��z	��z��H���-zy��}�zq�£�K¡q���h|+zyxE}�u��hzq|/zyxH}¯�Y|/�K�H�����hª{�hz�¼ºv£�e���:u��h�h��zq���hz
���H|+�K�L��}�zy|/zqxE}�~�zy�!����uL|/���

(
−→
E ,
−→
B )

~©s ��x{z �Lx�~{z�¡y�Yz;�¿}����H|/uL�Lx{¡q}��e�E�{zL¤

À Á#m "%$! Â�!Ã�$!p n 
�o�ÄÅ��� m � n ��./��$! 

r¦z§�����H�L��u�|/|/z�~�z5���h|	���hu�}��h�LxÆ}���u��Y}�z§�hz·�yuL��~©s �{x{z·�Lx�~�z·¡q�hzy�¿}����H|,u��Lx�¡�}��e�E�{z­�{�eu�x{z·~{�LxE}��hz§vLz;�¿}�zy�{�
����u�|/��¡q�hzy��}����h�E�{z��Kzq��}��ys ¡;�����Y��z+¼

Ex = a1 cos(ωt−
−→
k .−→r )

Ey = a2 cos(ωt−
−→
k .−→r + δ)

Ez = 0

Ç x+�hxE}�����~��{�Y}��E��u�}���zB��u���u�|/w�}���z;��~�zy��}��hx{¡y��«��yu���uL�¿}�¡q���h��zq���3s ¡q}�u�}�~{z!È�É:ÊOË�Ì�ÍiÎ;Ë�ÏyÍOÉ:Ð­~�z!�3s �Lx�~�zH®L��z����LxE}
�Yz;�ºÑ{Ò�Ó�Ò�Ô,ÕqÖOÓ�×�Ø	ÙL×�Ú:Ö�Û;ÜL×¿Ø�~�¡q³�x{�e�!u��hx����O¼

s0 = a2

1 + a2

2

s1 = a2

1
− a2

2

s2 = 2a1a2 cos(δ)

s3 = 2a1a2 sin(δ)

Ý�Þ£ß¨Ë�Ì�à©á�Þ5âB�qzy�B��uL��uL|/w�}���zy��x{z ���LxE}!��uL�B�hx�~�¡y�:zyx�~{uLxH}��q®�zqx­z�±>z�}�¼

s2

0 = s2

1 + s2

2 + s2

3

rts �Lx�~�zB��z��{���L��uL�Lzt�hx{�Y}��eu��hzq|/zqxE}�~{u�x:�-�hzºv£�e~�zL®��Hx	�Kzq��}���zy�:zyx�~{uLxH}�����uLx{�Lzy�-�hzy�¬�{���H�{���Y¡q}�¡y��~��­ã�~�zq|/�Y�
zy����uL�qz;ä½���Y}��{¡+«

z > 0
¤ r¦z;��|/��~��Y³:�qu�}��h�Lx������HxE}�u����:�H��}�¡qzy�¯zqx·�iu��e��uLxE}¯v�u����Yzy���hzy��v�u��hzq�{����~�z

ε
®
µ
z�}

σ��z;���Kzy��}��hvLzy|+zyxE}ºÈ�ÞEÌ�ß¨Í�ÏyÏyÍiå¦Í�Ïyæ�Ì�ÞEÊOË�ÏyÍiå:ÞK®£È�ÞEÌ�ß¨æ£Ë�ç�ÍOÊiÍiÏyæ,Ì�Þ£ÊiË�Ï;Í�åKÞ/z�}�èLÉKÐ¬é�á�è�ÏyÍiå¦Í�Ï;æ:¤�ê�u�x����hz��yuL�B~��
v£�h~�z��Hx�u­¼

ε = 1

µ = 1

σ = 0

ë
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D'EGF�HJILK#MJKLNOK#P�ILQ�ILKSR�EUTVEGR�KXW!PZYOK
s0

K6H�M2[!NO\XKS]
1 ^ R�KXHJ_�E`P�E`acbLMBPdK6HeTG\#PBQ�[�E`F;M s2

0 = s2
1 + s2

2 + s2
3 fDg\#MdKXPdacQ�F!K#PLh'YOKXHiTjEGR�KXW!PBHkYOWlMBPdQ�_!R�KLM

(s1, s2, s3)
Ej[�FlYnm oGp!MdK#F�Q�Prq

s f W!F�Kr_�o0R�EGPdQ�HdE`MdQ�oGFtPdK6IuMdQ�R�Q�v0F!KrY!E`F�HkR�EcYOQ�PdK6IuMdQ�oGFSYOK Ox

w f W!F�Kr_�o0R�EGPdQ�HdE`MdQ�oGFtPdK6IuMdQ�R�Q�v0F!KrY!E`F�HkR�EcYOQ�PdK6IuMdQ�oGFSYOK Oy

x f W!F�Kr_�o0R�EGPdQ�HdE`MdQ�oGFtPdK6IuMdQ�R�Q�v0F!Kr] 45o
YOK

Ox

y f W!F�Kr_�o0R�EGPdQ�HdE`MdQ�oGFlzG{�|jz0}�~
�!{�|j����|j��{��X�� f W!F�Kr_�o0R�EGPdQ�HdE`MdQ�oGFlzG{�|jz0}�~
�!{�|j���+�!}�z6���� f W!F�Kr_�o0R�EGPdQ�HdE`MdQ�oGFtK#R�R�Q�_OMdQ��;W!K�EVTGK6IgW�FSY!K#acQ���vGP�E`F�YZEjNOKrYOo0W!p!R�K�YOWt_+KLMBQ�M�EjNOK f�Z�����O|j�n}��e��_+oGW!P�I���E`F!v0K#PnR�KXHnTjEGR�KXW!PBH�YOK
(s1, s2, s3)

q ��(�� �����t�> l% ¡�¢¤£J¥�%�¡§¦¨�t�Z�t©ª%'¢�%'�S¡ f

%�&«(+*�¬ ­S®X1.¯43�/G3�°+-9=�- −→
E

-;: −→
B ±

s f ²³N!EGaeQ�F!KX´eR�EtPdKXR�E`MdQ�oGF@Y!K¤_!��EGHdK¤KXF0MBPdK −→E KLM −→
B

_+oGW!P�W!F�Keo0F�YOKe_!R�E`F!Ke_�o0R�EGPdQ�Hd\#KePdK6IuMdQ�R�Q�v0F!K#acK#F;Mµ
s3 = 0 ¶ fw fi· o0F;MdPBK#´r�;W!K�R�K6Hi\X�;W�E`MdQ�oGF�HkYOK · E`NO¸¹KXR�RnQ�ac_�o;H<KXF0Mº] −→E K#M −→

B
Ynm »LMdPBK�K#FS_!��E0H<K fx fi¼ KXv0EGPBYOKX´¤Y!EGF�H�R�ElYOQ�PdK6IuMBQ�o0F>YOK Ox

_!W!Q�H�Y�E`F�H�ILKXR�R�KeY!K
Oy ^ W!F�Keo0F�YOK¤_�o0R�EGPdQ�H<\XK¤I#Q�P�ILW!R�E`Q�PBK#acK#F;M

(s1 = s2 = 0, s3 = 1) f¨½ oGF�H<MBE`MdKX´g�;W!K −→E KLM −→
B
HdoGF;M¨p!Q�K#Ft]

90o
R
m W!FZY!KgR�m EGWOMdPBK ^ TG\XPdQ�[�K#´º�;W!K�ILKXR�EK6H�MgI#oG�!\XPdKXF0MiEVTGK6IgR�KXHº\X�;W�EjMBQ�o0F�HkYOK · E`N�¸¾K#R�R f�t�;�¿�O|j�n}��9� �ºÀ _+oGW!PiP�E`R�K#F;MBQ�PiR�m EGF!Q�acE`MdQ�oGF f

%�&«(+*�À ÁiÂ�:B-G/j/G-9=�-0/>A�Ã³=�-0/>®;Ä�-VÅ0:<56A�7Æ3�°�ÃÇ®;:�Â<È0É�-0/>=�3�Ã./�Ä�3�7Æ3+:�Â<8056-

Ê�EeT�Q�MBKXHBH<K µ Y!Kr_!��EGHdK ¶ Y4m W!F�KroGF�YOK�acoGF�o�I���Pdo0acE`MdQ��;W!K'K6H�Mrq

vϕ =
ω

k
= λf

Ë FJTjE�acKXHdW!PBK#P¾ILKLMdMdK�T�Q�MBKXHBH<K�Y!E`F�H¨W!FZa2E`Md\#PBQ�E`WJQ�H<o0R�EGF;M µ IGm K6H�Md��]`��YOQ�PBKgEVTGK6IiW!F!K�ILoGF�YOW�IuMBQ�T�Q�Md\
σ = 0 ¶ K#FÌ E`Q�HdEGF;MkTjEGPdQ�K#PkR�KXHkTjE`R�K#W!P�HiYOK

ε
K#M

µ fÍ³oGQ�ILQnR�Eeae\#Md�!oOYOKZÎjKLNO_�\XPdQ�acK#F;MBEGR�KVÏJ_�Pdo0_�o;H<\XKeq
•
WOMBQ�R�Q�H<KX´rW!F!KroGF�YOK�_�o0R�EGPdQ�H<\XK'PBKXILMdQ�R�Q�vGF�K#acK#F;M

(1, 1, 0, 0)

•
v0PBÐ0ILKiE`WONeMdo0W�I��!K6H

↑ ↓ → ←
Ì EGQ�MBKXH¹ILoGÑ�F�I#Q�YOKXP³R�Kg_!R�EGF2oGÒ2HdKiMdPBoGW!T0K −→

E
KLM¨R�Ki_!R�E`FJYOKºR�m \XILP�E`F

YOKrR�m oGP�YOQ�F�EjMdKXW!P f
•
EVT0KXI¾W!F!KºPBb#v0R�KiacK6H<W!PBK#´

λ
Y!E`F�HÇR�K¤ÎjacE`Md\XPdQ�E`W�ÏeHdW!PÇR�m \6ILP�E`F ^ _�o0W!P¨I#K#R�E Ì E`Q�MdKXH¨\#T0oGR�W!K#P³R�m o0F�YOK¤Îj_�EGH<�]`��_�E0HBÏcEVT0KXIkR�ErMBoGW�I��!K �iÓ f λ

HdK#P�E�YOoGF�IºKLNO_!PBQ�ae\XKgY!EGF�HÇW!F�K'W!F�Q�MB\'E`PBp!Q�MdP�E`Q�PdK f Ë FJP�E`_�_�KXR�R�Kg�;W!K
λ
K6H�MºR�EeÔ¨Õ;|j{��4���SÖ#Ô.�O�X{
�!~��ZYOKrR
m oGF�YOK f×dØ6Ù�ÚVÛ�Ü�Û�Û�Ù�ÝLÜ�Þ�Ù�ß'àjÙ�Û�Ù�Þ�á�ßVÚ6Ü¨Û
â�Þ
ãäÜ³áVÜ.å�Ù�æäÜ�ßVÞ
Û�Û�ß6Þ�æäÜ.ç6Þ
èuéuÞ
Ù�êiêiÜuë
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s fi· K6H<W�PdKX´ vϕ

K#F Ì oGF�ILMdQ�oGF�YOK
ε
µ _�o0W!PºI���E`F�vGK#PkR�EeTVEGR�KXW!PºYOK

ε
q ��(O� ¡4�>£�� � ����¢

� ���t% £J���L��¢�%��Z���J�¤% ¶ f Í³oGW�H'K#NO_!PdQ�acK#PBK#´cI���EG�;W!KeTjE`R�K#W!P�Y!K vϕ

KXF@W�F!Q�MB\2YOK
c
µ _�o0W!P

I#K#R�EeY!\LMdKXPdacQ�F!K#´
λ
Y!E`F�HkR�KZÎVT�Q�YOK6Ï ¶ fw f ��YOKXa KXF Ì EGQ�HBE`F;MiTjE`PBQ�KXP

µ fx f 	�Q�N�KX´ ε
KLM

µ
] s f Ë FJKXF�T;Q�HBE`vGKgR�K�I#EGH¹Ynm W!FZILo0F�YOW�ILMdKXW!P¹o0�!acQ��;W!K�YOK'I#oGF�Y!W�IuMBQ�T�Q�Md\ σ f 
 W�vGacK#F;MdKX´R�EZTjEGR�KXW!P�Y!K
σ ^ �;W!KcHdK¤_�E0HdHdKL��M<��Q�R���
OW!P�R
m \XI#PBEGF>]t�;W!o0Q³ILoGPBPBKXHd_�o0F�YSR
m Õ;Ô���{�Ö6ÖX��}�|S���9Ô¨���!} Î

δ
Ï

Q�F;MdPBo�Y!W!Q�MBK�Y!E`F�HkR�K�I#oGW!P�H��

%�&«(+*�Ó Ág®05GÂ���Å63+:<Â<A�Ã =�-@Ä�3§Ä�A�Â�=+-��ª3+Ä�É�/

DgQ�H<_+o0HdK#´³W�F�[�R�MBPdK³_+oGR�E`PBoGÑ�YOK³HdW!P4R�K.MdP�E���KLM�Y4m W!F�KÇoGF�Y!K³_�o0R�EGPdQ�H<\XK.PdK6IuMdQ�R�Q�v0F!K#acK#F;M µ ��(O� ¡��>£�� � ����¢
� ���l%�� ¦�£��¹�Z�J£���� ¶ f ÎV�X���;�X��ÏSK6H�M�R
m E`F�vGR�K�K#F;MdPBK�R�m E`NOK�_�EGHBHBE`F;MgYOW�_+oGR�E`PBoGÑ�YOKrKLM�R�EtYOQ�PdK6IuMdQ�oGFYOWSTGK6IuMdKXW!P −→

E
Q�F�ILQ�YOK#F;M fÍg\XPdQ�[�K#´i�;W�EGR�Q�MBE`MdQ�TGK#acKXF0MÇR�E�R�oGQ!YOK · E`R�W�H µ W!F�KºTG\XPdQ�[�I#E`MdQ�oGFe�0W�E`F;MdQ�MBE`MdQ�TGKiKXH<MÇK#F�T�Q�HdEGvGKXEGp!R�K¹KXFeacK6H<W!P�E`F;MR
m E`ac_!R�Q�MdW�YOKrYOK −→
B ¶ f Í³oGW�H¹T0\#PBQ�[�K#PBK#´'�;W4m oGFtoGpOMBQ�KXF;M¾p!Q�K#FlR�K�PB\XHdW!R�MBE`M¾EjMdMdKXF�YOWl_�o0W!P����� ��"!$#&%('ÇK#M�)*%('µ _+oGW!P+�,�" ��"!$#-%.'¾R�K¤R�o0vGQ�ILQ�K#RkÎVp!W!v0W!K6Ï ^ Q�R Ì E`WOM�YOoGF�I�R�W�Q Ì oGW�PdF!Q�PgW�F!K�TjE`R�K#W�PºMdPBbXHg_!PBo�I���K�YOK�´X\#PBo ^ _�E`PKLNOK#ac_!R�Kcq./ f /0/�/ s ¶ f

%�&«(+*21 3g:<Â�Ä�Â�/G3+:�Â<A�Ã =�4 É�ÃÇ-@Ä�3�79-UÈ0É�3�50:�=�4äA�ÃÇ=�-

s f D'Q�Hd_+o0HdK#´³W!F!K¨R�EGaeK λ/4
HdW!P4R�K.MdP�E���K#M�Ynm W�F!KÇoGF�YOK³_�o0R�EGPdQ�Hd\#K.PdK6IuMBQ�R�Q�v0F!K#acKXF0M µ ��(O� ¡��>£�� � ����¢

� ���t%5�6� ���l%'¦7�¹��¢�% ¶ f¹½ �!oGQ�H<Q�HBH<KX´'R�EeTVEGR�KXW!PºYOKZÎV�6���;�6��ÏlEj[�F�Ynm oGpOMBK#F!Q�Prq
•
W!F!Kro0F�YOK�_�o0R�EGPdQ�Hd\#K�PdK6IuMdQ�R�Q�v0F!K#acK#F;M

•
W!F!Kro0F�YOK�_�o0R�EGPdQ�Hd\#K�ILQ�PBI#W!R�EGQ�PBK#acKXF0M

•
W!F!Kro0F�YOK�_�o0R�EGPdQ�Hd\#K�K#R�R�Q�_OMdQ��;W!K#acKXF0M

w f D'Q�Hd_+o0HdK#´�W!F!K�R�EGaeK λ/4
HdW!P¾R�K'MdP�E���K#M¾Ynm W!F!K�oGF�YOKg_+oGR�E`PBQ�Hd\#K�ILQ�PBI#W!R�E`Q�PdKXaeKXF;M

(s0 = 1, s1 = 0, s2 =
0, s3 = 1) f98 W!K#R�R�K�KXH<MgR
m Q�F;:�W!KXF�ILKeYOK�R�EcTVEGR�KXW!P'Y!KtÎV�X���;�X��Ï�H<W!PgR�E2_+oGR�E`PBQ�HdE`MdQ�oGFSYOK�R�m o0F�YOK�EG_!Pdb6H_�E0HdHBE`v0K�Y�E`F�HkR�EeR�EGaeK��

< =�>@?�A.BDC�EGFHBJIKBJL�MONP?�QP?�FSRTL�>�L�?�NVUWQXL�Y�>@?�A.BDC�L�MONP?�F
¦g�+~��O|j{
ÖX�O�6{��[Z �O�X�+��{��n}��]\��e�X�+��{
zt¦'��~
�O|j{_^G�!�X{��[Za`

½ Kr_!Pdo0vGP�E`acacK�_�KXPdacKLMgY!K�H<Q�a�W�R�KXPiR
m E`_!_�E`PBQ�MBQ�o0FSY4m W!F�YOQ�_[bGR�KtÎjEjMBoGacQ��0W�K6Ï fk½ o0aeacK�Y!EGF�HiR�K�ILo0W!PBH ^R�K'F�W�E`v0Kg\#R�KXILMdPBoGF!Q��;W!KºK6H�MkPdKX_!PB\XHdK#F;Md\º_�E`P¾W!F!K'Hd_!�!bXPdK�I���E`PBvG\XKºW!F!Q Ì oGPBac\#acK#F;M ^ Y!K'I���EGPdv0KiMdoGMBE`R�K −Z|e| f
%�& (�*2c d'¯43�7t1 =�4 É�Ã =�Â�1fe+Ä�->Â�ÃÇ=�É�Â�:

•
	�Q�N�KXP4R�EkTVEGR�KXW!P�YOWrI���EGac_�K#N�Md\#PBQ�K#W!P µ %�&Z¢�%'�t���V� ���L%g�(� ^ I���EGae_rEG_!_!R�Q��;W!\³_�EGP4R�m o0_�\XPBE`MdK#W�P ¶]eR�EcTVEGR�KXW!P � ^ / f
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