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Ó�Ô"Õ�Ö §.×*Ø�Ù´®
Õ Ù Ú Û Ö §�×*Ø�ÙÜ® X !,+¦£ Û Ý Þ

Ô²ß
B�à á ßiâ ã8ä §.×¯® Þ åçæ�è
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X !±+*£ ò Ý Ô²ß ñ B�à M
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Õ�� §�×ËØ�ÙÜ®
Õ Ù Ú ò á ß � §.×ËØ�ÙÜ®

Ú�ó < /PS±#&% #"!º4 ��' / X �"!º4F� 'I4F�&?/ > X 4?S��Fø
×��«§6Ù! #"%$Ð® Ú ×��«§6Ù  ® â & � Ø Ó Ú ' Ø�(�(�(*)X !±+*£ +-,/.102.43 5�4 = (�(*!È4?� X !,+¦£ 6 ß Ú B ò 7 ÙaM � 4_+ù]�£F!Z�&  4F� %��¶(R% > 7?S÷% > 4^D% = [ /10 8(³-K(¥+�% > (�/109) [�4&'ª+c!W]1S¤%²( %^4^]�£\:\+¦£&% > %¶4F� ?%1�K(*!,+.-: §�×ËØ�ÙÜ® Ý ;=< ã ×-�«§�Ù´® Þ × è!> Ú '8 ') ?@BA $ C� A $ <ED × � . @ §6ÙÜ® Þ ×-F
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Õ�� §�×ËØ�ÙÜ®
Õ Ù Ú I §�×c® � §�×*Ø�ÙÜ®

@ £"!¤( !$(KJ = (¥+�+*£&% L ��ê��NMD� � � � � �PO��1� � � � � X !,+¦£ I §.×¯® !Z� [?Sf4^]�% /10 ÞRQ õ
Ú�ó < +³/P]�£�4�(³+¯!f] (R/PS = +¯!W/P��ø S÷%*+ (³-¶(¥+ù% > ( !Z� +*£&% %��K(R% > 7?S¤% �!f% /9' > = ST+¯!8[?ST- 4^]K]_/9'«�!8�&  +³/+¦£&%�!Z' �.°\+¦�&%²(ù(a¡ øS < -K(¥+�% > ( X !,+¦£ > 4F��- [�4&'é+¯!f]�S÷%Q( 4²+ £"!f d£ I §�×c® 45' % ' %1[?Sµ!W]^4²+ù%KS < -K(¥+�% > ( X !,+¦£ = ��0´4_#^/�'I4F7?S÷% ]_/ü��°m  = 'e4²+¯!W/P�K( 45' % X %�%K?%� / = +
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× � . @ §�ðZ ["\$¥® Ú × � . @ §�ð  ® â & � . @ Ø X !,+¦£ & � . @ 5�4 = (ù(Ë!È4F�N§]6 ß Ú B ò 7 ðb®B M GN/9'�%^4^]�£ (³-K(³+ù% > X ?%Ë+ù%�' > !Z�&% +*£&% > = S +c!Z[?Sµ!f]5!,+.-^ @ Ú _a` : b C� A $ ä §�× � . @ ® Þ å ædc 7 ð
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}�M?� � o ê�� � �m~.��� o ��~ � �s��ês�&�

y � § ` Ø ` z W]� ® Ú � à
B���� Ô ß�� $�� ß _ Þ à § `3Þ ` z ® ß ñ B�� ÔQß

@ £ = (¶: y � § ` Ø ` W]� ® Ú wZ� � ð¥Ù�: 4�( !,+�(Q£^/ = S÷ M� = +�ø y §�×*Ø.× W�� ® = ( = 4FSsS±- +³/\/ ]_/ > [DS¤%�\õ
Ú�ó î (Ã+*£&%�'«% 4 X 4c- +ù/ = (R% /P�?S±- (*! > [?S÷% ?%��¶(*!±+´- > 4_+¦'6!f]�%²(�� S � %Q(¶õ)õ
î +ú]^4F� 7F% (Q£^/ X � +¦£�4_+ y § ` Ø ` z W�� ® Ú � ` z�z y § ` Ø ` z�z W � B ® y § ` zxz Ø ` z W � B ®k M £�MÈ(^øf�ì� � � ��� � �¦�\~���ê :�!Z�K#^/PS±#"!8�&  + X / ?%1�K(*!,+.- > 4²+¦'�!W]K%Q( 4²+ � ñ B :�! Ms%DM F/ = 7?S¤% svuVM
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§�� MéMUM ��@»'ï/�+q+ù%�'Y� =?> 7F%�' ¡��®
� = +�ø¨�!f d£&%�'�+�% > [F%1'I4²+ = ' % � �*svu Ú�ó � / X %�'i%Ëíi%K]*+¾/10Y["/1+ù%���+¯!º4FS ä § ` ® Ú�ó } [?[5' /�4^]1£ +³/ 0�'«%�%[�4&'ª+c!W]1S¤% X !,+¦£ ?%1�K(*!,+.- > 4²+¦'�!� y �
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� !,+¦£ � Ú j Þ ' C?C +¦£&% �!º4^ F/ü��4FS\%1S¤% > %��_+ ' %^4^1(y § ` � Ø ` � W]� ® Ú � � � ß (�(�( � ` $ (�(�(�� ` ��� $ _ Þ � § ä �  -� â ä � , � ®
X !±+*£

� Ý à �
B¡��� Ô ß Ø ä � , � Ý ��� $¢ A � ä § ` ¢ ®ùñ�� Ø ä �  Z� Ý � �� ��� $¢ A �R£ ` ¢ Þ ` ¢ "\$2¤ ß

} �& !Z� E �! > %1�K(*!W/P�K(¶øy §.× � Ø.× � W]� ® Ú �¦¥ � � ß (�(�( �²× $ (�(�(��²× ��� $ _ Þ � § ä �  -� â ä � , � ®
X !,+¦£ � Ý à �©ñ B¡��� Ô ß : 4F�&

ä � , � Ý ��� $¢ A � ä §�× ¢ ®ùñ�� Ø ä �  -� Ý � �� ��� $¢ A �¨§ × ¢ Þ × ¢ "\$ § ß
Ì*Ì



Í MÃÎ =?> %�'�!W]^4FSdÏ 2� = + +*£"!$(�S¤/\/P�*(�Sº!8�¯% 4 ]�Sf4�(ù(*!f]¶4FS�� /PST+ÐJ > 4F�?��0´4^]*+ù/9'Ç/10�4 ~.���5� o � ê ë � �K~¶M @ £&%f� %1S¤% > %1�_+Ð(/10 +¦£"!¤( ["/PS±- > %�' 0�%�%1SN4?� %��+�%�'���4FSH["/�+�%��_+c!È4FS© � , � § ` ¢ ® Ú ä § ` ¢ ®�ñN�4F�& ( = ]K]�%²(ù(*!$#&% Sº!8�?�*( /"0Ã+¦£5% '6!8�&  ]�£�41!Z� 45' % ]�/ = [?S÷%� +³/9 ?%*+*£&%�' 7*- 4 £�4&' > /P�F!W] 7"/P�&["/�+ù%1�_+¯!º4FS © �  -� § ` ¢ Ø ` ¢ "\$ ® Ú � �� £ ` ¢ Þ ` ¢ "\$ª¤ ß
X £&%�'«% ` � Ú `�� M

classical quantum mechanical

@ £&%1' %Q06/9'«%Dø2 /P�_+�% V 45'�S¤/ /10Á]�Sf4�(ù(*!f]¶4?S '6!8�&  ["/PS±- > %�'R« ó 2 V /10�(*!8�& dS÷% ¢ = 4F��+ =?> [�4&'ª+c!W]1S¤%
Ìùý
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ä ¢�± � §�×c® Ý ä �  -� §.×¯® â ä � , � §�×c®

7?%  \!,#5%���: X !,+¦£
ä �  -� Ý à �

B�� ß Ô ß ��� $¢ A �²§ × ¢ Þ × ¢ "\$ § ß 4F�& ä � , � Ý '� ��� $¢ A � ä §.× ¢ ®' M ô !$(²[?SW4&]�% ×Ã4�(34 X £^/PS÷% 7¦- 7 × §³Sf4&'« ?%¶® W 4FS,(a/ : > /1#5% %^4^]�£ Sº!8�?��× ¢ 7¦- 4 ( > 4FSsS4 > / = �_+ 7 × ¢ W +¦£&% �&% X ]_/P�K°m  = 'e4²+¯!W/P� !¤( ]^4FSsS¤%K × z MB M V / > [ = +ù% ä ¢*± � §.× z ®�4?�& 7 ä Ý ä ¢�± � §.× z ® Þ ä ¢*± � §�×¯®_ME M 2 %*+¦' /P["/PSµ!¤( (³+ù%�[\ø ô 'I4 X + 0�' / > 4F� %�¢ = !W\!$(¥+*'6!87 = +c!÷/P� !8� ã C Ø ' è W!$0 7 ä ³ C :�[ = +�× Ú × z W!$0 7 ä � C 4F�5 + ³ _ �µ´·¶¨¸ :�[ = +�× Ú × z 4�( X %�SsS W!$0 7 ä � C 4F�5 + � _ �µ´·¶¨¸ :�S÷%*+Ã× ' % > 41!8� = �&]�£�4F�& ?%K Mh M k %*+ = '�� +ù/ § ' ®²M
Ì/�



Í MÃÎ =?> %�'�!W]^4FSdÏ 25 %��&%1'I4FSµ!$J¶4²+c!÷/ü� +³/ ) ¢ = 4F�_+ =?> [�45'ª+¯!f]�S÷%Q( !8�_+ù%1'I4^]Ë+¯!8�&  7¦- 4 [�41!8'Y["/�+ù%1�_+¯!º4FS © § § ×*¹ Þ × � § ®²ø}i���K� /10�+*£&%Q(b% [�4&'ª+c!W]1S¤%²( £�4�( +³/ 7?% '«%�[5'«%Q(R%1�_+ù%K 7¦- 4 �A¬q%�S÷% > %���+ö'�!Z�5  ]�£�41!8��M ô %��&/�+¯!8�& +¦£&% ["/"(*!,+¯!W/P� /10�%�S÷% > %��_+ : !Z� ]�£�4"!Z� § Ú [�4&'é+¯!f]�S÷%¶® Ó 7¦- × � . ¢ : X % £�4_#5% 0�/9'A+*£&% �!È4& F/P��4FS%�S÷% > %��_+3/10 +*£&% +³/�+R4FS�?%1�K(*!,+.- > 4²+¦'�!�y §�× � Ø.× � W�� ® Ú�¦¥ C � � ß (�(�( �²× $ . $ (�(�(��²× C . ��� $ _a` : º» Þ�� � C� A $ ��� $¢ A � £ × � . ¢ Þ × � . ¢ "\$ ¤ ßZ¼½� _a` : º» Þ �� C� A $ ¹�¾ � ��� $¢ A � © § § ×¿¹ . ¢ Þ × � . ¢ § ® ¼½
X !±+*£ × ��Ý ¯ × $ . � (�(/(.× C . � ° MÁÀ 7�#"!W/ = (QS±-�:\+¦£&% [�41!8'»["/1+ù%���+¯!º4FSd4^]Ë+Ð(�/P�?S±- 7F%*+ X %�%�� ~��c� o ��� � � �¦�Sº!8�?�*( § : ®�/10 � ��� ��~.��� � ]�£�4"!Z�K(^M
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X % X / = S¤ %�D[F%K]*+¾0�/9' +*£&% + X /�¬q�! > %1�K(*!W/P��4FSÇ£�4&' > /P�F!W] /F(R]5!8S�Sf4²+ù/9'¾§ X !,+¦£ Ä ß� Ú s5ñ à ®: §ÅÃ²® Ú B�� Ã � � � � _ �PÆÈÇ�É Ø X £&%�'«% � Ý à Ä ß�Ô ÙÊ~ �ÌË � Ô Ä �B
§�G�/�'m]_/P��#5%��"!f%��5]�%D:9[ = + Ô Ú ' MZ® ô 'e4 X (b%Ë#&%1'I4FSË]�/P��°m  = 'I4²+c!÷/P�¶(�/"0P+*£&%�'6!8�&  ["/PS±- > %�'�+¦£�4²+/d]�] = 'ü!Z� +*£&%Y]_/ = 'U(R% /10\+¦£&% (*! > = Sf4²+¯!W/P��M

Ì T



Í MÃÎ =?> %�'�!W]^4FSdÏ 2
�ì� � o ês� HtoYo ês����� � � � �N�V /P�¯%�'�: ô M�G Mé:A%*+ 4FS MU:�LNM V £&% > M e©£�-¶(¶M Í�Î § 'ÐÏ Í Í ® j ÎÑÍ Ï ø (a/PS±#�4²+c!÷/ü� /103%1S¤%K]*+¦' /P�K( !8�(*! > [?S÷% û = !f1(¶M

GH'ï/ > V /ü�¯%�'�%Ë+ 4FS Méø»(a/PS±#�4²+�%� %�S÷%�]Ë+¦' /P� 45® !8� Sº!f¢ = !f £&%1Sº! =?> ø (¥+*'ï/P�5 dST- S$/d]^4FSµ!$J�%� M < £&%�SsS/10Ã¨�% !¤( '�!W \!W 4F�& �!ÓÒ ] = ST+V+³/ ["/PSf4&'�!$J�%D: Ú�ó ' %1[ = S,(*!,#5% ]¶4^ ?%9M7�® !Z� Sº!f¢ = !f 5%1�^/P��øÁ%�K+ù%��5?%� ["/"(*!,+¯!W/P��4FS [5'ï/P7�4F7"!8Sº!,+.-�M < £&%1S�S9/10ÕÔ % ["/üSW4&'�!$J¶4F7DS¤% Ú�ó û 4²+�!Z[F/PS¤% [F/�+ù%1�_+¯!º4FS M

Ì
n



Í MÃÎ =?> %�'�!W]^4FSdÏ 2
¸ n\xN|�pÈy¥É Êiküx\r5yQpµ¼�x\tdu z ¼�uºn�rDkmu�t9o ¸�ÉNx\tPl psr�| ¿¦¸ Ê z ¸ Â
< / 0´4&'�ø�+¯! > %*¬ù!8�&?%1[F%��&D%��_+ ]¶4?S¤] = SW4_+¯!W/P�K(¶MÎi/ X ø»Ï = 4F�_+ =?> > /PS÷%�] = SW45' �-?��4 > !f]Q(��/9'.�²¬ZÀ [?[F%1�?£&%�! > %�' 4F[?[�'ï/Ð?! > 4²+c!÷/P�\ø3@»'«%¶4²+ 4²+ù/ > !W] ]_/9'«%Q( §´/9'�!÷/ü�K(¶: ! M�%9M � = ]1S¤% = ( [?S = (!Z�?�5%�' %�S÷%�]Ë+¦' /P�K(¯®ú4�( ]�Sf4�(ù(*!f]¶4?S [�4&'é+¯!f]�S÷%Q(¶:d+*£&% / = +�%�' %�S÷%�]Ë+¦' /P�K( 7¦- Ï 2 M
Ú�ó Ñ S÷%�]Ë+¦'ï/ü�"!W] X 4_#5% 0 = �5]*+¯!W/P�K( 4�(ù( =?> % S¤%^4�(¥+ %��&%1'  �- ]�/P��°m  = 'I4²+c!÷/P�\M
Ú�ó 2 !8�"! > !¤J¶4²+¯!W/P� [5' /P7?S÷% > õS � %Ë+ Ö �«§�×¯® 7?% +¦£&% X 4_#&% 0 = �&]Ë+¯!W/P�K( /10Ã+¦£&% ) %�S÷%�]*+*'ï/P�¶(¶M @ £&% %�S÷%�]*+*'ï/P� D%��K(*!,+.- 4²+(a/ > % ["/"(*!,+¯!W/P� × !$(�+¦£&%1�  \!,#5%�� 7¦-

� §.×b® Ý
C� A $ § Ö �«§.×¯® § ßS � %*+ ¯�Ö @ ° 7F% +*£&% > / > %1�_+a45'é- ]_/ü��°m  = 'e4²+¯!W/P� /10 +*£&% §Ü]�Sf4�(ù(Ë!W]^4FSW® !W/P�K(^M

Ì r



Í MÃÎ =?> %�'�!W]^4FSdÏ 2
@ £&% !÷/P�¶( [�'ï/d = ]�% 4 ["/�+�%��_+c!È4?S9°m%1S¤ ä §�× W ¯×Ö @ ° ® X £"!W]1£ +¦£&% %1S¤%K]*+¦' /P�"!f] X 4_#&% 0 = �&]Ë+¯!W/P�K(4&' % !8��#"!,+ù%K +ù/ 4^aJ = (¥+�+³/ÇM
@�/1+a4FS�%1�&%�'« �-�ø

å § ¯ Ö � ° W ¯×Ö @ ° ® Ú å $ â å ß â å ¥ â å qX !±+*£

å $ Ú
C� A $ Ø �²× Ö {� §.×¯® � Þ Ô ßB�à á ß � Ö � §�×¯® �^!8�&%*+c!W] %1�&%�'« �- /"0 +¦£&% %1S¤%K]*+¦' /P�K(

å ß Ú Ø �²× ä §�× W ¯×Ö @ ° ® � §.×¯® ["/�+�%��_+c!È4FS1%1�&%�'« �- !8� +*£&% °m%1S¤ ]�' %*¬4²+ù%K 7¦- +¦£&% !W/P�K(

å ¥ Ú 'B Ø Ø �²×Ì�²×-| � §.×¯® � §�× | ®§ × Þ × | § %�S÷%�]Ë+¦'ï/F(¥+a4²+c!W] !8�_+�%�'I4&]*+¯!W/P� 7F%*¬+ X %K%�� +¦£&% %�S÷%�]Ë+¦' /P�K(

å q Ú å ,¿Ù ã � §�×b® è %��]�£�4F�5 ?% â ]�/9'�'«%�Sf4²+¯!W/P� %��&%1'  �-�:%DMs  MV7¦- S¤/d]¶4FS9?%1�K(*!,+.- 4F[D[5'ï/Ð?! > 4Q¬+¯!W/P��: � ôR} Ì/�



Í MÃÎ =?> %�'�!W]^4FSdÏ 2
ÑÂD[�4F�& Ö � §�×¯® !8� [DSW4F�5% X 4�#&%Q(^:

Ö �«§�×¯® Ú Ú w �e§ Ú ® _ Ó Ú ��×
X !±+*£ = [ +ù/ (b%Ë#&%1'I4FSH£ = �&d'«%� +ù%1' > ( [?%�'�%�S÷%�]Ë+¦'ï/ü��M
Ú�ó 2 !8�"! > !¤J�% å § ¯ Ö � ° W ¯�Ö @ ° ® X !,+¦£ ' %²(Q[F%�]Ë+¾+ù/ ¯ w � § Ú ® ° : > 41!8�_+R41!Z�F!Z�&  /�'ª+¦£&/P�^/9' > 4?Sº!,+.-�:Ø Ö {� §�×ËØ�ÙÜ® Ö ¹ §�×ËØ�ÙÜ®��²× Ú < � ¹S V /P��#5%��_+c!÷/P��4FS > %*+*£^/d §aÎi/P7F%1S�[5'�!$J�% X !Z�?�5%�'I®_ø } [?[?S±- #�45'6!º4²+¯!W/P��4FS ]^4FS÷] = S = (¶:�(a/PS±#&%!±+�%�'I4_+¯!$#&%�S±-�M Ú�ó @�/d/ (QS¤/ X 06/�'ö2 ô õS � = +_ø ��� � �1ê�� � � � ���?�?�_��ê��s�5� !$( 0.4K(¥+_õ 2 4c- 7?% F/P�5% %�!±+*£&%�' !Z� !±+¥( /�'6!f �!Z��4FS�#&%1'U(*!W/P�§R2 V ®_:�/�'w7¦- 43(R/9'ª+ /10 2 ô !Z� ]_/ü��°m  = 'e4²+¯!W/P��(Q[�4^]K%D: V 4&'�ÒÈ(¾4F�& e 45'�'6!8�&%1S�S¤/ Òº( ���-?��4 > !f]¶4?S(*! > = Sf4²+�%� 4F�?�&%^4FSµ!Z�& ?¡ ø

Ìa�



Í MÃÎ =?> %�'�!W]^4FSdÏ 2� %Ë+ 8 7F% +*£&% !÷/ü� > 4�(ù(^:Y4?�& Û 4?� 4F7¶(¥+¦'e4^]*+ � > 4�(�(a¡ 4K(ù(*!f d�&%� +³/ %¶4&]�£ %1S¤%K]*+*'ï/P�"!f]
X 4_#&% 0 = �&]*+c!÷/ü� Ö ��: X !,+¦£ Û Ü 'µ� 8 ä �9� 8 M @ £&%��

Û ÝÖ � §.×*Ø�Ù´® Ú Þ <*å< Ö {� §�×*Ø�ÙÜ® â ¹ Q � ¹ Ö ¹ §�×*Ø�ÙÜ®8 ÝÖ @ Ú Þ á @ å
X £&%�'«%Ã+¦£&% � 4^ d'e4F�& ?% > = ST+¯!8[?Sµ!W%1'U( Q � ¹ £�4_#5% 7F%�%1� !8�_+¦' /d = ]K%� +ù/ > 41!8�_+R41!Z� /9'ª+*£^/P�^/9' > 4FS ¬!±+´-_M
@ £&% °�')(¥+ö%�¢ = 4²+¯!W/P� ' %1[5' %²(R%��_+¥(Y+*£&% 4F7K(¥+*'I4^]Ë+ � > /�+¯!W/P�^¡ !Z� +¦£5% (²[�4^]�% /10�+*£&% %1S¤%K]*+*'ï/P�"!f]?%� d'«%�%²( /10 0�'«%�%�?/ > :�+¦£&% (b%�]_/ü�& %K¢ = 4²+c!÷/ü� ?%Q(R]1'6!87F%Q( +¦£5% ]�Sf4�(ù(*!f]¶4FS > /�+¯!W/P� /10 +*£&%£&%¶4_#K- !W/P�K(^M
@�/ �¯%K%�[ +¦£&% ���&!Z�&%Ë+¯!f] %��&%1'  �-&¡ /10 Ö � ( > 4FSsS : = (R% 4 +*£&%�' > /F(¥+a4²+�õ

ý��



Í MÃÎ =?> %�'�!W]^4FSdÏ 2H9oYo ês����� � � � �^���S } > /�'�[?£^/ = (ú(*!ZSµ!f]_/P�S � !,+¦£"! =?>S > !f]�' /d]�S = (¥+�%�'U(�/10Y4FSs�¦4FSµ! > %Ë+a4FS,(S > /PST+ù%1� ]^4&'�7F/P�S !W/P�"!f] > %�ST+Ð(S %Ë+ù]9M

ý^Ì


