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[V[d^ bUfkdY[fXl[]mdd nXXd_cdgVbadmdaYnoodkdV[cfmdp q[ Yb[Y\f[[faY[bcUiaj
kdd af[Y[dgVbad` mVUYmYUo[]` UVrV[d^saYcYU]V f[fXdcdg[] \WYXl tcYXbc]`u _ij
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ØÖËÄÆÒÍÈÓÄÖÜÖ�ËÊÑ ÎÉÄÉÇ ÄÉÅÉÌÆÑ ��		
�
�������� ÕÄÖÈÌÉÌÆÚ ËÆ�Ö�ÉÌÐÉÈÉ �ÊØ�
ÄÖ�ÃËÓ ���� ��� Æ �ÄÆÈÉÙÉÌÌÓÉ È ÌÆ× ÊÊÓÐÏÆ�� � �ÃÊÐÉÙÌÉÉ ÈÄÉØÑ �ÃÈÓÅÉÌÌÓÚ ÆÌËÉÄÉÊ
ÈÓÇÓÈÖ�Ë ÙÆÊÏÄÉËÌÓÉ ÖÌÖÐÃ�Æ ÕÄÖÈÌÉÌÆÚ �ÉÌÐÉÈÉ � �Í �!�� � ÇÌÖÎÆËÉÐ"ÌÃÚ ØÉÄÉ #ËÃË
ÆÌËÉÄÉÊ Ã�ÕÊÐÃÈÐÉÌ ÊÈÑÇÑØÆ ËÖÏÆ× ÕÄÖÈÌÉÌÆÚ Ê ÙÆÊÏÄÉËÌÓØÆ ÈÉÄÃÑËÌÃÊËÌÓØÆ ØÃÙÉÛ
ÐÑØÆ �$�Í �%�� � ÄÖ�ÃËÉ ��&� �ÓÐÃ �ÃÏÖÇÖÌÃÍ ÎËÃ �ÃÐ"ÅÆÌÊËÈÃ ÙÆÊÏÄÉËÌÓ× ÖÌÖÐÃ�ÃÈ
ÕÄÖÈÌÉÌÆÚ ËÆ�Ö �ÉÌÐÉÈÉ ØÃ�ÕË �ÓË" ÉÙÆÌÓØ Ã�ÄÖÇÃØ ÄÖÊÊØÃËÄÉÌÓ È ÄÖØÏÖ× ËÉÃÄÆÆ�'()(�(��()��� *�
(+��'(,���- ÊÆÊËÉØ ÐÆÌÉÚÌÓ× ÄÖÇÌÃÊËÌÓ× ÕÄÖÈÌÉÌÆÚ Ê ÄÖÒÆÃÛ
ÌÖÐ"ÌÓØÆ ÏÃ#ÔÔÆÒÆÉÌËÖØÆ �.ÌÖÐÆËÆÎÉÊÏÖÑ ËÉÃÄÆÑ ØÖËÄÆÎÌÓ× ÐÆÌÉÚÌÓ× ÄÖÇÌÃÊËÌÓ× ÕÄÖÈÌÉÌÆÚ

/�0 1 �� 2 3�0�/�0� �����
Ê ÄÖÒÆÃÌÖÐ"ÌÓØÆ ÏÃ#ÔÔÆÒÆÉÌËÖØÆ ÈÃÊ×ÃÙÆË Ï ÔÕÌÙÖØÉÌËÖÐ"ÌÓØ ÄÉÇÕÐ"ËÖËÖØ 4ÆÄÛ
Ï�ÃÔÖ ����Í ��5�Í ÏÃËÃÄÓÉ �ÃÊÐÕÜÆÐÆ ÃË�ÄÖÈÌÃÚ ËÃÎÏÃÚ ØÌÃ�ÃÎÆÊÐÉÌÌÓ× ÆÊÊÐÉÙÃÈÖÌÆÚ�ÊØ�ØÃÌÃ�ÄÖÔÆ� ��6� Æ ÊÃÙÉÄÜÖ7ÆÉÊÑ È ÌÉÚ ÊÊÓÐÏÆ��8ÄÕ�ÖÑ ÏÐÖÊÊÆÔÆÏÖÒÆÑ ÄÖÇÌÃÊËÌÓ× ÕÄÖÈÌÉÌÆÚ ����� ÙÖÉËÊÑ ËÉÄØÆÌÖØÆ 9 �
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 �ÊØ� �ÃÙÄÃ�ÌÉÉ ��6��� BËÖ ËÉÄØÆÌÃÛ
ÐÃ�ÆÑ ÃËÄÖÜÖÉË ÔÃÄØÖÐ"ÌÕ� ÖÊÆØ�ËÃËÆÎÉÊÏÕ� ËÉÃÄÆ� ÄÖÇÌÃÊËÌÓ× ÕÄÖÈÌÉÌÆÑ È �ÉÊÛ
ÏÃÌÉÎÌÃÊËÆ � CÄÖÈÌÉÌÆÉ ����� Ê ÏÃ#ÔÔÆÒÆÉÌËÖØÆ ÈÆÙÖ

3 2 3D 1 E∑FG+
3F0− 0F ���5�

ÌÖÇÓÈÖÉËÊÑ ÄÉ�ÕÐÑÄÌÃHÊÆÌ�ÕÐÑÄÌÓØÍ ÉÊÐÆ 3D 2 �� IÌÃ ÌÖÇÓÈÖÉËÊÑ ÄÉ�ÕÐÑÄÌÓØÍ ÉÊÐÆ
È ÙÃ�ÃÐÌÉÌÆÉ ÈÓÎÉË 3�0� È �ÉÊÏÃÌÉÎÌÃÊËÆ ËÄÆÈÆÖÐÉÌÍ Ë�É� ∑EFG+3F 2 &� JÕÎÌÓØÆ
ÕÄÖÈÌÉÌÆÑØÆ ÌÖÇÓÈÖ�ËÊÑ ËÉÍ Õ ÏÃËÃÄÓ× ÊËÖÄÅÆÚ ÏÃ#ÔÔÆÒÆÉÌË3D Ã�ÄÖËÆØ� � ÌÖÊËÃÑÛ7ÉÚ ÄÖ�ÃËÉ ØÓ Ã�ÄÖÌÆÎÆØÊÑ ÄÖÊÊØÃËÄÉÌÆÉØ ÄÕÎÌÓ× ÄÖÇÌÃÊËÌÓ× ÕÄÖÈÌÉÌÆÚ Ê ÙÆÖ�ÃÌÖÛ
ÐÆÇÕÉØÓØ ÊËÖÄÅÆØ ÏÃ#ÔÔÆÒÆÉÌËÃØ 3D� KÖ �ÄÃËÑÜÉÌÆÆ ÄÖ�ÃËÓ �ÕÙÉË �ÄÉÙ�ÃÐÖ�ÖË"Û
ÊÑÍÎËÃ�ÃÐ�ÊÓ 0F ÌÉÏÃÌ�ÄÕ#ÌËÌÓÍË�É�ÎËÃÄÖÇÌÃÊË" 0L−0F ÌÉÑÈÐÑÉËÊÑ ÒÉÐÓØÎÆÊÐÃØÍ0L− 0F M∈ Z

�CÄÖÈÌÉÌÆÉ �����ÆÌÈÖÄÆÖÌËÌÃ ÃËÌÃÊÆËÉÐ"ÌÃ �ÄÉÃ�ÄÖÇÃÈÖÌÆÚ/′ 2 NO/Í3′ 2 N3�0�Í
È ÏÃËÃÄÓ× N ÑÈÐÑÉËÊÑ ÊÏÖÐÑÄÃØ� IÌÃ ÆÌÈÖÄÆÖÌËÌÃ Æ ÃËÌÃÊÆËÉÐ"ÌÃ ÏÖÐÆ�ÄÃÈÃÎÌÓ×�ÄÉÃ�ÄÖÇÃÈÖÌÆÚ /′ 2 P/Í 3′ 2 P3�0�P−+Í P ∈ QRS� TÐÉÙÃÈÖËÉÐ"ÌÃÍ ÉÊÐÆ 3D ÙÆÖÛ�ÃÌÖÐÆÇÕÉØÖÍ ËÃ �ÉÇ Ã�ÄÖÌÆÎÉÌÆÑ Ã�7ÌÃÊËÆ ØÓ ØÃÜÉØ �ÄÉÙ�ÃÐÖ�ÖË" Í ÎËÃ ØÖËÄÆÒÖ 3D
ÑÈÐÑÉËÊÑ ÙÆÖ�ÃÌÖÐ"ÌÃÚ 9
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�ÄÖ�ÃËÖ× ����Æ ��5� �ÓÐÆ ÄÖÊÊØÃËÄÉÌÓ ÄÖÇÌÃÊËÌÓÉ ÕÄÖÈÌÉÌÆÑ Ê *(���()������)�

ÏÃ#ÔÔÆÒÆÉÌËÖØÆ 3̃� �ÖØÉËÆØÍ ÎËÃ Ã�7ÆÚ ÊÐÕÎÖÚ ÄÖÒÆÃÌÖÐ"ÌÓ× ÏÃ#ÔÔÆÒÆÉÌËÃÈ 3�0�
ØÃÜÉË �ÓË" ÊÈÉÙÉÌ Ï ÊÐÕÎÖ� �ÃÐÆÌÃØÆÖÐ"ÌÓ× ÏÃ#ÔÔÆÒÆÉÌËÃÈ Ê �ÃØÃ7"� �ÄÉÃ�ÄÖÇÃÛ
ÈÖÌÆÑ 3̃ 2 3�0�∏F �0− 0F�X /̃ 2 /∏

F
��0− 0F�X ��� �

�ÙÉ ��0� � �ÖØØÖHÔÕÌÏÒÆÑ � 4ÆÄÏ�ÃÔ ÙÃÏÖÇÖÐÍ ÎËÃ ÉÊÐÆ ÃËÌÃÅÉÌÆÑ ÊÃ�ÊËÈÉÌÌÓ× ÇÌÖÛ
ÎÉÌÆÚ NU ÊËÖÄÅÉ�Ã ÏÃ#ÔÔÆÒÆÉÌËÖ 3 ÌÉ ÑÈÐÑ�ËÊÑ ÈÉ7ÉÊËÈÉÌÌÓØÆÍ ��NUMNV� 62 &Í ËÃ
Õ ÕÄÖÈÌÉÌÆÑ ����� Ê �ÃÐÆÌÃØÆÖÐ"ÌÓØ ÏÃ#ÔÔÆÒÆÉÌËÃØ ÆØÉÉËÊÑ ÙÈÖ ÏÖÌÃÌÆÎÉÊÏÆ× ØÉÄÃÛ
ØÃÄÔÌÓ×ÄÉÅÉÌÆÑ /̃S�0�Æ /̃L�0�ÍÏÃËÃÄÓÉ�ÃÐÃØÃÄÔÌÓÆ ÖÊÆØ�ËÃËÆÎÉÊÏÆ �ÄÉÙÊËÖÈÆØÓ
ÔÃÄØÖÐ"ÌÓØ ÄÉÅÉÌÆÉØ d̃ �0� È �ÃÐÕ�ÐÃÊÏÃÊËÑ× �Z 0 � & Æ �Z 0 � & ÊÃÃËÈÉËÊËÈÉÌÌÃ�4ÆÄÏ�ÃÔÃØ �ÓÐÃ ËÖÏÜÉ ÙÃÏÖÇÖÌÃÍÎËÃ ØÖËÄÆÒÖ ÊÈÑÇÆ #ËÆ× ÄÉÅÉÌÆÚ

Q̃ �0� 2 /̃−
+S �0�/̃L�0�X ���!�

ÏÃËÃÄÖÑ �Ã ÃÎÉÈÆÙÌÓØ �ÄÆÎÆÌÖØ �ÉÄÆÃÙÆÎÌÖÍ ÑÈÐÑÉËÊÑ ÌÖ ÊÖØÃØ ÙÉÐÉ ÄÖÒÆÃÌÖÐ"ÌÃÚ
ÔÕÌÏÒÆÉÚ �ÉÄÉØÉÌÌÃÚ Z���5��0�� BËÖ ÔÕÌÏÒÆÑ ÊÃÙÉÄÜÆË ÊËÃÐ"ÏÃ ÜÉ �ÖÄÖØÉËÄÃÈÍ
ÊÏÃÐ"ÏÃ ÊÃÙÉÄÜÆËÊÑ È 3̃� TÃ�ÐÖÊÌÃ ÙÄÕ�ÆØ ÄÉÇÕÐ"ËÖËÖØ 4ÆÄÏ�ÃÔÖÍ �ÃÐÆÌÃØÆÖÐ"ÌÓÉ
ÔÕÌÏÒÆÆ 3̃′ �0� Æ 3̃�0� ÆØÉ�Ë ÃÙÌÕ Æ ËÕ ÜÉ ØÖËÄÆÒÕ ÊÈÑÇÆ Q�0� ËÃ�ÙÖ Æ ËÃÐ"ÏÃ ËÃ�ÙÖÍÏÃ�ÙÖ ÊÕ7ÉÊËÈÕÉË ÄÖÒÆÃÌÖÐ"ÌÖÑ ØÖËÄÆÎÌÖÑ ÔÕÌÏÒÆÑ ��0� ËÖÏÖÑÍ ÎËÃ

3̃′ �0� 2 ��0 1 ��3̃�0��−
+�0�\ ���$�

� ÄÖ�ÃËÉ ��&� ÑÈÌÃ �ÃÊËÄÃÉÌÓ ÊÉØÉÚÊËÈÖ ÏÃØØÕËÆÄÕ�7Æ× �ÄÉÃ�ÄÖÇÃÈÖÌÆÚ ÈÆÙÖ ���$�Æ
ÙÃÏÖÇÖÌÃÍÎËÃ È ÌÉ�ÄÉÄÓÈÌÃØ �ÄÉÙÉÐÉ ÕÊÐÃÈÆÑ ÏÃØØÕËÖËÆÈÌÃÊËÆÎÖÊËÆ ÆÇ ÌÆ× Ê×ÃÙÑËÊÑ
Ï ÏÐÖÊÊÆÎÉÊÏÆØ ÕÄÖÈÌÉÌÆÑØ�ÐÉÇÆÌ�ÉÄÖ ��b��]Ã ÊÆ× �ÃÄ ÃÊÌÃÈÌÓÉ ÆÙÉÆ �ÃÙ×ÃÙÖ Ï ÖÌÖÐÆËÆÎÉÊÏÃÚ ËÉÃÄÆÆ ÄÖÇÌÃÊËÌÓ× ÕÄÖÈÌÉÌÆÚÍ�ÄÉÙÐÃÜÉÌÌÓÉ 4ÆÄÏ�ÃÔÃØÍ ÃÊËÖÈÖÐÆÊ" ÌÉÆÇØÉÌÌÓØÆ � �ÃÊËÄÃÉÌÆÉ ÄÉÅÉÌÆÚ ÕÄÖÈÌÉÛ
ÌÆÑÍ ÆØÉ�7Æ× ÇÖÙÖÌÌÃÉ ÖÊÆØ�ËÃËÆÎÉÊÏÃÉ �ÃÈÉÙÉÌÆÉ È �ÉÊÏÃÌÉÎÌÃÊËÆÍÌÖ�ÃØÆÌÖÉË ÊÏÃÛ
ÄÉÉ ËÉÃÄÆ� TËÃÏÊÖ ÕÄÖÈÌÉÌÆÚ Ê ÆÄÄÉ�ÕÐÑÄÌÓØÆ ÃÊÃ�ÉÌÌÃÊËÑØÆÍ ÎÉØ ÏÐÖÊÊÆÎÉÊÏÕ�
ÖÌÖÐÆËÆÎÉÊÏÕ� ËÉÃÄÆ� ÕÄÖÈÌÉÌÆÚ Ê ÄÉ�ÕÐÑÄÌÓØÆ ÃÊÃ�ÉÌÌÃÊËÑØÆ � � ÄÖØÏÖ× ËÉÃÄÆÆ4ÆÄÏ�ÃÔÖ ÃËÊÕËÊËÈÕÉË ÑÈÌÓÚ ÖÌÖÐÃ� �ÄÉÙÊËÖÈÐÉÌÆÑ ØÃÌÃÙÄÃØÆÆ �+�� \ {0+X \ \ \ X 0E}

�Í
ÏÃËÃÄÃÉ ÇÖÙÖÉË ÆÌËÉ�ÄÖÐÓ ÕÄÖÈÌÉÌÆÚ�ÐÉÇÆÌ�ÉÄÖ� IÎÉÈÆÙÌÓÚ ÌÉ�ÄÉÄÓÈÌÓÚ �ÄÉÙÉÐ
ØÖËÄÆÒÓ ÊÈÑÇÆ Q�0� �ÃÇÈÃÐÑÉË �ÃÐÕÎÆË" ÆÌÔÃÄØÖÒÆ� Ã ØÃÌÃÙÄÃØÆÆ È �ÉÊÏÃÌÉÎÌÃÊËÆÆ ÌÉ ÌÉÊÉË È ÊÉ�É ÌÆÏÖÏÃÚ ÆÌÔÃÄØÖÒÆÆ Ã ÐÃÏÖÐ"ÌÓ× ØÃÌÃÙÄÃØÆÑ× ÙÆÔÔÉÄÉÌÒÆÖÐ"ÌÃ�Ã
ÕÄÖÈÌÉÌÆÑ ÈÃÏÄÕ� �ÃÐ�ÊÃÈ 0F� ��ÃÇØÃÜÌÃ �Ã #ËÃÚ �ÄÆÎÆÌÉ 4ÆÄÏ�ÃÔ Ê ÊÖØÃ�Ã ÌÖÎÖÐÖ
ÆÊÏÐ�ÎÆÐ Ê�ÃØÃ7"��ÄÉÃ�ÄÖÇÃÈÖÌÆÑ ��� ��ÃÐÃÜÉÌÆÑ �ÃÐ�ÊÃÈ Æ Ã�ÄÖÌÆÎÆÐÄÖÊÊØÃËÛ
ÄÉÌÆÉ ÊÐÕÎÖÉØ �ÃÐÆÌÃØÆÖÐ"ÌÓ× ÏÃ#ÔÔÆÒÆÉÌËÃÈ ��IÊÌÃÈÌÃÚ ÒÉÐ"� ÌÖÊËÃÑ7ÉÚ ÄÖ�ÃËÓÑÈÐÑÉËÊÑ ÄÖÇÈÆËÆÉ ÌÃÈÃ�Ã�Ã×ÃÙÖÏ ÖÌÖÐÆËÆÎÉÊÛ
ÏÃÚ ËÉÃÄÆÆ ÄÖÇÌÃÊËÌÓ× ÕÄÖÈÌÉÌÆÚ Ê ÄÖÒÆÃÌÖÐ"ÌÓØÆ ÏÃ#ÔÔÆÒÆÉÌËÖØÆ Æ É�Ã Ã�Ã�7ÉÌÆÉ
ÌÖ ÊÐÕÎÖÚ ÄÖÇÌÃÊËÌÓ× ÕÄÖÈÌÉÌÆÚ Ê ����*��@
?A�)� ÏÃ#ÔÔÆÒÆÉÌËÖØÆ � BËÃË �ÃÙ×ÃÙ
ÃÊÌÃÈÖÌ ÌÖ ÏÃÌÊËÄÕÏÒÆÆ ØÉÄÃØÃÄÔÌÓ× ÄÉÅÉÌÆÚ ÄÖÇÌÃÊËÌÓ× ÕÄÖÈÌÉÌÆÚÍ ÏÃËÃÄÓÉ �ÃÐÃÛ
ØÃÄÔÌÓ ÈÙÃÐ" �(�?��� *;�
-�]ÐÑ ËÃ�Ã ÎËÃ�Ó ÙÖË" �ÄÉÙÊËÖÈÐÉÌÆÉ Ã� ÃÊÌÃÈÌÓ× ÆÙÉÑ× ÌÖÅÉ�Ã �ÃÙ×ÃÙÖÍ ÄÖÊÊØÃËÛ
ÄÆØ ÊÌÖÎÖÐÖ ÊÐÕÎÖÚÍ �ÄÑØÃ �ÄÃËÆÈÃ�ÃÐÃÜÌÓÚ ÊÐÕÎÖ�Í ÄÖÊÊØÃËÄÉÌÌÃØÕ 4ÆÄÏ�ÃÔÃØ�BËÃ ÊÐÕÎÖÚ ÈÉ7ÉÊËÈÉÌÌÓ× �A?*(�
�� NU� �ÖÔÆÏÊÆÄÕÉØ �ÄÃÆÇÈÃÐ"ÌÃÉ ÈÉ7ÉÊËÈÉÌÌÃÉ
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ÎÆÊÐÃ � 62 �Z 0U Æ ÄÖÊÊØÃËÄÆØ ØÖËÄÆÎÌÃÉ ÄÉÅÉÌÆÉ /��0� ÕÄÖÈÌÉÌÆÑ �����Í ÏÃËÃÄÃÉ �ÃÛÐÃØÃÄÔÌÃ Æ Ã�ÄÖËÆØÃ È �ÃÐÃÊÉ 0 ∈ �� 9 � 6

�Z 0
6

� 1 �� �Ó �ÃËÄÉ�ÕÉØ ËÖÏÜÉÍ
ÎËÃ�Ó È #ËÃÚ �ÃÐÃÊÉ /� ÆØÉÐÃ ÌÉ �ÃÐÉÉ ÎÉØ *(���()������- ÄÃÊË È �ÉÊÏÃÌÉÎÌÃÊËÆ
|� 0| → ∞ � �É�ÏÃ �ÃÏÖÇÖË" ÍÎËÃ ÉÊÐÆ ËÖÏÃÉ ÄÉÅÉÌÆÉ ÊÕ7ÉÊËÈÕÉËÍ ËÃ ÃÌÃ ÉÙÆÌÊËÈÉÌÌÃ Ê
ËÃÎÌÃÊË"� ÙÃ �ÄÉÃ�ÄÖÇÃÈÖÌÆÑ /′� 2 /��0�P ÍP ∈ �RS� TÃÈÊÉØ ÌÉÃÎÉÈÆÙÌÓØ ÑÈÐÑÉËÊÑÙÃÏÖÇÖÌÌÃÉÌÖØÆ ÕËÈÉÄÜÙÉÌÆÉ Ã ËÃØÍÎËÃ ÉÊÐÆ/� ÊÕ7ÉÊËÈÕÉËÍËÃ ÃÌÃÆØÉÉË ÊÐÉÙÕ�7ÉÉ
ÖÊÆØ�ËÃËÆÎÉÊÏÃÉ �ÄÉÙÊËÖÈÐÉÌÆÉ9

/� 2 d P±� X � 0→ ±∞ \ ���%�
� Ã�ÄÉÙÉÐÉÌÌÃÚ ÊËÉ�ÉÌÆ ÃËÌÃÅÉÌÆÉ

P� 2 Pl� �P−� �−+ ����&�
ØÃÜÉË ËÄÖÏËÃÈÖË"ÊÑ ÏÖÏ ØÖËÄÆÒÖ �ÉÄÉÌÃÊÖ ÄÉÅÉÌÆÑ ÈÙÃÐ" �ËÃÐÊËÃ�Ã� �ÕËÆ �� Í ÆÙÕÛ7É�Ã ÆÇ ÃÙÌÃÚ �ÉÊÏÃÌÉÎÌÃÊËÆ−�∞ È ÙÄÕ�Õ� �∞ �
�Ó ÙÃÏÖÇÓÈÖÉØÍ ÎËÃ ÙÐÑ ÊÐÕÎÖÉÈ � � & Æ � � & ÏÖÌÃÌÆÎÉÊÏÃÉ ÄÉÅÉÌÆÉ /� ,?
:��?;�
?�,;
�� � Ã�ÃÆ× ÊÐÕÎÖÑ× ÊÃÃËÈÉËÊËÈÕ�7ÆÉ ÄÉÅÉÌÆÑ ÌÉ ÇÖÈÆÊÑË ÃË �� 	ÖÏ ÊÐÉÙÛ

ÊËÈÆÉÍØÓ �ÃÐÕÎÖÉØ ÙÈÖØÉÄÃØÃÄÔÌÓ×ÄÉÅÉÌÆÑ /S Æ /L ÕÄÖÈÌÉÌÆÑ �����ÍÏÃËÃÄÓÉ�ÃÐÃÛ
ØÃÄÔÌÓ È �ÃÐÕ�ÐÃÊÏÃÊËÑ×�Z 0� & Æ �Z 0� &� TÃÃËÈÉËÊËÈÕ�7ÆÉ ØÖËÄÆÒÓ �ÉÄÉÌÃÊÖPS 2 P� Í � � &Í Æ PL 2 P�Í � � &Í ÑÈÐÑ�ËÊÑ �ÏÈÖÇÆ� ÈÉÄ×ÌÉH Æ ÌÆÜÌÉËÄÉÕ�ÃÐ"ÌÓØÆÍ
Ë�É� PUUS
L� 2 �X PUVS 2 &X ÉÊÐÆ NU � NV X PUVL 2 &X ÉÊÐÆ NU  NV \ ������
BËÃË ÄÉÇÕÐ"ËÖË �ÄÃÑÊÌÑÉË ×ÃÄÃÅÃ ÆÇÈÉÊËÌÓÚ ÔÖÏËÍÎËÃ È ÊÐÕÎÖÉ ÈÉ7ÉÊËÈÉÌÌÓ× #ÏÊ�ÃÛ
ÌÉÌË ÌÉ ÊÕ7ÉÊËÈÕÉË ÄÉÅÉÌÆÚ 4ÆÄÏ�ÃÔÖ ÕÄÖÈÌÉÌÆÑ �����ÍÆØÉ�7Æ× ÄÖÈÌÃØÉÄÌÃÉ ÖÊÆØ�Û
ËÃËÆÎÉÊÏÃÉ �ÄÉÙÊËÖÈÐÉÌÆÉ È �ÃÐÕ�ÐÃÊÏÃÊËÑ×�Z 0� & Æ �Z 0� &�JÉÅÉÌÆÑ/S Í/LØÃ�ÕË �ÓË" ÉÙÆÌÊËÈÉÌÌÓØ Ã�ÄÖÇÃØÌÃÄØÖÐÆÇÃÈÖÌÓ Ê�ÃØÃ7"�ÕÊÐÃÛ
ÈÆÑ P−� 2 �� � ËÖÏÃÚ ÌÃÄØÆÄÃÈÏÉ ØÖËÄÆÒÖ ÊÈÑÇÆ ÆØÉÉË ÈÆÙ

Q�0� 2 /−
+S �0�/L�0� 2 �

− E∑FG+
QFg��U
O−O��− � X ����5�

�ÙÉ
Q∞ 2 �1 E∑FG+ QF 2 P−+S

g��UmPLX ����6�
Æ n � ÙÆÖ�ÃÌÖÐ"ÌÖÑ ØÖËÄÆÒÖÍ ËÖ ÜÉÍ ÎËÃ Æ È �5��� ÌÆÜÉ� KÖÊÏÃÐ"ÏÃ ÆÇÈÉÊËÌÃ ÖÈËÃÄÕÍ
ÑÈÌÓÚ ÈÆÙ ����5�ØÖËÄÆÒÓ ÊÈÑÇÆÍ ÈÏÐ�ÎÖÑ ÊÃÃËÌÃÅÉÌÆÑ ������Í ����6�Í ÑÈÐÑÉËÊÑ ÌÃÈÓØ
ÄÉÇÕÐ"ËÖËÃØ ÙÖÜÉ È ÊÐÕÎÖÉ ÄÉ�ÕÐÑÄÌÃHÊÆÌ�ÕÐÑÄÌÓ× ÕÄÖÈÌÉÌÆÚÍ È ÏÃËÃÄÃØ PS
L� 2 �
�ÊÄ� Ê ÕËÈÉÄÜÙÉÌÆÉØ ËÉÃÄÉØÓ �&�$ È ��6����ÄÑØÃÉ �ÄÉÃ�ÄÖÇÃÈÖÌÆÉ ØÃÌÃÙÄÃØÆÆ

3�0�→ Q�0� ����b�
ÙÐÑ ÊÐÕÎÖÉÈ ÄÉ�ÕÐÑÄÌÃHÊÆÌ�ÕÐÑÄÌÓ× Æ ÄÕÎÌÓ× ÕÄÖÈÌÉÌÆÚ ÊËÄÃÆËÊÑ ÊÃÃËÈÉËÊËÈÉÌÌÃ
È § 5 Æ § 6� � ÄÖÇÙÉÐÉ 5�5 ØÓ Ã�ÄÉÙÉÐÑÉØ �ÃÌÑËÆÉ �(A����(- )(�(��()�� ÄÖÇÌÃÊËÌÃ�Ã
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ÕÄÖÈÌÉÌÆÑ � ]ÐÑ ÌÖÎÖÐÖ #ËÃ �ÃÌÑËÆÉ ÈÈÃÙÆËÊÑ ÙÐÑ ËÄÉ× ÏÐÖÊÊÃÈ ÄÉ�ÕÐÑÄÌÃHÊÆÌ�ÕÛ
ÐÑÄÌÓ× ÕÄÖÈÌÉÌÆÚ � . ÆØÉÌÌÃÍ ÙÐÑ ÊÐÕÎÖÑ Ê�ÉÒÆÖÐ"ÌÓ× ÕÄÖÈÌÉÌÆÚÍ ÏÃ#ÔÔÆÒÆÉÌËÓ
ÏÃËÃÄÓ× 3 ∈ �D ÆØÉ�Ë ÈÆÙ ���5� Æ ÕÙÃÈÐÉËÈÃÄÑ�Ë ÕÊÐÃÈÆ� YZ[ 3�0� ≡ �� TÐÉÛ
ÙÕ�7ÆØ �ÄÆØÉÄÃØ ÕÄÖÈÌÉÌÆÚÍ ÙÐÑ ÏÃËÃÄÓ× ØÃÜÌÃ Ã�ÄÉÙÉÐÆË" �ÃÌÑËÆÉ ÐÃÏÖÐ"ÌÃÚ
ØÃÌÃÙÄÃØÆÆÍÑÈÐÑÉËÊÑ ÊÐÕÎÖÚ ÕÌÆËÖÄÌÓ× ÕÄÖÈÌÉÌÆÚÍ ÏÃ#ÔÔÆÒÆÉÌËÓÏÃËÃÄÓ×3 ∈ ��ÕÙÃÈÐÉËÈÃÄÑ�Ë ÊÃÃËÌÃÅÉÌÆ� 3l��0� 2 3−

+�0�� KÖÆ�ÃÐÉÉ ÈÖÜÌÓØ ÙÐÑ ÙÖÐ"ÌÉÚÅÉ�Ã
ÑÈÐÑÉËÊÑ ÊÐÕÎÖÚ ØÖÐÓ× ÏÃ#ÔÔÆÒÆÉÌËÃÈÍ Ë�É� ÊÐÕÎÖÚ ÕÄÖÈÌÉÌÆÚ ËÖÏÆ×Í ÎËÃ |3F| � ��TÕ7ÉÊËÈÃÈÖÌÆÉ ÏÖÌÃÌÆÎÉÊÏÆ× ÄÉÅÉÌÆÚ /� #ÏÈÆÈÖÐÉÌËÌÃ ÄÖÇÄÉÅÆØÃÊËÆ ÌÉÏÃËÃÄÃÚ
ÈÊ�ÃØÃ�ÖËÉÐ"ÌÃÚ ÊÆÊËÉØÓ ÐÆÌÉÚÌÓ× ÊÆÌ�ÕÐÑÄÌÓ× ÕÄÖÈÌÉÌÆÚ � �ÌÙÉÏÊ ÊÃÃËÈÉËÊËÈÕ�Û7ÉÚ ÊÆÊËÉØÓ ÄÖÈÉÌ

��Y�3 2 �5��
∫
�
a �� YZ[ 3X 0 ∈ R9 �Z 0 2 �\ ������

TÐÉÙÊËÈÆÉØ ÔÕÌÙÖØÉÌËÖÐ"ÌÓ× ÄÉÇÕÐ"ËÖËÃÈ ËÉÃÄÆÆ ÊÆÌ�ÕÐÑÄÌÓ× ÆÌËÉ�ÄÖÐ"ÌÓ× ÕÄÖÈÛ
ÌÉÌÆÚ ���� ÑÈÐÑÉËÊÑ ÕËÈÉÄÜÙÉÌÆÉ Ã ËÃØÍÎËÃ ÉÊÐÆ ��Y�3 2 &Í ËÃ È ÊÐÕÎÖÉ Ã�7É�Ã �ÃÐÃÛ
ÜÉÌÆÑ ÏÖÌÃÌÆÎÉÊÏÃÉ ÄÉÅÉÌÆÉ /� ÊÕ7ÉÊËÈÕÉË�cÊÐÆ YZ[ 3 2 �Í ËÃ ��Y�3 ËÃÜÙÉÊËÈÉÌÌÃ ÄÖÈÉÌ ÌÕÐ�� TÐÉÙÃÈÖËÉÐ"ÌÃÍ ÙÐÑ Ã�7Æ×
ÕÄÖÈÌÉÌÆÚ Ê ÏÃ#ÔÔÆÒÆÉÌËÖØÆ 3 ∈ �D ÏÖÌÃÌÆÎÉÊÏÆÉ ÄÉÅÉÌÆÑ /� ÊÕ7ÉÊËÈÕ�Ë ÙÐÑ Ð�Û�Ã�Ã � 62 �Z 0	� IÏÖÇÓÈÖÉËÊÑÍ ÎËÃ ÃÌÃ ÌÉ ÇÖÈÆÊÆË ÃË �Í ÉÊÐÆ � ØÉÌÑÉËÊÑ È �ÄÉÙÉÐÖ×
ÇÌÖÎÉÌÆÚ �Z 0	 � �ÄÉÙ�ÃÐÃÜÆØ ÙÐÑ Ã�ÄÉÙÉÐÉÌÌÃÊËÆÍÎËÃ ÈÉ7ÉÊËÈÉÌÌÓÉ ÎÖÊËÆ �ÃÐ�ÊÃÈ
ÄÖÇÐÆÎÌÓ Æ �ÃÐ�ÊÓ Õ�ÃÄÑÙÃÎÉÌÓ ËÖÏÍ ÎËÃ �Z 0+ � · · · � �Z 0

E
� � #ËÃØ ÊÐÕÎÖÉ ØÓ�ÃÐÕÎÖÉØ ÌÖ�ÃÄ 
 1 � ØÉÄÃØÃÄÔÌÓ× ÄÉÅÉÌÆÚ /	�0� ÕÄÖÈÌÉÌÆÑ �����Í ÏÃËÃÄÓÉ �ÃÐÃÛ

ØÃÄÔÌÓ È Ã�ÐÖÊËÑ× �Z 0	 � �Z 0 � �Z 0	l+ 1 � �ÇÙÉÊ" o 2 &X �X \ \ \ X
 Æ ÙÐÑ ÏÄÖËÏÃÊËÆ
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+	 /	
−
+ ÆØÉ�Ë ÈÆÙ
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−
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�ÌÖÎÉÌÆÉ�	 È 0 2 �∞ ÈÓÄÖÜÖÉËÊÑ ÎÉÄÉÇ ØÖËÄÆÒÓ �ÉÄÉÌÃÊÖ PF ÈÙÃÐ" �ÃÐÃÊ �� ÙÐÑ
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−
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�ÖËÄÆÒÖ�	 ÑÈÐÑÉËÊÑ ÙÆÊÏÄÉËÌÓØ ÖÌÖÐÃ�ÃØ )����� )(�(��()�� ÙÆÔÔÉÄÉÌÒÆÖÐ"Û
ÌÃ�Ã ÕÄÖÈÌÉÌÆÑÍ ÊÃÃËÈÉËÊËÈÕ�7ÉÚ ÇÖØÏÌÕËÃØÕ�ÕËÆ ÆÇ �ÉÊÏÃÌÉÎÌÃÊËÆ−�∞ Í Ã�×ÃÙÑ7ÉÛØÕ �ÃÐ�Ê 0	�
�ÖËÄÆÒÓØÃÌÃÙÄÃØÆÆ �	 ÃÙÌÃÇÌÖÎÌÃ Ã�ÄÉÙÉÐÑ�Ë ÐÃÏÖÐ"ÌÓÉØÖËÄÆÒÓ ÊÈÑÇÆ�	�0�

Æ �ÐÃ�ÖÐ"ÌÕ� ØÖËÄÆÒÕ ÊÈÑÇÆ ����5�Í ÏÃËÃÄÖÑ ÄÖÈÌÖ �ÄÃÆÇÈÉÙÉÌÆ� ÐÃÏÖÐ"ÌÓ× ØÖËÄÆÒ 9
Q�0� 2�

E
�0� · · ·�+�0�\ ����$�

�ÖØÉËÆØÍ ÎËÃ Ð��ÖÑ ÕÌÆØÃÙÕÐÑÄÌÖÑ ØÖËÄÆÒÖ Q�0�Í YZ[ Q 2 �Í ÈÆÙÖ ����5� Ã�7É�Ã�ÃÐÃÜÉÌÆÑ ÙÃ�ÕÊÏÖÉË ÉÙÆÌÊËÈÉÌÌÃÉ ÄÖÇÐÃÜÉÌÆÉ È �ÄÃÆÇÈÉÙÉÌÆÉ ����$�Í ÊÃØÌÃÜÆËÉÐÆ
�	 ÏÃËÃÄÃ�Ã ÆØÉ�Ë ÈÆÙ ���� �� TÐÉÙÃÈÖËÉÐ"ÌÃÍ È Ã�7ÉØ �ÃÐÃÜÉÌÆÆ ÊÃÃËÈÉËÊËÈÆÉ
Q�0�↔ {�	} ÑÈÐÑÉËÊÑ ÈÇÖÆØÌÃ ÃÙÌÃÇÌÖÎÌÓØ�
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�Ã ÈÊÉ× ËÄÉ× ÊÐÕÎÖÑ× ÄÖÇÌÃÊËÌÓ× ÕÄÖÈÌÉÌÆÚÍ ÄÖÊÊØÖËÄÆÈÖÉØÓ× È ÄÖÇÙÉÐÉ 5�5Í ØÓ

ÙÃÏÖÇÓÈÖÉØÍÎËÃ �ÄÑØÃÉ ÃËÃ�ÄÖÜÉÌÆÉ ØÃÌÃÙÄÃØÆÆ ����b� ÑÈÐÑÉËÊÑ ÈÇÖÆØÌÃ ÃÙÌÃÇÌÖÎÛ
ÌÓØ ÊÃÃËÈÉËÊËÈÆÉØ �ÐÃËÌÓ× ÃËÏÄÓËÓ×ØÌÃÜÉÊËÈ � JÉÅÉÌÆÉ Ã�ÄÖËÌÃÚ ÇÖÙÖÎÆ ØÃÌÃÙÄÃÛ
ØÆÆ ÈÃÊÊËÖÌÃÈÐÉÌÆÑ 3�0� �Ã ÙÖÌÌÓØ ØÃÌÃÙÄÃØÆÆ ÊÈÃÙÆËÊÑ Ï ÇÖÙÖÎÉJÆØÖÌÖ�8ÆÐ"�ÉÄÛ
ËÖ Ã ÔÖÏËÃÄÆÇÖÒÆÆ ØÖËÄÆÎÌÓ× ÔÕÌÏÒÆÚÍ ÇÖÙÖÌÌÓ× ÌÖ ÌÖ�ÃÄÉ ÈÉÄËÆÏÖÐ"ÌÓ× ÐÆÌÆÚ ��ÃÇØÃÜÌÃÊË" ËÖÏÃ�Ã ÊÈÉÙÉÌÆÑ ÃÊÌÃÈÖÌÖ ÌÖ ÊÕ7ÉÊËÈÃÈÖÌÆÆ ÈÊÉÚ ÊÃÈÃÏÕ�ÌÃÊËÆ ÄÉÅÉÛ
ÌÆÚ /LX/+X \ \ \ X/S Í Ã�ÐÖÊËÆ ÖÌÖÐÆËÆÎÌÃÊËÆ ÏÃËÃÄÓ× �ÉÄÉÊÉÏÖ�ËÊÑ Æ �ÃÏÄÓÈÖ�Ë ÈÊ�ÏÃØ�ÐÉÏÊÌÕ��ÐÃÊÏÃÊË"�JÉÅÉÌÆÉ Ã�ÄÖËÌÃÚ ÇÖÙÖÎÆ ØÃÌÃÙÄÃØÆÆ È Ã�7ÉØ ÊÐÕÎÖÉ ÙÖÌÃ È ËÄÉË"ÉØ �ÖÄÖ�ÄÖÔÉ
ÄÖ�ÃËÓ� �Ì�ÉÏËÆÈÌÃÊË" �ÄÑØÃ�Ã ÃËÃ�ÄÖÜÉÌÆÑ ØÃÌÃÙÄÃØÆÆ ����b�Í Ã�ÄÖÌÆÎÉÌÌÃ�Ã ÌÖ�ÃÙ�ÄÃÊËÄÖÌÊËÈÃ �� ÏÃ#ÔÔÆÒÆÉÌËÃÈÍÆØÉ�7Æ× 	�A?��(,����- ÙÉËÉÄØÆÌÖÌËÍ

3 ∈ �� ⊂ � 9 YZ[ 3�0� 2 ��0� 2 ∏��G+�0− ���∏EFG+�0− 0F��� X � 2∑
F
�FX ����%�

È ËÃØ ÊÐÕÎÖÉÍ ÏÃ�ÙÖ É�Ã ÌÕÐÆ �� ÌÉ ÏÃÌ�ÄÕ#ÌËÌÓÍ ÌÉ�ÃÊÄÉÙÊËÈÉÌÌÃ ÊÐÉÙÕÉË ÆÇ Ã�ÄÉÙÉÛÐÉÌÆÑ ÏÖÌÃÌÆÎÉÊÏÆ× ÄÉÅÉÌÆÚ � �ÃÊËÄÃÉÌÆÉ ÆÇÃØÃÌÃÙÄÃØÌÓ× ÙÉÔÃÄØÖÒÆÚ Æ�ÄÖÉË ÈÖÜÛ
ÌÉÚÅÕ�ÄÃÐ" ÙÐÑ �ÃÊËÄÃÉÌÆÑÆ Ã�ÆÊÖÌÆÑ ÃÙÌÃÇÌÖÎÌÓ×ÈÉËÈÉÚ ÃËÃ�ÄÖÜÉÌÆÑÍÃ�ÄÖËÌÃ�Ã
Ï ����b��KÖÇÃÈÉØ ÄÖÒÆÃÌÖÐ"ÌÓÉ ÔÕÌÏÒÆÆ�Æ�′ ÈÆÙÖ ����%� #ÏÈÆÈÖÐÉÌËÌÓØÆÍÉÊÐÆ Æ× �ÃÐ�Û
ÊÓ Æ ÌÕÐÆ �Ã�ÖÄÌÃ ÏÃÌ�ÄÕ#ÌËÌÓÍ Ë�É� ��− �′� ∈ Z

Í 0F− 0′F ∈ Z
� �Ó ÙÃÏÖÇÓÈÖÉØÍÎËÃ

ÙÐÑ Ð��ÃÚ �ÖÄÓ #ÏÈÆÈÖÐÉÌËÌÓ× ÔÕÌÏÒÆÚ ÊÕ7ÉÊËÈÕÉË �ÆÄÖÒÆÃÌÖÐ"ÌÓÚ ÆÇÃØÃÄÔÆÇØ
	�′� 9�� 7→ �′� Í ÊÃ×ÄÖÌÑ�7ÆÚ ÙÖÌÌÓÉ ØÃÌÃÙÄÃØÆÆ � TÐÉÙÃÈÖËÉÐ"ÌÃÍ ÙÐÑ ËÃ�Ã ÎËÃÛ�Ó ÙÃÏÖÇÖË" Í ÎËÃ ÌÖ ÃËÏÄÓËÃØ ØÌÃÜÉÊËÈÉ �ÄÃÊËÄÖÌÊËÈÖ 


b� ØÖËÄÆÒ ÊÈÑÇÆÍ ÆØÉ�7Æ×
ÔÆÏÊÆÄÃÈÖÌÌÓÚ Ã�ÄÉÙÉÐÆËÉÐ" �̂ 2����Í� 2 g��UO Í Ã�ÄÉÙÉÐÉÌÃ ÃËÃ�ÄÖÜÉÌÆÉ
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Ã�ÄÖËÌÃÉ Ï Ã�ÄÖÌÆÎÉÌÆ� ����b� ÌÖ �� Í ÙÃÊËÖËÃÎÌÃ �ÃÊËÄÃÆË" ���5&� ÙÐÑ ÃÙÌÃ�Ã �ÄÉÙÛ
ÊËÖÈÆËÉÐÑ � È ÏÖÜÙÃØ ÏÐÖÊÊÉ #ÏÈÆÈÖÐÉÌËÌÃÊËÆ ����� ÏÖÜÙÃØ ÏÐÖÊÊÉ #ÏÈÆÈÖÐÉÌËÌÃÊËÆ ��� ØÃÜÌÃ ÈÓ�ÄÖË" È ÏÖÎÉÊËÈÉ �ÄÉÙÊËÖÈÆËÉÐÑ
ÔÕÌÏÒÆ��Í ÌÕÐÆ Æ �ÃÐ�ÊÓ ÏÃËÃÄÃÚ �ÄÆÌÖÙÐÉÜÖË ÃÙÌÃÚ �ÃÐÃÊÉ ÈÆÙÖ �� � � #ËÃØ ÊÐÕÛ
ÎÖÉ ÏÖÌÃÌÆÎÉÊÏÆÉ ØÉÄÃØÃÄÔÌÓÉ ÄÉÅÉÌÆÑ /L Æ /S �ÃÐÃØÃÄÔÌÓ È �ÉÄÉÊÉÏÖ�7Æ×ÊÑ Ã�Û
ÐÖÊËÑ×�Z 0 � �1�Æ �Z 0  �� � #ËÃØ ÊÐÕÎÖÉ ÇÖÙÖÎÖ ÈÃÊÊËÖÌÃÈÐÉÌÆÑ /S
L� �Ã ØÖËÄÆÛÒÉ ÊÈÑÇÆ ÊÈÃÙÆËÊÑ Ï ÊËÖÌÙÖÄËÌÃÚ ÇÖÙÖÎÉ ÔÖÏËÃÄÆÇÖÒÆÆ JÆØÖÌÖ�8ÆÐ"�ÉÄËÖ ÌÖ �ÄÑØÃÚ
�Z 0 2 � 1 �M5�� ÎÉËÈÉÄËÃØ �ÖÄÖ�ÄÖÔÉ ÄÖ�ÃËÓ ÄÖÊÊØÃËÄÉÌ ÏÃÌËÆÌÕÖÐ"ÌÓÚ �ÄÉÙÉÐ ÄÖÇÌÃÊËÌÓ×
ÕÄÖÈÌÉÌÆÚ ��ÓÙÃÏÖÇÓÈÖÉØÍÎËÃ ÙÐÑ ÙÃÊËÖËÃÎÌÃØÖÐÃ�Ã�ÏÖÌÃÌÆÎÉÊÏÆÉØÉÄÃØÃÄÔÌÓÉ
ÄÉÅÉÌÆÑ /� ÄÖÇÌÃÊËÌÃ�Ã ÕÄÖÈÌÉÌÆÑ

/�0 1 �� 2(�1 �3D 1 � E∑FG+
3F0− 0F

)/�0� ���5��
ÊÕ7ÉÊËÈÕ�Ë ÙÐÑ Ð��Ã�Ã � ËÖÏÃ�ÃÍÎËÃ |�−�Z 0F|  ��� 4ÃÐÉÉ ËÃ�ÃÍÃÏÖÇÓÈÖÉËÊÑÍÎËÃ
È �ÄÉÙÉÐÉ � → & #ËÆ ÄÉÅÉÌÆÑ È ÃÏÄÉÊËÌÃÊËÆ �ÄÑØÃÚ �Z 0 2 � ÄÖÈÌÃØÉÄÌÃ Ê×ÃÙÑËÊÑ Ï
ÄÉÅÉÌÆÑØ ÙÆÔÔÉÄÉÌÒÆÖÐ"ÌÃ�Ã ÕÄÖÈÌÉÌÆÑ

a/̂a0 2(3D 1 E∑FG+
3F0− 0F

)/̂�0�\ ���55�



����������)�� ������ ���������	 '�������
 ~~�
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ØÃÄÔÌÃÉ �ÄÃÙÃÐÜÉÌÆÉ È ËÃÎÏÆ � 2 &Í� 2∞ � TÐÉÙÃÈÖËÉÐ"ÌÃÍ���� ��� ÑÈÐÑÉËÊÑ ÄÖÛ
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���������� �ÄÆÈÉÙÉÌÌÃÉ ÙÃÏÖÇÖËÉÐ"ÊËÈÃ ÐÉØØÓ ÃÙÌÃÈÄÉØÉÌÌÃ ÙÉØÃÌÊËÄÆÄÕÉËÍ

ÎËÃ ÊÕ7ÉÊËÈÃÈÖÌÆÉ4� ÙÐÑ Ã�7Æ×3Æ � ËÖÏÆ×ÍÎËÃ ��Y�3 2 &ÍÑÈÐÑÉËÊÑ �ÄÃÊËÓØ ÊÐÉÙÛ
ÊËÈÆÉØ ÊÕ7ÉÊËÈÃÈÖÌÆÑ /L� ]ÉÚÊËÈÆËÉÐ"ÌÃÍ ÄÖÊÊØÃËÄÆØ ÔÕÌÏÒÆ��� ÈÆÙÖ �5�6��Í �ÙÉ
ÊÕØØÖ �ÉÄÉËÊÑ �Ã ÈÊÉØ 0	 ËÖÏÆØÍ ÎËÃ �Z 0	 � �� CÊÐÃÈÆÉÍ ÎËÃ ÔÕÌÏÒÆÑ /� 2 /L�−

+��ÃÐÃØÃÄÔÌÖ È �� Í #ÏÈÆÈÖÐÉÌËÌÃ ÊÆÊËÉØÉ ÖÐ�É�ÄÖÆÎÉÊÏÆ× ÕÄÖÈÌÉÌÆÚ ÌÖ ÈÓÎÉËÓ ���cÊÐÆ ��Y�3 2 &Í ËÃ ÎÆÊÐÃ ÕÄÖÈÌÉÌÆÚ ÄÖÈÌÃ ÎÆÊÐÕ ÌÉÆÇÈÉÊËÌÓ×ÍÆ È Ã�7ÉØ �ÃÐÃÜÉÌÆÆ
ÏÖÌÃÌÆÎÉÊÏÆÉ ØÉÄÃØÃÄÔÌÓÉ ÄÉÅÉÌÆÑ /� ÈÊÉ�ÙÖ ÊÕ7ÉÊËÈÕ�Ë�TÐÉÙÊËÈÆÉØ ÐÉØØÓ ÑÈÐÑÉËÊÑ ÕËÈÉÄÜÙÉÌÆÉÍÎËÃ /� ÐÃÏÖÐ"ÌÃ �ÃÊËÃÑÌÌÃ �Ã �ÉÄÉØÉÌÛ
ÌÃÚ �� � ÎÖÊËÌÃÊËÆÍ /� ÌÉ ÇÖÈÆÊÆË ÃË � È ÆÌËÉÄÈÖÐÉ � � ���	{�Z 0	} � TÃÃËÈÉËÊËÈÕÛ�7ÖÑ ÔÕÌÏÒÆÑ /L ÑÈÐÑÉËÊÑ ÉÙÆÌÊËÈÉÌÌÓØ ØÉÄÃØÃÄÔÌÓØ ÄÉÅÉÌÆÉØ ÕÄÖÈÌÉÌÆÑ �����Í
ÏÃËÃÄÃÉ �ÃÐÃØÃÄÔÌÃ È Ã�ÐÖÊËÆ �Z 0� &Í�ÙÉ ÃÌÃ ÖÊÆØ�ËÃËÆÎÉÊÏÆ ÄÖÈÌÃ d �ÄÆ � 0→
−∞ Æ ÖÊÆØ�ËÃËÆÎÉÊÏÆ ÄÖÈÌÃ d PL Í ÏÃ�ÙÖ � 0 → ∞ � �ÄÆ �ÃÐ"ÅÆ× |�| ÏÃ#ÔÔÆÒÆÉÌË�3̃ − �� È ÕÄÖÈÌÉÌÆÆ �5��!� ÄÖÈÌÃØÉÄÌÃ Ã�ÄÖÌÆÎÉÌ � TÐÉÙÃÈÖËÉÐ"ÌÃÍ ÄÉÅÉÌÆÉ � ÕÄÖÈÛÌÉÌÆÑÍ ÏÃËÃÄÃÉ Õ�ÓÈÖÉË ÏÖÏ |��>�| � ��|>|−Fl	� ÌÖ ÙÈÕ× ÏÃÌÒÖ× �ÄÑØÃÚ RÍ ÄÖÈÌÃØÉÄÛÌÃ Ã�ÄÖÌÆÎÉÌÃ ÈÉÐÆÎÆÌÃÚ �ÃÄÑÙÏÖ ��|�|−Fl	�� � #ËÃØ ÊÐÕÎÖÉ ÆÇ �5�5 � ÊÐÉÙÕÉËÍ ÎËÃP±� 2 �1��|�|−Fl	���ÖËÄÆÒÖPL 2 Pl� �P−� �−+ÌÉ ÇÖÈÆÊÆË ÃË�� TÐÉÙÃÈÖËÉÐ"ÌÃÍPL 2 �
Æ /L ÖÊÆØ�ËÃËÆÎÉÊÏÆ ÄÖÈÌÃ d È �ÃÐÕ�ÐÃÊÏÃÊËÆ �Z 0 � &� .ÌÖÐÃ�ÆÎÌÓØ Ã�ÄÖÇÃØ ÙÃÛ
ÏÖÇÓÈÖÉËÊÑÍ ÎËÃ /� �ÄÆ � � & ØÃÜÉË �ÓË" ÃËÃÜÙÉÊËÈÐÉÌÖ Ê /S� CËÈÉÄÜÙÉÌÆÉ ���ËÉÃÄÉØÓ ÙÃÏÖÇÖÌÃ�
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ÆÊÏÃØÓ× ÄÉÅÉÌÆÚ /	� JÉÅÉÌÆÑ /	 ÊÕ7ÉÊËÈÕ�Ë �ÄÆ ÈÊÉ× oÍ ÉÊÐÆ 3�ÄÆÌÖÙÐÉÜÆË �ÉÄÉÛ
ÊÉÎÉÌÆ� ÏÃÌÉÎÌÃ�Ã ÎÆÊÐÖ ÃËÏÄÓËÓ× ØÌÃÜÉÊËÈ � BËÃ �ÃH�ÄÉÜÌÉØÕ ÕÊÐÃÈÆÉ ÃËÏÄÓËÃ�Ã
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ËÖÏÜÉ ÑÈÐÑÉËÊÑ ØÖËÄÆÒÉÚ ÄÖÌ�Ö � ÆÍ ÇÌÖÎÆËÍ ØÃÜÉË �ÓË" �ÄÉÙÊËÖÈÐÉÌ È ÈÆÙÉ �	��	 �
�Ç �5�6�� ÊÐÉÙÕÉË �5�6%�� CÊÐÃÈÆÉ YZ[ 3 2 � Æ ÌÃÄØÆÄÃÈÏÖ P−	 2 � ÈÐÉÏÕË ÇÖ ÊÃ�ÃÚ
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E · · ·
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�Ç ÕÄÖÈÌÉÌÆÚ �6�%� ÊÐÉÙÕÉË

�−
+ 2 �

−
���0− �� \ �6��&�

�Ç ÈËÃÄÃ�Ã ÆÇ ÕÄÖÈÌÉÌÆÚ �6�%� ÊÐÉÙÕÉËÍ ÎËÃ ØÖËÄÆÒÖ 3′ Í ÇÖÙÖÌÌÖÑ ÔÃÄØÕÐÃÚ �6�5�Í ÄÉÛ�ÕÐÑÄÌÖ È ËÃÎÏÉ ��� �ÖËÄÆÒÖ 3′ ÆØÉÉË �ÃÐ�Ê ÄÖÌ�Ö � È ËÃÎÏÉ 0	 − �� JÖÌ� ÉÉ ÈÓÎÉËÖ
È 0	 ÄÖÈÉÌ ÄÖÌ�Õ ØÖËÄÆÒÓ 3	�−

+�0	�� �ÉÈÃÉ ÌÕÐ"H�ÄÃÊËÄÖÌÊËÈÃ �ÃÊÐÉÙÌÉÚ ÊÃÙÉÄÜÆË
ÌÕÐ"H�ÄÃÊËÄÖÌÊËÈÃ3	 Æ ÈÉÏËÃÄHÊËÄÃÏÕ �� � TÐÉÙÃÈÖËÉÐ"ÌÃÍ ÄÖÌ� ÈÓÎÉËÖ3′ È 0	 ÄÖÈÉÌ
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�	 − �� �ÉØ ÜÉ ÊÖØÓØ Ê�ÃÊÃ�ÃØÍ ÈÓ�ÆÄÖÑ ÙÄÕ�ÃÚ ÌÕÐ" ��� Ã�ÄÉÙÉÐÆËÉÐÑ � Æ ÊÃ�ÊËÛÈÉÌÌÓÚ ÈÉÏËÃÄ 3′	 2 _Z`O 3′ Í ÃËÈÉÎÖ�7ÆÚ ÌÉÌÕÐÉÈÃØÕ ÊÃ�ÊËÈÉÌÌÃØÕ ÇÌÖÎÉÌÆ�Í ØÓ�ÃÊËÄÃÆØ ÔÕÌÏÒÆ� 3′′ Ê �ÃÐ�ÊÃØ È 0	 ÄÖÌ�Ö �	 − 5� �ÄÃÙÃÐÜÖÑ #ËÃË �ÄÃÒÉÊÊÍ ØÓ�ÃÐÕÎÆØ ØÖËÄÆÎÌÕ� ÔÕÌÏÒÆ� 	 ��������	 �3�Í ÏÃËÃÄÖÑ ÄÉ�ÕÐÑÄÌÖ È 0	 Æ ÆØÉÉË �ÃÐ�Ê
ÄÖÌ�Ö �	 È ËÃÎÏÉ 0	− ��
	ÖÏ ÊÐÉÙÕÉËÆÇ ÕËÈÉÄÜÙÉÌÆÑ ÐÉØØÓ 6�5ÍÆÇÃØÃÌÃÙÄÃØÌÃÉ�ÄÉÃ�ÄÖÇÃÈÖÌÆÉ	��������	

ÃÙÌÃÇÌÖÎÌÃ Ã�ÄÉÙÉÐÉÌÃ ÈÓ�ÃÄÃØ �ÃÐ�ÊÖ 0	 Æ �ÃÙØÌÃÜÉÊËÈÖ �	 ÌÕÐÉÚ ��� ÔÕÌÏÒÆÆ ��BËÆ �ÄÉÃ�ÄÖÇÃÈÖÌÆÑ ÖÌÖÐÃ�ÆÎÌÓ �ÄÉÃ�ÄÖÇÃÈÖÌÆÑØÍ ÈÈÉÙÉÌÌÓØ È ��&� ÙÐÑ ÊÐÕÎÖÑ �ÃÛ
ÐÆÌÃØÆÖÐ"ÌÓ× 3�0��BÐÉØÉÌËÖÄÌÓÉ �ÄÉÃ�ÄÖÇÃÈÖÌÆÑ ÈËÃÄÃ�Ã ËÆ�Ö ÇÖÙÖ�ËÊÑ �ÖÄÃÚ ÌÕÐÉÚ �� Æ �� ÔÕÌÏÛÒÆÆ �� TÃÃËÈÉËÊËÈÕ�7ÖÑ ØÖËÄÆÒÖ� 2 ���� Ã�ÄÉÙÉÐÑÉËÊÑ ÔÃÄØÕÐÃÚ

���� 2 �1 �����0− �� − � X �6����

È ÏÃËÃÄÃÚ �� Æ �� Ã�ÄÉÙÉÐÑ�ËÊÑ ÊÃÃËÌÃÅÉÌÆÑØÆ
��� 3������ 2 &� ���� ���3���� 2 &� ����� ������� 2 �� − �� 1 �\ �6��5�

�Ç �6��5� ����� ÊÐÉÙÕÉËÍ ÎËÃ �−
+

��� 2 �
− ����� M�0 − ���� �ÄÆ #ËÃØ ÆÇ ÕÄÖÈÌÉÌÆÚ�6��5� ���Í ���� ÊÐÉÙÕÉËÍ ÎËÃ ØÖËÄÆÒÖ

	 �|� �3� 2 �−
+

��� �0 1 ��3�0��−
+

��� �0� 2
(�1 �����0− �

�

)3�0�(�1 �����0− ��
) �6��6�

ÄÉ�ÕÐÑÄÌÖÆ ÌÉÈÓÄÃÜÙÉÌÖÈ ËÃÎÏÖ× �� Æ �� � IÌÖÆØÉÉË ËÉ ÜÉ �ÃÐ�ÊÓÍÎËÃ Æ 3� KÕÐÑØÆ
ÉÉ Ã�ÄÉÙÉÐÆËÉÐÑ ÑÈÐÑ�ËÊÑ ËÃÎÏÆ ��− �Í �� 1 �Æ �� Í � 62 �X� �

�ÄÉÃ�ÄÖÇÃÈÖÌÆÑ 	�′� ØÃ�ÕË �ÓË" �ÃÐÕÎÉÌÓ ÏÃØ�ÃÇÆÒÆÉÚ #ÐÉØÉÌËÖÄÌÓ× �ÄÉÃ�ÄÖÇÃÛÈÖÌÆÚ � ]ÉÚÊËÈÆËÉÐ"ÌÃÍ ÉÊÐÆ� Æ�′ #ÏÈÆÈÖÐÉÌËÌÓÍËÃ �ÃÐ�ÊÓ3ØÃ�ÕË �ÓË" ÊÙÈÆÌÕËÓ
ÆÇ � È �′ Ê �ÃØÃ7"� �ÄÉÃ�ÄÖÇÃÈÖÌÆÚ �ÆÐÆ Æ× Ã�ÄÖËÌÓ×� �ÉÄÈÃ�Ã ËÆ�Ö� �ÃÊÐÉ #ËÃ�Ã�
−
�ÌÕÐÉÚ ØÃ�ÕË �ÓË" ÊÙÈÆÌÕËÓ È�− �ÌÕÐÉÚ�′ Ê �ÃØÃ7"��ÄÉÃ�ÄÖÇÃÈÖÌÆÚ ÈËÃÄÃÛ�Ã ËÆ�Ö� �ÄÆ #ËÃØ ÕÄÖÈÌÉÌÆÉ �6���ÃÙÌÃÇÌÖÎÌÃ Ã�ÄÉÙÉÐÑÉË �ÃÐÃÜÉÌÆÉ �ÃÊÐÉÙÌÉ�ÃÌÕÐÑ �

�ÉØØÖ ÙÃÏÖÇÖÌÖ�
IÊÌÃÈÌÓØ ÄÉÇÕÐ"ËÖËÃØ #ËÃ�Ã �ÖÄÖ�ÄÖÔÖ ÑÈÐÑÉËÊÑ ÊÐÉÙÕ�7ÖÑ ËÉÃÄÉØÖ�
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��������������� �Ç ÄÉÇÕÐ"ËÖËÃÈÍ ÙÃÏÖÇÖÌÌÓ× ÈÓÅÉÍ ÊÐÉÙÕÉËÍ ÎËÃ ÉÊÐÆ ØÖËÄÆÎÛ

ÌÖÑ ÔÕÌÏÒÆÑ 3�0� ÊÕ7ÉÊËÈÕÉË ÙÐÑ ÃÙÌÃ�Ã ÌÖ�ÃÄÖ ÈÉËÈÉÚ 0	Í �� Í ËÃ È Ã�7ÉØ �ÃÐÃÜÉÌÆÆÃÌÖ ÊÕ7ÉÊËÈÕÉË Æ ÙÐÑ Ð��Ã�Ã ÙÄÕ�Ã�Ã #ÏÈÆÈÖÐÉÌËÌÃ�Ã ÌÖ�ÃÄÖ� TÐÉÙÃÈÖËÉÐ"ÌÃÍ ÙÐÑ
ÙÃÏÖÇÖËÉÐ"ÊËÈÖ ËÉÃÄÉØÓ ÙÃÊËÖËÃÎÌÃ �ÃÊËÄÃÆË" ×ÃËÑ �Ó ÃÙÌÃ ÕÄÖÈÌÉÌÆÉ �����Í ÙÐÑ ÏÃÛ
ËÃÄÃ�Ã ÇÖÙÖÌÌÖÑ ÔÕÌÏÒÆÑ Q ÑÈÐÑÉËÊÑ ØÖËÄÆÒÉÚ ÊÈÑÇÆ ÏÖÌÃÌÆÎÉÊÏÆ× ÄÉÅÉÌÆÚ ��Ó�ÉÄÉØ ÈÉ7ÉÊËÈÉÌÌÃÉ ÎÆÊÐÃ � ËÖÏÃÉÍ ÎËÃ ÌÖ �ÄÑØÃÚ R9 �Z 0 2 � ØÖËÄÆÒÖ Q�0�ÑÈÐÑÉËÊÑ ÄÉ�ÕÐÑÄÌÃÚ Æ Ã�ÄÖËÆØÃÚ � I�ÃÇÌÖÎÆØ �ÃÐÕ�ÐÃÊÏÃÊËÆ �Z 0 � � Æ �Z 0  �
ÎÉÄÉÇ �L Æ �S ÊÃÃËÈÉËÊËÈÉÌÌÃ� JÖÊÊØÃËÄÆØ ÊÐÉÙÕ�7Õ� ÇÖÙÖÎÕ ÔÖÏËÃÄÆÇÖÒÆÆ �
������ ���� �(6 :!;!,,'" Q ,!"#$ % '
(!)#6< �L $ �S '
-!#$7.* 7!#-$8�,.* 1/,23$$ �L�0� $ �S�0�5 2'#'-.* 9'('7'-1,. $ '9-!,$8*,. %,/#-$ '
(!)�#*"5 ,*&-*-.%,. %&('#	 ;' 9-!,$3 $ #!2'%.5 8#' 9-!,$8,.* :,!8*,$6 1/,23$"/L
S� 2 �L
S�

gO hi jklm hi O /;'%(*#%'-60# /-!%,*,$0

/L�>� 2 /S�>�Q�>�X >
∈ R\ �6��b�

����� ���� �(6 7!#-$3. Q '
�*9' &'('�*,$6 :!;!8!  $7**# -*=*,$*5
2'#'-'* *;$,)#%*,,' ) #'8,')#	0 ;' ,'-7!($:!3$$ �′L
S� 2 P�L
S� 
��������������� JÖÊÊØÃËÄÆØ ÔÕÌÏÒÆÆ �L
S� Í ÇÖÙÖÈÖÉØÓÉ È ÏÖÜÙÃÚ ÆÇ ÊÃÃËÈÉËÛÊËÈÕ�7Æ× �ÃÐÕ�ÐÃÊÏÃÊËÉÚ ÆÌËÉ�ÄÖÐÃØ 	ÃÅÆ

� �0� 2 �1 �5��
∫
� f�

>� a>
>
− 0 \ �6����

CÄÖÈÌÉÌÆÉ �6��b� #ÏÈÆÈÖÐÉÌËÌÃ ÕÄÖÈÌÉÌÆ�
�5f�

>����>� 1 ��− �5�����>����>�− �� 2 ���>�− ��X �6�� �
È ÏÃËÃÄÃØ � 2 dDQd−

+D Í dD 2 gO hi jklm hi O� cÊÐÆ Q ÆØÉÉË ÈÆÙ ��� ÆÐÆ ���Í ËÃ È�ÉÊÏÃÌÉÎÌÃÊËÆ � #ÏÊ�ÃÌÉÌÒÆÖÐ"ÌÃ ÊËÄÉØÆËÊÑ Ï � Æ ÙÐÑ ØÖËÄÆÒÓ Q Ã�7É�Ã �ÃÐÃÜÉÛÌÆÑ ÕÄÖÈÌÉÌÆÉ �6�� � ÆØÉÉË ÉÙÆÌÊËÈÉÌÌÃÉ ÄÉÅÉÌÆÉ� � ÊÐÕÎÖÉ ��� ÄÕÎÌÓ× ÕÄÖÈÌÉÌÆÚ Ê
ÈÉ7ÉÊËÈÉÌÌÓØÆ #ÏÊ�ÃÌÉÌËÖØÆ � ÌÉ ÆØÉÉË �ÄÉÙÉÐÖ È �ÉÊÏÃÌÉÎÌÃÊËÆ � TÐÉÙÕ�7ÖÑ ÌÉÛ
ÇÌÖÎÆËÉÐ"ÌÖÑ ØÃÙÆÔÆÏÖÒÆÑ ÇÖÙÖÎÆ �ÃÇÈÃÐÑÉË ÙÃÏÖÇÖË" ÐÉØØÕ Æ È ÊÐÕÎÖÉ ���� JÖÊÛ
ÊØÃËÄÆØ ÔÕÌÏÒÆÆ �′L
S� Í ÇÖÙÖÈÖÉØÓÉ ÆÌËÉ�ÄÖÐÃØ 	ÃÅÆ �6���� ÈÙÃÐ" �ÄÑØÃÚ > ∈ R′ 9
�_��> − �� 2 �M5 1 �Í �  &� cÊÐÆ f�

>�Í > ∈ R′ Í ÑÈÐÑÉËÊÑ ÄÉÅÉÌÆÉØ ÕÄÖÈÌÉÌÆÑ �6�� �
ÌÖ R′ Ê ÏÃ#ÔÔÆÒÆÉÌËÃØ�′ 2 dDPSQd−

+D Í ËÃ �ÄÖÌÆÎÌÓÉ ÇÌÖÎÉÌÆÑ ÔÕÌÏÒÆÚ /′ 2 �′L dD
Æ �′SdD ÌÖ R′ ÕÙÃÈÐÉËÈÃÄÑ�Ë ÕÄÖÈÌÉÌÆ�

/′L�>� 2 /′S�>�PSQ�>�X >
∈ R′ \ �6��!�

�Ç �5�!&� ÊÐÉÙÕÉËÍ ÎËÃ�′ ÈÙÃÐ" R′ #ÏÊ�ÃÌÉÌÒÆÖÐ"ÌÃ ÊËÄÉØÆËÊÑ Ï ÉÙÆÌÆÎÌÃÚ ØÖËÄÆÒÉ��Ã#ËÃØÕ È Ã�7ÉØ �ÃÐÃÜÉÌÆÆ ÄÉÅÉÌÆÉ f ÊÃÃËÈÉËÊËÈÕ�7É�Ã ÕÄÖÈÌÉÌÆÑ �6�� � ÌÖ R′ ÊÕÛ7ÉÊËÈÕÉË Æ ÉÙÆÌÊËÈÉÌÌÃ� IÌÃ Ã�ÄÉÙÉÐÑÉË ÄÉÅÉÌÆÉ ÇÖÙÖÎÆ ÔÖÏËÃÄÆÇÖÒÆÆ �6��!�� CÄÖÈÛ
ÌÉÌÆÉ �6��!�ØÃÜÉË �ÓË" ÆÊ�ÃÐ"ÇÃÈÖÌÃ ÙÐÑ ØÉÄÃØÃÄÔÌÃ�Ã�ÄÃÙÃÐÜÉÌÆÑ ÔÕÌÏÒÆÚ/′L
S�ÍÏÃËÃÄÓÉ �ÉÄÈÃÌÖÎÖÐ"ÌÃ Ã�ÄÉÙÉÐÉÌÓ È �ÃÐÕ�ÐÃÊÏÃÊËÑ×Í ÄÖÇÙÉÐÉÌÌÓ× R′ � cÊÐÆ �  &
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 ~ª
ÙÃÊËÖËÃÎÌÃ ØÖÐÃÍ ËÃ Q È ÊÉÏËÃÄÖ× ØÉÜÙÕ R Æ R′ ÄÉ�ÕÐÑÄÌÖ Æ Ã�ÄÖËÆØÖ� �ÌÖÎÆËÍ �ÄÃÛ
ÙÃÐÜÉÌÆÑ /′L Æ /′S �ÃÐÃØÃÄÔÌÓ È Ã�ÐÖÊËÑ× �L Æ �S ÊÃÃËÈÉËÊËÈÉÌÌÃ� �ÕÌÏÒÆÆ /L 2 /′L
Æ /S 2 /′SPS ÑÈÐÑ�ËÊÑ ÄÉÅÉÌÆÉØ ÇÖÙÖÎÆ ÔÖÏËÃÄÆÇÖÒÆÆ �6��b�� �ÉØØÖ ÙÃÏÖÇÖÌÖ��ÕÊË" /L
S� ÑÈÐÑ�ËÊÑ ÄÉÅÉÌÆÉØ ÇÖÙÖÎÆ ÔÖÏËÃÄÆÇÖÒÆÆ �6��b�� �Ã�ÙÖ ÔÕÌÏÒÆÑ

3�0� 2 /L�0 1 ��/−
+L �0� 2 /S�0 1 ��/−

+S �0� �6��$�
�ÃÐÃØÃÄÔÌÖ È Ã�ÐÖÊËÑ× �Z 0 � � − � Æ �Z 0  �� IÌÖ ÊËÄÉØÆËÊÑ Ï 3D �ÄÆ 0 → ∞ ��ÌÕËÄÆ �ÃÐÃÊÓ��−+�ÃÐ�ÊÓ3Æ3−

+ ÊÃÈ�ÖÙÖ�Ë ÊÃÃËÈÉËÊËÈÉÌÌÃ Ê�ÃÐ�ÊÖØÆ QÆ Q−
+�TÐÉÙÃÈÖËÉÐ"ÌÃÍ3�0� ÆØÉÉË ÈÆÙ ���5�Í �ÙÉ �− � � �Z 0F � �� �ÉÃÄÉØÖ ÙÃÏÖÇÖÌÖ�

§�» �¾��¾��½À�� ��¾¿¾�
KÖÅÉÚ ÊÐÉÙÕ�7ÉÚ ÒÉÐ"� ÑÈÐÑÉËÊÑ ÙÃÏÖÇÖËÉÐ"ÊËÈÃ ËÃ�ÃÍÎËÃ È �ÄÉÙÉÐÉ �→ & ÏÖÌÃÛ

ÌÆÎÉÊÏÆÉ ØÉÄÃØÃÄÔÌÓÉ ÄÉÅÉÌÆÑ /� ÄÖÇÌÃÊËÌÃ�Ã ÕÄÖÈÌÉÌÆÑ ���5�� Ê×ÃÙÑËÊÑ Ï ÄÉÅÉÌÆÛ
ÑØ ÙÆÔÔÉÄÉÌÒÆÖÐ"ÌÃ�Ã ÕÄÖÈÌÉÌÆÑ ���55���ÃÊËÄÃÉÌÆÉØÉÄÃØÃÄÔÌÓ×ÄÉÅÉÌÆÚ /� ÕÄÖÈÌÉÌÆÑ ���5��ÍÏÃËÃÄÓÉ�ÃÐÃØÃÄÔÌÓÈ �ÃÛ
ÐÃÊÉ ��� 9 � � �Z 0 � � 1 �Í ËÄÉ�ÕÉË ÐÆÅ" ÌÉÇÌÖÎÆËÉÐ"ÌÓ× ÆÇØÉÌÉÌÆÚ ÔÃÄØÕÐÍ �ÄÆÈÉÛ
ÙÉÌÌÓ× ÈÓÅÉ� 	ÖÏ Æ ÄÖÌÉÉÍ ÊÉÏÒÆÃÌÌÃH�ÃÐÃØÃÄÔÌÃÉ ÄÉÅÉÌÆÉ 4� ÇÖÙÖÎÆ ÔÖÏËÃÄÆÇÖÒÆÆ

4l� �> 1 �� 2 �� 1 �3�>��4−� �>�X > 2 � 1 �? X �b���
ØÃÜÉË �ÓË" �ÄÉÙÊËÖÈÐÉÌÃ Ê �ÃØÃ7"� ÆÌËÉ�ÄÖÐÖ ËÆ�Ö	ÃÅÆ

4� 2 dD�X � 2 �1∫
���>�o��0X>� a> X o� 2 o��−+0X�−+>�X �b�5�

�ÙÉ o�0X>� Ã�ÄÉÙÉÐÉÌÃ ÔÃÄØÕÐÃÚ �5��6�Í Ö dD 2 gO hi
+l�jk�l�m hi O� �ÓÎÉË o� È 0 2 >
ÄÖÈÉÌ �Í�Ã#ËÃØÕ �ÄÖÌÆÎÌÓÉ ÇÌÖÎÉÌÆÑ � ÄÖÈÌÓ

�− �>� 2−
�
��>�5 1 �1 ���>�X �l�> 1 �� 2 �

��>�5 1 �1 ���>�X �b�6�
�ÙÉ �� Ã�ÃÇÌÖÎÖÉË �ÐÖÈÌÃÉ ÇÌÖÎÉÌÆÉ ÊÃÃËÈÉËÊËÈÕ�7É�Ã ÆÌËÉ�ÄÖÐÖ� TÆÌ�ÕÐÑÄÌÃÉ ÆÌÛ
ËÉ�ÄÖÐ"ÌÃÉ ÕÄÖÈÌÉÌÆÉ ÙÐÑ �Í ÏÃËÃÄÃÉ #ÏÈÆÈÖÐÉÌËÌÃ �b���Í ÆØÉÉË ÈÆÙ

�5 1 �3̃��− 53̃�� 2 53̃X �b�b�
�ÙÉ 3̃ 2 dD�> 1 ��−+3�>�dD�>�� cÊÐÆ |� − �Z 0	|  ��X ËÃ ÕÄÖÈÌÉÌÆÉ �b�b� ØÃÜÉË�ÓË" ÄÉÅÉÌÃ Ê �ÃØÃ7"� ÆËÉÄÖÒÆÚ � TÃÃËÈÉËÊËÈÕ�7ÉÉ ÄÉÅÉÌÆÉ /� ÄÖÇÌÃÊËÌÃ�Ã ÕÄÖÈÛ
ÌÉÌÆÑ ÌÉ ÇÖÈÆÊÆË ÃË � È ÆÌËÉÄÈÖÐÖ× �Z 0	 1 �� � � � �Z 0	l+ − ��� �ÖÏÆØ Ã�Û
ÄÖÇÃØÍ ØÓ �ÄÆ×ÃÙÆØ Ï ÈÓÈÃÙÕÍ ÎËÃ ÙÐÑ Ð��Ã�Ã �  & Æ Ð��ÃÚ ÄÖÒÆÃÌÖÐ"ÌÃÚ ÔÕÌÏÛ
ÒÆÆ 3�0� ÈÆÙÖ ���5� ÊÕ7ÉÊËÈÕÉË �D ËÖÏÃÉÍ ÎËÃ ÕÄÖÈÌÉÌÆÉ ���5�� ÙÐÑ � � �D ÆØÉÉË ÌÖÛ�ÃÄ ÏÖÌÃÌÆÎÉÊÏÆ× ØÉÄÃØÃÄÔÌÓ× ÄÉÅÉÌÆÚ /	Í ÏÃËÃÄÓÉ �ÃÐÃØÃÄÔÌÓ È �ÃÐÃÊÖ× 0 ∈ �	 9
�Z 0	 1 � ��Z 0 � �Z 0	l+− ��TÕ7ÉÊËÈÃÈÖÌÆÉ /	 ÃÇÌÖÎÖÉËÍÎËÃ ÙÐÑ Ð��ÃÚ ØÖËÄÆÒÓ 3 ÈÆÙÖ ���5� ÐÃÏÖÐ"ÌÓÉ ØÖËÛ
ÄÆÒÓ ØÃÌÃÙÄÃØÆÆ �	 Ã�ÄÉÙÉÐÉÌÓ ÙÐÑ ÙÃÊËÖËÃÎÌÃ ØÖÐÓ× �� TÐÉÙÃÈÖËÉÐ"ÌÃÍ ØÃÜÌÃ
ÄÖÊÊØÃËÄÉË" Æ× ÌÉ�ÄÉÄÓÈÌÓÚ �ÄÉÙÉÐ�
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�ÉÄÈÃÉ ÕËÈÉÄÜÙÉÌÆÉ ËÉÃÄÉØÓ ÊÐÉÙÕÉË ÆÇ ËÃ�ÃÍ ÎËÃ È ÏÃÌËÆÌÕÖÐ"ÌÃØ �ÄÉÙÉÐÉ ÊÆÊÛ
ËÉØÖ ÊÆÌ�ÕÐÑÄÌÓ× ÆÌËÉ�ÄÖÐ"ÌÓ× ÕÄÖÈÌÉÌÆÚ ÙÐÑ ÄÉÅÉÌÆÚ ÇÖÙÖÎÆ JÆØÖÌÖ�8ÆÐ"�ÉÄËÖ�ÉÄÉ×ÃÙÆË È ÙÆÔÔÉÄÉÌÒÆÖÐ"ÌÃÉ ÕÄÖÈÌÉÌÆÉ ���55�� �É�ÏÃ �ÄÃÈÉÄÆË" Í ÎËÃ

o��0X>� 2
{ �1����X 0− >  � �� �X >  � �� �X
����X >

− 0  � �� � ÆÐÆ > � � �� �X 0  � �� �\ �b���
.ÌÖÐÃ�ÆÎÌÓÉ ÊÃÃËÌÃÅÉÌÆÑ Ê�ÄÖÈÉÙÐÆÈÓ ÙÐÑ ÊÐÕÎÖÑ 0 � � �� �� � Ã�ÃÆ× ÊÐÕÎÖÑ× ØÓ�ÃÐÕÎÖÉØÍÎËÃ

���0� 2 ∫ O
D ��>� a> 1����\ �b� �

�Ç �b�b�Í �b� � ÊÐÉÙÕÉËÍ ÎËÃ ÔÕÌÏÒÆÑ � 2 �1 �� ÕÙÃÈÐÉËÈÃÄÑÉË ÊÃÃËÌÃÅÉÌÆ�
a�a0 2 3�0���0� 1����\ �b�!�

KÖ �ÄÑØÃÚ R�9 �Z 0 2 � ÔÕÌÏÒÆÑ 4� ÄÖÈÌÖ � 1����� TÐÉÙÃÈÖËÉÐ"ÌÃÍ ÌÖ #ËÃÚ �ÄÑØÃÚ/� Ê×ÃÙÆËÊÑ Ï /̂	 � ]ÐÑ ÊÐÕÎÖÉÈ ÄÕÎÌÓ× ÕÄÖÈÌÉÌÆÚ Ê ÈÉ7ÉÊËÈÉÌÌÓØÆ #ÏÊ�ÃÌÉÌËÖØÆ
Ê×ÃÙÆØÃÊË" ÄÖÈÌÃØÉÄÌÖÈ �	 � ]ÐÑ ÊÐÕÎÖÑ4ÆÄÏ�ÃÔÖ Ê×ÃÙÆØÃÊË" ÊËÖÌÃÈÆËÊÑ ÄÖÈÌÃØÉÄÛ
ÌÃÚ ÐÆÅ" �ÄÆ Ê�ÉÒÆÖÐ"ÌÃØÈÓ�ÃÄÉ�ÃÊËÃÑÌÌÃ�ÃÎÐÉÌÖPÈ ÆÌËÉ�ÄÖÐ"ÌÃØ �ÄÉÙÊËÖÈÐÉÌÆÆ
ÙÐÑ 4�Í ÏÃËÃÄÓÚ È �b�5� �ÓÐ ÈÓ�ÄÖÌ È ÈÆÙÉ P 2 � �ÊÄ� Ê �5�! ����ËÃÄÃÉÆ ËÄÉË"É ÕËÈÉÄÜÙÉÌÆÑ ËÉÃÄÉØÓÑÈÐÑ�ËÊÑ �ÄÑØÓØÆ ÊÐÉÙÊËÈÆÑØÆ ���Æ Ã�ÄÉÛ
ÙÉÐÉÌÆÚ ÐÃÏÖÐ"ÌÓ× ØÖËÄÆÒ ØÃÌÃÙÄÃØÆÆ �	 Æ ØÖËÄÆÒ �PS XPL� Æ �QDXQ∞��

§
�» ���À��À�¾ ���½À¾ÀÁ
 À� ���Á��Á�¾�Á� ��Á½��

� #ËÃØ �ÖÄÖ�ÄÖÔÉ ØÓ ÊËÄÃÆØ �ÄÑØÃÉ Æ Ã�ÄÖËÌÃÉ �ÄÉÃ�ÄÖÇÃÈÖÌÆÑ ØÃÌÃÙÄÃØÆÆ ÙÐÑ
ÄÖÇÌÃÊËÌÓ× ÕÄÖÈÌÉÌÆÚ ÌÖ #ÐÐÆ�ËÆÎÉÊÏÃÚ ÏÄÆÈÃÚ �JÖÊÊØÃËÄÆØ ÕÄÖÈÌÉÌÆÉ /�0 1 �� 2 3�0�/�0�X �����
È ÏÃËÃÄÃØ3�0� ÑÈÐÑÉËÊÑ ØÉÄÃØÃÄÔÌÃÚ ��× ��HØÖËÄÆÎÌÃÚ ÔÕÌÏÒÆÉÚ Ê �ÄÃÊËÓØÆ �ÃÐ�Û
ÊÖØÆÍ ÏÃËÃÄÖÑ ÕÙÃÈÐÉËÈÃÄÑÉË ÊÐÉÙÕ�7ÆØ ÊÈÃÚÊËÈÖØ ØÃÌÃÙÄÃØÆÆ 9

3�0 1 5��� 2 ��3�0��−
+� X �� ∈ QRS\ ���5�

�ÖËÄÆÒÖ 3�0� ØÃÜÉË ÄÖÊÊØÖËÄÆÈÖË"ÊÑ ÏÖÏ ØÉÄÃØÃÄÔÌÃÉ ÊÉÎÉÌÆÉ ÄÖÊÊÐÃÉÌÆÑ
����� X� � ÌÖÙ #ÐÐÆ�ËÆÎÉÊÏÃÚ � Ê �ÉÄÆÃÙÖØÆ �5�+X 5���Í ����M�+�  &� �ÙÉÊ" �
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ÑÈÐÑÉËÊÑ �ÃÐÃØÃÄÔÌÓØ ÈÉÏËÃÄÌÓØ ÄÖÊÊÐÃÉÌÆÉØ ÌÖÙ �Í ÏÃËÃÄÃÉ Ã�ÄÉÙÉÐÑÉËÊÑ �ÖÄÃÚ
ÏÃØØÕËÆÄÕ�7Æ× ØÖËÄÆÒ ��� �Ó �ÕÙÉØ �ÄÉÙ�ÃÐÖ�ÖË" Í ÎËÃ �� ÙÆÖ�ÃÌÖÐÆÇÕÉØÓ�CÄÖÈÌÉÌÆÉ ����� ÆÌÈÖÄÆÖÌËÌÃ ÃËÌÃÊÆËÉÐ"ÌÃ �ÄÉÃ�ÄÖÇÃÈÖÌÆÚ 3′ 2 �3�−

+� �Ã#ËÃØÕ
ÉÊÐÆ �� ÙÆÖ�ÃÌÖÐÆÇÕÉØÓÍ ËÃ �ÉÇ Ã�ÄÖÌÆÎÉÌÆÑ Ã�7ÌÃÊËÆ ØÃÜÌÃ ÊÎÆËÖË" Í ÎËÃ ��
ÙÆÖ�ÃÌÖÐ"ÌÓ� ]ÖÐÉÉÍ È #ËÃÚ ÏÖÐÆ�ÄÃÈÏÉ ÉÊÐÆ � � ÙÆÖ�ÃÌÖÐ"ÌÖÑ ØÖËÄÆÒÖÍ ËÃ
ÕÄÖÈÌÉÌÆÉ ����� ÆÌÈÖÄÆÖÌËÌÃ Æ ÃËÌÃÊÆËÉÐ"ÌÃ �ÄÉÃ�ÄÖÇÃÈÖÌÆÚ

/′ 2 �O/X 3′ 2 �Ol�3�0��−OX �UV 2 �UWUV \ ���6�
�ÖËÄÆÒÖ 3′ ÆØÉÉË ÊÐÉÙÕ�7ÆÉ ÊÈÃÚÊËÈÖ ØÃÌÃÙÄÃØÆÆ 9

3′ �0 1 5��� 2 �′�3′ �0���′��−+X �′� 2 �
�
����\ ���b�

TÐÉÙÃÈÖËÉÐ"ÌÃÍ ÉÊÐÆ �� ÙÆÖ�ÃÌÖÐÆÇÕÉØÓÍ ËÃ �ÉÇ Ã�ÄÖÌÆÎÉÌÆÑ Ã�7ÌÃÊËÆ ØÃÜÌÃ ÊÎÆÛ
ËÖË" Í ÎËÃ

�LV+ 2 WLV X �LV� 2 g�U
� ��WUV \ �����
KÆÜÉ ØÓ �ÕÙÉØ �ÄÉÙ�ÃÐÖ�ÖË" Í ÎËÃ �U 62 �V � �ÖËÄÆÎÌÓÉ #ÐÉØÉÌËÓ 3 ØÃ�ÕË �ÓË" ÈÓÛ
ÄÖÜÉÌÓ È ËÉÄØÆÌÖ× ÃÙÌÃÚ ÆÇ ÊËÖÌÙÖÄËÌÓ× Ë#ËÖHÔÕÌÏÒÆÚ �ÏÃ�Æ ���0� 2 ���0|� �Í � 2
��M�+� I�ÄÉÙÉÐÆØ ÔÕÌÏÒÆ� �̃ ÔÃÄØÕÐÃÚ

�̃�0� 2 �̃�0|5�+X 5��� 2 ���0M5�+|��M�+�\ ��� �
�Ç ÊÈÃÚÊËÈÖ ØÃÌÃÙÄÃØÆÆ �� ÊÐÉÙÕÉËÍ ÎËÃ

�̃�0 1 5�+� 2 �̃�0�X �̃�0 1 5��� 2−�̃�0�
g
−

�UO�� \ ���!�
�ÕÌÏÒÆÑ �̃ ÑÈÐÑÉËÊÑ ÌÉÎÉËÌÃÚ ÔÕÌÏÒÆÉÚÍ �̃�0� 2 −�̃�−0�� �Ç ���!� ÊÐÉÙÕÉËÍ ÎËÃ ØÖËÛÄÆÎÌÓÉ #ÐÉØÉÌËÓ3Í ÕÙÃÈÐÉËÈÃÄÑ�7ÆÉ ���5�Í �����ÍØÃ�ÕË �ÓË" ÉÙÆÌÊËÈÉÌÌÓØ Ã�ÄÖÇÃØ�ÄÉÙÊËÖÈÐÉÌÓ È ÈÆÙÉ

3UU 2 NU 1 E∑FG+3UF�̃ �0− 0F�X ∑
F 3UF 2 &X

3UV 2 E∑FG+3U
VF �̃�0− �U 1 �V − 0F�

�̃�0− 0F� X � 62 � X
���$�

�ÙÉ �̃ 2 �O��� �̃� Æ 0F ∈ C � �ÃÐ�ÊÓ 3�0� È ÔÕÌÙÖØÉÌËÖÐ"ÌÃØ �ÖÄÖÐÐÉÐÃ�ÄÖØØÉ ÔÖÏÛ
ËÃÄÖ

CM�Í� 2 {5
�+X 5���} Í Ë�É�
& � ��0F� � �X & � ��0F� � �\ ���%�

�ÙÉÊ" Æ ÙÖÐÉÉ ØÓ ÆÊ�ÃÐ"ÇÕÉØ Ã�ÃÇÌÖÎÉÌÆÑ ��0� Æ ��0� ÙÐÑ ÈÉ7ÉÊËÈÉÌÌÓ× ÏÃÃÄÙÆÌÖË
ËÃÎÏÆ 0 ∈ C

È �ÖÇÆÊÉ 5��9 0 2 5��+ 1 5��� Í Ë�É�
��0� 2 0 ���− �0��5��+��� − ��+��� X ��0� 2 0 ��+− �0�+5��� ��+− ����+� \ ����&�
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ÌÃÊËÆÍ �−+�0F− 0	� M∈ Z

�KÖÅÖ ÊÐÉÙÕ�7ÖÑ ÒÉÐ" � �ÃÊËÄÃÆË" ÏÖÌÃÌÆÎÉÊÏÆÉ ØÉÄÃØÃÄÔÌÓÉ ÄÉÅÉÌÆÑ ÕÄÖÈÌÉÛ
ÌÆÑ ����� Ê ÏÃ#ÔÔÆÒÆÉÌËÖØÆ ÈÆÙÖ ���$�� 	ÖÏÆ ÄÖÌÉÉÍ#ËÖ ÇÖÙÖÎÖ ÊÈÃÙÆËÊÑ Ï �ÃÙ×ÃÙÑ7ÉÚ
ÇÖÙÖÎÉ ÔÖÏËÃÄÆÇÖÒÆÆ JÆØÖÌÖ�8ÆÐ"�ÉÄËÖ� ]ÐÑ Ã�ÄÉÙÉÐÉÌÌÃÊËÆ ØÓ �ÕÙÉØ �ÄÉÙ�ÃÐÖÛ�ÖË" Í ÎËÃ ÅÖ� ÄÖÇÌÃÊËÌÃ�Ã ÕÄÖÈÌÉÌÆÑ � ÕÙÃÈÐÉËÈÃÄÑÉË ÕÊÐÃÈÆ�

& � ���� � �\ ������
�ÖÔÆÏÊÆÄÕÉØÈÉ7ÉÊËÈÉÌÌÃÉÎÆÊÐÃ�Æ ÄÖÊÊØÃËÄÆØ ÊÐÉÙÕ�7Õ� ÇÖÙÖÎÕÈ �ÃÐÃÊÉ 0 ∈ �� 9�
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4l�> 1 �� 2 3�>�4− �>�X ��>� 2 �\ ����5�
�ÌÙÉÏÊ #ËÃÚ ÇÖÙÖÎÆ ÄÖÈÉÌ

��Y��3� 2 ∫
�
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4��0 1 5��� 2 g�U 	
��4��0�g−��U	eX ����b�
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��������������� CËÈÉÄÜÙÉÌÆÉ ÐÉØØÓ ØÃÜÉË �ÓË" ÐÉ�ÏÃ ÙÃÏÖÇÖÌÃ Ê �ÃØÃ7"�

ØÉËÃÙÃÈ ÖÐ�É�ÄÖÆÎÉÊÏÃÚ �ÉÃØÉËÄÆÆ � JÖÊÊØÃËÄÆØ ÊÐÉÙÕ�7ÉÉ ÙÉÚÊËÈÆÉ ÄÉÅÉËÏÆ ��Í�ÃÄÃÜÙÉÌÌÃÚ � Æ 5�� Í ÌÖ ÐÆÌÉÚÌÃØ �ÄÃÊËÄÖÌÊËÈÉ �0X�� ∈ C× C
S 9

�0XA�→ �0 1 �X3�0�A�X �0XA�→ �0 1 5�� X��A�X �� 2 g�U 	
�� \ ������
�ÖÏËÃÄH�ÄÃÊËÄÖÌÊËÈÃ C × C

SM�� ÑÈÐÑÉËÊÑ ÈÉÏËÃÄÌÓØ ÄÖÊÊÐÃÉÌÆÉØ � ÌÖÙ #ÐÐÆ�ËÆÛ
ÎÉÊÏÃÚ ÏÄÆÈÃÚ �� Ê �ÉÄÆÃÙÖØÆ ��X 5���� �Ç ����6� ÊÐÉÙÕÉËÍ ÎËÃ ÊËÉ�ÉÌ" É�Ã ÙÉËÉÄØÆÛ
ÌÖÌËÌÃ�Ã ÄÖÊÊÐÃÉÌÆÑ ÄÖÈÌÖ ÌÕÐ�Í �+�� � 2 &� TÃ�ÐÖÊÌÃ ��$�Í ÙÐÑ Ã�7É�Ã ÈÉÏËÃÄÌÃ�Ã
ÄÖÊÊÐÃÉÌÆÑ ÊËÉ�ÉÌÆ ÌÕÐ" ÊÕ7ÉÊËÈÕÉË �ÐÃÊÏÖÑ �ÃÐÃØÃÄÔÌÖÑ ÊÈÑÇÌÃÊË"� 4ÖÇÆÊ �ÃÄÆÇÃÌÛ
ËÖÐ"ÌÓ× ÊÉÎÉÌÆÚ ËÖÏÃÚ ÊÈÑÇÌÃÊËÆ ÇÖÙÖÉË �ÃÐÃØÃÄÔÌÕ�ØÖËÄÆÎÌÕ� ÔÕÌÏÒÆ�4′ Í ÕÙÃÈÛ
ÐÉËÈÃÄÑ�7Õ� ÊÃÃËÌÃÅÉÌÆÑØ 4′ �0 1 �� 2 3�0�4′ �0��+Í4′ �0 1 5��� 2 ��4′ �0��� Í �ÙÉ
�+Í �� � �ÖÄÖ ÏÃØØÕËÆÄÕ�7Æ× ØÖËÄÆÒ � �ÇØÉÌÉÌÆÉ �ÖÇÆÊÖ �ÃÄÆÇÃÌËÖÐ"ÌÓ× ÊÉÎÉÌÆÚ
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ÊÃÃËÈÉËÊËÈÕÉË �ÄÉÃ�ÄÖÇÃÈÖÌÆ� 4′ →

4P Í �U → P−+�UP � TÐÉÙÃÈÖËÉÐ"ÌÃÍ È Ã�7ÉØ �ÃÛÐÃÜÉÌÆÆÍÏÃ�ÙÖ �U ÙÆÖ�ÃÌÖÐÆÇÕÉØÓÍØÓ ØÃÜÉØ ÊÎÆËÖË" Í ÎËÃ �U ÙÆÖ�ÃÌÖÐ"ÌÓ� �ÊÏÃØÃÉ�ÃÐÃØÃÄÔÌÃÉ ÄÉÅÉÌÆÉ ÇÖÙÖÎÆ ����5� ÇÖÙÖÉËÊÑ ÔÃÄØÕÐÃÚ 4� 2 4′�−O��+ � IÌÃ ÕÙÃÈÛ
ÐÉËÈÃÄÑÉË ÊÃÃËÌÃÅÉÌÆÑØ ����b�Í �ÙÉ g−��U	e�� 2 �

�
�−

�
����+ � BËÃ ÄÉÅÉÌÆÉ 4� �ÕÙÉË

ÌÖÇÓÈÖË"ÊÑ +�(�(,?A�) ÄÉÅÉÌÆÉØ ÇÖÙÖÎÆ ÔÖÏËÃÄÆÇÖÒÆÆ ����5�� � Ã�7ÉØ �ÃÐÃÜÉÌÆÆ
ØÓ �ÕÙÉØ �ÄÉÙ�ÃÐÖ�ÖË" Í ÎËÃ �U 62 �V ��ÄÉÙ�ÃÐÃÜÆØÍÎËÃ ÊÕ7ÉÊËÈÕ�Ë ÙÈÖ �ÐÃ×ÃÈÊÏÆ× ÄÉÅÉÌÆÑ 4� Æ 4′� ÇÖÙÖÎÆ ����5�� �ÇÕÊÐÃÈÆÑ ��Y�3 2 & ÊÐÉÙÕÉËÍ ÎËÃ 4� ÌÉÈÓÄÃÜÙÉÌÖ È �� � TÐÉÙÃÈÖËÉÐ"ÌÃÍ ØÖËÄÆÎÌÓÉ#ÐÉØÉÌËÓ � 2 4−

+� 4′� ÑÈÐÑ�ËÊÑ �ÃÐÃØÃÄÔÌÓØÆ ØÖËÄÆÎÌÓØÆ ÔÕÌÏÒÆÑØÆÍ ÕÙÃÈÐÉËÈÃÛÄÑ�7ÆØÆ ÊÃÃËÌÃÅÉÌÆÑØ
� LV �0 1 �� 2 � �0�X � LV �0 1 5��� 2 � LV �0�g��U
e�−e′� ��� \ ���� �

�ÃÏÖÜÉØÍ ÎËÃ ÆÇ ���� � ÊÐÉÙÕÉËÍ ÎËÃ �U 2 �′U Æ � UV 2 &Í � 62 � �ÌÖ�ÃØÌÆØÍ ÎËÃ ØÓ�ÄÉÙ�ÃÐÖ�ÖÉØ �U 62 �V �� ]ÉÚÊËÈÆËÉÐ"ÌÃÍ ÄÖÊÊØÃËÄÆØ ÔÕÌÏÒÆ�
�̂ UV 2 � UV �̃��0 1 �U− �′V �M�̃��0�X ����!�

�ÙÉ �̃� ÇÖÙÖÉËÊÑ ÔÃÄØÕÐÃÚ ���!� ÙÐÑ ��Í Ë�É�
�̃��0� 2 �̃�0|�X 5���\ ����$�

�Ç ���� � ÊÐÉÙÕÉËÍ ÎËÃ �̂ UV ÑÈÐÑÉËÊÑ #ÐÐÆ�ËÆÎÉÊÏÃÚ ÔÕÌÏÒÆÉÚ ÌÖ �� Ê ÉÙÆÌÊËÈÉÌÌÓØ�ÄÃÊËÓØ �ÃÐ�ÊÃØ È 0 2 &� �ÖÏÃÚ ÔÕÌÏÒÆÆ ÌÉ ÊÕ7ÉÊËÈÕÉË� TÐÉÙÃÈÖËÉÐ"ÌÃÍ �U 2 �′U Æ� UV 2 &Í � 62 � � �ÉØØÖ ÙÃÏÖÇÖÌÖ�
�É�ÉÄ" ØÓ �ÃËÃÈÓ Ã�ÄÉÙÉÐÆË" �ÄÑØÃÉ ÃËÃ�ÄÖÜÉÌÆÉ ØÃÌÃÙÄÃØÆÆ ÙÐÑ ÄÖÇÌÃÊËÌÓ×

ÕÄÖÈÌÉÌÆÚ ����� ÊÏÃ#ÔÔÆÒÆÉÌËÖØÆ3ÈÆÙÖ ���$�� 	ÖÏÆ ÄÖÌÉÉÍ�ÃÐÃØÃÄÔÌÃÉÄÉÅÉÌÆÉ4�ÇÖÙÖÎÆ ÔÖÏËÃÄÆÇÖÒÆÆ ����5� Ã�ÄÉÙÉÐÑÉË ØÉÄÃØÃÄÔÌÃÉ ÄÉÅÉÌÆÉ /��0� ÕÄÖÈÌÉÌÆÑ ������� ÊÆÐÕ ����b� ÃÌÃ ÕÙÃÈÐÉËÈÃÄÑÉË �ÐÃ×ÃÈÊÏÃØÕ ÊÃÃËÌÃÅÉÌÆ� ���5���
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