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d1Ì�ÍPÎEÏ�Í�ÐSÑÓÒ�Ô�ÐSÍ�Õ�Ö�Ô�ÐSÑÓ×-Î�Ø�ÐSÍ�Ì�Ò�Ð�Ù�ÔÚÖ�ÛEÍPÖ�Ô�ÎÜÒ�Ö�Õ�Ö�ÝPÖ�ÏÓÞ�ÎEß�Ì�ÕÚà�Ý�ÐSÔ�ÍPÎEÍ�ÌPÎ

á ÝPÎ�âPÌ�Í�ã;ÎEÝ�Ð

i~
∂ψ

∂t
= − ~

2

2m
∆ψ + Uψ,

ä Þ�ÎyÛEÕjÑ�å�Î/æ�ÝPÖ;Ñ�Ô�Ì�Þ�Ð�ÛyÎ ä Ñ+Ô@çjÐjâ�Ðyè�ÐjØ�ÐSÕ�Ö�×^ÍPÖ�Ï¸Ù;Ñ�â�ÎEÝ�ÍPÖ�Ï6Ì&×-ÖyÞ�ÎEÒ�à�ÞPÑ�Ý�ÍPÖ�Ï�é1Ì�çyÌ�ê
Ò�Ì¸Ù�Ð@ÕjÐSÒ�ß6Î�Ô%Ö ä Þ�Ð�ÛEÕ�Ì�ë~Þ�Îy×-ÎEÍ�ÕjÐSÝ�Í�ì�Ø�è�Ð�ÛEÕ�Ì�í¸<�î3Ý�ÐSÒ�Õ�Ì�èPÎyÛEÒ�ÐSÑ�ë;é+é+ÎEÒ�Õ�Ì�Ô�ÍPÖ�ÛEÕ�ï
Ò�Ô�ÐSÍ�Õ�Ö�Ô�Ö�Ïð×-Î�Ø�ÐSÍ�Ì�Ò�ÌðÛEÔ�Ì�â�ÎEÕ�Î�ÞPï�ÛEÕ�Ô�à�ÎEÕWÖNÕ�Ö�×"Ù�è�Õ�ÖNÔñ×^Ì�Ò�ÝPÖ�×^Ì�ÝPÎ¡Ô�ÛyÎEã~â�ÐNÔ�ì�ê
æPÖyÞPÍ�Ñ�ÎEÕ�Û~ÑÉò�ó�ôPõPöPôPòñ÷PôPõ�øEùPõPúSù�ûyü�ò�øýó�òPú;þSôPöPôPô�ÿ�ÎyÛ�ÞPÌWâ�ÞPÑKÒ�Ô�ÐSÍ�Õ�Ö�Ô�Ö�Ï ÛEÌPÛEÕ�Îy×^ì
ÛEà�å�ÎyÛEÕ�Ô�à�ÎEÕ�âPÔ�Ð�Ù Í�ÐSæ�Ý�ÌP×-ÎEÝ¸Ù"ÛyÖ�ÛEÕ�Ö;Ñ�Í�Ì�Ñ

ψ1 (x, t)
Ì
ψ2 (x, t)

ÙrÑ�Ô�ÞPÑ � å6Ì�Ø�Û~Ñ
ÝPÎ���ÎEÍ�Ì�Ñ�×^ÌIà�Ý�ÐSÔ�ÍPÎEÍ�Ì�Ñ á ÝPÎ�âPÌ�Í�ã;ÎEÝ�Ð�Ù�Õ�Ö1Ô+ÛEÌ�ÞPà6ÞPÌ�ÍPÎEÏ�ÍPÖ�ÛEÕ�Ì¡æPÖ�Û�Þ�Î�âPÍPÎEã;Ö�Ù�ëyÕ�ÖSê
×^à à�Ý�ÐSÔ�ÍPÎEÍ�Ì � ä à�â�ÎEÕðà�â�Ö�Ô�Þ�ÎEÕ�Ô�Ö�Ý�Ñ�Õ�ï ÌÜÛEà�æPÎEÝ�æPÖ�çyÌ�í�Ì�Ñ�à�Ò�ÐSçjÐSÍ�Í�ì�Ø�è�Ð�ÛEÕ�Í�ì�Ø
ÝPÎ���ÎEÍ�Ì�Ï

ψ (x, t) = αψ1 + βψ2,

α2 + β2 = 1.

î3à�ÛEÕ�ï+â�ÐSÍ�Í�ÐSÑ�Ò�Ô�ÐSÍ�Õ�Ö�Ô�ÐSÑIÛEÌPÛEÕ�Îy×/Ð1Í�Ð ä Þ � â�Ð�ÎEÕ�Û~Ñ]Û�æPÖ�×-Ö�å6ï � ×/ÐSÒ�ÝPÖ�æ�Ý�Ì ä ÖSê
Ý�Ð3Ì�à�Ò�ÐSçjÐSÍ�Í�ì@× ÛyÖ�ÛEÕ�Ö;Ñ�Í�Ì�Ñ�×�×^Ì�Ò�ÝPÖ�ÛEÌPÛEÕ�Îy×^ì

ψ1

Ì
ψ2

ÛyÖ�Ö�Õ�Ô�ÎEÕ�ÛEÕ�Ô�à � Õ&Ô�ÖyÞPÍPÖSê
Ô�ì@Î3é1à�Í�Ò�í�Ì�Ì�×/ÐSÒ�ÝPÖ�æ�Ý�Ì ä Ö�Ý�Ð

Φ1

Ì
Φ2

<���Ö�ã~â�Ð6Ì�ç1Ö�æ�ì"ÕjÐ�Û�Þ�Î�âPà�ÎEÕ�é1à�Í�â�Ð�×-ÎEÍ�ê
ÕjÐjÞPï�Í�ì"Ï�é&ÐSÒ�ÕPÿ����	�Eó�úSò�ó�ô�
Sú~ó��1ú�
 ø�� õ�����ú��Sô�����û��6÷Pô�
Sú���úy÷�����ú��%ûyúSû���ú��PõPôPô
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Φ1

Ù	÷Pô�
Sú���úy÷�����ú��]ûyúSû���ú��PõPôPô
Φ2

Ù_õPú¡úSõ�õPô���ú	�����]õ�ø 
Sü	��ø�� õ�����ú��Sô�����û��!�
ûyúSû���ú��PõPôPôñûyü�ò�øýó�òPú;þSôPöPôPô

Φ = αΦ1 + β Φ2.

? Ý�à�ãyÌP×^Ì�Û�Þ�Ö�Ô�Ð�×^Ì¸Ù�×/ÐSÒ�ÝPÖ�æ�Ý�Ì ä Ö�Ý�ÍPÎ ×-Ö;ß6ÎEÕ1Í�ÐjØ�ÖyâPÌ�Õ�ï�Û~Ñ�ÖyâPÍPÖ�Ô�ÝPÎy×-ÎEÍ�ÍPÖ1Ô�âPÔ�à�Ø
ÛyÖ�ÛEÕ�Ö;Ñ�Í�Ì�Ñ�ØIÌIÎEã;Ö+æPÖ�Ò�ÐSçjÐSÍ�Ì�Ñ¡Ö�Õ�ÍPÖ�Û~Ñ�Õ�Û~Ñ�ÞPÌ ä Ö+Ò¡ÛyÖ�ÛEÕ�Ö;Ñ�Í�Ì � Φ1

Ù�ÞPÌ ä Ö+Ò¡ÛyÖ�ÛEÕ�ÖSê
Ñ�Í�Ì � Φ2

<P$+ÐSæ�Ý�ÌP×-ÎEÝ¸ÙPÞ � ä ÐSÑNë~Þ�Îy×-ÎEÍ�ÕjÐSÝ�Í�ÐSÑ)è�Ð�ÛEÕ�Ì�í�Ð�Ù�Ò�ÝPÖ�×-Î6é+Ö�Õ�Ö�Í�Ð�Ù�ÍPÎ&×-ÖSê
ß6ÎEÕKÖyâPÍPÖ�Ô�ÝPÎy×-ÎEÍ�ÍPÖKÍ�ÐjØ�ÖyâPÌ�Õ�ï�Û~ÑðÔñâPÔ�à�ØWÕ�Ö�è�Ò�ÐjØ æ�ÝPÖ�ÛEÕ�Ý�ÐSÍPÛEÕ�Ô�Ð�Ù^Ý�ÐSçEâ�Î�Þ�ÎEÍ�Í�ì�Ø
ÍPÎyÛEÒ�ÖyÞPï�Ò�ÌP×^Ì ×-ÎEÕ�Ý�Ð�×^Ì¸<-� é+Ö�Õ�Ö�ÍPÖ�× ß6Î�ÕjÐSÒ�Ö�Î�Ô�Ö�ç;×-Ö;ß�ÍPÖ#" Ö�Í Ö�æ�ÌPÛEì"Ô�Ð�ÎEÕ�Û~Ñ
ÞPÌ�ÍPÎEÏ�Í�ì@×^Ì)à�Ý�ÐSÔ�ÍPÎEÍ�Ì�Ñ�×^Ìñë~Þ�ÎEÒ�Õ�ÝPÖyâPÌ�Í�Ð�×^Ì�Ò�Ì 'KÐSÒ�ÛEÔ�Î�Þ�Þ�Ð�ÌñÝ�Ð�ÛyÛEÕ�Ö;Ñ�Í�ÌPÎ6×-ÎEß�ê
âPà�ÎEã;Ö%$jè�Ð�ÛEÕjÑ�×^Ì'&�Ô�Ö+Ô�æPÖyÞPÍPÎ%Ô�Ö�ÛEæ�ÝPÖ�Ì�çyÔ�ÖyâPÌP×^ì�Ø�Ö�æ�ì"ÕjÐjØ�ÌPÛEè�ÌPÛ�ÞPÑ � Õ�Û~Ñ�×^ÍPÖ�ãyÌ�ê
×^ÌN×-ÎEÕ�Ý�Ð�×^Ì¸<

$1Ö¡â�ÞPÑ)Ô�ÛyÎ�ØñâPÝ�à�ãyÌ�ØKë~Þ�Îy×-ÎEÍ�ÕjÐSÝ�Í�ì�ØWè�Ð�ÛEÕ�Ì�íÉûyü�(�øEû�� �Sü�ø��)
��kó*��øýó+�+ø,
-�Sü
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âPÌ�Í�ã;ÎEÝPÖ�×ÉÌNÛ3Õ�Î�Ø�æPÖ�Ý�Í�ÐSçyì"Ô�Ð�ÎEÕ�Û~Ñ ò��kó6�	�Sú���ûyú��7��ú�8���ô#9Üó�ø��SôPõ:��øýó6��<

î+ÐSÝ�Ðjâ�Ö�Ò�Û+Ò�Ö	�6Ò�Ì á ÝPÎ�âPÌ�Í�ã;ÎEÝ�Ð�à�Ò�ÐSçyì"Ô�Ð�ÎEÕ�Í�Ð6ÍPÎEæPÖyÞPÍPÖ�Õ�à]ÞPÌ�ÍPÎEÏ�ÍPÖ�ÏNÒ�Ô�ÐSÍ�ê
Õ�Ö�Ô�Ö�Ï&Õ�ÎyÖ�Ý�Ì�Ì%;C:,<ý<jfWÒ�Ô�ÐSÍ�Õ�Ö�Ô�Ö�Ï�×-Î�Ø�ÐSÍ�Ì�Ò�Î/ÞPÌ=�6ï�æ�Ð�ÛyÛEÌ�Ô�ÍPÖ�Ò�Ö�ÍPÛEÕjÐSÕ�Ì�Ý�à�ÎEÕ�Û~Ñ	Ù�è�Õ�Ö
×/ÐSÒ�ÝPÖ�æ�Ý�Ì ä Ö�Ýðé1Ì�Ò�ÛEÌ�Ý�à�ÎEÕñÕ�ÖyÞPï�Ò�ÖñÖyâPÍ�àWÌ�ç�Ò�Ö�×^æPÖ�ÍPÎEÍ�Õ)Ô�ÖyÞPÍPÖ�Ô�Ö�Ïðé1à�Í�Ò�í�Ì�Ì¸Ù�Ð
Ô�ÛyÎ1âPÝ�à�ãyÌPÎ1Ò�Ö�×^æPÖ�ÍPÎEÍ�Õ�ì ÌPÛ�Ø�ÖyâPÍPÖ�ã;Ö¡Ô�ÖyÞPÍPÖ�Ô�Ö�ã;ÖIæ�ÐSÒ�ÎEÕjÐIé1Ì�çyÌ�Ò�Ö�ÔIÍPÎ+Ì�Í�Õ�ÎEÝPÎyÛEà�ê
� ÕSÙ�æPÖ�ÛEÒ�ÖyÞPï�Ò�à�Í�Ì�Ò�ÐSÒñÛyÎ ä Ñ�Ô�×/ÐSÒ�ÝPÖ�×^Ì�ÝPÎ&Ö�Í�ÌNÍPÎ1æ�ÝPÖ;Ñ�Ô�ÞPÑ � ÕS<
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03Õ�Ö+Ò�Ð�Û;Ð�ÎEÕ�Û~ÑIÔ�ÐSß�ÍPÖ�ã;Ö+æ�Ý�ÐSÒ�Õ�Ì�èPÎyÛEÒ�Ö�ã;Ö�Ô�Ö�æ�ÝPÖ�Û;Ð�Ù�Ò�ÐSÒ�ÐSÑ�ÌP×-ÎEÍ�ÍPÖ+Ò�Ö�×^æPÖ�ÍPÎEÍ�ê

ÕjÐNÔ�ÖyÞPÍPÖ�Ô�Ö�ã;ÖKæ�ÐSÒ�ÎEÕjÐKé1Ì�Ò�ÛEÌ�Ý�à�ÎEÕ�Û~Ñ ×/ÐSÒ�ÝPÖ�æ�Ý�Ì ä Ö�ÝPÖ�×"Ù^Ô)Ò�Ô�ÐSÍ�Õ�Ö�Ô�Ö�ÏÉ×-Î�Ø�ÐSÍ�Ì�Ò�Î
à�Õ�Ô�ÎEÝ�âPÌ�Þ�Ö�ÛEïKÛ�Þ�Î�âPà � å�ÎyÎ¡×^ÍPÎEÍ�ÌPÎ�Ù¸ÌPÛ�Ø�ÖyâPÑ�å�ÎyÎ]Ö�Õñ'KÐSÒ�Û;Ðñ`�Ö�Ý�Í�Ð�ÿAM�øN�O
Súy÷���8�ø
�H���	�~ó6�	�P�1ú��Sü;÷6�Q�3�1ò�÷Pô���ü	��RS��ú��1òPúSõ�øEõ���RT�Súy÷PõPú	�Sú	�kúðò��	��ø�����U���øN�V
Súy÷���W
8�ø.��øýó�ú�����õPúSû�����ûyúSú�� ��ø���û�� �Sü�XY(�ø��kú0���	�Eó�úSû���úSòPô�M�øEû���ú	�kúWûyúSû���ú��PõPô6�[Z�\=�	W
��ô6�Úú�
~ó6�jþSú��]U^M�øýó�økþ�òPúSû���ü;÷��	�`_"ú~ó�õ��a���H����õ���ú	�Sü�Xb�+ø��=��õPô���ü��	�Sú��Sô���û��0��ø�W
ó�ú�����õPúSû�����<�(1×-ÎEÍ�ÍPÖ�çEâ�ÎyÛEï�Ô�Ö�çyÍ�Ì�Ò�Ð � Õ�æ�Ý�Ì�Í�í�Ì�æ�Ì�ÐjÞPï�Í�ì@Î&Ô�Ö�æ�ÝPÖ�ÛEì+<

:�<�î3ÝPÎEß�â�Î1Ô�ÛyÎEã;Ö�Ù�ÍPÎEæPÖ�Í�Ñ�Õ�Í�Ð�æ�Ý�Ì�ÝPÖyâ�Ð�Ô�Ô�Î�â�ÎEÍ�ÍPÖ�ÏNÕjÐSÒ�ÌP× Ö ä Ý�ÐSç;Ö�× Ô�ÎEÝPÖ;Ñ�Õ�ê
ÍPÖ�ÛEÕ�Ì¸<���æPÎ�Þ�ÞPÑ�í�Ì�Ñ�Ò�Ò�Þ�Ð�ÛyÛEÌ�èPÎyÛEÒ�Ö�Ï]Õ�ÎyÖ�Ý�Ì�Ì�çEâ�ÎyÛEï&ÍPÎ�æ�ÝPÖyØ�ÖyâPÌ�ÕS<�2+ÐSÒ�Ì�çyÔ�ÎyÛEÕ�ÍPÖ�Ù
Û�ÞPà�è�ÐSÏ�ÍPÖ�ÛEÕ�ï¡Ô�ÎEçEâ�Î&ÌNÔ�ÛyÎEã~â�Ð�æPÖ;Ñ�Ô�ÞPÑ�ÎEÕ�Û~Ñ)Ò�ÐSÒñæ�Ý�Ì�çyÍ�ÐSÒKÖ ä Ö ä å�ÎEÍ�Ì�Ñ�" Ò�Ö�ã~â�Ð�à
Õ�Ö�ã;Ö%Ì�ÞPÌ�Ì�ÍPÖ�ã;Ö3Ö�æ�ÌPÛEì"Ô�Ð�Îy×-Ö�ã;Ö1Ñ�Ô�Þ�ÎEÍ�Ì�Ñ�Ö�Õ ä Ý�Ð�ÛEì"Ô�Ð � Õ�Û~Ñ�Õ�Ý�à�âPÍPÖ�à�è�Ì�Õ�ì"Ô�Ð�Îy×^ì@Î
â�ÎEÕjÐjÞPÌ�Ì�Ö�ÛEÕjÐSÔ�ÞPÑ � Õ ÞPÌ=�6ï Õ�Î�Ù/Ò�Ö�Õ�Ö�Ý�ì@Î)×-Ö;ß�ÍPÖ Ô�Ö�ÛEæ�ÝPÖ�Ì�çyÔ�ÖyâPÌ�Õ�ï ÌÉÝ�Ð�ÛyÛEè�Ì�ê
Õ�ì"Ô�ÐSÕ�ïP<r��Ì�æ�Ì�è�Í�ì@ÎNæ�Ý�ÌP×-ÎEÝ�ì â�Ð � Õ�Û~Ñ�ÐSçjÐSÝ�Õ�Í�ì@×^Ì�Ì�ãyÝ�Ð�×^Ì¸<r�_ÐSÒ¸Ù/Ô�ì"æ�Ðjâ�ÎEÍ�ÌPÎ
×-Ö�ÍPÎEÕ�ì,ã;ÎEÝ ä Ö�× Ì�ÞPÌ�ÝPÎ��6Ò�Ö�Ï�çjÐSÔ�ÌPÛEÌ�Õ)Ö�ÕN×^ÍPÖ�ãyÌ�ØWÕ�Ý�à�âPÍPÖ�à�è�Ì�Õ�ì"Ô�Ð�Îy×^ì�Ø�é&ÐSÒ�ê
Õ�Ö�ÝPÖ�ÔPÿ¸Ö�ÕN×-Î�Ø�ÐSÍ�Ì�èPÎyÛEÒ�Ì�ØKØ�ÐSÝ�ÐSÒ�Õ�ÎEÝ�ÌPÛEÕ�Ì�Ò�Û;Ð�×-Ö�ã;Ö ä ÝPÖ�ÛEÒ�Ð�×-Ö�ÍPÎEÕ�ì+Ù�âPà�ÍPÖ�Ô�ÎEÍ�Ì�Ï
Ô�Ö�çEâPà�Ø�Ð�Ù�ÛEÔ�Ö�ÏPÛEÕ�Ô]æPÖ�Ô�ÎEÝ�Ø�ÍPÖ�ÛEÕ�Ì�ÛEÕ�ÖyÞ�ÐIÌ)ÕS<�â�<�f�ÛyÎ&ëyÕ�ÌWé&ÐSÒ�Õ�Ö�Ý�ì ÍPÎ&Ô�Ö�ÛEæ�ÝPÖ�Ì�çEê
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Ô�ÖyâPÌP×^ì Ô�æPÖyÞPÍPÖ�×ÉÖ ä	d Îy×-Î3Ì�ãyÝPÖ�Ò�Ð�×^ÌNæ�Ý�Ì�ÍPÖ�Ô�Ö�× ä ÝPÖ�ÛEÒ�Î�ÙPÖ�Õ�Û � â�Ð�Ì]Õ�Ý�ÐSÒ�Õ�Ö�Ô�Ò�Ð
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î1ÖyâPèPÎEÝ�Ò�Í[eÎy×"ÙPè�Õ�Ö&Ô6æ�Ý�ÌP×-ÎEÝPÎ3Û ä ÝPÖ�ÛEÒ�Ö�× ×-Ö�ÍPÎEÕ�ì+Ù�Ò�ÐSÒ]Ì¡Ô�Ö6×^ÍPÖ�ãyÌ�ØIâPÝ�à�ãyÌ�Ø
çjÐjâ�Ðyè�ÐjØ	Ù�à�Ò�ÐSçjÐSÍ�Í�ì@Î3Õ�Ý�à�âPÍPÖ�à�è�Ì�Õ�ì"Ô�Ð�Îy×^ì@Î+é&ÐSÒ�Õ�Ö�Ý�ìÜÌ�ãyÝ�Ð � Õ�ÝPÖyÞPï�ÛEÔ�Ö�ÎyÖ ä Ý�ÐSçEê
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�¡úSòPôPû�RA����øN��Ri�0�:�y÷�øEõPô6�g�P<�$1Ö¡Ì�Í�ÐSÑKÛEÌ�Õ�à�ÐSí�Ì�Ñ)Ô]Ò�Ô�ÐSÍ�Õ�Ö�Ô�Ö�Ï�×-Î�Ø�ÐSÍ�Ì�Ò�Îcj	./ÛEÕ�Î�ê
ÛEÕ�Ô�ÎEÍ�ÍPÖ�Ï)Õ�Ý�ÐSÒ�Õ�Ö�Ô�Ò�Ö�Ï�Û�ÞPà�è�ÐSÏ�ÍPÖ�ÛEÕ�Ì¸Ù�Ô�Ô�Î�â�ÎEÍ�ÍPÖ�ÏW`�Ö�Ý�ÍPÖ�×"Ù ä ì�Þ�Ö ä ì ÕjÐSÒ�ß6Î&Ì�ãEê
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Û;ÐSÍ�Ì�Ì¸</(3ãyÍPÖ�Ý�Ì�ÝPÖ�Ô�ÐSÍ�ÌPÎñÛEÒ�Ý�ì"Õ�ì�Ø æ�ÐSÝ�Ð�×-ÎEÕ�ÝPÖ�ÔPÙrÎyÛ�ÞPÌ ä ì Ö�Í�Ìðâ�ÎEÏPÛEÕ�Ô�Ì�Õ�Î�ÞPï�ÍPÖ
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_"ú~ó�õ���õ�ø+ô6�+øyø�� õPô����	��úSù)øEû���øEû�� ��øEõPõPúSù0n-ô�þSô�M�øEû���úSù0��ó6�	����ú	����ô�<
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8�<P$1Ö�ÎyÛ�ÞPÌ ä ÐSÝ�ï�ÎEÝ)×-ÎEß�âPà�×^Ì�Ò�ÝPÖSê Ìñ×/ÐSÒ�ÝPÖ�×^Ì�ÝPÖ�×�ÛEà�å�ÎyÛEÕ�Ô�à�ÎEÕSÙPÔ�Ö�çyÍ�Ì�Ò�Ð�ÎEÕ
Ô�Ö�æ�ÝPÖ�Û�ÖI×-ÎyÛEÕ�Ö�æPÖyÞ�Ö;ß6ÎEÍ�Ì�Ì ÕjÐSÒ�Ö�ã;Ö ä ÐSÝ�ï�ÎEÝ�Ð�<�f�Î�âPï]ÔIæ�Ý�Ì�Í�í�Ì�æPÎ�Ù�ÕjÐSÒ�Ö�Ï ä ÐSÝ�ï�ÎEÝ
×-Ö;ß�ÍPÖ&Ö�Õ�ÖyâPÔ�Ì�ãkÐSÕ�ï6ÛEÒ�ÖyÞPï&à�ã;ÖyâPÍPÖ+ã~ÞPà ä Ö�Ò�Ö+Ô+×/ÐSÒ�ÝPÖ�×^Ì�Ý¸Ù�Ì�Ô+ÍPÎEÒ�Ö�Õ�Ö�Ý�ì�ØIÛ�ÞPà�è�Ðjê
Ñ�Ø)ëyÕ�Ö¡ÕjÐSÒWÌ ä ì"Ô�Ð�ÎEÕSÙ¸ÎyÛ�ÞPÌWÔ�ÛEæPÖ�×^Í�Ì�Õ�ïNÑ�Ô�Þ�ÎEÍ�ÌPÎ�ÛEÔ�ÎEÝ�Ø�Õ�ÎEÒ�à�èPÎyÛEÕ�Ì ÌWÛEÔ�ÎEÝ�Ø�æ�ÝPÖSê
Ô�ÖyâPÌP×-Ö�ÛEÕ�Ì¸</î1Ö�èPÎy×^à�ß6Î¡Ô)âPÝ�à�ãyÌ�Ø�Û�ÞPà�è�ÐSÑ�Øð×^ì5ÛEè�Ì�ÕjÐ�Îy× Ô�ÖyÞPÍPÖ�Ô�Ö�Î�Ö�æ�ÌPÛ;ÐSÍ�ÌPÎ
æ�ÝPÖ�íPÎyÛyÛ;Ð6ÛEæ�Ý�ÐSÔ�Î�â�ÞPÌ�Ô�ì@× Õ�ÖyÞPï�Ò�Ö6â�Ö6à�ÝPÖ�Ô�Í�ÑIÌ�ç;×-ÎEÝ�Ì�Õ�Î�ÞPï�ÍPÖ�ã;Ö�æ�Ý�Ì ä Ö�Ý�Ð��1!^ÐSçyÔ�Î
Í�Ð��6Ì�Ì�ç;×-ÎEÝ�Ì�Õ�Î�ÞPï�Í�ì@Î�æ�Ý�Ì ä Ö�Ý�ìÓèPÎy×_ê Õ�Ö)Ô�ì�â�Î�ÞPÑ � Õ�Û~Ñðæ�Ý�Ì�Í�í�Ì�æ�Ì�ÐjÞPï�ÍPÖ�ÛEÝPÎ�âPÌ
âPÝ�à�ãyÌ�ØÉæ�ÝPÎ�â�×-ÎEÕ�Ö�Ô6�K(3ÍPÖ�ã~â�Ð Ô�ì@ÛEÒ�ÐSçyì"Ô�Ð�ÎEÕ�Û~Ñ�âPÝ�à�ãkÐSÑ	Ù]$jÍ�ÐSÌ ä ÖyÞ�ÎyÎ)æPÖ�Û�Þ�Î�â�Ö�Ô�Ðjê
Õ�Î�ÞPï�Í�ÐSÑ[&�Ì�Í�Õ�ÎEÝ�æ�ÝPÎEÕjÐSí�Ì�Ñ	Ù"ÛyÖ�ã~Þ�Ð�ÛEÍPÖ�Ò�Ö�Õ�Ö�ÝPÖ�Ï ä ÐSÝ�ï�ÎEÝÜ×-ÎEß�âPàÉ×^Ì�Ý�Ð�×^ÌÜÍ�ÐjØ�ÖSê
âPÌ�Õ�Û~ÑñÍ�Ð�à�ÝPÖ�Ô�ÍPÎ&×^ì@Û�ÞPÌ�Õ�Î�ÞPï�Í�ì�Ø)æ�ÝPÖ�íPÎyÛyÛyÖ�Ô]ÔI×-Ö�çyãyà�èPÎ�Þ�Ö�Ô�ÎEÒ�Ð�<�$1Ö�ÕjÐSÒ�ÐSÑNÌ�Í�ê
Õ�ÎEÝ�æ�ÝPÎEÕjÐSí�Ì�Ñ�ÍPÎ%â�Ð�ÎEÕ�Ö�Õ�Ô�ÎEÕjÐ6Í�Ð6ÎyÛEÕ�ÎyÛEÕ�Ô�ÎEÍ�Í�ì"ÏñÔ�Ö�æ�ÝPÖ�Û�ÿ�Ò�ÐSÒ�ß6Î1ÛEà�å�ÎyÛEÕ�Ô�Ö�Ô�ÐjÞ�Ð
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æ�Ý�Ì�ÝPÖyâ�Ð�â�ÖNèPÎ�Þ�Ö�Ô�ÎEÒ�ÐNÌ Ò�ÐSÒ�Ö�Í�ÐNÛEà�å�ÎyÛEÕ�Ô�à�ÎEÕñÔ)21Ö�Ûy×-Ö�ÛyÎ�Ù�ã~â�Î�Ù¸æPÖSê Ô�Ì�âPÌP×-Ö�×^à�Ù
ÍPÎEÕ1Í�Ì�Ò�ÐSÒ�Ì�Ø�Í�Ð ä Þ � â�ÐSÕ�Î�Þ�ÎEÏ¸< ? Ð%Ì�Í�Ð+7�Îy×_Þ�Î�ÍPÎ"Ô�Ö3Ô�Û~Ñ�Ò�Ö�× Ö�æ�ì"Õ�Î@Ö ä Ñ�çjÐSÕ�Î�ÞPï�ÍPÖ
æ�Ý�ÌPÛEà�Õ�ÛEÕ�Ô�à�ÎEÕÉÌ�ç;×-ÎEÝ�Ì�Õ�Î�ÞPï�Í�ì"Ïcæ�Ý�Ì ä Ö�Ý-" ÛyÖ�Ô�ÝPÎy×-ÎEÍ�Í�ì@Î�ëyÒ�ÛEæPÎEÝ�ÌP×-ÎEÍ�Õ�ì+Ù@Í�Ðjê
æ�Ý�ÌP×-ÎEÝ¸Ù/Û�ÐSÍ�ÐjÞPÌ�ç;Ö�× âPÔ�Ì�ß6ÎEÍ�Ì�ÑÉë~Þ�ÎEÒ�Õ�ÝPÖ�Í�ÐKÔKÞ�Ö�Ô�à6�6Ò�Î�Ù-Ì�âPà�ÕKÍPÎEæ�ÝPÎEÝ�ì"Ô�Í�ì@×
æPÖ�Õ�Ö�Ò�Ö�× ä ÎEç+Ý�ÐSçEâ�Î�Þ�ÎEÍ�Ì�ÑNÍ�Ð6ëyÕjÐSæ�ìcÛ1æPÖyâPÔ�Î�â�ÎEÍ�ÌPÎy×�æ�ÝPÖ�×-ÎEß�à�Õ�Ö�è�Í�ì�ØNÌ�Õ�Ö�ã;Ö�ÔP<
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Ö�èPÎEÍ�ï�ãyÝPÖ�×-Ö�çEâPÒ�ÐSÑNæ�ÝPÖ�íPÎ�âPà�Ý�Ð�Ý�ÐSçEâ�Î�Þ�ÎEÍ�Ì�ÑNÔ�ÖyÞPÍPÖ�Ô�ì�ØNæ�ÐSÒ�ÎEÕ�Ö�ÔP<
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æPÎEÝPÎ�Ø�Öyâ�Ò�×/ÐSÒ�ÝPÖ�×^Ì�Ý�à�Û�Ñ�Ô�Þ�ÎEÍ�ÌPÎy×,ò�øýó�øN�+ø�8�ô:����õPô6� ô!��ø���ú	��øýó�øEõPöPôPô�; 8�<ý<	î1Î�ê
ÝPÎy×-Î��6Ì�Ô�ÐSÍ�ÌPÎ�çjÐSÒ�Þ � è�Ð�ÎEÕ�Û~Ñ Ô�üEó6�c�SõPú	��ø�8�ô:����õPôPôh�3�1ò�÷Pô���ü	�6Ò�Ö�×^æPÖ�ÍPÎEÍ�ÕKÔ�ÖyÞ�ê
ÍPÖ�Ô�Ö�Ïðé1à�Í�Ò�í�Ì�Ì¸Ù�è�Õ�ÖñæPÖ)ÛEà�å�ÎyÛEÕ�Ô�àWëyÒ�Ô�Ì�Ô�ÐjÞ�ÎEÍ�Õ�ÍPÖKæ�Ý�Ì ä ÞPÌ�ß6ÎEÍ�Ì � ÛEÌPÛEÕ�Îy×^ì5Ò
Õ�ÎEÝP×-ÖyâPÌ�Í�Ð�×^Ì�èPÎyÛEÒ�Ö�×^à�Ý�ÐSÔ�ÍPÖ�Ô�ÎyÛEÌ � <�#@âPÍ�ÐSÒ�Ö3æ�Ý�Ì ä ÞPÌ�ß6ÎEÍ�ÌPÎ"Ò6Õ�ÎEÝP×-ÖyâPÌ�Í�Ð�×^Ì�èPÎ�ê
ÛEÒ�Ö�×^à�Ý�ÐSÔ�ÍPÖ�Ô�ÎyÛEÌ � Ì æ�ÝPÖ�ÌPÛ�Ø�ÖyâPÑ�å�ÎyÎ]æ�Ý�Ì�ëyÕ�Ö�×cà�Ô�Î�ÞPÌ�èPÎEÍ�ÌPÎ¡ëyÍ�Õ�ÝPÖ�æ�Ì�Ì!" ëyÕ�Ö
Ò�ÐSÒ�Ý�ÐSç�Ö ä Ý�ÐSÕ�ÍPÖ�Î@Õ�Ö�×^à�Ù�è�Õ�Ö1Õ�ÝPÎ ä à�ÎEÕ�Û~Ñ�â�ÞPÑ�æ�ÝPÖ�Í�Ì�Ò�ÍPÖ�Ô�ÎEÍ�Ì�ÑIÔ&ÛEà�Õ�ï1æ�ÐSÝ�Ðjâ�Ö�Ò�Û;Ð
Ò�Ö	�6Ò�Ì á ÝPÎ�âPÌ�Í�ã;ÎEÝ�Ð�<�f�â�ÎEÏPÛEÕ�Ô�Ì�Õ�Î�ÞPï�ÍPÖ�ÛEÕ�Ì�Ô�Ö�çyÝ�Ð�ÛEÕjÐ�ÎEÕ�Ð�×^æ�ÞPÌ�Õ�à�â�Ð&Õ�ÖyÞPï�Ò�Ö�Öyâ�ê
ÍPÖ�ÏNÌ�ç1ãkÐSÝP×-Ö�Í�Ì�Ò¸Ù�Ð&âPÝ�à�ãyÌPÎ1ãkÐSÝP×-Ö�Í�Ì�Ò�ÌNâ�ÖyÞPß�Í�ìcà�ãkÐ�Û;ÐSÕ�ïP< ? Ý�à�ãyÌP×^ÌñÛ�Þ�Ö�Ô�Ð�×^Ì¸Ù
×^ì,Í�à�ß�â�Ð�Îy×-Û~Ñ ÍPÎ�ÔNà�Ý�ÐSÔ�ÍPÖ�Ô�Î��6Ì�Ô�ÐSÍ�Ì�Ì Ð�×^æ�ÞPÌ�Õ�à�â�Ù^Ð�Ù	Í�ÐSæ�ÝPÖ�Õ�Ì�ÔPÙ�ÔNà�Ô�Î�ÞPÌ�èPÎ�ê
Í�Ì�Ì�ÖyâPÍPÖ�Ï�Ì�çNÍ�Ì�Ø çjÐWÛEèPÎEÕWâPÝ�à�ãyÌ�Ø	</f5è�Ð�ÛEÕ�ÍPÖ�ÛEÕ�Ì¸ÙrÔ�Ì�çyÔ�ÎyÛEÕ�ÍPÖ�× ×^ì@Û�Þ�ÎEÍ�ÍPÖ�×
ëyÒ�ÛEæPÎEÝ�ÌP×-ÎEÍ�Õ�Î á ÝPÎ�âPÌ�Í�ã;ÎEÝ�Ð)ÞPÌ ä Ö)Ý�Ð�ÛEÕ�ÎEÕ�Ð�×^æ�ÞPÌ�Õ�à�â�Ð)ß�Ì�Ô�Ö�ÏðÒ�Ö	�6Ò�ÌðçjÐ)ÛEè[eÎEÕ
Ð�×^æ�ÞPÌ�Õ�à�âPì,×-ÎEÝ�Õ�Ô�Ö�ÏWÒ�Ö	�6Ò�Ì¸Ù�ÞPÌ ä Ö¡Í�Ð�Ö ä Ö�ÝPÖ�Õ%" Ì)ëyÕ�Ö�Õ]æ�ÝPÖ�íPÎyÛyÛ�Í�ÐSæ�Ý�ÐSÔ�Þ�ÎEÍWÔ
ÛEÕ�Ö�ÝPÖ�Í�à¡à�×-ÎEÍ�ïc��ÎEÍ�Ì�Ñ¡ëyÍ�Õ�ÝPÖ�æ�Ì�Ì¸Ù�Õ�Ö�ã~â�Ð6Ò�ÐSÒ¡Þ � ä Ö�Î3æPÎEÝPÎy×-Î��6Ì�Ô�ÐSÍ�ÌPÎ1ÎyÎ3Õ�ÖyÞPï�Ò�Ö
à�Ô�Î�ÞPÌ�è�Ì�Ô�Ð�ÎEÕS<�#�Õ�×-ÎEÕ�ÌP×WÕjÐSÒ�ß6Î�Ù�è�Õ�Ö3Ô1ÍPÎEÒ�Ö�Õ�Ö�Ý�ì�Ø�Ý�Ð ä Ö�ÕjÐjØ�æPÖ3æPÎEÝPÎy×-Î��6Ì�Ô�ÐSÍ�Ì �
Ö ä Ý�ÐSå�Ð � Õ�Ô�Í�ÌP×/ÐSÍ�ÌPÎ3Í�Ð&æPÖ�Õ�ÎEÝ � é&ÐSç;Ö�Ô�ì�Ø¡Ö�Õ�ÍPÖ	��ÎEÍ�Ì�Ïs/ â�ÎEÒ�Ö�ã;ÎEÝPÎEÍ�í�Ì � 1�<P$1Ö6Ì
â�ÎEÒ�Ö�ã;ÎEÝPÎEÍ�í�Ì�Ñ)ÛEà�Õ�Ì]â�Î�Þ�Ð�ÍPÎ+×-ÎEÍ�Ñ�ÎEÕS<

»A�"½?� Ã_¿�Â-Æ_Ã_¿�Ç_Ã_Á K`K ¿�L�Å�Ã_Æ5� K ¿)Ë_Åg��Ë5CJ�W¿�Ã_ÆJG�Ê�Á�Â-Ã_Á�Ê:��L À_Å�È_Ä�Á�Ê
�_ÐSÒ�ÌP×ÉÖ ä Ý�ÐSç;Ö�×"Ù�Þ�Ö�ãyÌ�èPÎyÛEÒ�ÌNÌ�ç1Ô�ìY��ÎyÛEÒ�ÐSçjÐSÍ�ÍPÖ�ã;Ö�Û�Þ�Î�âPà�ÎEÕSÙPè�Õ�Ö�Ô�×-ÎEç;Ö�×^Ì�ÝPÎ

â�ÖyÞPß6ÎEÍ�ÛEà�å�ÎyÛEÕ�Ô�Ö�Ô�ÐSÕ�ïh�+ø��=��õPô�þ��Óó6�jþ~ó�ü�8�øEõPô6���Súy÷PõPú	��Ri��ò��	��ø���ú	��<-$+ÐKÔ�Ø�ÖSê
â�Î1à�Ò�ÐSçjÐSÍ�ÍPÖ�ã;Ö�×-Î�Ø�ÐSÍ�Ì�ç;×/Ð�æPÖ;Ñ�Ô�ÞPÑ�ÎEÕ�Û~ÑñÔ�ÖyÞPÍPÖ�Ô�ÐSÑñé1à�Í�Ò�í�Ì�Ñ�Û

n
ÛyÖ�ÛEÕ�Ö;Ñ�Í�Ì�Ñ�×^Ì

ÍPÎEÍ�à�Þ�ÎEÔ�Ö�ÏNÐ�×^æ�ÞPÌ�Õ�à�âPì+ÙPÐ1Í�Ð+Ô�ì�Ø�Öyâ�Î%â�ÖyÞPß�Í�Ð&æPÖyÞPà�è�ÐSÕ�ï�Û~Ñ]Ô�ÖyÞPÍPÖ�Ô�ÐSÑ]é1à�Í�Ò�í�Ì�Ñ
Õ�ÖyÞPï�Ò�Ö]Û&ÖyâPÍ�ÌP×�ÛyÖ�ÛEÕ�Ö;Ñ�Í�ÌPÎy×"Ù	Ð�Ô�ÛyÎ&Ö�ÛEÕjÐjÞPï�Í�ì@Î&à�ãkÐ�Û;Ð � ÕIÔ�Ø�Öyâ�Î&ëyÔ�ÖyÞ � í�Ì�Ì)æPÖSê
è�Õ�ÌNâ�Ö�Í�à�Þ�ÎEÔ�Ö�ÏWÐ�×^æ�ÞPÌ�Õ�à�âPì+Ù�æ�Ý�ÐSÒ�Õ�Ì�èPÎyÛEÒ�ÌKÌPÛEèPÎEçjÐSÑ	<�$1Ö�×-ÎEÝ)ëyÕ�Ö�ã;ÖE$jÔ�ì"Ì�ãyÝ�ÐSÔ�ê



2�9 `3<�î�<P21Ö�Í�âPÝ�ÐSÕ�ï�ÎEÔPÙ�f3<��6<P��Í�Õ�Ö�ÍPÖ�Ô
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��ÎEã;Ög&]ÛyÖ�ÛEÕ�Ö;Ñ�Í�Ì�ÑKçjÐSÝ�ÐSÍPÎyÎ6ÍPÎ&Ì�çyÔ�ÎyÛEÕ�ÎEÍ¸Ù�Ö�ÍKÖ�æ�ÝPÎ�â�Î�ÞPÑ�ÎEÕ�Û~ÑKÔIØ�Öyâ�Î�Ö ä	d ÎEÒ�Õ�Ì�Ô�ÍPÖ
ÛEà�å�ÎyÛEÕ�Ô�à � å�ÎEã;ÖIÔ¡æ�Ý�Ì�ÝPÖyâ�Î�Û�ÞPà�è�ÐSÏ�ÍPÖ�ã;Ö]æ�ÝPÖ�íPÎyÛyÛ;Ð�<	î1ÖyâPèPÎEÝ�Ò�ÍPÎy×"Ù	è�Õ�ÖIÔ�ÖIÔ�ÛyÎ�Ø
Ý�Ð�ÛyÛy×/ÐSÕ�Ý�Ì�Ô�Ð�Îy×^ì�Ø�Í�Ð�×^Ì â�Ö�ÛEÌ�ØðæPÖ�Ý�×-Öyâ�Î�ÞPÑ�ØÉæPÖWÝ�Ð�ÛEå�ÎEæ�Þ�ÎEÍ�Ì � Ò�Ô�ÐSÍ�Õ�Ö�Ô�ì�Ø
æ�ÐSÒ�ÎEÕ�Ö�Ôñé1Ì�ãyà�Ý�Ì�ÝPÖ�Ô�ÐjÞ�×/ÐSÝ�Ò�Ö�Ô�ÛEÒ�Ì�Ï æ�ÝPÖ�íPÎyÛyÛ�<¸f"ÐSß�ÍPÖ�Ï�èPÎEÝ�Õ�Ö�Ï�æ�ÝPÖ�íPÎyÛyÛ;Ð]Ý�Ð�Û�ê
å�ÎEæ�Þ�ÎEÍ�Ì�Ñðæ�ÐSÒ�ÎEÕjÐ)Ñ�Ô�ÞPÑ�ÎEÕ�Û~Ñ ÍPÎEæ�ÝPÎEÝ�ì"Ô�ÍPÖ�Î�æPÖ�ÛEÕ�à�æ�Þ�ÎEÍ�ÌPÎNÛ�ÞPà�è�ÐSÏ�ÍPÖ�ÛEÕ�ÌÉÌ�çyÔ�ÍPÎ�<
#@âPÍ�ÐSÒ�Ö ä ÎEç+Ô�ÍPÎ��6ÍPÎEÏ)Û�ÞPà�è�ÐSÏ�ÍPÖ�ÛEÕ�Ì¸Ù�Õ�ÖyÞPï�Ò�Ö¡çjÐ�ÛEèPÎEÕ¡ÛEÔ�Ö�ÏPÛEÕ�ÔIÔ�ÖyÞPÍPÖ�Ô�Ö�ÏKé1à�Í�Ò�ê
í�Ì�Ì¸Ù^æPÖSê Ô�Ì�âPÌP×-Ö�×^à�Ù/ÍPÎEÔ�Ö�ç;×-Ö;ß�ÍPÖ�æ�ÝPÎ�â�ÛEÕjÐSÔ�Ì�Õ�ï ÕjÐSÒ�Ö�ÏÉæ�ÝPÖ�íPÎyÛyÛ�Ý�Ð�ÛEå�ÎEæ�Þ�ÎEÍ�Ì�Ñ	<
? ÎEÏPÛEÕ�Ô�Ì�Õ�Î�ÞPï�ÍPÖ�Ù@Ö ä Ý�ÐSÕ�ÌP×^ì"Ï æ�ÝPÖ�íPÎyÛyÛ�Ù Ø�Ö�ÕjÑ ä ì ÌÜÍPÎ�ÞPÌ�ÍPÎEÏ�Í�ì"Ï¸Ù@Ö�æ�Ñ�Õ�ïðæ�Ý�Ì�ê
Ô�Î�Þ ä ì Ò�æPÎEÝPÎy×-Î��6Ì�Ô�ÐSÍ�Ì � ÛyÖ�ÛEÕ�Ö;Ñ�Í�Ì�ÏñÌNÍPÎEÍ�à�ß�ÍPÖ�×^à]Í�Ð�× à�Ô�Î�ÞPÌ�èPÎEÍ�Ì � ëyÍ�Õ�ÝPÖSê
æ�Ì�Ì�Ò�Ô�ÐSÍ�Õ�Ö�Ô�Ö�Ï]ÛEÌPÛEÕ�Îy×^ì+<�� âPÝ�à�ã;Ö�Ï¡ÛEÕ�Ö�ÝPÖ�Í�ì+Ù�Ñ�Ô�Í�ÐSÑ�ÍPÎyÖ ä Ý�ÐSÕ�ÌP×-Ö�ÛEÕ�ï�Û�ÞPÌ=�6Ò�Ö�×
ÛEÌ�ÞPï�ÍPÖ�Í�ÐSÝ�à6�6Ì�Þ�Ð ä ì Ì�çyÔ�ÎyÛEÕ�Í�ì@Î�ÐSÕ�Ö�×^ÍPÖSêý×-ÖyÞ�ÎEÒ�à�ÞPÑ�Ý�Í�ì@Î"çjÐSÒ�Ö�ÍPÖ�×-ÎEÝ�ÍPÖ�ÛEÕ�Ì¸Ù�Í�Ðjê
Ò�ÐSæ�ÞPÌ�Ô�ÐSÑ�ÛEïIÛ%Õ�ÎEèPÎEÍ�ÌPÎy×ðÔ�ÝPÎy×-ÎEÍ�Ì¸<P$+ÐSæ�Ý�ÌP×-ÎEÝ¸Ù�ÍPÎ1ÛEÕ�Ö�Ì�Õ�Ö�ÛyÖ ä Ö�ã;Ö�Õ�Ý�à�â�Ð6Ô�Ô�ÎyÛEÕ�Ì
âPÌPÛyÛEÌ�æ�ÐSÕ�Ì�Ô�Í�ì"ÏIè�Þ�ÎEÍ�Ô3à�Ý�ÐSÔ�ÍPÎEÍ�ÌPÎ á ÝPÎ�âPÌ�Í�ã;ÎEÝ�Ð�Ù�ÍPÖ3ëyÕ�Ö1ÛEÝ�ÐSçyà&Í�ÐSÝ�à6�6Ì�Õ1Õ�Ô�ÎEÝ�ê
â�Ö�à�ÛEÕjÐSÍPÖ�Ô�Þ�ÎEÍ�Í�ì@Î&æ�Ý�ÐSÔ�Ì�Þ�Ð�Ò�Ô�ÐSÍ�Õ�Ö�Ô�ÐSÍ�Ì�ÑñÖ�Ý ä Ì�ÕS<

i~
∂ψ

∂ t
= (1 − iα)Hψ; ψ =

∑
Cnψn; Hψn = λnψn.

��Ö�ã~â�Ð
i~
∑

Ċnψn = (1 − iα)
∑

n

Cnλnψn,

Ö�Õ�Ò�à�â�Ð

i~Ċn = (1 − iα) λnCn, Cn = Cn (0) · e− iλn t� · e−α λnt�
.

7�â�ÎyÛEï
iα

ê�ÍPÎyÛ;Ð�×-Ö�ÛyÖ�æ�Ý�Ñ�ß6ÎEÍ�Í�ÐSÑ â�Ö ä ÐSÔ�Ò�ÐðÒ ãkÐ�×^Ì�ÞPïjÕ�Ö�Í�Ì�ÐSÍ�à�Ù%Ô�ì"çyì"Ô�Ð � å�ÐSÑ
ÍPÎyÖ ä Ý�ÐSÕ�ÌP×-Ö�ÛEÕ�ï æ�ÝPÖ�Õ�ÎEÒ�ÐSÍ�Ì�ÑÓÒ�Ô�ÐSÍ�Õ�Ö�Ô�Ö�ã;Ö,æ�ÝPÖ�íPÎyÛyÛ;Ð�<If Ô�Î�â�ÎEÍ�ÌPÎ â�Ö ä ÐSÔ�Ò�Ì

iαæ�Ý�Ì�Ô�ÖyâPÌ�ÕIÒNæPÖ;Ñ�Ô�Þ�ÎEÍ�Ì � çjÐSÕ�à�Ø�ÐSÍ�Ì�Ñ

Cn (t) = Cn (0) · e− iλn t� · e− α λnt�
.

4rÕ�Ö�çjÐSÕ�à�Ø�ÐSÍ�ÌPÎ+æ�Ý�Ì�Ô�ÖyâPÌ�Õ¡ÒNà�ãkÐ�Û;ÐSÍ�Ì � Ô�ì@ÛyÖ�Ò�Ö�ëyÍPÎEÝ�ã;ÎEÕ�Ì�èPÎyÛEÒ�Ì�ØKà�ÝPÖ�Ô�ÍPÎEÏh/ à
Ò�Ö�Õ�Ö�Ý�ì�ØNÔ�Î�ÞPÌ�è�Ì�Í�ì

λn
ä ÖyÞPïc�6ÌPÎ�1�<�f�Ì�Õ�Ö�ã;Î�ÙPÔ�Ô�Î�â�ÎEÍ�ÌPÎ1â�Ö ä ÐSÔ�Ò�Ì

iα
æ�Ý�Ì�Ô�ÖyâPÌ�Õ

Ò�Í�ÐSÝ�à6��ÎEÍ�Ì � çjÐSÒ�Ö�Í�Ð�ÛyÖyØ�Ý�ÐSÍPÎEÍ�Ì�ÑNëyÍPÎEÝ�ãyÌ�ÌNÌ�â�ÖyÞPß�ÍPÖ ä ì"Õ�ïNú�� ��øýó[�kõPü���ú�<
��ÎyÖ�Ý�Ì�ÑIÝ�Ð�ÛEå�ÎEæ�Þ�ÎEÍ�Ì�Ñ�Ô�ÖyÞPÍPÖ�Ô�ì�ØIæ�ÐSÒ�ÎEÕ�Ö�Ô&â�ÖyÞPß�Í�Ð+ÍPÖ�ÛEÌ�Õ�ï&ÍPÎ�ÞPÌ�ÍPÎEÏ�Í�ì"Ï¡Ø�Ðjê

Ý�ÐSÒ�Õ�ÎEÝ]Û@à�è�Ð�ÛEÕ�ÌPÎy× Ô�ÍPÎ��6ÍPÎEã;Ö&Ô�Ö�çEâ�ÎEÏPÛEÕ�Ô�Ì�Ñ	Ù�à�×-ÎEÍ�ïc��Ð � å�ÎEã;Ö&ëyÍ�Õ�ÝPÖ�æ�Ì � ÛEÌPÛEÕ�Î�ê
×^ì+<�'ñì æ�Ý�Ì�Ø�ÖyâPÌP×�Ò�Ô�ì"Ô�ÖyâPà�Ù�è�Õ�Ö3à�×-ÎEÍ�ïc��ÎEÍ�ÌPÎ@ëyÍ�Õ�ÝPÖ�æ�Ì�Ì�Ò�Ô�ÐSÍ�Õ�Ö�Ô�Ö�Ï¡ÛEÌPÛEÕ�Îy×^ì
æ�ÝPÖ�ÌPÛ�Ø�ÖyâPÌ�Õ&çjÐ%ÛEèPÎEÕ1Ô�çjÐSÌP×-Öyâ�ÎEÏPÛEÕ�Ô�Ì�ÑIÛ Ô�ÍPÎ��6Í�ÌP×KÌ�çEÞPà�èPÎEÍ�ÌPÎy×"Ù�æ�Ý�Ì�Í�ÌP×/Ð � å6ÌP×
Í�Ð�ÛyÎ ä Ñ�ÍPÎEÒ�Ö�Õ�Ö�Ý�à � Ì�ç ä ì"Õ�Ö�è�Í�à � ëyÍ�Õ�ÝPÖ�æ�Ì � ;C:c� B�<ý<
� Å�Ä�¿ K Å�Ä�Æi�_¿HB�È_Æ_ÇÜÅ�À_À_Å�Ë_Å�Ä
f Í�Ð�ÛEÕ�Ö;Ñ�å�ÎyÎ6Ô�ÝPÎy×^Ñ)Ô]é1Ì�çyÌ�Ò�Î6Í�ÐSçyÝPÎ�Þ�ÐIÍ�Ð�ÛEà�å6Í�ÐSÑ)ÍPÎyÖ ä Ø�ÖyâPÌP×-Ö�ÛEÕ�ïh$jæPÎEÝPÎ�ê

ä ÝPÖ�ÛEÌ�Õ�ïñ×-Ö�ÛEÕ=&ñ×-ÎEß�âPàK×/ÐSÒ�ÝPÖSê�Ì�×^Ì�Ò�ÝPÖ�×^Ì�ÝPÖ�×"Ù�æ�ÝPÎ�â�ÛEÕjÐSÔ�Ì�ÔNçjÐSÒ�Ö�ÍPÖ�×-ÎEÝ�ÍPÖ�ÛEÕ�Ì
æPÖ)Ö ä Î¡ÛEÕ�Ö�ÝPÖ�Í�ì5Ò�ÐSÒðÎ�âPÌ�ÍPÖ�Î¡íPÎ�Þ�Ö�Î0;C:�<ý<_$1Öñà�Þ�Ö�Ô�Ì�Õ�ïKÌ æPÖ�Í�Ñ�Õ�ïKçjÐSÒ�Ö�ÍPÖ�×-ÎEÝ�ÍPÖSê
ÛEÕ�Ì�ÔðÛ;Ð�×-Ö�Ï�æ�ÝPÖ�×-ÎEß�à�Õ�Ö�è�ÍPÖ�Ï ç;Ö�ÍPÎ)×-ÎEß�âPà�×/ÐSÒ�ÝPÖ�×^Ì�ÝPÖ�×5Ì�×^Ì�Ò�ÝPÖ�×^Ì�ÝPÖ�×`"



$1ÎyÖ ä Ø�ÖyâPÌP×-Ö�ÛEÕ�ï]ÍPÎ�ÞPÌ�ÍPÎEÏ�ÍPÖ�ÏñÒ�Ô�ÐSÍ�Õ�Ö�Ô�Ö�Ï)×-Î�Ø�ÐSÍ�Ì�Ò�Ì 2�:
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è�ÝPÎEçyÔ�ì"è�ÐSÏ�ÍPÖNÛ�Þ�Ö;ß�Í�ÐSÑKçjÐjâ�Ðyè�Ð�<_� ÖyâPÍPÖ�Ï�ÛEÕ�Ö�ÝPÖ�Í�ì+Ù�Ô�Í�à�Õ�Ý�ÌWÛ;Ð�×-Ö�ÏWÒ�Ô�ÐSÍ�Õ�Ö�Ô�Ö�Ï
×-Î�Ø�ÐSÍ�Ì�Ò�Ì]Ö�èPÎEÍ�ï6Ô�ì@ÛyÖ�Ò�Ð+Õ�Ö�è�ÍPÖ�ÛEÕ�ï�ÛyÖ�ã~Þ�Ð�ÛyÖ�Ô�ÐSÍ�Ì�Ñ]Ý�Ð�ÛEè[eÎEÕ�Ö�Ô�Û@Ì�ç;×-ÎEÝPÎEÍ�Ì�Ñ�×^Ì]Í�Ð
à�ÝPÖ�Ô�ÍPÎrÐSÕ�Ö�×-Ö�Ô%Ì&×-ÖyÞ�ÎEÒ�à�Þ�/ ÍPÖ@Õ�ÖyÞPï�Ò�Ö@â�ÞPÑ+ÛEÝ�ÐSÔ�Í�Ì�Õ�Î�ÞPï�ÍPÖ�æ�ÝPÖ�ÛEÕ�ì�Ø&ÛEÌPÛEÕ�Îy×Y�yâ�ÞPÑ
Û�Þ�Ö;ß�Í�ì�ØNß6Î+×-ÖyÞ�ÎEÒ�à�ÞñÕ�Ö�è�ÍPÖ�ÛEÕ�ïIÝ�Ð�ÛEèPÎEÕ�Ö�Ô�Ô�Ò�Ô�ÐSÍ�Õ�Ö�Ô�Ö�ÏNØ�ÌP×^Ì�ÌNÛEÝ�ÐSÔ�Í�Ì�Õ�Î�ÞPï�ÍPÖ
ÍPÎEÔ�ì@ÛyÖ�Ò�Ða; D	<w1�<���âPÝ�à�ã;Ö�ÏIÛEÕ�Ö�ÝPÖ�Í�ì+Ù�â�ÞPÑ�æ�ÝPÖ�íPÎyÛyÛyÖ�Ô&Ô+×/ÐSÒ�ÝPÖ�×^Ì�ÝPÎ�Ù�Ö�ÛyÖ ä ÎEÍ�ÍPÖ+è�Ì�ê
ÛEÕ�Ö¡×-Î�Ø�ÐSÍ�Ì�èPÎyÛEÒ�Ö�ÏWæ�Ý�Ì�ÝPÖyâPì+Ù ä Þ�ÐSã;Öyâ�ÐSÝ�ÑWà�ÛEÌ�ÞPÌ�Ñ�×�Ô�ì�â�Ð � å6Ì�Ø�Û~Ñ)à�è[eÎEÍ�ì�Ø)æ�ÝPÖSê
�&Þ�Ö�ã;Ö@ÕjÐSÒ�ß6ÎrÔ�ì"Ñ�Ô�Þ�ÎEÍ�ì�Ô�Î�âPà�å6ÌPÎ-à�Ý�ÐSÔ�ÍPÎEÍ�Ì�Ñ	ÙjÒ�Ö�Õ�Ö�Ý�ì@Î Û-Ø�Ö�ÝPÖ	��ÎEÏ&Õ�Ö�è�ÍPÖ�ÛEÕ�ï � Ù
Û"æ�Ý�Ì�Ô�Þ�ÎEèPÎEÍ�ÌPÎy× é+ÎEÍPÖ�×-ÎEÍPÖyÞ�Ö�ãyÌ�èPÎyÛEÒ�Ì�Ø¡Ò�Ö�ÍPÛEÕjÐSÍ�ÕSÙ�Ö�æ�ÌPÛEì"Ô�Ð � Õ&ÝPÎ;ÐjÞPï�ÍPÖ�ÛEÕ�ï����	W
�Eó�ú��1ô�ó6��<jî1Ö�ÛyÎEÝPÎ�âPÌ�ÍPÎ ß6Î�Ù�×-ÎEß�âPà&×^Ì�Ò�ÝPÖ�×^Ì�ÝPÖ�×)Ì�×/ÐSÒ�ÝPÖ�×^Ì�ÝPÖ�×"ÙSæ�ÝPÖ�ÛEÕ�Ì�Ý�Ð�ÎEÕ�Û~Ñ
Ö ä Þ�Ð�ÛEÕ�ïPÙ�æPÖ�Ò�ÐNæPÖ�è�Õ�Ì�ÍPÎIæPÖyâ�â�Ð � å�ÐSÑ�Û~Ñ�Ì�çyà�èPÎEÍ�Ì � <�a3Ö�ÕjÑ	Ù¸Ò�Ö�ÍPÎEè�ÍPÖ�Ù_Ì�Í�Ð�ÍPÎ�eÎ
Ö ä Ý�ÐSå�Ð � Õ�Ô�Í�ÌP×/ÐSÍ�ÌPÎrÔ�æPÖ�Û�Þ�Î�âPÍ�ÌPÎrâ�ÎyÛ~Ñ�Õ�Ì�Þ�ÎEÕ�Ì�Ñ	ÙSÍPÖ�ÞPÌ=�6ï%Û/Õ�Ö�è�Ò�Ì6çyÝPÎEÍ�Ì�Ñ+æ�Ý�Ì�ê
×^Ì�Õ�Ì�Ô�ÍPÖ�ã;ÖIë;×^æ�Ì�Ý�Ì�ç;×/Ð0/ ÛyÖ�çEâ�ÐSÍ�ÌPÎ&Ò�Þ�Ð�ÛEÕ�ÎEÝPÖ�ÔPÙ�Í�ÐSÍPÖ�ÛEÕ�Ý�à�Ò�Õ�à�Ý*1�Ù�ÍPÖ�Õ�Ö�è�ÍPÖ�ÛEÕ�ï¡Ì
Í�Ðjâ'eÎEß�ÍPÖ�ÛEÕ�ïðÝ�Ð�ÛEè[eÎEÕ�Ö�Ô�çEâ�ÎyÛEï�Ö�èPÎEÍ�ï è�Ð�ÛEÕ�Ö�Ô�ÎyÛEï�×/ÐKâ�ÐjÞ�ÎEÒ�Ì�Ö�Õ�æ�Ý�ÐSÒ�Õ�Ì�èPÎyÛEÒ�Ì�Ø
æPÖ�Õ�ÝPÎ ä ÍPÖ�ÛEÕ�ÎEÏ¸Ù�Ð�Î�âPÌ�ÍPÖ�ÏNÕ�ÎyÖ�ÝPÎEÕ�Ì�èPÎyÛEÒ�Ö�Ï)Ò�Ö�Í�íPÎEæ�í�Ì�Ì)æPÖ�Ò�Ð�ÍPÎ1ÛEà�å�ÎyÛEÕ�Ô�à�ÎEÕS<

î1ÖIÍ�Ð���Îy×^àñ×^ÍPÎEÍ�Ì � Ù�Ò�Þ � è)Ò)ÛyÖ�çEâ�ÐSÍ�Ì � Õ�ÎyÖ�Ý�Ì�ÌK×-ÎEç;Ö�×^Ì�Ý�Ða" Ô¡Ö�æ�ÌPÛ;ÐSÍ�Ì�Ì
ÍPÎ�ÞPÌ�ÍPÎEÏ�ÍPÖ�ÛEÕ�Ì�æ�ÝPÖ�Õ�ÎEÒ�Ð � å6Ì�Ø ÕjÐ�× æ�ÝPÖ�íPÎyÛyÛyÖ�ÔP< î1ÎEÝ�Ô�ì"ÏÉÔ�ÐSÝ�Ì�ÐSÍ�Õ ÍPÎ�ÞPÌ�ÍPÎEÏ�ÍPÖ�Ï
Ò�Ô�ÐSÍ�Õ�Ö�Ô�Ö�Ï�×-Î�Ø�ÐSÍ�Ì�Ò�Ì ä ì�Þ�ÛyÖ�çEâ�ÐSÍ¡Ô6×-Ö�ÍPÖ�ãyÝ�Ð�é1Ì�ÌE;C:�<ý<�f ëyÕ�Ö�Ï¡Ý�Ð ä Ö�Õ�Î%×^ì�Ì�çEÞ�Ðjê
ãkÐ�Îy×ñÒ�Ý�ÐSÕ�Ò�ÌPÎ ÛyÖ�Ö ä Ý�ÐSß6ÎEÍ�Ì�Ñ	Ù�Ö�ÛEÍPÖ�Ô�ÐSÍ�Í�ì@Î Í�Ð"æ�ÝPÎ�â�Þ�Ö;ß6ÎEÍ�ÍPÖ�Ï�Í�Ð�×^Ì&Ý�ÐSÍPÎyÎrÕ�Ö�è�Ò�Î
çyÝPÎEÍ�Ì�Ñ	<

»?� ½/¾�¿���Å�Ê�ÆiB�Æ K Á:B�Äg��Ê���Å�Æ K Ã_Á�Æ5��Á�Â-Æ_Ë_Á�Ê�Å�Ã_Ãi��L À_Ë_Á:�_¿HB�B�Á�Ê
#�Õ�ÍPÖ�ÛEÌ�Õ�Î�ÞPï�ÍPÖ�Õ�Ö�ã;Ö�Ù/Ò�ÐSÒ�Ô�Î�â�ÎEÕ�ÛyÎ ä ÑÉÔ�ÖyÞPÍPÖ�Ô�ÐSÑÜé1à�Í�Ò�í�Ì�Ñ Ò�Ô�ÐSÍ�Õ�Ö�Ô�Ö�ÏÜÛEÌ�ê

ÛEÕ�Îy×^ì+Ù�Ý�ÐSçEâ�Î�Þ�ÎEÍ�ÍPÖ�Ï]Í�Ð3âPÔ�Î@Ì�ÞPÌ ä ÖyÞ�ÎyÎ�Ô�çjÐSÌP×^ÍPÖ+Ì�ç;ÖyÞPÌ�ÝPÖ�Ô�ÐSÍ�Í�ì@Î3æPÖyâ�ÛEÌPÛEÕ�Îy×^ì+Ù
ÛyÖ�×^ÍPÎEÍ�Ì�Ï¸Ù�Ô�Ì�âPÌP×-Ö�Ù�ÍPÎ&Ô�Ö�çyÍ�Ì�Ò�Ð�ÎEÕPÿ	æPÖyÞPÍ�ÐSÑ)Ô�ÖyÞPÍPÖ�Ô�ÐSÑ�é1à�Í�Ò�í�Ì�Ñ

ψ
ÛEÌPÛEÕ�Îy×^ìÚÔ

íPÎ�Þ�Ö�×�â�ÖyÞPß�Í�Ð¡æ�ÝPÎ�â�ÛEÕjÐSÔ�ÞPÑ�Õ�ï�Û~Ñ�æ�ÝPÖ�Ì�çyÔ�Î�â�ÎEÍ�ÌPÎy× Ô�ÖyÞPÍPÖ�Ô�ì�Ø�é1à�Í�Ò�í�Ì�Ï
ψ1...ψnÖ�Õ;â�Î�ÞPï�Í�ì�ØNæPÖyâ�ÛEÌPÛEÕ�Îy×"<

� Õ�Ö�è�Ò�Ì)çyÝPÎEÍ�Ì�Ñ)é+Ö�ÝP×/ÐjÞPï�ÍPÖ�ã;Ö¡à�â�Ö ä ÛEÕ�Ô�Ð�Ô�ì"Ò�Þ�Ðjâ�Ö�ÒKà�æPÖ�×^Ñ�Í�à�ÕjÐSÑ)×^à�ÞPïjÕ�Ì�ê
æ�ÞPÌ�Ò�ÐSÕ�Ì�Ô�Í�ÐSÑñÛEÕ�Ý�à�Ò�Õ�à�Ý�Ð#/

ψj
"Óé1à�Í�Ò�í�Ì�Ì�Ý�ÐSçyÍ�ì�Ø�Ò�Ö�Ö�Ý�âPÌ�Í�ÐSÕ

Xj

1

ψ = ψ1...ψn
/ A�<C:�1

æ�ÝPÎ�â�ÛEÕjÐSÔ�ÞPÑ�ÎEÕ�Ö�èPÎEÔ�Ì�âPÍPÖ�Î%æ�ÝPÎEÌP×^à�å�ÎyÛEÕ�Ô�Ö&Ô&Ô�Ì�â�Î�Ý�ÐSçEâ�Î�Þ�ÎEÍ�Ì�Ñ¡æPÎEÝPÎy×-ÎEÍ�Í�ì�Ø	<�$1Ö
Ô�Ö�çyÍ�Ì�Ò�Ð�ÎEÕ�âPÝ�à�ã;Ö�ÏNÔ�Ö�æ�ÝPÖ�Û�Ù�à�ß6Î1Í�ÐSÕ�à�ÝPé1Ì�Þ�Ö�ÛyÖ�é+ÛEÒ�Ö�ã;Ö�æPÖ�Ý�Ñ�âPÒ�Ð�<�./Û�ÞPÌ¸Ù�Ò�ÐSÒñ×^ì
æPÖyâPèPÎEÝ�Ò�Ì�Ô�ÐjÞPÌ�Ô�Ö@Ô�Ô�Î�â�ÎEÍ�Ì�Ì¸ÙSÝ�Ð�ÛyÛy×/ÐSÕ�Ý�Ì�Ô�ÐSÕ�ï1ëyÔ�ÖyÞ � í�Ì � f�ÛyÎ�Þ�ÎEÍ�ÍPÖ�Ï�Ò�ÐSÒ6ÍPÎEæ�ÝPÎ�ê
Ý�ì"Ô�Í�à � æPÖ�Û�Þ�Î�â�Ö�Ô�ÐSÕ�Î�ÞPï�ÍPÖ�ÛEÕ�ï�ÛyÖ�ÛEÕ�Ö;Ñ�Í�Ì�Ï¸Ù ä ÎEç�ÌPÛEÒ�à�ÛyÛEÕ�Ô�ÎEÍ�ÍPÖ�ã;Ö6â�Î�Þ�ÎEÍ�Ì�Ñ�Í�Ð1æ�Ðjê
Ý�ì Ö�æ�ì"Õ�ê Í�Ð ä Þ � â�ÎEÍ�ÌPÎ�ÙPÕ�Ö6×^ìÜÔ�æ�Ý�ÐSÔ�Î1ÛEæ�ÝPÖ�ÛEÌ�Õ�ïPÙ�Ò�ÐSÒ]à�Û�Þ�Ö�Ô�ÌPÎk/ A�<C:�1-â�Ö�ÛEÕ�Ì�ãkÐ�ÎEÕ�ê
Û~Ñ	<

$+Ð+ëyÕ�Ö�Õ6Ô�Ö�æ�ÝPÖ�Û3÷PôPõ�øEùPõ��3��Ò�Ô�ÐSÍ�Õ�Ö�Ô�ÐSÑ]×-Î�Ø�ÐSÍ�Ì�Ò�Ð+ÍPÎ�Ô6ÛyÖ�ÛEÕ�Ö;Ñ�Í�Ì�Ì]â�ÐSÕ�ï6à�â�ÖSê
Ô�Þ�ÎEÕ�Ô�Ö�Ý�Ì�Õ�Î�ÞPï�Í�ì"ÏÚÖ�Õ�Ô�ÎEÕS< ? ÎEÏPÛEÕ�Ô�Ì�Õ�Î�ÞPï�ÍPÖ�Ù%ÎyÛ�ÞPÌ ×^ì Ô�ì"Ò�Þ � è�ÌP× Ô�çjÐSÌP×-Öyâ�ÎEÏ�ê
ÛEÕ�Ô�ÌPÎ�Ù	Õ�Ö�è�ÍPÎyÎ�Ù�Ö�Õ ä ÝPÖ�ÛEÌP×cÛyÖ�Ö�Õ�Ô�ÎEÕ�ÛEÕ�Ô�à � å6Ì�Ï è�Þ�ÎEÍ Ô�ãkÐ�×^Ì�ÞPïjÕ�Ö�Í�Ì�ÐSÍPÎ�Ù_Õ�Ö�æ�ÝPÖSê
Ì�çyÔ�Î�â�ÎEÍ�ÌPÎ]Õ�Ì�æ�Ð�/ A�<C:�1+Í�Ì�Ò�ÐSÒðÍPÎ]×-Ö;ß6ÎEÕ�æ�Ý�ÌðëyÔ�ÖyÞ � í�Ì�ÌÉÛyÖ�ã~Þ�Ð�ÛEÍPÖ ÷PôPõ�øEùPõPú��1ü



2�8 `3<�î�<P21Ö�Í�âPÝ�ÐSÕ�ï�ÎEÔPÙ�f3<��6<P��Í�Õ�Ö�ÍPÖ�Ô
��� �"! #%$&#%')(+*,(,')�-�"./')�-�"(101. � 21�3*546(+7�(121� 8�9�:;9�<^=,:

üEó6�c�Sõ�øEõPô�X�9Üó�ø��SôPõ:��øýó6�1æ�ÝPÎEÔ�Ý�ÐSÕ�Ì�Õ�ï�Û~Ñ	Ù¸Í�ÐSæ�Ý�ÌP×-ÎEÝ¸Ù�Ô�ÛEà�æPÎEÝ�æPÖ�çyÌ�í�Ì � âPÔ�à�ØñÍPÎ
æ�ÝPÖ�æPÖ�Ý�í�ÌPÖ�Í�ÐjÞPï�Í�ì�ØNâPÝ�à�ã3âPÝ�à�ãyà]æ�ÝPÖ�Ì�çyÔ�Î�â�ÎEÍ�Ì�Ï¸ÙPÝ�ÐSÔ�ÍPÖ�Ò�ÐSÒNÌñÖ ä Ý�ÐSÕ�ÍPÖ�<

(1×-ÎEÍ�ÍPÖ�çEâ�ÎyÛEï�ÍPÎyÖ ä Ø�ÖyâPÌP×/Ð�ÍPÎ�ÞPÌ�ÍPÎEÏ�ÍPÖ�ÛEÕ�ïP<�î3ÝPÖ�ÛEÕ�ÎEÏ=��ÎyÎ�ÙPÒ�ÐSçjÐjÞ�Ö�ÛEï ä ì+Ù�ÝPÎ�ê
��ÎEÍ�ÌPÎ+" ëyÕ�Ö�ÌPÛEÒ�à�ÛyÛEÕ�Ô�ÎEÍ�ÍPÖ�çjÐ�ÛEÕjÐSÔ�Ì�Õ�ï ÛEÕ�ÝPÎy×^Ì�Õ�ï�Û~Ñ Ô�ÖyÞPÍPÖ�Ô�à � é1à�Í�Ò�í�Ì � Ò
×^à�ÞPïjÕ�Ì�æ�ÞPÌ�Ò�ÐSÕ�Ì�Ô�ÍPÖ�ÏKé+Ö�ÝP×-Î�Ù�è�Õ�Ö6Ô�ÍPÎyÛEÒ�ÖyÞPï�Ò�Ö�à�æ�ÝPÖ�å�ÎEÍ�ÍPÖ�×ðÔ�ÐSÝ�Ì�ÐSÍ�Õ�Î3Ô�ì"ã~ÞPÑ�ê
âPÌ�Õ�Ò�ÐSÒ�çjÐjâ�ÐSÍ�ÌPÎ+à�Ý�ÐSÔ�ÍPÎEÍ�Ì�Ñ

∂ψ

∂ t
= −c(ψ − ψ1ψ2...ψn), c > 0.

/ A�< 8�1

î3Ý�ÌP×-ÎEÝ�ÍPÖ ÕjÐSÒ�ÐSÑ�Ì�â�ÎEÑ	Ù-â�ÎEÏPÛEÕ�Ô�Ì�Õ�Î�ÞPï�ÍPÖ�Ù Ô�ÛEÕ�ÝPÎEè�Ð�ÎEÕ�Û~Ñ�Ô�ÝPÎy×^Ñ�Ö�Õ Ô�ÝPÎy×-ÎEÍ�Ì
ÔKÞPÌ�Õ�ÎEÝ�ÐSÕ�à�ÝPÎ�</$1ÖWÎyÎ]æ�ÝPÖ�ÛEÕ�Ö�ÕjÐWÌ�Þ�Þ � ç;Ö�Ý�Í�Ð�<r7	Ð�×-ÎEÕ�ÌP×"Ù-è�Õ�ÖKà�Ý�ÐSÔ�ÍPÎEÍ�ÌPÎs/ 8�16Ì
Îy×^àWÐSÍ�ÐjÞ�Ö�ãyÌ�è�Í�ì@Î�$jæPÛyÎEÔ�â�ÖyÞPÌ�ÍPÎEÏ�Í�ì�&Pÿ_ÍPÎ�ÞPÌ�ÍPÎEÏ�ÍPÖ�ÛEÕ�ïñÔNÍ�Ì�ØKæ�ÝPÖ�Í�Ì�Ò�Ð�ÎEÕñèPÎEÝPÎEç
Ö�æ�ÝPÎ�â�Î�Þ�ÎEÍ�ÌPÎ]æPÖyâ�Ø�ÖyâPÑ�å6Ì�Ø ×^ÍPÖ;ß�Ì�Õ�Î�Þ�ÎEÏ

ψ1, ψ2...ψn
æPÖñçjÐjâ�ÐSÍ�ÍPÖ�Ï æPÖyÞPÍPÖ�Ï

ψæPÖ�ÛEÝPÎ�â�ÛEÕ�Ô�Ö�×"ÙPÍ�ÐSæ�Ý�ÌP×-ÎEÝ¸Ù�ÛyÖ�Ö�Õ�ÍPÖ	��ÎEÍ�Ì�Ï

ψj =

∫
...
∫
ψ Π
v 6=j

ψ∗
v (dXv)

Π
v 6=j

∫
|ψv|2 dXv

,
/ A�< B�1

ã~â�Î�Ù�Ò�ÐSÒñÌNâ�ÐjÞ�ÎyÎ�Ù�çyÔ�ÎEçEâ�Ö�è�Ò�ÐIÖ�çyÍ�Ðyè�Ð�ÎEÕ]Ò�Ö�×^æ�Þ�ÎEÒ�ÛEÍPÖ�Î�ÛyÖ�æ�Ý�Ñ�ß6ÎEÍ�ÌPÎ�Ù	Ð�Ì�Í�Õ�ÎEãyÝ�Ì�ê
ÝPÖ�Ô�ÐSÍ�ÌPÎ&æ�ÝPÖ�Ô�ÖyâPÌ�Õ�Û~ÑKæPÖ�Ô�ÛyÎy×ÉçyÍ�ÐyèPÎEÍ�Ì�Ñ�×

Xν .
#�æ�ÝPÎ�â�Î�Þ�ÎEÍ�ÌPÎ

n
é1à�Í�Ò�í�Ì�Ï

ψjÛyÖ�ã~Þ�Ð�ÛEÍPÖ!/ A�< B�1�Ù�ÖyâPÍ�ÐSÒ�Ö�Ù�Ô�ì"ã~ÞPÑ�âPÌ�Õ)Û�Þ�Ö;ß�Í�ì@×"Ù�ÍPÎEÑ�Ô�Í�ì@×"Ù¸Ì ÎEã;Ö�Ò�Ö�Ý�ÝPÎEÒ�Õ�ÍPÖ�ÛEÕ�ï
Ô]Ö ä å�Îy×ÜÛ�ÞPà�è�Ð�Î�ÛyÖ�×^Í�Ì�Õ�Î�ÞPï�Í�Ð�<�4&Ì�çyÌ�èPÎyÛEÒ�ÌWëyÕ�ÖIÞ�ÎEãyÒ�Ö ä ì�Þ�Ö¡æ�ÝPÎ�âPÔ�Ì�â�ÎEÕ�ïP<	$+Ðjê
æ�Ý�ÌP×-ÎEÝ¸ÙPÎyÛ�ÞPÌñÔ�Í�Ðyè�ÐjÞPï�Í�ì"ÏK×-Ö�×-ÎEÍ�Õ

ψ =
1√
2

(
ψ1...ψn + ψ̃1...ψ̃n

)
,

/ A�< D61

ã~â�Î�é1à�Í�Ò�í�Ì�Ì
ψj

Ì
ψ̃j

Ý�ÐSçEÞPÌ�è�Í�ì+Ù¸Ö�Ý�Õ�Ö�ã;Ö�Í�ÐjÞPï�Í�ì,âPÝ�à�ã�âPÝ�à�ãyà�Ù�æ�Ý�Ì�Õ�Ö�× ÖyâPÌ�ê
Í�ÐSÒ�Ö�Ô�Ö ÍPÖ�ÝP×^Ì�ÝPÖ�Ô�ÐSÍ�ì+ÙrÕ�Ö ä Ý�ÐSÕ�ï�ÞPÌÉÔ�Ò�ÐyèPÎyÛEÕ�Ô�ÎñæPÎEÝ�Ô�Ö�ã;Ö æ�Ý�Ì ä ÞPÌ�ß6ÎEÍ�Ì�ÑÉâ�ÞPÑ
æ�ÝPÎ�â�ÛEÕjÐSÔ�Þ�ÎEÍ�Ì�Ñz/ A�<C:�1@Í�Ð ä Ö�Ý

ψj
Ì�ÞPÌ

ψ̃j?
(%ÞPÌ¸Ù�×-Ö;ß6ÎEÕ ä ì"Õ�ïPÙ¸ÐSæ�æ�ÝPÖ�Ò�ÛEÌP×^Ì�ÝPÖSê

Ô�ÐSÕ�ï3æ�Ý�ÐSÔ�à � è�Ð�ÛEÕ�ïk/ A�< D61¸æ�ÝPÖ�Ì�çyÔ�Î�â�ÎEÍ�ÌPÎy×�Û�Ö�ÛEÝPÎ�âPÍPÎEÍ�Í�ì@×�×^ÍPÖ;ß�Ì�Õ�Î�Þ�Îy× ψj+ �ψj√
2
,æPÖ6Ò�Ý�ÐSÏ�ÍPÎEÏñ×-ÎEÝPÎ�Ù�â�ÞPÑ]Ô�ÎEå�ÎyÛEÕ�Ô�ÎEÍ�Í�ì�Ø�é1à�Í�Ò�í�Ì�Ï*�1�_ÐSÒ�ÌP× Ö ä Ý�ÐSç;Ö�×"ÙP×-Ö;ß�ÍPÖ�Í�Ðjê

â�ÎEÑ�Õ�ï�Û~Ñ¡Ô&ÞPà�è=��Îy×ðÛ�ÞPà�è�Ð�Î%Í�Ð+ÌPÛEæPÖyÞPï�ç;Ö�Ô�ÐSÍ�ÌPÎk/ A�< 8�1/æ�Ý�ÌP×-ÎEÍ�Ì�Õ�Î�ÞPï�ÍPÖ�Ò¡Ì�ç ä Ý�ÐSÍ�ê
Í�ì@×WÒ�Ö�Í�Ò�ÝPÎEÕ�Í�ì@×�ÛEÌ�Õ�à�ÐSí�Ì�Ñ�×"Ù�çjÐSÝ�ÐSÍPÎyÎ�Ù�Ô+ÛEà�å6ÍPÖ�ÛEÕ�Ì¸Ù�æ�ÝPÎ�âPæPÖyÞ�ÐSãkÐSÑIÌ�ç"ë;×^æ�Ì�Ý�Ì�ê
èPÎyÛEÒ�Ì�Ø¡ÛyÖ�Ö ä Ý�ÐSß6ÎEÍ�Ì�Ï�Õ�Ö�Ù�è�Õ�Ö&Õ�ÝPÎ ä Ö�Ô�ÐjÞ�Ö�ÛEï ä ì�Ô�ì"Ô�ÎyÛEÕ�Ì¡Ì�ç3Ö ä å6Ì�Ø�æ�Ý�Ì�Í�í�Ì�æPÖ�ÔP<
� ��ú�M�õPú��5øEû���øEû�� �Sú;þSõ���õPôPô=U/ôE��û���ó�ú�n-ô�þSô�M�øEû���ôg�Kò�ó�ú�
y÷�øN�������kM6��û���õPúSû���ô=U
òPú��Sú�
Sõ�R-ù%�+ø���ú��a���a�g��û"ó�ø�8�øEõPô6��þ��	���	Mñûyú	��øýó*8�øEõPõPú�õ�øEò�ó�ô�øN��÷�øN�+<

î3ÝPÎ�â�×-ÎEÕ�Ö�× ä ÖyÞ�ÎyÎWÕ�Ö�Í�Ò�Ö�ã;ÖÉÔ�Ö�æ�ÝPÖ�Û;Ð�Ñ�Ô�ÞPÑ�ÎEÕ�Û~Ñ ÌP×-ÎEÍ�ÍPÖ õ�øEú�
~ó6�	��ô6�1úSû�����<
'ñì à�ß6ÎKà�æPÖ�×^Ì�Í�ÐjÞPÌ¸Ù"è�Õ�ÖÉÖ�Í�Ð�ÍPÎyÖ ä Ø�ÖyâPÌP×/Ððâ�ÞPÑÜëyÔ�ÖyÞ � í�Ì�Ì Ö�ÕÉé1à�Í�Ò�í�Ì�Ï

ψÖ ä å�ÎEã;Ö)Ô�Ì�â�Ð)Ò é1à�Í�Ò�í�Ì�Ñ�×cæPÖyâPÒ�Þ�Ð�ÛyÛ;ÐW×^à�ÞPïjÕ�Ì�æ�ÞPÌ�Ò�ÐSÕ�Ì�Ô�Í�ì�Ø	< $1Ö)Ôz/ A�< 8�1&Ö�Í�Ð



$1ÎyÖ ä Ø�ÖyâPÌP×-Ö�ÛEÕ�ï]ÍPÎ�ÞPÌ�ÍPÎEÏ�ÍPÖ�ÏñÒ�Ô�ÐSÍ�Õ�Ö�Ô�Ö�Ï)×-Î�Ø�ÐSÍ�Ì�Ò�Ì 2�B
��� �"! #%$&#%')(+*,(,')�-�"./')�-�"(101. � 21�3*546(+7�(121� 8�9�:;9�<^=,:

æPÖyâ�ÐSÍ�ÐWÛ�ÞPÌ=�6Ò�Ö�×,ãyÝ�à ä Ö�Ù^Ì ÍPÎ�×-Î���ÐjÞ�Ö ä ìÓçjÐjâPà�×/ÐSÕ�ï�Û~Ñ	Ù/æPÖ�èPÎy×^à�æPÖWÖ�Õ�ÍPÖ	��Î�ê
Í�Ì � Ò�Ý�Ñ�âPà�æ�ÐSÝ�Ð�×-ÎEÕ�ÝPÖ�ÔWëyÒ�ÛEæPÎEÝ�ÌP×-ÎEÍ�Õ�ÍPÎ¡Ö ä Í�ÐSÝ�à�ß�Ì�Ô�Ð�ÎEÕ�ÛEÌPÛEÕ�Îy×/ÐSÕ�Ì�èPÎyÛEÒ�Ö�ã;Ö
âPÝPÎEÏPé&Ð�Ù�Ò�Ö�Õ�Ö�Ý�ì"Ï)Í�ÐSæ�Ý�Ð��6Ì�Ô�Ð�ÎEÕ�Û~ÑNæ�Ý�ÌNÔ�çyã~ÞPÑ�â�Î+Í�Ð6à�Ý�ÐSÔ�ÍPÎEÍ�ÌPÎ�/ A�< 8�1�<

f ì"Ý�ÐSß6ÎEÍ�Í�ì@Î ä ÖyÞ�ÎyÎ�Õ�Ö�è�Í�ì@×cÑ�çyì"Ò�Ö�×"Ù�ëyÕ�Ìb$jë;ÛEÕ�ÎEÕ�Ì�èPÎyÛEÒ�ÌPÎ	&WÛyÖ�Ö ä Ý�ÐSß6ÎEÍ�Ì�Ñ
Ö�çyÍ�Ðyè�Ð � ÕSÙ�è�Õ�Ö�Í�Ðjâ�Ö�æ�ÝPÎ�âPà�Ûy×-Ö�Õ�ÝPÎEÕ�ïNÐ�1"Ö�Õ�ÛEà�Õ�ÛEÕ�Ô�ÌPÎ�ÙPæPÖ�Ô�Ö�ç;×-Ö;ß�ÍPÖ�ÛEÕ�Ì¸Ù�æPÖ ä Ö�è�ê
Í�ì�Ø�ë;é+é+ÎEÒ�Õ�Ö�Ô�� ä 16ÐSÔ�Õ�Ö�×/ÐSÕ�Ì�èPÎyÛEÒ�Ö�ÎNà�ÛEÕjÐSÍPÖ�Ô�Þ�ÎEÍ�ÌPÎNé1à�Í�Ò�í�Ì�Ï

ψ1, ψ2...ψn,
ÍPÎ

Ì�çyÔ�ÎyÛEÕ�Í�ì�Ø�çjÐSÝ�ÐSÍPÎyÎ�<
»}��½A@�Á:B�ÄSÅ�Ã_Á�Ê�È�Å���ÅHF/ÅH�_Æ�Æ Â-Å=��Ë_Å�ÃJ ðÆ_Å�Ã
? Ö�Ô�ÖyÞPï�ÍPÖÚÎyÛEÕ�ÎyÛEÕ�Ô�ÎEÍ�ÍPÖ ëyÕ�Ì à�Û�Þ�Ö�Ô�Ì�Ñ Í�ÐSÔ�ÖyâPÑ�ÕÚÍ�Ðc×^ì@Û�ÞPï ÌPÛEæPÖyÞPï�ç;Ö�Ô�ÐSÕ�ï

Ò�ÐSÒ�ÌPÎ�ê Õ�ÖðæPÖyâ�Ö ä Ì�Ñ Ò�Ö�ë;é+é1Ì�í�ÌPÎEÍ�Õ�Ö�Ô Ò�Ö�Ý�ÝPÎ�ÞPÑ�í�Ì�Ì¸Ù"ÍPÖ�ÔðÕ�ÎEÝP×^Ì�Í�ÐjØÜÔ�ÖyÞPÍPÖ�Ô�ì�Ø
é1à�Í�Ò�í�Ì�Ïb;C:,<ýÙ^ÐNÍPÎIÔ�ÎEÝPÖ;Ñ�Õ�ÍPÖ�ÛEÕ�ÎEÏ¸Ù^Ì�Ô�Ô�ÎyÛEÕ�Ì ÛEæPÎEí�Ì�ÐjÞPï�Í�ì@Î]à�æ�Ý�ÐSÔ�ÞPÑ � å6ÌPÎIæ�Ðjê
Ý�Ð�×-ÎEÕ�Ý�ì+Ù/Ö ä Í�ÐSÝ�à�ß�Ì�Ô�Ð � å6ÌPÎNÛyÎ ä Ñ�ÌP×-ÎEÍ�ÍPÖWÔWÛEÔ�Ñ�çyÌÉÛ]ëyÕ�ÌP×^Ì Ò�Ö�Ý�ÝPÎ�ÞPÑ�í�Ì�Ñ�×^Ì¸<
23ÝPÖ�×-Î Õ�Ö�ã;Ö�Ù�Ö�ÛEÍPÖ�Ô�ÐÉà�Ý�ÐSÔ�ÍPÎEÍ�Ì�Ï¸Ù�Ø�Ö�ÕjÑ ÌcÍPÎ�ÞPÌ�ÍPÎEÏ�Í�ì�Ø	Ù�â�ÖyÞPß�Í�Ð�Ö�ÛEÕjÐSÔ�ÐSÕ�ï�Û~Ñ
ú�
~ó6�	��ô6�1úSù:��ÍPÎyÖ ä Ý�ÐSÕ�ÌP×-Ö�ÛEÕ�Ìð×^ì Ö�Õ�Ô�Î�â�Îy× â�Ö�ÛEÕjÐSÕ�Ö�è�ÍPÖñà�çyÒ�à � $jÕ�Ö�è�Ò�àWæ�Ý�Ì�Þ�ÖSê
ß6ÎEÍ�Ì�Ñ[&S< ? ÞPÑ æPÖyÞPà�èPÎEÍ�Ì�ÑÉß6ÎñÖ ä Ý�ÐSÕ�ÌP×^ì�ØÉà�Ý�ÐSÔ�ÍPÎEÍ�Ì�Ï�ëyÔ�ÖyÞ � í�Ì�ÌÜÛEà�å�ÎyÛEÕ�Ô�à�ÎEÕ
ÌPÛEæ�ì"ÕjÐSÍ�Í�ì"Ï æ�Ý�ÌPÎy×ÜçjÐjâ�ÐSÍ�Ì�ÑWÔ�ÐSÝ�ï�Ì�Ý�à�Îy×-Ö�ã;Öñé1à�Í�Ò�í�ÌPÖ�Í�ÐjÞ�Ð�Ù	è�Õ�Ö�Ù�Ò�ÐSÒWÌ�çyÔ�ÎyÛEÕ�ê
ÍPÖ+; A�<ýÙ¸ÛEÔ�Ñ�çjÐSÍPÖñÛ�Ô�ì�â�Î�Þ�ÎEÍ�ÌPÎy×cæ�ÐSÝ Ò�ÐSÍPÖ�Í�Ì�èPÎyÛEÒ�Ì�Ø æPÎEÝPÎy×-ÎEÍ�Í�ì�Ø	< > Í�Ð�Û�Í�Ì�ß6Î
ÕjÐSÒ�Ö�Ô�ì@×^ÌKÛ�ÞPà�ß&ÐSÕ

ψ
Ì
ψ∗ / çyÔ�ÎEçEâ�Ö�è�Ò�Ð "ÓçyÍ�ÐSÒñÒ�Ö�×^æ�Þ�ÎEÒ�ÛEÍPÖ�ã;Ö�ÛyÖ�æ�Ý�Ñ�ß6ÎEÍ�Ì�Ñ:1�<

î1ÖyâPèPÎEÝ�Ò�ÍPÎy×"Ù^Ò�ÛEÕjÐSÕ�Ì¸Ù�Ì�Ø�Ô�Õ�Ö�Ý�Ì�è�Í�ì"Ï�Ø�ÐSÝ�ÐSÒ�Õ�ÎEÝ¸Ù�Õ�ÖñÎyÛEÕ�ïKÖ�Õ�ÛEà�Õ�ÛEÕ�Ô�ÌPÎIæ�Ý�Ñ�×-Ö�Ï
ÛEÔ�Ñ�çyÌ Û�Ò�Þ�Ð�ÛyÛEÌ�èPÎyÛEÒ�ÌP×^Ì

q
Ì
p.

23ÝPÖ�×-Î�Õ�Ö�ã;Ö�Ù¸Ô�Ô�ÖyâPÌ�Õ�Û~Ñ æ�ÐSÝ�Ð�à�æ�Ý�ÐSÔ�ÞPÑ � å6Ì�Ø
æPÎEÝPÎy×-ÎEÍ�Í�ì�Ø

λ
Ì
λ∗.#�ãyÝ�ÐSÍ�Ì�è�ÌP×-Û~Ñ æ�ÝPÖ�ÛEÕ�ÎEÏ=�6ÌP×5Ô�ÐSÝ�Ì�ÐSÍ�Õ�Ö�× ÛñÝ�ÐSçEâ�Î�Þ�ÎEÍ�ÌPÎy× ÛEÌPÛEÕ�Îy×^ì Í�Ð�âPÔ�Î

æPÖyâ�ÛEÌPÛEÕ�Îy×^ì+Ù�Ò�ÐSß�â�ÐSÑNÌ�ç+Ò�Ö�Õ�Ö�Ý�ì�Øñ×-Ö;ß6ÎEÕ]Í�ÐjØ�ÖyâPÌ�Õ�ï�Û~ÑñÕ�ÖyÞPï�Ò�ÖIÔ�âPÔ�à�Ø]ÍPÎEçjÐSÔ�Ì�ê
ÛEÌP×^ì�Ø�ÛyÖ�ÛEÕ�Ö;Ñ�Í�Ì�Ñ�Ø	Ù�æ�Ý�Ì�èPÎy×Wæ�ÝPÎ�âPæPÖyÞ�ÐSãkÐ�ÎEÕ�Û~Ñ	Ù�è�Õ�Ö1ëyÍPÎEÝ�ã;ÎEÕ�Ì�èPÎyÛEÒ�ÐSÑIÛEÔ�Ñ�çyï+×-ÎEß�ê
âPà]æPÖyâ�ÛEÌPÛEÕ�Îy×/Ð�×^ÌWà�ß6Î+ÌPÛEèPÎEçEÞ�Ð�<���Ö�ã~â�Ð

ψ
æ�ÝPÎ�â�ÛEÕjÐSÔ�ÞPÑ�ÎEÕ�Û~Ñ)Í�Ð ä Ö�ÝPÖ�×�èPÎEÕ�ì"ÝPÎ�Ø

Ò�Ö�×^æ�Þ�ÎEÒ�ÛEÍ�ì�Ø�Ô�Î�ÞPÌ�è�Ì�Í
ψ11, ψ12, ψ21, ψ22,

çjÐSÔ�ÌPÛ~Ñ�å6Ì�Ø�Õ�ÖyÞPï�Ò�Ö)Ö�Õ
t.
? Ô�Ð]Ì�Í�ê

â�ÎEÒ�Û;Ð"Í�à�ß�Í�ì+Ù;è�Õ�Ö ä ì�Ö�Õ�×-ÎEè�ÐSÕ�ï3ÛyÖ�ÛEÕ�Ö;Ñ�Í�Ì�Ñ6Û-ÍPÖ�×-ÎEÝPÖ�× :/Ì�ÞPÌ68@ÛEÍ�Ðyè�ÐjÞ�Ð"æPÎEÝ�Ô�Ö�Ï¸Ù
çjÐSÕ�Îy× Ô�Õ�Ö�ÝPÖ�ÏNæPÖyâ�ÛEÌPÛEÕ�Îy×^ì+<

f ìY��ÎEæ�Ý�Ì�Ô�Î�â�ÎEÍ�Í�ì@Î)ÛyÖ�Ö ä Ý�ÐSß6ÎEÍ�Ì�Ñ�Ô ÛyÖ�Ô�Ö�Ò�à�æ�ÍPÖ�ÛEÕ�Ì�æPÖyâ�ÛEÒ�ÐSçyì"Ô�Ð � Õ�ÌÉÔ�Ì�â
Þ�ÐSãyÝ�ÐSÍ�ß�Ì�ÐSÍ�Ð�<�f"ÐSÝ�ï�Ì�Ý�à�ÎEÕ�Û~ÑñÛ�Þ�Î�âPà � å6Ì�ÏNÌ�Í�Õ�ÎEãyÝ�ÐjÞ�ÿ

L = i~

∫ (
ψ11

∂ψ∗
11

∂t
+ ψ12

∂ψ∗
12

∂t
+ ψ21

∂ψ∗
21

∂t
+ ψ22

∂ψ∗
22

∂t

)
dt+

+

∫ [
(ε1 + µ1) |ψ11|2 + (ε1 + µ2) |ψ12|2 + (ε2 + µ1) |ψ21|2 + (ε2 + µ2) |ψ22|2

]
dt+

+

∫
[λ∗ (ψ11ψ22 − ψ12ψ21) + λ (ψ∗

11ψ
∗
22 − ψ∗

12ψ
∗
21)] dt+

+
iρ

2

∫ (
λ
dλ∗

dt
− λ∗

dλ

dt

)(
|ψ11|2 + |ψ12|2 + |ψ21|2 + |ψ22|2

)
dt.

/ F�<C:�1



2SD `3<�î�<P21Ö�Í�âPÝ�ÐSÕ�ï�ÎEÔPÙ�f3<��6<P��Í�Õ�Ö�ÍPÖ�Ô
��� �"! #%$&#%')(+*,(,')�-�"./')�-�"(101. � 21�3*546(+7�(121� 8�9�:;9�<^=,:

23Ì�ÍPÎEÕ�Ì�èPÎyÛEÒ�Ì�Ï è�Þ�ÎEÍ ÔñÞ�ÐSãyÝ�ÐSÍ�ß�Ì�ÐSÍPÎ�/ F�<C:�1+Ö�Õ�ÛEà�Õ�ÛEÕ�Ô�à�ÎEÕSÙ_è�Õ�Ö)ÛyÖ�ã~Þ�Ð�ÛEà�ÎEÕ�Û~Ñ
Û6ÐSæ�æ�ÐSÝ�ÐSÕ�Ö�×�Ò�Ô�ÐSÍ�Õ�Ö�Ô�Ö�ÏK×-Î�Ø�ÐSÍ�Ì�Ò�Ì�/ Ûy×"<i; F�<w1�<�23ÝPÖ�×-Î&Õ�Ö�ã;Ö�ÙPÔ�/ F�<C:�1�Ô�ÎEå�ÎyÛEÕ�Ô�ÎEÍ�ê
Í�ì@Î&æ�ÐSÝ�Ð�×-ÎEÕ�Ý�ì

ε1, ε2
Ö�Õ�×-ÎEè�Ð � Õ¡à�ÝPÖ�Ô�Í�ÌñëyÍPÎEÝ�ãyÌ�ÌKæPÎEÝ�Ô�Ö�ã;ÖIÌñÔ�Õ�Ö�ÝPÖ�ã;Ö]ÛyÖ�ÛEÕ�ÖSê

Ñ�Í�Ì�Ñ]æPÎEÝ�Ô�Ö�Ï�æPÖyâ�ÛEÌPÛEÕ�Îy×^ì+Ù�Ð
µ1, µ2−

Õ�Ö�ß6Î%â�ÞPÑ]Ô�Õ�Ö�ÝPÖ�ÏNæPÖyâ�ÛEÌPÛEÕ�Îy×^ì+<�23ÝPÖ�×-Î
Õ�Ö�ã;Ö�ÙPÔ�Ô�Î�â�ÎEÍPÖ�à�æ�Ý�ÐSÔ�ÞPÑ � å�ÎyÎ+Ô�Ö�çEâ�ÎEÏPÛEÕ�Ô�ÌPÎ λ(t),

Ò�Ö�Õ�Ö�ÝPÖ�Î&ÌñÛyÖ�çEâ�Ð�ÎEÕñõ�ø~÷PôPõ�øEù�W
õPúSû�����<�î1Ö�Û�Þ�Î�âPÍ�Ì�Ïñè�Þ�ÎEÍ�Ô#/ F�<C:�1ræPÖ�ÛEÕ�ÝPÖ�ÎEÍ�Ò�ÐSÒñÐSÍ�ÐjÞ�Ö�ã1Ò�Ì�ÍPÎEÕ�Ì�èPÎyÛEÒ�Ö�ÏñëyÍPÎEÝ�ãyÌ�Ì
â�ÞPÑNà�æ�Ý�ÐSÔ�Þ�ÎEÍ�Ì�Ñ

λ(t),
æ�Ý�Ì�èPÎy×�Ô�Õ�Ö�ÝPÖ�ÏKÛyÖ�×^ÍPÖ;ß�Ì�Õ�Î�ÞPï]æPÖyâKçyÍ�ÐSÒ�Ö�×�Ì�Í�Õ�ÎEãyÝ�ÐjÞ�Ð

Í�à�ß6ÎEÍ)â�ÞPÑKÛyÖ ä Þ � â�ÎEÍ�Ì�ÑWÖyâPÍPÖ�ÝPÖyâPÍPÖ�ÛEÕ�Ì æPÖyÞPà�è�Ð�Îy×^ì�ØKà�Ý�ÐSÔ�ÍPÎEÍ�Ì�ÏWæPÖ]ÛyÖ�Ô�Ö�Ò�à�æ�ê
ÍPÖ�ÛEÕ�Ì

ψj k
Ì
ψ∗
j k,

Ì�Í�ÐyèPÎ�Í�Ð�×�ãyÝPÖ�çyÑ�ÕNÖ�Û�Þ�Ö;ß�ÍPÎEÍ�Ì�Ñ Û6æPÖyâ�â�ÎEÝ�ß&ÐSÍ�ÌPÎy×cÍPÖ�ÝP×^Ì�ê
ÝPÖ�Ô�Ò�Ì�Ô�ÖyÞPÍPÖ�Ô�Ö�Ï)é1à�Í�Ò�í�Ì�Ì¸<�î3Ý�Ì�ëyÕ�Ö�×

ρ− æPÖyÞ�Ö;ß�Ì�Õ�Î�ÞPï�Í�ÐSÑñæPÖ�ÛEÕ�Ö;Ñ�Í�Í�ÐSÑ	< ? ÞPÑ
Ô�ì"Ò�Þ�Ðjâ�Ö�ÒñÔ�Ô�ÖyâPÌP×�Û�Þ�Î�âPà � å6ÌPÎ+ÛyÖ�Ò�Ý�ÐSå�ÎEÍ�Ì�Ñ	ÿPÛEà�×-×/ÐSÝ�Í�ÐSÑNëyÍPÎEÝ�ãyÌ�Ñ

θ = ε1 + ε2 + µ1 + µ2,

/ F�< 8�1
ÍPÖ�ÝP×^Ì�ÝPÖ�Ô�Ö�è�Í�ÐSÑ)ÛEà�×-×/Ð

Φ = |ψ11|2 + |ψ12|2 + |ψ21|2 + |ψ22|2
/ F�< B�1

ÌN×-ÎEÝ�Ð�çjÐSíPÎEæ�Þ�ÎEÍ�ÍPÖ�ÛEÕ�Ì�/ Ò�Ö�Ý�ÝPÎ�ÞPÑ�í�Ì�Ì*1@ÛyÖ�ÛEÕ�Ö;Ñ�Í�Ì�Ï

τ = ψ11ψ22 − ψ12ψ21.
/ F�< D61

»�¡r½/¾�¿�Â-Æ_Ã_¿�Ç_Ã_Á�¿�C¸Ë_Å�Ê�Ã_¿�Ã_Æ_¿.¢�Ê�Á�Â^I��_Æ_Æ
(1ÛEæPÖyÞPï�çyà�Îy×)Ö ä ì"è�Í�ì@Î-æ�Ý�ÐSÔ�Ì�Þ�Ð"Ô�ÐSÝ�Ì�ÐSí�ÌPÖ�Í�ÍPÖ�ã;Ö�ÌPÛEè�ÌPÛ�Þ�ÎEÍ�Ì�Ñ	ÙjÛEè�Ì�ÕjÐSÑ+Ö�ÛEÍPÖ�Ô�ê

Í�ì@×^ÌNæPÎEÝPÎy×-ÎEÍ�Í�ì@×^Ì
λ, λ∗

ÌNÒ�Ö�×^æPÖ�ÍPÎEÍ�Õ�ì
ψj k, ψ

∗
j k.

#�Õ;â�Î�ÞPÑ�ÑNçjÐSÕ�Îy× âPÝ�à�ã+Ö�Õ
âPÝ�à�ãkÐ3ÛyÖ�Ö�Õ�ÍPÖ	��ÎEÍ�Ì�Ñ6â�ÞPÑ�æ�ÝPÖ�Ì�çyÔ�ÖyâPÍ�ì�ØIÖ�Õ3Ô�ÛyÎ�Ø�ëyÕ�Ì�Ø�æPÎEÝPÎy×-ÎEÍ�Í�ì�Ø	Ù�æPÖ�Û�Þ�Î�ÍPÎEÒ�ÖSê
Õ�Ö�Ý�ì�Ø�Ô�ì"Ò�Þ�Ðjâ�Ö�Ò¡Û"ÌPÛEæPÖyÞPï�ç;Ö�Ô�ÐSÍ�ÌPÎy×ðÛyÖ�Ò�Ý�ÐSå�ÎEÍ�Ì�ÏE/ F�< 8�1£f[/ F�< D61�Ù�æPÖyÞPà�è�Ð�Îy×�à�Ý�ÐSÔ�ê
ÍPÎEÍ�Ì�Ñ�ëyÔ�ÖyÞ � í�Ì�ÌNâ�ÞPÑ]Ò�Ö�×^æPÖ�ÍPÎEÍ�Õ¡Ô�ÖyÞPÍPÖ�Ô�Ö�Ï)é1à�Í�Ò�í�Ì�Ì

i~
dψ11

dt
= (ε1 + µ1)ψ11 + λψ∗

22 −
λ∗τ + λτ∗

2Φ
ψ11;

i~
dψ12

dt
= (ε1 + µ2)ψ12 − λψ∗

21 −
λ∗τ + λτ∗

2Φ
ψ12;

i~
dψ21

dt
= (ε2 + µ1)ψ21 − λψ∗

21 −
λ∗τ + λτ∗

2Φ
ψ21;

i~
dψ22

dt
= (ε2 + µ2)ψ22 + λψ∗

11 −
λ∗τ + λτ∗

2Φ
ψ22,

/¤��<C:�1

æ�Ý�Ì�èPÎy× æPÖ�æ�à�Õ�ÍPÖ�Ö�Ò�ÐSçyì"Ô�Ð�ÎEÕ�Û~Ñ

i~
dΦ

dt
= 2 (λτ∗ − λ∗τ) ,

/¤��< 8�1

Ð&â�ÞPÑ�ëyÔ�ÖyÞ � í�Ì�Ì λ
Í�ÐjØ�ÖyâPÌP×Éà�Ý�ÐSÔ�ÍPÎEÍ�ÌPÎ

iρ
dλ

dt
=

1

Φ

[
τ +

ρλ

~
(λ∗τ − λτ∗)

]
.

/¤��< B�1



$1ÎyÖ ä Ø�ÖyâPÌP×-Ö�ÛEÕ�ï]ÍPÎ�ÞPÌ�ÍPÎEÏ�ÍPÖ�ÏñÒ�Ô�ÐSÍ�Õ�Ö�Ô�Ö�Ï)×-Î�Ø�ÐSÍ�Ì�Ò�Ì 2�A
��� �"! #%$&#%')(+*,(,')�-�"./')�-�"(101. � 21�3*546(+7�(121� 8�9�:;9�<^=,:

�/Þ�Î�â�ÛEÕ�Ô�ÌPÎy×o/¤��<C:�1 ÕjÐSÒ�ß6Î+Ñ�Ô�ÞPÑ�ÎEÕ�Û~Ñ

i~
dτ

dt
= θτ +

(
Φ − |τ |2

Φ

)
λ− λ∗τ2

Φ
.

/¤��< D61

»}¥�½^¦�Ê�¿	F/¿�Ã_Æ_¿ñÃ_¿�Á:§�Ë_Å�Ä�Æ K Á:B�Ä�Æ
��Í�ÐjÞPÌ�çyÌ�ÝPÖ�Ô�ÐSÕ�ïKæPÖ�Ô�Î�â�ÎEÍ�ÌPÎIÝPÎ���ÎEÍ�Ì�Ï�ÛEÌPÛEÕ�Îy×^ì|/¤��<C:�1£f[/¤��< D611Ì�ÞPÌ à�Ò�Ö�ÝPÖ�èPÎEÍ�ê

ÍPÖ�ÏðÛEÌPÛEÕ�Îy×^ì|/¥:;8�11Í�ÐNÔ�ÛyÎEÏ�Ô�ÎEå�ÎyÛEÕ�Ô�ÎEÍ�ÍPÖ�Ï Ö�ÛEÌ
t
ÍPÎEÕNâ�ÐSß6Î]Ö�ÛyÖ ä Ö�Ï�Í�Ðjâ�Ö ä ÍPÖSê

ÛEÕ�Ì0" çjÐSÝ�ÐSÍPÎyÎ6Ñ�ÛEÍPÖ�Ù�è�Õ�Ö¡àNÕjÐSÒ�Ö�Ï�ÛEÌPÛEÕ�Îy×^ìÚÔ]ÛEÌ�ÞPà)ÎyÎ&æ�ÝPÖ�ÌPÛ�Ø�Ö;ß�â�ÎEÍ�Ì�Ñ�ÝPÎ���Î�ê
Í�Ì�ÑñÖ ä Þ�Ðjâ�Ð � Õ�ÛEÔ�Ö�ÏPÛEÕ�Ô�Ö�×ÜÖ ä Ý�ÐSÕ�ÌP×-Ö�ÛEÕ�ÌKÔ�ÖIÔ�ÝPÎy×-ÎEÍ�Ì¸< ? ÞPÑNæPÖyÞPà�èPÎEÍ�Ì�Ñ)ß6Î�Þ�Ð�Î�ê
×-Ö�Ï�õ�øEú�
~ó6�	��ô6�1úSû���ôNÍ�à�ß�Í�ì Ò�ÐSÒ�ÌPÎ�ê Õ�Ö)ÌPÛEÒ�à�ÛyÛEÕ�Ô�ÎEÍ�Í�ì@Î¡çjÐjâ�ÎEÝ�ß�Ò�ÌðÌ�ÞPÌ�Û ä Ö�Ì¸Ù
Ý�ÐSçyÝ�ì"Ô�Ð � å6ÌPÎ1Ö�ÛEï t Í�Ð6Ö�Õ�ÍPÖ�ÛEÌ�Õ�Î�ÞPï�ÍPÖIÛ;Ð�×-Ö�ÛEÕ�Ö;Ñ�Õ�Î�ÞPï�Í�ì@Î+Ì�Í�Õ�ÎEÝ�Ô�ÐjÞPì+<�#@âPÍ�ÌP×Ì�ç�æ�ÝPÖ�ÛEÕ�ÎEÏ=�6Ì�Ø�æ�Ý�ÌPÎy×-Ö�ÔñÕjÐSÒ�Ö�ã;ÖñÝ�Ð�ÛyÛyÎEèPÎEÍ�Ì�Ñ�Ñ�Ô�ÞPÑ�ÎEÕ�Û~Ñðþ���õPü;÷�øEõPô�ø1Ô�Î�ÞPÌ�è�Ì�Í�ì
λ(t)

/ ä ÎEç&Ì�ç;×-ÎEÍPÎEÍ�Ì�Ñ)Ö�ÛEÕjÐjÞPï�Í�ì�ØñæPÎEÝPÎy×-ÎEÍ�Í�ì�Ø:1"Ô¡Û�ÞPà�è�ÐSÏ�ÍPÖIçjÐjâ�ÐSÍ�Í�ì@Î�×-Ö�×-ÎEÍ�ê
Õ�ì Ô�ÝPÎy×-ÎEÍ�Ì

t = t1, t2...,
æPÖ�Û�Þ�Î)Ò�Ö�Õ�Ö�Ý�ì�Ø�æ�ÝPÖ�íPÎyÛyÛ)æ�ÝPÖyâ�ÖyÞPß&Ð�ÎEÕ�Û~Ñ çjÐSÍPÖ�Ô�ÖðÛ

λ(tν) = 0, ν = 1, 2.
7	ÐSÍ�à�Þ�ÎEÍ�ÌPÎIà�æ�Ý�ÐSÔ�ÞPÑ � å�ÎEã;Ö�æ�ÐSÝ�Ð�×-ÎEÕ�Ý�Ð λ(t)

Ôñ×-Ö�×-ÎEÍ�Õ�ì
λ(t) t1, t2...

æ�ÝPÖ�ÌPÛ�Ø�ÖyâPÌ�Õ1Ô%ÝPÎEçyà�ÞPïjÕjÐSÕ�Î�Ô�çjÐSÌP×-Öyâ�ÎEÏPÛEÕ�Ô�Ì�Ñ�Ò�Ô�ÐSÍ�Õ�Ö�Ô�Ö�ã;Ö1Ö ä	d ÎEÒ�ÕjÐ%Û
Ô�ÍPÎ��6Í�ÌP×�×^Ì�ÝPÖ�×"Ù�æ�Ý�Ì�èPÎy×�ëyÕ�Ö1Ô�çjÐSÌP×-Öyâ�ÎEÏPÛEÕ�Ô�ÌPÎ3×-Ö;ß6ÎEÕ ä ì"Õ�ï+Ò�ÐSÒ�âPÌPÛEÒ�ÝPÎEÕ�Í�ì@×"Ù
ÕjÐSÒ�Ì]ÍPÎEæ�ÝPÎEÝ�ì"Ô�Í�ì@×"<�')Î�Ø�ÐSÍ�Ì�ç;×ðÕjÐSÒ�Ö�ã;Ö�Ô�çjÐSÌP×-Öyâ�ÎEÏPÛEÕ�Ô�Ì�Ñ)ÐSÍ�ÐjÞ�Ö�ãyÌ�èPÎEÍNÌ�çyÔ�ÎyÛEÕ�ê
ÍPÖ�×^à]Ñ�Ô�Þ�ÎEÍ�Ì � ÔI×-ÖyÞ�ÎEÒ�à�ÞPÑ�Ý�ÍPÖ�ÏKé1Ì�çyÌ�Ò�Î+ãkÐSç;Ö�ÔPÙ�ã~â�Î+Ô�ÍPÎ��6Í�ÌP× ë~Þ�Îy×-ÎEÍ�Õ�Ö�×Éâ�ÞPÑ
æ�ÝPÖ ä ÍPÖ�Ï]×-ÖyÞ�ÎEÒ�à�ÞPì ÛEÕjÐSÍPÖ�Ô�Ì�Õ�Û~Ñ¡Þ � ä ÐSÑ�Ô�ÛEÕ�ÝPÎEè�Í�ÐSÑ¡×-ÖyÞ�ÎEÒ�à�Þ�Ð�<�f Ý�Ð�ÛyÛy×/ÐSÕ�Ý�Ì�Ô�Ðjê
Îy×-Ö�×ÜÛ�ÞPà�è�Ð�Î�Ù�Ò�ÐSÒ)Ì)Ô¡Õ�ÎyÖ�Ý�Ì�ÌKãkÐSç;Ö�ÔPÙ�à�Ò�ÐSçjÐSÍ�Í�ì@Î�Û�ÞPà�è�ÐSÏ�Í�ì@Î�Ô�çjÐSÌP×-Öyâ�ÎEÏPÛEÕ�Ô�Ì�Ñ
æ�Ý�Ì�Ô�ÖyâPÑ�Õ6Ô+Ì�Õ�Ö�ã;Î@Ò�à�Í�Ì�è�Õ�Ö;ß6ÎEÍ�Ì � Ò�Ö�Ý�ÝPÎ�ÞPÑ�í�Ì�Ì τ

×-ÎEß�âPà�Ø�ÐSÝ�ÐSÒ�Õ�ÎEÝ�ÌPÛEÕ�Ì�Ò�Ð�×^Ì
Ò�Ô�ÐSÍ�Õ�Ö�Ô�Ö�ã;ÖKÖ ä	d ÎEÒ�ÕjÐh/ Ì�ÞPÌð×-ÎEß�âPà�ÌPÛ�Ø�ÖyâPÍ�ì@× Ì�Ì�Õ�Ö�ã;Ö�Ô�ì@× ÛyÖ�ÛEÕ�Ö;Ñ�Í�ÌPÎy× ×-ÖyÞ�Î�ê
Ò�à�ÞPì�1�<

!^Ð�ÛyÛy×-Ö�Õ�Ý�ÌP×cÛ�ÞPà�è�ÐSÏKâ�Ö�ÛEÕjÐSÕ�Ö�è�ÍPÖ�è�Ð�ÛEÕ�ì�Ø�ÐSÒ�Õ�Ö�Ô�çjÐSÍ�à�Þ�ÎEÍ�Ì�Ñ	Ù¸×-ÎEß�âPàñÒ�Ö�Õ�ÖSê
Ý�ì@×^Ì�Ô�Î�ÞPÌ�è�Ì�Í�Ð

λ
ÍPÎ à�ÛEæPÎEÔ�Ð�ÎEÕ+ÛEà�å�ÎyÛEÕ�Ô�ÎEÍ�ÍPÖ3Ô�ì"Ý�Ð�ÛEÕ�Ì¸<���Ö�è�ÍPÎyÎ�Ù�Í�Ì�ß6Î�æ�ÝPÎ�âPæPÖSê

Þ�ÐSãkÐ�Îy×�â�Ö�ÛEÕjÐSÕ�Ö�è�ÍPÖ6Ø�Ö�ÝPÖ	�6à � æ�ÝPÎ�â�ÛEÕjÐSÔ�ÌP×-Ö�ÛEÕ�ïIÖ�ÛEÍPÖ�Ô�Í�ì�Ø]æPÎEÝPÎy×-ÎEÍ�Í�ì�Ø]Ý�ÐSçEÞ�ÖSê
ß6ÎEÍ�Ì�Ñ�×^Ìñâ�Ö ∼ (t− t0)

2 Ô�Ò�Þ � è�Ì�Õ�Î�ÞPï�ÍPÖ�<¸#�èPÎEÔ�Ì�âPÍPÖ�Ù�æPÖ�Ò�Ð�â�Ö�ÛEÕjÐSÕ�Ö�è�ÍPÖ¡Ö�Õ�Ö;ß�ê
â�ÎyÛEÕ�Ô�Ì�Õ�ï]Ö�èPÎEÝPÎ�âPÍPÖ�Î

tν
Û

0
<�7�Í�ÐyèPÎEÍ�Ì�ÑñæPÎEÝPÎy×-ÎEÍ�Í�ì�ØñÔIëyÕ�Ö�ÏñÕ�Ö�è�Ò�Î ä à�â�Îy×�Ö�Õ�ê

×-ÎEè�ÐSÕ�ï�Ì�Í�â�ÎEÒ�ÛyÖ�×
”0”

Ô�Í�Ì�çyà�<�(3çk/¤��< B�1�Û�Þ�Î�âPà�ÎEÕSÙ�æ�ÝPÎEß�â�Î1Ô�ÛyÎEã;Ö�Ù

λ(t) = − iτ0

ρΦ0

t+O
(
t2
)

(t > 0).
/£��<C:�1

î1Öyâ�ÛEÕjÐSÍPÖ�Ô�Ò�Ð0/£��<C:�1 Ô./¤��< 8�1râ�Ð�ÎEÕ

Φ(t) = Φ0 −
2 |τ0|2
ρ~Φ0

t2 +O
(
t3
)
.

/£��< 8�1

f¨/¤��< D61 à�â�Ö ä ÍPÎEÏñÔ�Í�Ðyè�ÐjÞ�Î+æPÎEÝPÎEÏ�Õ�ÌNÒNÔ�Ì�â�Ö�Ì�ç;×-ÎEÍPÎEÍ�ÍPÖ�ÏKé1à�Í�Ò�í�Ì�Ì

τ̂(t) = τ(t) e
i θ t�

,



2�F `3<�î�<P21Ö�Í�âPÝ�ÐSÕ�ï�ÎEÔPÙ�f3<��6<P��Í�Õ�Ö�ÍPÖ�Ô
��� �"! #%$&#%')(+*,(,')�-�"./')�-�"(101. � 21�3*546(+7�(121� 8�9�:;9�<^=,:

â�ÞPÑ]Ò�Ö�Õ�Ö�ÝPÖ�Ï

i~
dτ̂

dt
= e

i θ t�
[(

Φ − |τ |2
Φ

)
λ− λ∗τ2

Φ

]
= − iτ0

ρ
t+O

(
t2
)
,

ÕjÐSÒNè�Õ�Ö

i~τ̂ = i~τ0 −
iτ0

2ρ
t2 + o

(
t3
)
.

/£��< B�1

î1ÎEÝPÎEÏ�âPÑ�Ô0/£��< B�1 ÒN×-ÖyâPà�ÞPÑ�×"ÙPÍ�ÐjØ�ÖyâPÌP×

|τ(t)| = |τ̃(t)| = |τ0|
(

1 − t2

2~ρ
+ o

(
t3
))

.
/£��< D61

î1Ö�ÛEÒ�ÖyÞPï�Ò�àñÔ¡ÛEÌ�ÞPàs/¤��< 8�1"Ì�ÞPÌ�/£��< 8�1�ÍPÖ�ÝP×^Ì�ÝPÖ�Ô�Ò�ÐIÔIæ�ÝPÖ�íPÎyÛyÛyÎ6ëyÔ�ÖyÞ � í�Ì�ÌK×-Î�ê
Í�Ñ�ÎEÕ�Û~Ñ	ÙPÛ�Þ�Î�âPà�ÎEÕIæPÖyÞPï�ç;Ö�Ô�ÐSÕ�ï�Û~ÑKÖ�Õ�ÍPÖ�ÛEÌ�Õ�Î�ÞPï�ÍPÖ�Ï)×-ÎEÝPÖ�ÏñçjÐSíPÎEæ�Þ�ÎEÍ�ÍPÖ�ÛEÕ�Ì

ξ =
τ

Φ
,

/£��< A�1

æ�Ý�Ì�Í�Ðjâ�Þ�ÎEß&ÐSå�ÎEÏ¸Ù�Ò�ÐSÒKæPÖ�Ò�ÐSçjÐSÍPÖ]Í�Ì�ß6Î�Ù	Ö�Õ�ÝPÎEçyÒ�à [−1

2
,+1

2

]
.
? ÞPÑ)ÍPÎyÎ&Ì�ç#/£��< 8�1

Ìs/£��< D61 æPÖyÞPà�è�Ð�Îy×�Û3Õ�Ö�è�ÍPÖ�ÛEÕ�ï � â�Ö�Ö�Õ ä Ý�Ð�ÛEì"Ô�Ð�Îy×^ì�Øñè�Þ�ÎEÍPÖ�Ô�æPÖ�Ý�Ñ�âPÒ�Ð
t3

|ξ(t)| = |ξ(0)|
[
1 +

(
4 |τ0|2

Φ2
0

− 1

)
t2

2~ρ

]
+ ...

/£��< F�1

#�íPÎEÍ�ÌP×"Ù�Ô�Ò�ÐSÒ�à � ÛEÕ�Ö�ÝPÖ�Í�à¡Ô�ì"Ý�ÐSß6ÎEÍ�ÌPÎ+Ô�Ò�Ô�ÐjâPÝ�ÐSÕ�Í�ì�ØNÛEÒ�Ö ä Ò�ÐjØ]Ô#/£��< F�1 Ö�Õ�ê
Ò�Þ�Ö�Í�Ñ�ÎEÕ�Û~ÑKÖ�ÕK:�<[4/Þ�Îy×-ÎEÍ�ÕjÐSÝ�ÍPÖ�ÛEÝ�ÐSÔ�Í�Ì�Ô�Ð�Îy×ÜÛEÝPÎ�âPÍ�ÌPÎ6ã;ÎyÖ�×-ÎEÕ�Ý�Ì�èPÎyÛEÒ�ÌPÎ�ÌKÛEÝPÎ�â�ê
Í�ÌPÎ&ÐSÝ�ÌPé+×-ÎEÕ�Ì�èPÎyÛEÒ�ÌPÎ�ÿ

|ψ11| · |ψ22| 6
1

2

(
|ψ11|2 + |ψ22|2

)
;

|ψ12| · |ψ21| 6

(
|ψ12|2 + |ψ21|2

)
.

f�ÝPÎEçyà�ÞPïjÕjÐSÕ�Î

|τ | 6 |ψ11ψ22| + |ψ12ψ21| 6
1

2
Φ,

Õ�Ö�ÎyÛEÕ�ï

|ξ| 6
1

2
.

/£��< �c1
(3ç�/£��< F�1 Ìs/£��< �c1�ÛEÝ�ÐSçyà�Û�Þ�Î�âPà�ÎEÕ

|ξ(t)| 6 |ξ(0)| /ª© >
9�1�Ù /£��< ��1

Ì�çjÐSíPÎEæ�Þ�ÎEÍ�ÍPÖ�ÛEÕ�ï�Ô&Í�Ð���ÎEÏ¡Û�Ø�Îy×-Î%ÛEÕ�ÝPÎy×^Ì�Õ�Û~ÑIÌPÛEèPÎEçyÍ�à�Õ�ïP<���Ö�è�ÍPÎyÎ�Ù�Ö�Í�Ð+ÛEÕ�ÝPÎy×^Ì�Õ�ê
Û~Ñ���ÐSã�çjÐE��ÐSã;Ö�× ÒÉÍ�à�Þ � Ù-Ò�ÝPÖ�×-Î�Ù-æPÖSê Ô�Ì�âPÌP×-Ö�×^à�Ùr×/ÐjÞ�Ö�Ì�Í�Õ�ÎEÝPÎyÛEÍPÖ�ã;ÖðÛ�ÞPà�è�ÐSÑ	Ù
Ò�Ö�ã~â�Ð�/£��< ��1�æ�ÝPÎEÔ�Ý�ÐSå�Ð�ÎEÕ�Û~Ñ�Ô�Õ�Ö�è�ÍPÖ�ÎñÝ�ÐSÔ�ÎEÍPÛEÕ�Ô�Ö�Ùrè�Õ�ÖWÌP×-ÎyÎEÕ�×-ÎyÛEÕ�Ö�Ô�Û�ÞPà�è�Ð�Î
×/ÐSÕ�Ý�Ì�è�ÍPÖ�ã;Ö�Õ�Ö;ß�â�ÎyÛEÕ�Ô�Ð�<



$1ÎyÖ ä Ø�ÖyâPÌP×-Ö�ÛEÕ�ï]ÍPÎ�ÞPÌ�ÍPÎEÏ�ÍPÖ�ÏñÒ�Ô�ÐSÍ�Õ�Ö�Ô�Ö�Ï)×-Î�Ø�ÐSÍ�Ì�Ò�Ì 2��
��� �"! #%$&#%')(+*,(,')�-�"./')�-�"(101. � 21�3*546(+7�(121� 8�9�:;9�<^=,:

»}«�½?¬&Ê�Á�Â^I��_ÆJG�Ê:B�¿�ÇmB�ÆiB�Ä�¿ K �
î1Ö�ÛEÕjÐSÝ�Ð�Îy×-Û~ÑNÝ�Ð�ÛyÛy×-Ö�Õ�ÝPÎEÕ�ïIÕ�ÎEæPÎEÝ�ï�ëyÔ�ÖyÞ � í�Ì � ÛEÌPÛEÕ�Îy×^ì Ô�íPÎ�Þ�Ö�×"<��rÍ�Ðyè�ÐjÞ�Ð

Ö�ãyÝ�ÐSÍ�Ì�è�Ì�Ô�Ð�Îy×-Û~ÑWÛ�ÞPà�è�Ð�Îy×"Ù�Ò�Ö�ã~â�ÐIçjÐSÍ�à�Þ�ÎEÍ�ÌPÎ
λ
æ�ÝPÖ�ÌPÛ�Ø�ÖyâPÌ�Õ]ÝPÎEãyà�ÞPÑ�Ý�ÍPÖ¡èPÎEÝPÎEç

Ý�ÐSÔ�Í�ì@Î�×/ÐjÞPì@Î�æ�ÝPÖ�×-ÎEß�à�Õ�Ò�Ì Ô�ÝPÎy×-ÎEÍ�Ì
l
<	î3ÝPÎ�âPÔ�ÐSÝ�Ì�Õ�Î�ÞPï�ÍPÖñà�â�Ö ä ÍPÎEÏ�æPÎEÝPÎEÏ�Õ�Ì

Ò�æPÎEÝPÎy×-ÎEÍ�Í�ì@×

ϕjk = eiχ−
i (εj+µk) t�

ψjk,Λ = λeiχ−
i θ t�

, τ̂ = τeiχ−
i θ t� /£2�<C:�1

/ æPÖ�ÛEÕ�Ö;Ñ�Í�Í�à � χ
æPÖyâ ä ÎEÝPÎy×ÜæPÖ�çyß6Î�1�< ? ÞPÑñÍ�Ì�Ø	Ù�Ò�ÐSÒ)Þ�ÎEãyÒ�Ö¡æ�ÝPÖ�Ô�ÎEÝ�Ì�Õ�ïPÙ�ÛEÌPÛEÕ�Îy×/Ð

/¤��<C:�1 à�æ�ÝPÖ�å�Ð�ÎEÕ�Û~Ñ�çjÐ�ÛEèPÎEÕ�ÌPÛEèPÎEçyÍPÖ�Ô�ÎEÍ�Ì�ÑNæPÎEÝ�Ô�ì�Ø�è�Þ�ÎEÍPÖ�Ô�æ�Ý�ÐSÔ�ì�Ø�è�Ð�ÛEÕ�ÎEÏ¸ÿ

i~
dϕ11

dt
= Λϕ∗

22 − qϕ11

Ù
i~
dϕ12

dt
= −Λϕ∗

21 − qϕ12

�

i~
dϕ21

dt
= −Λϕ∗

12 − qϕ21, i~
dϕ22

dt
= Λϕ∗

11 − qϕ22;

q =
Λ∗τ̂ + Λτ̂ ∗

2Φ
,

/£2�< 8�1

æ�Ý�Ì�èPÎy×ðé+Ö�ÝP×/ÐjÞPï�ÍPÖ6ÛyÖyØ�Ý�ÐSÍ�Ñ�ÎEÕ�Û~Ñ�Ö�æ�ÝPÎ�â�Î�Þ�ÎEÍ�ÌPÎ1×-ÎEÝ�ìÜÒ�Ö�Ý�ÝPÎ�ÞPÑ�í�Ì�ÌNÛyÖ�ÛEÕ�Ö;Ñ�Í�Ì�Ï¸Ù
Ûy×"<�ÕjÐSÒ�ß6Îk/ F�< D61�Ù

τ̂ = ϕ11ϕ22 − ϕ
12
ϕ21

/£2�< B�1
Ì�ÍPÖ�ÝP×^Ì�ÝPÖ�Ô�Ö�è�ÍPÖ�ÏKÛEà�×-×^ì

Φ = |ϕ11|2 + |ϕ12|2 + |ϕ21|2 + |ϕ22|2 .
/£2�< D61

? ÞPÑ
Λ(t)

Ì
τ̂(t)

Ô3Õ�Ö�×)ß6Î æ�Ý�Ì ä ÞPÌ�ß6ÎEÍ�Ì�ÌIÛyÖyØ�Ý�ÐSÍ�Ñ � Õ1ÛEÌ�ÞPà6é+Ö�ÝP×^à�ÞPì­/£��<C:�1
Ìs/£��< B�1�Ù�ÌP×-ÎEÍ�ÍPÖ�Ù

Λ(t) = − iτ̂0

ρΦ0

t+ ...
/£2�< A�1

46Ö�ÝP×^à�ÞPà+/£��< B�1 çjÐSæ�ÌPÛEì"Ô�Ð�Îy×ÉèPÎEÝPÎEç&æ�Ý�Ì�Ý�ÐSå�ÎEÍ�ÌPÎ�ÿ

∆τ̂ = − τ̂0

2~ρ
t2

/£2�< F�1

Û Õ�Ö�è�ÍPÖ�ÛEÕ�ï � â�Ö o(t3). (3çu/£2�< 8�1^ÐSÍ�ÐjÞ�Ö�ãyÌ�è�ÍPÖ1æPÖyÞPà�è�Ð�Îy×WæPÖ�Û�Þ�Î�Ì�Í�Õ�ÎEãyÝ�Ì�ÝPÖ�Ô�ÐSÍ�Ì�ÑÛ3à�èPÎEÕ�Ö�×
q = 0

Ô�Í�Ð���Îy× æ�Ý�Ì ä ÞPÌ�ß6ÎEÍ�Ì�Ì¸ÿ

∆ϕ11 = − τ̂0

2ρ~Φ0

ϕ∗
22t

2,∆ϕ12 =
τ̂0

2ρ~Φ0

ϕ∗
21t

2;

∆ϕ21 =
τ̂0

2ρ~Φ0

ϕ∗
12t

2,∆ϕ22 = − τ̂0

2ρ~Φ0

ϕ∗
11t

2.

/£2�< �c1



2c� `3<�î�<P21Ö�Í�âPÝ�ÐSÕ�ï�ÎEÔPÙ�f3<��6<P��Í�Õ�Ö�ÍPÖ�Ô
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Ì�Ò�ÐSÒñÛ�Þ�Î�â�ÛEÕ�Ô�ÌPÎ

∆Φ = −2 |τ̂0|2
ρ~Φ0

t2.
/£2�< ��1

$1Ö�æ�Ý�Ì ä ÖyÞPïc��Ö�×ðè�ÌPÛ�Þ�Î+Û�Þ�Î�âPà � å6Ì�Ø¡âPÝ�à�ã1çjÐ+âPÝ�à�ã;Ö�× ×/ÐjÞPì�Ø]æ�Ý�Ì�Ý�ÐSå�ÎEÍ�Ì�Ï
Í�Ð�Ì�Í�Õ�ÎEÝ�Ô�ÐjÞ�ÐjØ

(0, l), (l, 2l), (l, 3l)...
×^ìðÌP×-ÎyÎy×)æ�Ý�ÐSÔ�Ö3ÛEã~Þ�ÐjâPÌ�Õ�ï+æ�ÝPÖ�íPÎyÛyÛ�ÙSçjÐjê

×-ÎEÍ�Ì�ÔNÛ�Þ�Ö;ß6ÎEÍ�ÌPÎIæ�Ý�Ì�Ý�ÐSå�ÎEÍ�Ì�Ï�Ì�Í�Õ�ÎEãyÝ�ÐjÞPï�ÍPÖ�Ï Ö�æPÎEÝ�ÐSí�ÌPÎEÏ¸<��_ÐSÒ�Ö�Ï�æPÎEÝPÎ�Ø�Öyâ�ú��
�SôPû��Eó�ø���õPú	�kú��6õ�øEò�ó�øýó*RA�SõPú��1ü Ì�Ö ä Ý�ÐSÕ�ÍPÖ3Õ�Ì�æ�Ì�èPÎEÍ�â�ÞPÑ�×^ÍPÖ�ãyÌ�Ø6çjÐjâ�Ðyè�×/ÐSÕ�Îy×/Ðjê
Õ�Ì�èPÎyÛEÒ�Ö�Ï)é1Ì�çyÌ�Ò�Ì¸<P(3çk/£2�< F�1£f[/£2�< ��1�Ô�ì"Ô�ÖyâPÌP× âPÌPé+é+ÎEÝPÎEÍ�í�Ì�ÐjÞPï�Í�ì@Î+à�Ý�ÐSÔ�ÍPÎEÍ�Ì�Ñ

dϕ11

dt
= − τ̂ l

2ρhΦ
ϕ∗

22,
dϕ12

dt
=

τ̂ l

2ρhΦ
ϕ∗

21;

dϕ21

dt
=

τ̂ l

2ρhΦ
ϕ∗

12,
dϕ22

dt
= − τ̂ l

2ρhΦ
ϕ∗

11;

/£2�< 2�1

dτ̂

dt
= − τ̂ l

2ρ~
,
dΦ

dt
= −2 |τ̂ |2 l

ρ~Φ
,

/£2�<C:;9�1

æ�Ý�Ì�èPÎy×ÉÛyÖyØ�Ý�ÐSÍPÎEÍ�ÌPÎ+à�Û�Þ�Ö�Ô�Ì�Ï)ÛEÔ�Ñ�çyÌ!/£2�< B�1 Ì!/£2�< D61rÞ�ÎEãyÒ�Ö�æ�ÝPÖ�Ô�ÎEÝ�Ñ�ÎEÕ�Û~Ñ	<
$+Ð�â�ÐSÍ�ÍPÖ�×WëyÕjÐSæPÎ"×^ì Ô�ì ä Ì�Ý�Ð�Îy×WÔk/£2�<C:�1�æ�ÐSÝ�Ð�×-ÎEÕ�Ý

χ
ÕjÐSÒ¸Ù�è�Õ�Ö ä ì Ô�Î�ÞPÌ�è�Ì�Í�Ð

τ̂0
Ö�Ò�ÐSçjÐjÞ�Ð�ÛEï]Ô�ÎEå�ÎyÛEÕ�Ô�ÎEÍ�ÍPÖ�ÏKÌ)æPÖyÞ�Ö;ß�Ì�Õ�Î�ÞPï�ÍPÖ�Ï¸<¸��Ö�ã~â�ÐIÔ]ÛEÌ�ÞPàNæPÎEÝ�Ô�Ö�ã;ÖIà�Ý�ÐSÔ�ê

ÍPÎEÍ�Ì�Ñh/£2�<C:;9�1"æPÖyÞ�Ö;ß�Ì�Õ�Î�ÞPï�ÍPÖ�ÛEÕ�ï
τ̂(t)

ÛyÖyØ�Ý�ÐSÍ�Ñ�ÎEÕ�Û~Ñ)Ì)æ�Ý�Ì
t > 0

/ Ì)Ô�Î�ÞPÌ�è�Ì�Í�Ð
ä à�â�ÎEÕI×-ÎEÍ�Ñ�Õ�ï�Û~ÑNæPÖ�à ä ì"Ô�Ð � å�ÎEÏNëyÒ�ÛEæPÖ�ÍPÎEÍ�Õ�Î�1�<

f Ô�Î�â�Îy× Õ�ÎEæPÎEÝ�ïIÔ�ÛEæPÖ�×-Ö�ãkÐSÕ�Î�ÞPï�Í�ì"ÏWÐSÝ�ãyà�×-ÎEÍ�Õ

z =
l

2ρ~

t∫

0

τ̂

Φ
dt,

/£2�<C:�:�1

Û3Ò�Ö�Õ�Ö�Ý�ì@×�ÛEÌPÛEÕ�Îy×/Ð�à�Ý�ÐSÔ�ÍPÎEÍ�Ì�Ï!/£2�< 2�1�ÛEÕjÐSÍPÖ�Ô�Ì�Õ�Û~ÑNÞPÌ�ÍPÎEÏ�ÍPÖ�Ï¸ÿ

dϕ11

dz
= −ϕ∗

22,
dϕ12

dz
= ϕ∗

21,
dϕ21

dz
= ϕ∗

12,
dϕ22

dz
= −ϕ∗

11;

dϕ∗
11

dz
= −ϕ22,

dϕ∗
12

dz
= ϕ21,

dϕ∗
21

dz
= ϕ12,

dϕ∗
22

dz
= −ϕ11.

/£2�<C:;8�1

# ä å6ÌP× ÝPÎ���ÎEÍ�ÌPÎy×ÉÛEÌPÛEÕ�Îy×^ìT/£2�<C:;8�1 Ñ�Ô�ÞPÑ�ÎEÕ�Û~Ñ

ϕ11 = Aez + ae−z, ϕ12 = Bez + be−z;

ϕ21 = B∗ez − b∗e−z, ϕ22 = −A∗ez + a∗e−z
/£2�<C:;B�1

® æ�ÝPÖ�Ì�çyÔ�ÖyÞPï�Í�ì@×^Ì�Ò�Ö�×^æ�Þ�ÎEÒ�ÛEÍ�ì@×^Ì�æPÖ�ÛEÕ�Ö;Ñ�Í�Í�ì@×^Ì A,B, a, b.
� Ö�Ö�Õ�Ô�ÎEÕ�ÛEÕ�Ô�ÎEÍ�ÍPÖ

Ì�çk/£2�< B�1 Ì!/£2�< D61�Û�Þ�Î�âPà�ÎEÕ

τ̂ = −
(
|A|2 + |B|2

)
e2z +

(
|a|2 + |b|2

)
e−2z +Aa∗ − aA∗ +Bb∗ − bB∗ /£2�<C:ED61



$1ÎyÖ ä Ø�ÖyâPÌP×-Ö�ÛEÕ�ï]ÍPÎ�ÞPÌ�ÍPÎEÏ�ÍPÖ�ÏñÒ�Ô�ÐSÍ�Õ�Ö�Ô�Ö�Ï)×-Î�Ø�ÐSÍ�Ì�Ò�Ì 2c2
��� �"! #%$&#%')(+*,(,')�-�"./')�-�"(101. � 21�3*546(+7�(121� 8�9�:;9�<^=,:

Ì

Φ = 2
(
|A|2 + |B|2

)
e2z + 2

(
|a|2 + |b|2

)
e−2z.

/£2�<C:;A�1

$+ÐSÒ�Ö�ÍPÎEí¸Ù
t
Ô�ì"Ý�ÐSß&Ð�ÎEÕ�Û~Ñ èPÎEÝPÎEçWÖ ä å6Ì�Ï ÐSÝ�ãyà�×-ÎEÍ�Õ

z
Ù�ÎyÛ�ÞPÌ æ�ÝPÎ�â�ÛEÕjÐSÔ�Ì�Õ�ï

/£2�<C:�:�1 Ô�âPÌPé+é+ÎEÝPÎEÍ�í�Ì�ÐjÞPï�ÍPÖ�Ï)é+Ö�ÝP×-Î�ÿ

dt

dz
=

2ρ~

l

Φ

τ
.

/£2�<C:;F�1

(3Í�Õ�ÎEãyÝ�Ì�ÝPÖ�Ô�ÐSÍ�ÌPÎ%/£2�<C:;F�1 æPÖ
z
Ô�Î�â�ÎEÕIÒ

t = σ − 2ρ~

l

¯±°
τ̂ (σ = ®�² °�³ © ) , /£2�<C:��c1

è�Õ�Ö�Ù�â�ÞPÑ]æ�ÝPÖ�Ô�ÎEÝ�Ò�Ì¸Ù�Þ�ÎEãyÒ�ÖIÛyÖ�ã~Þ�Ð�ÛyÖ�Ô�ÐSÕ�ï]Û3æPÎEÝ�Ô�ì@× à�Ý�ÐSÔ�ÍPÎEÍ�ÌPÎy×o/£2�<C:;9�1�<
î3ÝPÎ�â�Î�ÞPï�ÍPÖ�Î3çyÍ�ÐyèPÎEÍ�ÌPÎ

τ̂ ,
Ò�ÐSÒ]×^ìÜà�ß6Î�à ä ÎEß�â�ÐjÞPÌPÛEïPÙ�Ý�ÐSÔ�ÍPÖ

0.
î3Ý�Ì�Ý�ÐSÔ�Í�Ì�ê

Ô�ÐSÍ�ÌPÎ¡æ�Ý�ÐSÔ�Ö�Ïðè�Ð�ÛEÕ�Ì­/£2�<C:ED61+Í�à�Þ � æ�Ý�Ì�Ô�ÖyâPÌ�ÕWÒðÒ�Ô�ÐjâPÝ�ÐSÕ�ÍPÖ�×^à à�Ý�ÐSÔ�ÍPÎEÍ�Ì � Ö�Õ�ê
ÍPÖ�ÛEÌ�Õ�Î�ÞPï�ÍPÖ

η = e2z
/ Ò�ÝPÖ�×-Î�Ô�Ö�ç;×-Ö;ß�ÍPÖ�ÛEÕ�Ì

A = B = 0,
æ�Ý�Ì�Ô�ÖyâPÑ�å�ÎEÏWÒKà�ß6Î

à�æPÖ�×^Ì�Í�ÐSÔc��Îy×^à�Û~Ñ�ÌPÛEÒ�Þ � è�Ì�Õ�Î�ÞPï�ÍPÖ�×^à�Û�ÞPà�è�Ð � 1�< > ëyÕ�Ö�ã;Ö�à�Ý�ÐSÔ�ÍPÎEÍ�Ì�Ñ6Ô�ÛyÎEã~â�Ð@âPÔ�Ð
Ô�ÎEå�ÎyÛEÕ�Ô�ÎEÍ�Í�ì�Ø)Ò�Ö�Ý�Í�Ñ)Ý�ÐSçyÍ�ì�ØñçyÍ�ÐSÒ�Ö�Ô���Í�Ð�×"Ù�Ô�Ô�Ì�âPà

τ̂ > 0
ÔE/£2�<C:�:�1�Ù�æPÖyâ�Ø�ÖyâPÌ�Õ

Õ�ÖyÞPï�Ò�Ö�æPÖyÞ�Ö;ß�Ì�Õ�Î�ÞPï�Í�ì"Ï)Ò�Ö�ÝPÎEÍ�ïP<Pî1Ö�Û�Þ�Î+ÎEã;Ö�æPÖyâ�ÛEÕjÐSÍPÖ�Ô�Ò�ÌñÔ#/£2�<C:;A�1rë~Þ�Îy×-ÎEÍ�ÕjÐSÝ�ê
Í�ì@Î1Ô�ì"Ò�Þ�ÐjâPÒ�ÌNâ�Ð � Õ�é1Ì�Í�ÐjÞPï�ÍPÖ�Î1çyÍ�ÐyèPÎEÍ�ÌPÎ�Ù�Ö�Õ�×-ÎEè�Ð�Îy×-Ö�Î+Ì�Í�â�ÎEÒ�ÛyÖ�× e,

Φe = 2

√
(Aa∗ − aA∗ +Bb∗ − bB∗)2 + 4

(
|A|2 + |B|2

)(
|a|2 + |b|2

)
.
/£2�<C:3��1

? ÞPÑñé1Ì�çyÌ�èPÎyÛEÒ�Ì�ØñíPÎ�Þ�ÎEÏ)æ�ÝPÎ�â�ÛEÕjÐSÔ�ÞPÑ�ÎEÕ]Ì�Í�Õ�ÎEÝPÎyÛ&çyÍ�ÐyèPÎEÍ�ÌPÎ�ÛEà�×-×^ìcÒ�Ô�ÐjâPÝ�Ðjê
Õ�Ö�Ô6Õ�ÖyÞPï�Ò�Ö6âPÔ�à�ØI×-ÖyâPà�Þ�ÎEÏ¸Ù�ÕjÐSÒ�ß6Î3Ö�Õ�ÍPÎyÛyÎEÍ�ÍPÖ�Î%Ò]é1Ì�Í�ÐjÞPï�ÍPÖ�×^àIÛyÖ�ÛEÕ�Ö;Ñ�Í�Ì � <P� ÖSê
ã~Þ�Ð�ÛEÍPÖ0/£2�<C:;B�1

{
|ψ11|2 + |ψ12|2

}

e
= Aa∗ +A∗a+Bb∗ +B∗b+

1

2
Φe.

/£2�<C:32�1

7�â�ÎyÛEï6Þ�ÎEÔ�ÐSÑ¡è�Ð�ÛEÕ�ï#/£2�<C:32�1�Ù�æPÖ�Û�Þ�Î�â�Î�Þ�ÎEÍ�Ì�Ñ]Í�Ð
Φe,

Ö ä ì"è�ÍPÖ�Õ�Ý�ÐSÒ�Õ�à�ÎEÕ�Û~Ñ]Ò�ÐSÒ
$jÔ�ÎEÝPÖ;Ñ�Õ�ÍPÖ�ÛEÕ�ï=&¡æ�ÝPÎ ä ì"Ô�ÐSÍ�Ì�ÑNæPÎEÝ�Ô�Ö�ÏNæPÖyâ�ÛEÌPÛEÕ�Îy×^ì Ô�ÛyÖ�ÛEÕ�Ö;Ñ�Í�Ì�Ì�:�<

î+ÐSÝ�Ð�×-ÎEÕ�Ý�ì
A,B, a, b

ÍPÎ&ÛyÖ�Ô�ÛyÎy×�à�â�Ö ä Í�ì+Ù�ÌñÝ�ÐSçyà�×^ÍPÖ�æPÎEÝPÎEÏ�Õ�ÌKÖ�ÕIÍ�Ì�ØñÛyÖSê
ã~Þ�Ð�ÛEÍPÖ�/£2�<C:;B�16Ô Û�ÞPà�è�Ð�Î

z = 0, t = 0
Ò ÌPÛ�Ø�ÖyâPÍ�ì@×

ϕjk,
Ð)â�ÐjÞPïc��Î�Ò

ψj k.��Ö�ã~â�Ð

A =
ϕ11 − ϕ∗

22

2
, B =

ϕ12 + ϕ∗
21

2
, a =

ϕ11 + ϕ∗
22

2
, b =

ϕ12 − ϕ∗
21

2
,

/£2�< 8�9�1

æPÖ�Û�Þ�Î6èPÎEã;ÖIÔ�ì"Ý�ÐSß6ÎEÍ�ÌPÎ�Ô�Þ�ÎEÔ�Ö�ÏKè�Ð�ÛEÕ�Ìz/£2�<C:32�1�Ù�Ö ä Ö�çyÍ�Ðyè�Ð�Îy×-Ö�Î�Í�Ð�×^Ì)â�ÐjÞ�ÎyÎ&Ò�ÐSÒ
L1,

ÌÜÐSÍ�ÐjÞ�Ö�ãyÌ�è�ÍPÖ�Ö�æ�ÝPÎ�â�Î�Þ�ÎEÍ�Í�ì@ÎNâPÝ�à�ãyÌPÎñÛEà�×-×^ì Ò�Ô�ÐjâPÝ�ÐSÕ�Ö�Ôð×-ÖyâPà�Þ�ÎEÏ¸ÙrÝ�Ð�Û�ê



:;9�9 `3<�î�<P21Ö�Í�âPÝ�ÐSÕ�ï�ÎEÔPÙ�f3<��6<���Í�Õ�Ö�ÍPÖ�Ô
��� �"! #%$&#%')(+*,(,')�-�"./')�-�"(101. � 21�3*546(+7�(121� 8�9�:;9�<^=,:

Ò�Ý�ì"Ô�Ð � Õ�Û~ÑNÔ�Ô�Ì�â�Î

L1 ≡
{
|ψ11|2 + |ψ12|2

}
e

=

{
1

2
Φe +

1

2

(
|ψ11|2 + |ψ12|2 − |ψ21|2 − |ψ22|2

)}

0

;

L2 ≡
{
|ψ21|2 + |ψ22|2

}
e

=

{
1

2
Φe +

1

2

(
|ψ21|2 + |ψ22|2 − |ψ11|2 − |ψ12|2

)}

0

;

N1 ≡
{
|ψ11|2 + |ψ21|2

}
e

=

{
1

2
Φe +

1

2

(
|ψ11|2 + |ψ21|2 − |ψ12|2 − |ψ22|2

)}

0

;

N2 ≡
{
|ψ12|2 + |ψ22|2

}
e

=

{
1

2
Φe +

1

2

(
|ψ12|2 + |ψ22|2 − |ψ11|2 − |ψ21|2

)}

0

,
/£2�< 8�:�1

æ�Ý�Ì�èPÎy×

Φe =

√
Φ2

0
− 4 |τ0|2.

/£2�< 8�8�1

î3ÝPÎ�âPæPÖyÞ�Ö;ß6ÎEÍ�ÌPÎNÖNæPÖyÞ�Ö;ß�Ì�Õ�Î�ÞPï�ÍPÖ�ÛEÕ�Ì
τ0

Ôh/£2�< 8�8�11à�ß6Î¡Ö�Õ ä ÝPÖ	��ÎEÍPÖ�ÿ�Ô)Ö ä ê
å�Îy×5Û�ÞPà�è�Ð�Î)Ì�ç;×-ÎEÍPÎEÍ�ÌPÎ

χ
×-ÎEÍ�Ñ�ÎEÕ Õ�ÖyÞPï�Ò�ÖÉé&ÐSçyà à

τ
Ì ÛyÖ�Ô�ÛyÎy×5ÍPÎK×-ÎEÍ�Ñ�ÎEÕ

|ψjk| .
î1ÖñÖ�Õ;â�Î�ÞPï�ÍPÖ�ÛEÕ�ÌðÒ�Ô�ÐjâPÝ�ÐSÕ�ì5×-ÖyâPà�Þ�ÎEÏ Þ�ÎEãyÒ�Öñæ�ÝPÎ�â�ÛEÕjÐSÔ�Ì�Õ�ï)èPÎEÝPÎEç¡Ô�ì"Ý�Ðjê

ß6ÎEÍ�ÌPÎ�/£2�< 8�:�1�Ù�ÎyÛ�ÞPÌñæPÖ�×^Í�Ì�Õ�ïPÙPè�Õ�Ö�ÔIé1Ì�Í�ÐjÞPï�ÍPÖ�×�ÛyÖ�ÛEÕ�Ö;Ñ�Í�Ì�Ì
ψ11ψ22 = ψ12ψ21.? ÎEÏPÛEÕ�Ô�Ì�Õ�Î�ÞPï�ÍPÖ�Ù

|ψ11|2e =
L1N1

Φe

, |ψ12|2e =
L1N2

Φe

, |ψ21|2e =
L2N1

Φe

, |ψ22|2e =
N1N2

Φe

.
/£2�< 8�B�1

7	Ð�×-ÎEÕ�ÌP×"Ù-è�Õ�ÖWæ�Ý�ÌÉÛ�Þ�Ð ä Ö�Ï�çjÐSíPÎEæ�Þ�ÎEÍ�ÍPÖ�ÛEÕ�Ì�Ô�Î�ÞPÌ�è�Ì�Í�ì´/£2�< 8�B�1�Ö�Ò�ÐSçyì"Ô�Ð � Õ�ê
Û~Ñ�æ�ÝPÖ�æPÖ�Ý�í�ÌPÖ�Í�ÐjÞPï�Í�ì@×^Ì�Ì�Ø çyÍ�ÐyèPÎEÍ�Ì�Ñ�×Úæ�Ý�Ì

t = 0
Û¡Õ�Ö�è�ÍPÖ�ÛEÕ�ï � â�ÖK×/ÐjÞPì�Ø

æPÖ�æ�Ý�ÐSÔ�Ö�ÒñæPÖ�Ý�Ñ�âPÒ�Ð
(
L0

Φ0

)2

.

î3ÝPÎ�âPæPÖyÞ�Ö;ß6ÎEÍ�ÌPÎñÖ ä ÖyâPÌ�Í�ÐSÒ�Ö�Ô�Ö�ÛEÕ�ÌÉÌ�Í�Õ�ÎEÝ�Ô�ÐjÞ�Ö�Ô�$jÝ�Ð ä Ö�Õ�ì�&Wé1à�Í�Ò�í�Ì�Ì
λ(t)ÌWÌ�Ø)æ�Þ�Ö�Õ�ÍPÖ�× æ�Ý�Ì�Þ�ÎEãkÐSÍ�Ì�ÌWâPÝ�à�ã�ÒKâPÝ�à�ãyà)Ô�Ö�Ö ä å�Î�ÍPÎyÛEà�å�ÎyÛEÕ�Ô�ÎEÍ�ÍPÖ�Ù¸ÕjÐSÒWÒ�ÐSÒ�Ô

æ�ÝPÖ�×-ÎEß�à�Õ�Ò�ÐjØ	Ù�ÛyÖ�ã~Þ�Ð�ÛEÍPÖh/£2�< 2�1�Ù¸çyÍ�ÐyèPÎEÍ�Ì�Ñ
ϕjk

$jçjÐ�×-ÎEÝ�çjÐ � Õ=&SÙ^Ð]â�ÐjÞ�ÎyÎ�æ�ÝPÖ�×-Î�ê
ß�à�Õ�Ö�è�Í�ì@Î1Ì�Í�Õ�ÎEÝ�Ô�ÐjÞPìcÔ�ì ä Ý�Ð�ÛEì"Ô�Ð � Õ�Û~Ñ	Ù�Ô�Î�ÞPÌ�è�Ì�Í�Ð�ß6Î l Ù�ÎyÛ�ÞPÌñÖ�Í�Ð�×-ÎEÍ�Ñ�ÎEÕ�Û~Ñ	ÙÖ�ÛEÕjÐHeÎEÕ�Û~ÑKæPÖyâKçyÍ�ÐSÒ�Ö�×ÜÌ�Í�Õ�ÎEãyÝ�ÐjÞ�Ð�< ? Ö¡é+Ö�ÝP×^à�ÞPìS/£2�< 8�B�1"Ô�ÛyÎ6Ö�ÛEÕjÐ�ÎEÕ�Û~Ñ)ÍPÎEÌ�ç;×-ÎEÍ�ê
Í�ì@×"<
4rÔ�ÖyÞ � í�Ì�Ñ Û;Ð�×^Ì�Ø�Ô�Î�ÞPÌ�è�Ì�Í

ψj k
ÕjÐSÒ�ß6ÎKæPÖyÞPà�è�Ð�ÎEÕ�Û~ÑÜÌ�ç)Í�Ð��6Ì�Ø�é+Ö�ÝP×^à�Þ�Ù

ÍPÖ�Ö�Í�Ð6ÍPÎyÛEÒ�ÖyÞPï�Ò�Ö]Û�Þ�Ö;ß�ÍPÎyÎ�Ù�Ð6çjÐSÔ�ÌPÛEÌP×-Ö�ÛEÕ�ï¡Ö�Õ
t,
Ô�Ö�Ö ä å�Î1ã;Ö�Ô�Ö�Ý�Ñ	ÙPÛyÖyØ�Ý�ÐSÍ�Ñ�ÎEÕ�ê

Û~ÑNÌNæPÖ�Û�Þ�Î&Ô�ì�Ø�Öyâ�Ð�Í�Ð�é1Ì�Í�ÐjÞPï�Í�ì"ÏñÝPÎEß�ÌP×"<�(3çyà�èPÎEÍ�ÌPÎ+ÍPÎ�ÞPÌ�ÍPÎEÏ�ÍPÖ�ã;ÖIæ�ÝPÖ�íPÎyÛyÛ;Ð
ëyÔ�ÖyÞ � í�Ì�Ì�Ô�ÖyÞPÍPÖ�Ô�Ö�Ïðé1à�Í�Ò�í�Ì�Ì�æ�Ý�Ì Í�ÐjÞPÌ�è�Ì�Ì�×^ÍPÖ�ãyÌ�Ø�æPÖyâ�ÛEÌPÛEÕ�Îy× Ì ä ÖyÞPïc��ÎEã;Ö
è�ÌPÛ�Þ�Ð6ÛyÖ�ÛEÕ�Ö;Ñ�Í�Ì�Ï�Ô6Í�Ì�Ø	Ù�æPÖSê Ô�Ì�âPÌP×-Ö�×^à�Ù�×-Ö;ß6ÎEÕ ä ì"Õ�ï�æ�ÝPÖ�Ô�Î�â�ÎEÍPÖ�ÐSÍ�ÐjÞ�Ö�ãyÌ�è�Í�ì@×
Ö ä Ý�ÐSç;Ö�×"ÙPÍPÖ ä ÖyÞ�ÎyÎ+ãyÝPÖ�×-Ö�çEâPÒ�Ö�<



$1ÎyÖ ä Ø�ÖyâPÌP×-Ö�ÛEÕ�ï¡ÍPÎ�ÞPÌ�ÍPÎEÏ�ÍPÖ�ÏñÒ�Ô�ÐSÍ�Õ�Ö�Ô�Ö�Ï)×-Î�Ø�ÐSÍ�Ì�Ò�Ì :;9�:
��� �"! #%$&#%')(+*,(,')�-�"./')�-�"(101. � 21�3*546(+7�(121� 8�9�:;9�<^=,:

»"¼gµ�½[¶¡Ë_Å�Ê�Ã_¿�Ã_ÆJG�Ã_¿�Â-Æ_Ã_¿�Ç_Ã_Á�Ç�È_Ê�Å�Ã_Ä�Á�Ê�Á�Ç K ¿�L�Å�Ã_Æ_È_Æ�Ã_¿�G_Ê�ÂiGiI¡ÄgB3G
Â-Á�Ë_¿�Ãi�J·kÆ_Ã_Ê�Å�Ë_Æ_Å�Ã_Ä�Ãi� K Æ

î3Ý�Ì�Ö ä ÛEà�ß�â�ÎEÍ�Ì�ÌNà�Ý�ÐSÔ�ÍPÎEÍ�Ì�Ï�ÍPÎ�ÞPÌ�ÍPÎEÏ�ÍPÖ�Ï�Ò�Ô�ÐSÍ�Õ�Ö�Ô�Ö�Ïñ×-Î�Ø�ÐSÍ�Ì�Ò�Ìs/£2�< 2�1/Ô�Ö�çEê
Í�Ì�Ò�Ð�ÎEÕIÔ�Ö�æ�ÝPÖ�Û&Ö�Õ�Ö�×"Ù�Ô�Ò�ÐSÒ�Ö�×�Ö�Õ�ÍPÖ	��ÎEÍ�Ì�ÌñÝ�ÐSçyÔ�Ì�Ô�Ð�Îy×/ÐSÑñÕ�ÎyÖ�Ý�Ì�Ñ�Í�ÐjØ�ÖyâPÌ�Õ�Û~ÑKÛ
Õ�ÎyÖ�Ý�ÌPÎEÏ�Ö�Õ�ÍPÖ�ÛEÌ�Õ�Î�ÞPï�ÍPÖ�ÛEÕ�Ì¸<���Ð�×-Ö&ÞPÌ�ÍPÎEÏ�ÍPÖ�Î%à�Ý�ÐSÔ�ÍPÎEÍ�ÌPÎ á ÝPÎ�âPÌ�Í�ã;ÎEÝ�Ð&ÍPÎ�Ñ�Ô�ÞPÑ�ê
ÎEÕ�Û~Ñ�ÝPÎ�ÞPÑ�Õ�Ì�Ô�ÌPÛEÕ�ÛEÒ�Ì¡Ì�Í�Ô�ÐSÝ�Ì�ÐSÍ�Õ�Í�ì@×"Ù�ÕjÐSÒ�Ò�ÐSÒ�æ�ÝPÖ�Ì�çyÔ�ÖyâPÍ�ÐSÑIæPÖ3Ô�ÝPÎy×-ÎEÍ�Ì ∂ψ

∂t

à

ÍPÎEã;Ö�æPÎEÝ�Ô�Ö�ã;Ö�æPÖ�Ý�Ñ�âPÒ�Ð�Ù�ÍPÖ�è�Ð�ÛEÕ�Í�ì@Î3æ�ÝPÖ�Ì�çyÔ�ÖyâPÍ�ì@Î+æPÖ�Ò�Ö�Ö�Ý�âPÌ�Í�ÐSÕjÐ�×�Õ�Ì�æ�Ð ∂2ψ

∂x2
1ÌP×-Î � Õ Ô�Õ�Ö�ÝPÖ�Ï�æPÖ�Ý�Ñ�â�Ö�Ò¸<Y4rÕ�Ö�ÍPÎEÝ�ÐSÔ�ÍPÖ�æ�Ý�ÐSÔ�ÌPÎ)Ô�ÝPÎy×-ÎEÍ�ÍPÖ�Ï�Ì�æ�ÝPÖ�ÛEÕ�Ý�ÐSÍPÛEÕ�Ô�ÎEÍ�ê

ÍPÖ�Ï Ò�Ö�Ö�Ý�âPÌ�Í�ÐSÕ Í�ÐSÝ�à6��Ð�ÎEÕÜÖ�ÛEÍPÖ�Ô�ÍPÖ�ÎðÕ�ÝPÎ ä Ö�Ô�ÐSÍ�ÌPÎðÕ�ÎyÖ�Ý�Ì�Ì,Ö�Õ�ÍPÖ�ÛEÌ�Õ�Î�ÞPï�ÍPÖ�ÛEÕ�Ì¸Ù
Ö�æ�ÌPÛEì"Ô�Ð � å�ÎEÏ�ÛyÖ ä ì"Õ�Ì�ÑWÔNèPÎEÕ�ì"ÝPÎ�Ø�×-ÎEÝ�ÍPÖ�×cÒ�Ô�ÐSçyÌPÎEÔ�Ò�ÞPÌ�â�Ö�Ô�Ö�×cæ�ÝPÖ�ÛEÕ�Ý�ÐSÍPÛEÕ�Ô�Î�ê
Ô�ÝPÎy×-ÎEÍ�Ì¸<�2+ÐSÒ�Ì�çyÔ�ÎyÛEÕ�ÍPÖ�Ù�Ô�ì�Ø�ÖyâñÌ�ç3ëyÕ�Ö�ã;Ö�Í�Ð���Î�Þ ? Ì�Ý�ÐSÒ¸ÿ�Ô�×-ÎyÛEÕ�Ö�ÖyâPÍPÖ�ã;Ö�à�Ý�ÐSÔ�ê
ÍPÎEÍ�Ì�Ñ)Ô�Õ�Ö�ÝPÖ�ã;Ö¡æPÖ�Ý�Ñ�âPÒ�Ð]Ö�Í)æPÖyÞPà�è�Ì�Þ�èPÎEÕ�ì"ÝPÎ&Þ�Ö�ÝPÎEÍ�í�ê Ì�Í�Ô�ÐSÝ�Ì�ÐSÍ�Õ�Í�ì�ØKâPÌPé+é+Î�ê
ÝPÎEÍ�í�Ì�ÐjÞPï�Í�ì�Ø¡à�Ý�ÐSÔ�ÍPÎEÍ�Ì�Ñ	Ù�Ò�Ö�Õ�Ö�Ý�ì@Î3ÛyÖyâ�ÎEÝ�ß&ÐSÕ�æPÎEÝ�Ô�ì@Î%æ�ÝPÖ�Ì�çyÔ�ÖyâPÍ�ì@Î3Ì¡æPÖ&Ô�ÝPÎ�ê
×-ÎEÍ�Ì¸Ù�Ì�æPÖ�Ò�Ö�Ö�Ý�âPÌ�Í�ÐSÕjÐ�×"<

$+Ð��6Ì+ÍPÎ�ÞPÌ�ÍPÎEÏ�Í�ì@Î/à�Ý�ÐSÔ�ÍPÎEÍ�Ì�Ñ1ÍPÎ^â�Ö�æ�à�ÛEÒ�Ð � Õ@çjÐSæ�ÌPÛEÌ+Ô"Þ�Ö�ÝPÎEÍ�í�ê Ì�Í�Ô�ÐSÝ�Ì�ÐSÍ�Õ�ÍPÖ�Ï
é+Ö�ÝP×-Î�< ? Î�Þ�Ö&æ�ÝPÎEß�â�Î%Ô�ÛyÎEã;Ö6Ô6Õ�Ö�×"Ù�è�Õ�Ö6Ö�æ�ÌPÛEì"Ô�Ð�Îy×^ì"Ï�çEâ�ÎyÛEï�æ�ÝPÖ�íPÎyÛyÛ%Ý�Ð�ÛEå�ÎEæ�ê
Þ�ÎEÍ�Ì�Ñ Ô�ÖyÞPÍPÖ�Ô�ì�ØÉæ�ÐSÒ�ÎEÕ�Ö�Ô ÍPÎyÖ ä Ý�ÐSÕ�ÌP×,Ô�ÖWÔ�ÝPÎy×-ÎEÍ�Ì¸Ù/ÌÉÔ�ì�â�Î�Þ�ÎEÍ�ÌPÎNÔ�ÝPÎy×-ÎEÍ�ÍPÖ�Ï
Ò�Ö�Ö�Ý�âPÌ�Í�ÐSÕ�ì Í�Ð6Ö�ÛyÖ ä à � ÝPÖyÞPï�Í�ÐSÝ�à6��Ð�ÎEÕ�ÖyâPÍPÖ�Ì�ç3ã~Þ�ÐSÔ�Í�ì�Ø]æPÖyÞ�Ö;ß6ÎEÍ�Ì�ÏñÕ�ÎyÖ�Ý�Ì�Ì
Ö�Õ�ÍPÖ�ÛEÌ�Õ�Î�ÞPï�ÍPÖ�ÛEÕ�Ì¸<P$+ÐSæPÖ�×^Í�ÌP×"Ù�è�Õ�Ö6à�Ý�ÐSÔ�ÍPÎEÍ�ÌPÎ ? Ì�Ý�ÐSÒ�Ð&Ô�Ö6Ô�ÝPÎy×-ÎEÍ�Ì�Ö ä Ý�ÐSÕ�ÌP×-Ö�<

7	Ð�Û�ÞPà�ß�Ì�Ô�Ð�ÎEÕ¡Ô�Í�ÌP×/ÐSÍ�ÌPÎ&ÎEå�Î+ÖyâPÌ�Íñé&ÐSÒ�Õ�Ö�Ý¸<P21ÖyÞ�Þ�ÐSæPÛ&Ô�ÖyÞPÍPÖ�Ô�ì�Øñé1à�Í�Ò�í�Ì�Ï
æ�ÝPÖ�ÌPÛ�Ø�ÖyâPÌ�Õ�ÛyÖ�ÛEÔ�ÎEÝ�Ø�ÛEÔ�ÎEÕ�Ö�Ô�Ö�Ï�ÛEÒ�Ö�ÝPÖ�ÛEÕ�ï � Ù�ÌNëyÕ�Ö�ÕjÐSÒ�ß6Î+Í�ÐSÝ�à6��Ð�ÎEÕIæ�Ý�Ì�Í�í�Ì�æ�ì
Õ�ÎyÖ�Ý�Ì�Ì6Ö�Õ�ÍPÖ�ÛEÌ�Õ�Î�ÞPï�ÍPÖ�ÛEÕ�Ì¸ÙSÎyÛ�ÞPÌ&æ�Ý�Ì�çyÍ�ÐSÕ�ï�è�Õ�Ö"Ô�ÖyÞPÍPÖ�Ô�ÐSÑ&é1à�Í�Ò�í�Ì�Ñ3ÌP×-ÎyÎEÕ%é1Ì�çyÌ�ê
èPÎyÛEÒ�à � ÝPÎ;ÐjÞPï�ÍPÖ�ÛEÕ�ïP<�$+ÐjÞPÌ�è�ÌPÎ%ÛEÔ�ÎEÝ�Ø�ÛEÔ�ÎEÕ�Ö�Ô�ì�Ø�ÛEÒ�Ö�ÝPÖ�ÛEÕ�ÎEÏ¡æ�Ý�Ì¡Ò�ÖyÞ�Þ�ÐSæPÛyÎ�â�ÐSÔ�ÍPÖ
æ�Ý�Ì�çyÍ�Ð�ÎEÕ�Û~Ñ	ÙrÖyâPÍ�ÐSÒ�Ö Û¡Õ�Ö�ÏÉÖ�ã;Ö�Ô�Ö�Ý�Ò�Ö�Ï¸Ù/è�Õ�ÖWëyÕ�ÖKÍPÎ]Í�ÐSÝ�à6��Ð�ÎEÕWæ�Ý�Ì�Í�í�Ì�æÉæ�Ý�Ì�ê
è�Ì�Í�ÍPÖ�ÛEÕ�ÌIÌ�ÍPÎ�â�Ö�æ�à�ÛEÒ�Ð�ÎEÕ&æPÎEÝPÎ�â�Ðyè�Ì]ÛEÌ�ãyÍ�ÐjÞ�Ð1ÛyÖ+ÛEÒ�Ö�ÝPÖ�ÛEÕ�ï � Ù�æ�ÝPÎEÔ�ìY��Ð � å�ÎEÏ c.#@âPÍ�ÐSÒ�Ö1Ô�ÛyÎ"ëyÕ�Ö3Ô�ÎEÝ�ÍPÖ3Õ�ÖyÞPï�Ò�Ö+Ô1Õ�Ö�×WÛ�ÞPà�è�Ð�Î�Ù�Ò�Ö�ã~â�Ð1ÍPÎ"ÛEà�å�ÎyÛEÕ�Ô�à�ÎEÕ+æ�Ý�Ì�Ô�Ì�Þ�ÎEãyÌ�ê
ÝPÖ�Ô�ÐSÍ�ÍPÖ�Ï]ÛEÌPÛEÕ�Îy×^ì�Ò�Ö�Ö�Ý�âPÌ�Í�ÐSÕS<�(1×-ÎEÍ�ÍPÖ&ëyÕ�Ö1ÌIà�Õ�Ô�ÎEÝ�ß�â�Ð�ÎEÕ�Û~Ñ¡Õ�ÎyÖ�Ý�ÌPÎEÏ¡Ö�Õ�ÍPÖ�ÛEÌ�ê
Õ�Î�ÞPï�ÍPÖ�ÛEÕ�Ì¸ÙSÕjÐSÒ&Ô�ÍPÎEÏ6Ô�ÛyÎrÛEÌPÛEÕ�Îy×^ì Ö�Õ�ÛEèPÎEÕjÐ@æPÎEÝPÎEÔ�ÖyâPÑ�Õ�Û~Ñ�ÖyâPÍ�Ð@Ô@âPÝ�à�ãyà � æ�ÝPÎyÖ ä ê
Ý�ÐSç;Ö�Ô�ÐSÍ�Ì�Ñ�×^ÌNd+Ö�ÝPÎEÍ�í�Ð�<P�_ÐSÒ�Ô�Ö�ÕSÙ�ÍPÎEæ�Ý�ÌP×-ÎEÍ�ÌP×-Ö�ÛEÕ�ïIæ�ÝPÎyÖ ä Ý�ÐSç;Ö�Ô�ÐSÍ�Ì�Ïñd+Ö�ÝPÎEÍ�í�Ð
ÔKÍ�Ð���ÎEÏðÕ�ÎyÖ�Ý�Ì�ÌÉÛEÔ�Ñ�çjÐSÍ�Ð)ÎEåkeÎ]Ì Û¡Õ�Îy×"Ù_è�Õ�Ö)à Í�Ð�Û¡ÍPÎEÑ�Ô�ÍPÖKæPÖyâPÝ�ÐSçyà�×-ÎEÔ�Ð�ÎEÕ�Û~Ñ
Í�ÐjÞPÌ�è�ÌPÎ6æ�Ý�Ì�Ô�Ì�Þ�ÎEãyÌ�ÝPÖ�Ô�ÐSÍ�ÍPÖ�Ï�ÛEÌPÛEÕ�Îy×^ì,Ö�Õ�ÛEèPÎEÕjÐ�<J4rÕ�Ö]é1Ì�çyÌ�èPÎyÛEÒ�Ì)â�Ö�æ�à�ÛEÕ�ÌP×-Ö�Ù
ÕjÐSÒWÒ�ÐSÒWÖyâPÍ�Ð]æ�Ý�Ì�Ô�Ì�Þ�ÎEãyÌ�ÝPÖ�Ô�ÐSÍ�Í�ÐSÑ ÛEÌPÛEÕ�Îy×/Ð]Ö�Õ�ÛEèPÎEÕjÐ]ÔNÐ�ÛEÕ�ÝPÖ�ÍPÖ�×^Ì�Ì�çjÐSÔ�Î�â�Ö�×-Ö
ÛEà�å�ÎyÛEÕ�Ô�à�ÎEÕ�Ì�ÛEÔ�Ñ�çjÐSÍ�Ð�Ö�Í�Ð�Û3é+Ö�ÍPÖ�×�ÝPÎ�ÞPÌ�Ò�Õ�Ö�Ô�Ö�ã;Ö�Ì�çEÞPà�èPÎEÍ�Ì�Ñ	<�'ñì�â�Ö�æ�à�ÛEÒ�Ð�Îy×
æPÖ�ëyÕ�Ö�×^àWæPÎEÝPÎ�â�Ðyè�à�ÛEÌ�ãyÍ�ÐjÞ�ÐNÛyÖNÛEÔ�ÎEÝ�Ø�ÛEÔ�ÎEÕ�Ö�Ô�Ö�Ï ÛEÒ�Ö�ÝPÖ�ÛEÕ�ï � <�$1Ö�Ù�Û�Í�Ð���ÎEÏ�Õ�Ö�è�ê
Ò�ÌñçyÝPÎEÍ�Ì�Ñ	ÙPÍPÎ�ÞPï�çyÑ)Ûy×-Î��6Ì�Ô�ÐSÕ�ï¡ÛEà�å�ÎyÛEÕ�Ô�Ö�Ô�ÐSÍ�ÌPÎ&æ�Ý�Ì�Ô�Ì�Þ�ÎEãyÌ�ÝPÖ�Ô�ÐSÍ�ÍPÖ�Ï�ÛEÌPÛEÕ�Îy×^ì
Ö�Õ�ÛEèPÎEÕjÐ3Û Í�ÐSÝ�à6��ÎEÍ�ÌPÎy×Kæ�Ý�Ì�Í�í�Ì�æ�Ð3æ�Ý�Ì�è�Ì�Í�ÍPÖ�ÛEÕ�Ì¸<��ÉÌP×-ÎEÍ�ÍPÖ�Ù�æ�Ý�Ì�Í�í�Ì�æ�æ�Ý�Ì�è�Ì�Í�ê
ÍPÖ�ÛEÕ�Ì)à]Í�Ð�Û6Ö ä Ñ�çjÐSÕ�Î�ÞPï�ÍPÖ¡Ô�ì"æPÖyÞPÍ�Ñ�ÎEÕ�Û~Ñ	Ù�ÌñæPÎEÝPÎ�â�Ðyè�Ð¡ÛEÔ�ÎEÝ�Ø�ÛEÔ�ÎEÕ�Ö�Ô�Ö�ã;Ö�ÛEÌ�ãyÍ�ÐjÞ�Ð
Ô�Ö�ç;×-Ö;ß�Í�ÐIÕ�ÖyÞPï�Ò�Ö]Ì�ç&æ�ÝPÖ	�&Þ�Ö�ã;Ö¡Ô ä à�âPà�å�ÎyÎ�<'4rÕ�Ö¡×-Ö;ß�ÍPÖ¡æPÖ;Ñ�ÛEÍ�Ì�Õ�ï]Í�ÐjÞPÌ�è�ÌPÎy×



:;9�8 `3<�î�<P21Ö�Í�âPÝ�ÐSÕ�ï�ÎEÔPÙ�f3<��6<���Í�Õ�Ö�ÍPÖ�Ô
��� �"! #%$&#%')(+*,(,')�-�"./')�-�"(101. � 21�3*546(+7�(121� 8�9�:;9�<^=,:

Ö�æ�ÝPÎ�â�Î�Þ�ÎEÍ�ÍPÖ�ÏNç;Ö�Í�ì`$jÍ�Ð�ÛEÕ�Ö;Ñ�å�ÎyÎ	&�×-ÎEß�âPà¡æ�ÝPÖ	�&ÞPì@×ðÌ ä à�âPà�å6ÌP×�Í�Ð6ÛEÔ�ÎEÕ�Ö�Ô�Ö�×
Ò�Ö�Í�à�ÛyÎ�<

»"¼�¼/½?� §:BcC[ +F/¿�Ã_Æ_¿
'ñì æPÖ�ÛEÕ�ÝPÖ�Ì�ÞPÌ�ÍPÎ�ÞPÌ�ÍPÎEÏ�Í�à � ×-Öyâ�Î�ÞPïNà�Ý�ÐSÔ�ÍPÎEÍ�Ì�Ñ á ÝPÎ�âPÌ�Í�ã;ÎEÝ�Ð�Ù�Ö ä ÎyÛEæPÎEè�Ì�ê

Ô�Ð � å6à � Ý�Ð�ÛEíPÎEæ�Þ�ÎEÍ�ÌPÎñÛyÖWÔ�ÝPÎy×-ÎEÍPÎy×ÚæPÎEÝ�Ô�Ö�Í�Ðyè�ÐjÞPï�ÍPÖ­$jçjÐSíPÎEæ�Þ�ÎEÍ�Í�ì�Ø[& æPÖyâ�ÛEÌ�ê
ÛEÕ�Îy× ÌIÍ�Ð��&ÞPÌ�â�ÞPÑ¡ÛEÝ�ÐSÔ�Í�Ì�Õ�Î�ÞPï�ÍPÖ6æ�ÝPÖ�ÛEÕ�Ö�ã;Ö6æ�Ý�ÌP×-ÎEÝ�Ð+Ì�ØIÖ�Ò�Ö�Í�è�ÐSÕ�Î�ÞPï�ÍPÖ�Î3æPÖ�Ô�Î�ê
â�ÎEÍ�ÌPÎ1æPÖ�Û�Þ�Î+Ý�Ð�ÛEíPÎEæ�Þ�ÎEÍ�Ì�Ñ	<

7	Ð�×-ÎEÕ�ÌP×"ÙPè�Õ�Ö�Ò�Þ�Ð�ÛyÛEÌ�èPÎyÛEÒ�Ì�Ï)æ�ÝPÎ�â�Î�ÞñÔ�Ò�Ô�ÐSÍ�Õ�Ö�Ô�Ö�Ï)×-Î�Ø�ÐSÍ�Ì�Ò�Î�ÙPæ�ÝPÎ�âPæPÖyÞ�ÐSãkÐjê
� å6Ì�Ï]Ò�ÐSÒ]Ò�Ô�ÐSçyÌ�Ò�Þ�Ð�ÛyÛEÌ�èPÎyÛEÒ�Ö�Î&æ�Ý�Ì ä ÞPÌ�ß6ÎEÍ�ÌPÎ�ÙPÕjÐSÒ]Ì]Õ�ÎyÖ�ÝPÎy×^à#4rÝPÎEÍPé+ÎyÛEÕjÐ�Ù�Í�Ì�ê
Ò�ÐSÒ�ÍPÎ�ÛEÍ�ÌP×/Ð�ÎEÕ+Û æPÖ�Ô�ÎyÛEÕ�Ò�Ì�âPÍ�Ñ6æ�ÐSÝ�Ðjâ�Ö�Ò�Û�Ò�Ö	�6Ò�Ì á ÝPÎ�âPÌ�Í�ã;ÎEÝ�Ð�<�f�Î�âPï3Ì�Ô3ëyÕ�Ö�×
æ�ÝPÎ�â�Î�Þ�Î/Ô�ÖyÞPÍPÖ�Ô�ÐSÑ6é1à�Í�Ò�í�Ì�Ñ1Ô�ÛyÎ/Ý�ÐSÔ�ÍPÖ@æ�ÝPÖyâ�ÖyÞPß&Ð�ÎEÕ%â�ÎEÏPÛEÕ�Ô�Ö�Ô�ÐSÕ�ï%Ì&Ô�Ö�æ�ÝPÖ�ÛrÖ@Î�eÎ
Ý�Ð�ÛEå�ÎEæ�Þ�ÎEÍ�Ì�Ì�æPÖSê æ�ÝPÎEß�ÍPÎy×^à�Ö�ÛEÕjÐ�ÎEÕ�Û~Ñ�Ö�Õ�Ò�Ý�ì"Õ�ì@×"<�03Õ�Ö3Ò�Ð�Û;Ð�ÎEÕ�Û~Ñ�Õ�ÎyÖ�ÝPÎy×WÔ�ì�â�Ðjê
� å�ÎEã;Ö�Û~Ñ)é1Ì�çyÌ�Ò�Ð%4rÝPÎEÍPé+ÎyÛEÕjÐ�Ù�Õ�Ö¡Ö�Í�Ì)æ�ÐSÝ�Ðjâ�Ö�Ò�Û;Ð¡Ò�Ö	�6Ò�Ì á ÝPÎ�âPÌ�Í�ã;ÎEÝ�Ð¡ÕjÐSÒ�ß6Î
ÍPÎ çjÐSÕ�Ý�ÐSãyÌ�Ô�Ð � ÕS<�$+ÐSæ�Ý�ÌP×-ÎEÝ¸Ù�Ì�Í�Õ�ÎEãyÝ�Ì�ÝPÖ�Ô�ÐSÍ�ÌPÎ"Ò�Ô�ÐjâPÝ�ÐSÕjÐ1Ð�×^æ�ÞPÌ�Õ�à�âPìÉÔ�ÖyÞPÍPÖ�Ô�Ö�Ï
é1à�Í�Ò�í�Ì�Ì�æPÖ1é1Ì�çyÌ�èPÎyÛEÒ�Ö�×^à6æ�ÝPÖ�ÛEÕ�Ý�ÐSÍPÛEÕ�Ô�à6â�Ð�ÎEÕ3ÞPÌ=�6ï1à�Û�Þ�Ö�Ô�ÌPÎ@Î�eÎ"ÍPÖ�ÝP×^Ì�ÝPÖ�Ô�Ò�Ì¸Ù
æPÎEÝPÎ�Ø�ÖyâPÑ�å�ÎyÎ"Ô+ÛEÕjÐSÍ�â�ÐSÝ�Õ�ÍPÖ�Î@à�Û�Þ�Ö�Ô�ÌPÎ"ÍPÖ�ÝP×^Ì�ÝPÖ�Ô�Ò�ÌIÔ�ÎEÝPÖ;Ñ�Õ�ÍPÖ�ÛEÕ�ÎEÏ¸Ù�ÍPÖ3Í�Ì�Ò�ÐSÒ�ÍPÎ
æ�ÝPÎ�â�Ö�æ�ÝPÎ�â�Î�ÞPÑ�ÎEÕSÙ�Ô�Ò�ÐSÒ�Ö�ÏNÕ�Ö�è�Ò�Î+ÝPÎ;ÐjÞPï�ÍPÖ�Ö�Ò�ÐSß6ÎEÕ�Û~Ññè�Ð�ÛEÕ�Ì�í�Ð�<

4&Ì�çyÌ�èPÎyÛEÒ�ÌðÛyÖyâ�ÎEÝ�ß&ÐSÕ�Î�ÞPï�Í�ÐSÑ�Õ�ÎyÖ�Ý�Ì�ÑWâ�ÎEÒ�Ö�ã;ÎEÝPÎEÍ�í�Ì�ÌÉ7�à�ÝPÎEÒ�Ð+; �3<ræ�ÝPÎ�â�ÛEÕjÐSÔ�ê
ÞPÑ�ÎEÕSÙ_Ò�Ö�ÍPÎEè�ÍPÖ�Ù ä ÖyÞPïc��Ö�ÏðÌ�Í�Õ�ÎEÝPÎyÛ�<r#@âPÍ�ÐSÒ�ÖW×^ìÓÛEÒ�Þ�Ö�Í�Ñ�Îy×-Û~Ñ Ò�Õ�Ö�×^à�Ù_è�Õ�Ö)ëyÕjÐ
Õ�ÎyÖ�Ý�Ì�Ñ�Ô�ÛyÎñß6ÎñÍPÎ)ÝPÎ���Ð�ÎEÕðÖ�Ò�Ö�Í�è�ÐSÕ�Î�ÞPï�ÍPÖ æ�ÝPÖ ä Þ�Îy×^à�Ò�Ö	�6Ò�Ì á ÝPÎ�âPÌ�Í�ã;ÎEÝ�ÐðÌ
ÍPÎ�æPÎEÝPÎEÒ�Ý�ì"Ô�Ð�ÎEÕðÍ�Ð��6àðÕ�ÎyÖ�Ý�Ì � <]$�7	ÐSæ�à�Õ�ì"Ô�ÐSÍ�ÌPÎ	&�Ô�ÖyÞPÍPÖ�Ô�Ö�Ï é1à�Í�Ò�í�Ì�ÌÉÔ�Õ�ÎyÖSê
Ý�Ì�Ì�â�ÎEÒ�Ö�ã;ÎEÝPÎEÍ�í�Ì�ÌN7�à�ÝPÎEÒ�Ð3ÕjÐSÒ�ß6Î@ÍPÎ"à�ÛEÕ�Ý�ÐSÍ�Ñ�ÎEÕ6Û;Ð�×-Ö�Ï�æ�ÝPÖ ä Þ�Îy×^ì�æPÎEÝPÎ�Ø�Öyâ�Ð1Ì�ç
×^Ì�Ò�ÝPÖ�×^Ì�Ý�Ð�Ô�×/ÐSÒ�ÝPÖ�×^Ì�Ý¸<

f"ÐSß�ÍPÖÚæPÖyâPèPÎEÝ�Ò�Í�à�Õ�ï,Ý�Ñ�â Ì5âPÝ�à�ãyÌ�Ø5æ�Ý�Ì�Í�í�Ì�æ�Ì�ÐjÞPï�Í�ì�Ø ×-Ö�×-ÎEÍ�Õ�Ö�ÔP<�f�ÖSê
æPÎEÝ�Ô�ì�Ø	Ù�ÐSÍ�ÐjÞ�Ö�ãyÌ�è�Í�ì"Ï æ�ÝPÖ�íPÎyÛyÛ�Ì�çyÔ�ÎyÛEÕ�ÎEÍ ÌWÔ�Ò�Þ�Ð�ÛyÛEÌ�èPÎyÛEÒ�Ö�Ï�é1Ì�çyÌ�Ò�Î�Ù	ã~â�Î�ÎEã;Ö
Ö ä ì"è�ÍPÖ Í�ÐSçyì"Ô�Ð � Õ æPÖ�Õ�ÎEÝPÎEÏ Ì�ÍPé+Ö�ÝP×/ÐSí�Ì�Ì ×-ÎEß�âPà âPÔ�à�×^ÑÚæ�ÝPÖ�ÛEÕ�Ý�ÐSÍPÛEÕ�Ô�ÎEÍ�ÍPÖ
Ý�ÐSç;Ö ä å�ÎEÍ�Í�ì@×^Ì�Ñ�Ô�Þ�ÎEÍ�Ì�Ñ�×^ÌKæPÖyâWâ�ÎEÏPÛEÕ�Ô�ÌPÎy× Û�ÞPà�è�ÐSÏ�ÍPÖ�ã;Ö��6à�×/Ð.; ��<ý<�$1Ö]ÎyÛEÕ�ï�Ì
ÛEà�å�ÎyÛEÕ�Ô�ÎEÍ�ÍPÖ�Î/Ý�ÐSçEÞPÌ�è�ÌPÎ�ÿjÔ�Ò�Þ�Ð�ÛyÛEÌ�èPÎyÛEÒ�Ö�Ï�é1Ì�çyÌ�Ò�Î/ëyÕ�Ö@Ô�×-ÎEå�Ð�ÎEÕ�Û~Ñ+Ô�à�ÛEÕjÐSÍPÖ�Ô�Ì�Ô�ê
�6ÌPÎyÛ~Ñ6æ�ÝPÎ�â�ÛEÕjÐSÔ�Þ�ÎEÍ�Ì�Ñ	Ù�Ð@Ô3Ò�Ô�ÐSÍ�Õ�Ö�Ô�Ö�Ï�f1Ô%æPÎEÝPÎ�Ø�ÖyâIÒ6ÍPÎ�ÞPÌ�ÍPÎEÏ�ÍPÖ�ÛEÕ�Ì�à�Ý�ÐSÔ�ÍPÎEÍ�Ì�Ñ
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�R^���)ût�3�Úó�økþSü;÷������	�Óó6��ûyö�øEò�÷�øEõPô6��<¸î1Ö�ëyÕ�Ö�×^àKæPÖ�æ�ì"Õ�Ò�Ì à�ÛyÖ�Ô�ÎEÝ=��ÎEÍPÛEÕ�Ô�Ö�Ô�ÐSÕ�ï
à�Ý�ÐSÔ�ÍPÎEÍ�ÌPÎ á ÝPÎ�âPÌ�Í�ã;ÎEÝ�Ðñâ�Ö ä ÐSÔ�Ò�Ö�Ï¸Ù_Í�ÐSæ�Ý�ÌP×-ÎEÝ¸Ù-ÐSÍ�ãkÐSÝP×-Ö�Í�Ì�èPÎyÛEÒ�Ì�ØQ$SÛEÌ�ÞJ&SÙ¸Ø�ÖSê
ÝPÖ	��Ö�çjÐSÝPÎEÒ�Ö�×-ÎEÍ�â�Ö�Ô�ÐSÔc�6Ì�Ø�ÛyÎ ä Ñ6Ô%ÍPÎ�ÞPÌ�ÍPÎEÏ�ÍPÖ�Ï�Ö�æ�Õ�Ì�Ò�Î�Ì6Ô%ÍPÎ�ÞPÌ�ÍPÎEÏ�ÍPÖ�Ï�Õ�ÎyÖ�Ý�Ì�Ì
à�æ�Ý�à�ã;Ö�ÛEÕ�Ì¸Ù�çEâ�ÎyÛEï6Ö ä ÝPÎEèPÎEÍ�ì�Í�Ð%ÍPÎEà�â�Ðyè�à�<�$+Ð�ÛEÒ�ÖyÞPï�Ò�Ö6Í�Ð�×WÌ�çyÔ�ÎyÛEÕ�ÍPÖ�Ù�Ì�ÛyÖ�Ö�Õ�Ô�ÎEÕ�ê
ÛEÕ�Ô�à � å6ÌPÎ Ô�ì"Ô�ÖyâPì�Ö3ÝPÎEçyà�ÞPïjÕjÐSÕ�Ì�Ô�ÍPÖ�ÛEÕ�Ì¡æPÖ�æ�ì"Õ�Ö�Ò�Ô�Ô�Î�â�ÎEÍ�Ì�Ñ�ÕjÐSÒ�Ö�Ï�ÍPÎ�ÞPÌ�ÍPÎEÏ�ÍPÖSê
ÛEÕ�ÌWÖ�æ�ÝPÖ�Ô�ÎEÝ�ãkÐ � Õ�Û~ÑKëyÒ�ÛEæPÎEÝ�ÌP×-ÎEÍ�Õ�Ö�×7; 2�<ý<�fcÔ�ÐSÒ�à�à�×-Î�Ù�Ò�ÛEÕjÐSÕ�Ì¸Ù�Ì�Í�Õ�ÎEÝPé+ÎEÝPÎEÍ�í�Ì�Ñ
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é+Ö�Õ�Ö�ÍPÖ�ÔñÍ�Ð ä Þ � â�Ð�ÎEÕ�Û~Ñ�ÍPÎEÍ�ÐSÝ�à6��ÎEÍ�ÍPÖ�Ï�Ì�æ�Ý�Ì Ò�Ö�Ûy×^Ì�èPÎyÛEÒ�Ì�Ø â�ÞPÌ�Í�ÐjØ�æ�ÝPÖ ä ÎEãkÐ�<
? ÐjÞ�ÎyÎ�Ù�à¡Í�Ð�Û3ÍPÎ�ÞPÌ�ÍPÎEÏ�ÍPÖ�ÛEÕ�ïIÍPÖ�ÛEÌ�Õ#�Sõ�ø�8�õPôPù6Ø�ÐSÝ�ÐSÒ�Õ�ÎEÝNÒ�ÐSÒ�æPÖ�é+Ö�ÝP×-Î%Ô�Ö�çEâ�ÎEÏ�ê
ÛEÕ�Ô�Ì�Ñ	Ù�ÕjÐSÒ]ÌIÔ�Ûy×^ì@Û�Þ�Î3æ�Ý�Ì�Ô�Þ�ÎEèPÎEÍ�Ì�Ñ¡ÍPÎEÒ�Ö�ÎEã;Ö6â�Ö�æPÖyÞPÍ�Ì�Õ�Î�ÞPï�ÍPÖ�ã;Ö�é+Ö�Í�Ð�Ù�èPÎy×_ê Õ�Ö
æPÖyØ�Ö;ß6ÎEã;Ö)Í�ÐNé+Ö�Í�Ì�çIÍPÎEÏ�Õ�Ý�Ì�ÍPÖñÌ�ÞPÌ ÝPÎ�ÞPÌ�Ò�Õ�Ö�Ô�Ö�ã;Ö)ë~Þ�ÎEÒ�Õ�ÝPÖ�×/ÐSãyÍ�Ì�Õ�ÍPÖ�ã;ÖKÌ�çEÞPà�ê
èPÎEÍ�Ì�Ñ	Ù�Ò�Ö�Õ�Ö�Ý�ì@Î+æ�ÝPÖ�Í�Ì�çyì"Ô�Ð � Õ¡f�ÛyÎ�Þ�ÎEÍ�Í�à � <

�rà�å�ÎyÛEÕ�Ô�à � Õ6ÞPÌ¡Ô6â�ÎEÏPÛEÕ�Ô�Ì�Õ�Î�ÞPï�ÍPÖ�ÛEÕ�ÌNæ�ÝPÎ�âPæPÖyÞ�ÐSãkÐ�Îy×^ì"ÏñçEâ�ÎyÛEï�Õ�Ö�Õ6âPÝ�à�ã;Ö�Ï¸Ù
ÛEæPÎEí�ÌPé1Ì�èPÎyÛEÒ�Ì�ÏÚé+Ö�Í¸Ù"Ô�ÛyÎ æ�ÝPÖ�Í�Ì�çyì"Ô�Ð � å6Ì�Ï Ì Ö ä à�Û�Þ�ÐSÔ�ÞPÌ�Ô�Ð � å6Ì�Ï ÍPÎ�ÞPÌ�ÍPÎEÏ�ê
ÍPÖ�ÛEÕ�ï¡â�ÞPÑñà�Ý�ÐSÔ�ÍPÎEÍ�Ì�Ñ á ÝPÎ�âPÌ�Í�ã;ÎEÝ�Ð����_ÐSÒ�Ö�Ï�$jÔ�ÍPÎ��6Í�Ì�Ï'&N×^Ì�Ý)à�ß6Î ä ì�ÞWæ�ÝPÎ�â�ê
æPÖyÞ�Ö;ß6ÎEÍNÍ�Ð�×^Ì¡Ô%;C:,<�Ô�ÛEÔ�Ñ�çyÌ�Û�ÍPÎyÛEÒ�ÖyÞPï�Ò�Ö�âPÝ�à�ã;Ö�Ï¸Ù�ÍPÖ&æPÖ&Ô�ÛyÎy×�æ�Ý�Ì�çyÍ�ÐSÒ�Ð�×�ÝPÖyâ�ê
ÛEÕ�Ô�ÎEÍ�ÍPÖ�ÏNçjÐjâ�ÐyèPÎ1Ö6Ò�Ö	�6Ò�Î á ÝPÎ�âPÌ�Í�ã;ÎEÝ�Ð�<�f�Ò�ÐSÒ�Ö�× Ö�Õ�ÍPÖ	��ÎEÍ�Ì�Ì�â�ÞPÑ¡Í�Ð�Û3Ô�ÐSß�ÍPÖ
à�æPÖ�×^Ì�Í�ÐSÍ�ÌPÎKÖ�ÝPÎ�ÞPÌ�Ò�Õ�Ö�Ô�Ö�×5Ì�çEÞPà�èPÎEÍ�Ì�Ì*�Kf Õ�Ö�×"Ùrè�Õ�Ö Õ�ÎyÖ�Ý�Ì�Ñ�Ö�Õ�ÍPÖ�ÛEÌ�Õ�Î�ÞPï�ÍPÖSê
ÛEÕ�ÌÉçjÐjâ�Ð�ÎEÕ�Ø�Ö�ÝPÖ	��ÖWÌ�çyÔ�ÎyÛEÕ�Í�ì"Ï�ÛEÔ�ÎEÕ�Ö�Ô�Ö�Ï�Ò�Ö�Í�à�ÛNæPÖ�Ö�Õ�ÍPÖ	��ÎEÍ�Ì � ÒÉçjÐjâ�ÐSÍ�ÍPÖ�Ï
Õ�Ö�è�Ò�ÎNæ�ÝPÖ�ÛEÕ�Ý�ÐSÍPÛEÕ�Ô�Ðjê Ô�ÝPÎy×-ÎEÍ�Ì¸Ù Ý�ÐSçEÞPÌ�è�Ð � å6Ì�Ï â�ÞPÑ ÍPÎyÎ�æ�ÝPÖ	�&Þ�Ö�Î�Ù-Í�Ð�ÛEÕ�Ö;Ñ�å�ÎyÎ
Ì ä à�âPà�å�ÎyÎ�<	�,ÝPÎ�ÞPÌ�Ò�Õ�Ö�Ô�Ö�Î�Ì�çEÞPà�èPÎEÍ�ÌPÎ�çjÐjâ�Ð�ÎEÕ�ÍPÎEè�Õ�Ö�Ì�ÍPÖ�Î�ÌWÍPÎyÛEÒ�ÖyÞPï�Ò�Ö ä ÖyÞ�ÎyÎ
Õ�Ö�è�ÍPÖ�Î�ÿ ãyÌ�æPÎEÝ�æ�Þ�Ö�ÛEÒ�Ö�ÛEÕ�ïÉÔðèPÎEÕ�ì"ÝPÎ�Ø�×-ÎEÝ�ÍPÖ�×5æ�ÝPÖ�ÛEÕ�Ý�ÐSÍPÛEÕ�Ô�Î�ê Ô�ÝPÎy×-ÎEÍ�Ì¸<�$S` ² ÞPï�ê
�6à � Õ�Ö�è�ÍPÖ�ÛEÕ�ï=&�çEâ�ÎyÛEï6Í�Ðjâ�Ö&æPÖ�Í�ÌP×/ÐSÕ�ï6Ò�ÐSÒ¡ÍPÎEÌ�Í�Ô�ÐSÝ�Ì�ÐSÍ�Õ�ÍPÖ�ÛEÕ�ï�æPÖ6Ö�Õ�ÍPÖ	��ÎEÍ�Ì �
Ò�æ�ÝPÎyÖ ä Ý�ÐSç;Ö�Ô�ÐSÍ�Ì�Ñ�×�d+Ö�ÝPÎEÍ�í�Ð�<

î3ÝPÎ�â�ÛEÕjÐSÔ�Þ�ÎEÍ�Í�ì"ÏÚçEâ�ÎyÛEïÜ×/ÐSÕ�Îy×/ÐSÕ�Ì�èPÎyÛEÒ�Ì�Ï ÐSæ�æ�ÐSÝ�ÐSÕSÙ%Ò�ÐSÒ ÌcÔ�Ý�Ð ä Ö�Õ�Î�;C:�<ýÙ
é+Ö�ÝP×/ÐjÞPï�ÍPÖ�ÍPÎ+Ô�Ò�Þ � è�Ð�ÎEÕ¡Ô¡ÛyÎ ä ÑNæPÖ�Í�Ñ�Õ�Ì�Ï)Õ�ÎyÖ�Ý�Ì�Ì)Ö�Õ�ÍPÖ�ÛEÌ�Õ�Î�ÞPï�ÍPÖ�ÛEÕ�Ì¸<	$1Ö¡ÐSÍ�Ðjê
ÞPÌ�ç%ëyÕ�Ö�ã;Ö6Ô�Ö�æ�ÝPÖ�Û;Ð&æPÖyâ�ÛEÒ�ÐSçyì"Ô�Ð�ÎEÕ�ÍPÎEè�Õ�Ö ä ÖyÞPïc��ÎyÎ�ÿ�ëyÕ�Ö�Õ�ÐSæ�æ�ÐSÝ�ÐSÕ�ÍPÎyÛyÖ�Ô�×-ÎyÛEÕ�ÌP×
ÛNÝPÎ�ÞPÑ�Õ�Ì�Ô�ÌPÛEÕ�ÛEÒ�Ö�Ï Ì�Í�Ô�ÐSÝ�Ì�ÐSÍ�Õ�ÍPÖ�ÛEÕ�ï � <"2%Þ � èPÎEÔ�ì@× æ�à�Í�Ò�Õ�Ö�× Ñ�Ô�ÞPÑ�ÎEÕ�Û~Ñ�çjÐSÍ�à�ê
Þ�ÎEÍ�ÌPÎ
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Ò�Ö�Õ�Ö�ÝPÖ�Î¡â�ÖyÞPß�ÍPÖKæ�ÝPÖ�ÌPÛ�Ø�ÖyâPÌ�Õ�ï�Ô)Ò�ÐSÒ�ÌPÎ�ê Õ�Ö)Ò�Ý�Ì�Õ�Ì�èPÎyÛEÒ�ÌPÎ�×-Ö�×-ÎEÍ�Õ�ì

Ô�ÝPÎy×-ÎEÍ�Ì¸<%./Û�ÞPÌ Ô�Ò�Þ � è�Ì�Õ�ïÜÛ � â�Ð çjÐSÔ�ÌPÛEÌP×-Ö�ÛEÕ�ï Ö�Õ�æ�ÝPÖ�ÛEÕ�Ý�ÐSÍPÛEÕ�Ô�ÎEÍ�Í�ì�Ø Ò�Ö�Ö�Ý�ê
âPÌ�Í�ÐSÕSÙ�æPÖyÞPà�è�Ð�ÎEÕ�Û~ÑWÖ�æ�Ñ�Õ�ï�ê ÕjÐSÒ�ÌKãyÌ�æPÎEÝ�æPÖ�Ô�ÎEÝ�Ø�ÍPÖ�ÛEÕ�ïNÔ¡D�êý×-ÎEÝ�ÍPÖ�×�æ�ÝPÖ�ÛEÕ�Ý�ÐSÍPÛEÕ�Ô�Î
'ñÌ�Í�Ò�Ö�Ô�ÛEÒ�Ö�ã;Ö�<^î1ÖyâPèPÎEÝ�Ò�Í[eÎy×"Ù-è�Õ�ÖNÍ�Ì�Ò�ÐSÒ�Ì�Ø æ�ÝPÖ�Õ�Ì�Ô�Ö�ÝPÎEè�Ì�Ï Û�Õ�ÎyÖ�Ý�ÌPÎEÏðÖ�Õ�ÍPÖ�ÛEÌ�ê
Õ�Î�ÞPï�ÍPÖ�ÛEÕ�Ì ÔñÖ ä Þ�Ð�ÛEÕjÑ�Ø Î�eÎ�æ�Ý�ÌP×-ÎEÍPÎEÍ�Ì�Ñ�à)Í�Ð�Û�ÍPÎEÕS<�$1Ö�à�è�Ì�Õ�ì"Ô�ÐSÑ ÛEæPÎEí�ÌPé1Ì�èPÎ�ê
ÛEÒ�ÌPÎ3çjÐSÒ�Ö�ÍPÖ�×-ÎEÝ�ÍPÖ�ÛEÕ�ÌñæPÖ�Ô�Î�â�ÎEÍ�Ì�Ñ]Ô�ÖyÞPÍPÖ�Ô�ì�Ø�æ�ÐSÒ�ÎEÕ�Ö�Ô�Ô�æ�ÝPÖ�×-ÎEß�à�Õ�Ö�è�ÍPÖ�ÏNç;Ö�ÍPÎ�Ù
Ô&æ�ÝPÖ�ÛEÕ�Ý�ÐSÍPÛEÕ�Ô�Î1'ñÌ�Í�Ò�Ö�Ô�ÛEÒ�Ö�ã;Ö�Û�Þ�Î�âPà�ÎEÕ6â�Ö�æ�à�ÛEÕ�Ì�Õ�ï�ÛEà�å�ÎyÛEÕ�Ô�Ö�Ô�ÐSÍ�ÌPÎ%Ì�ç;Ö�æPÖ�Ô�ÎEÝ�Ø�ê
ÍPÖ�ÛEÕ�Ì]Ý�ÐSÔ�ÍPÖ�ã;Ö�ÛEæPÎEí�ÌPé1Ì�èPÎyÛEÒ�Ö�ã;Ö�Ô�ÝPÎy×-ÎEÍ�Ì¸Ù�ÛEÔ�Ñ�çjÐSÍ�ÍPÖ�ã;Ö�Û�Ý�ÐSçEÞ�Ö;ß6ÎEÍ�ÌPÎy×ÉÔ�ÖyÞPÍPÖSê
Ô�ì�ØKé1à�Í�Ò�í�Ì�Ï¸<�f Ý�Ñ�âWÞPÌWæ�Ý�ÌKëyÕ�Ö�×ÜÝPÎEè�ï�Ì�â�ÎEÕNÖ ä ÌPÛEÒ�Ö�Í�ÍPÖ�çjÐjâ�ÐSÍ�Í�ì�ØKæPÖ�Ô�ÎEÝ�Ø�ê
ÍPÖ�ÛEÕjÑ�Ø'��ÛEÒ�Ö�ÝPÎyÎ�Ù�Ì�Ø�æPÖyÞ�Ö;ß6ÎEÍ�ÌPÎ3Û;Ð�×-Ö&Ö�æ�ÝPÎ�â�Î�ÞPÑ�ÎEÕ�Û~ÑIÝ�Ð�ÛEæ�ÝPÎ�â�Î�Þ�ÎEÍ�ÌPÎy×ð×/ÐSÕ�ÎEÝ�Ì�Ì¸Ù
Ø�Ö�ÕjÑ ä ì ÌðÔ)æPÖ�Ò�ÐñÍPÎEÌ�çyÔ�ÎyÛEÕ�Í�ì�Ø�Í�Ð�× ÎyÎ¡é+Ö�ÝP×/ÐjØ	<_21ÛEÕjÐSÕ�Ì¸Ù^ÕjÐSÒ�ÌPÎ¡Ì�ç;Ö�æPÖ�Ô�ÎEÝ�Ø�ê
ÍPÖ�ÛEÕ�Ì¸Ù/Ì�ãyÝ�ÐSÑ�ÝPÖyÞPï�×/ÐSÕ�ÎEÝ�Ì�ÐjÞPï�Í�ì�Ø�æ�ÝPÎEæ�Ñ�Õ�ÛEÕ�Ô�Ì�Ï�Í�ÐWæ�à�Õ�Ì�Ý�Ð�ÛEæ�ÝPÖ�ÛEÕ�Ý�ÐSÍPÎEÍ�Ì�Ñ
ÝPÎ�ÞPÌ�Ò�Õ�Ö�Ô�Ö�ã;Ö�Ì�çEÞPà�èPÎEÍ�Ì�Ñ	Ù	×-Ö�ã~ÞPÌ ä ì Ô�ÍPÖ�ÛEÌ�Õ�ïNÛEÔ�Ö�ÏWÔ�Ò�Þ�Ðjâ�ÌKÔ�Ö ä Í�ÐSÝ�à�ß6ÎEÍ�Í�à �
ÍPÎ�â�ÐSÔ�ÍPÖIÐSÍ�Ì�ç;Ö�Õ�ÝPÖ�æ�Ì � ÝPÎ�ÞPÌ�Ò�Õ�Ö�Ô�Ö�ã;ÖIÌ�çEÞPà�èPÎEÍ�Ì�Ñ	<
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ÛEÕjÑ�×"<_�_ÐSÒ�ÐSÑ�ÛEÕ�ÝPÎ�Þ�Ð�Ô�ÝPÎy×-ÎEÍ�Ì¸Ù_×-ÎEÍ�Ñ � å�ÐSÑ�Û~Ñ ÔñçjÐSÔ�ÌPÛEÌP×-Ö�ÛEÕ�Ì Ö�ÕñÒ�Ö�Ûy×^Ì�èPÎyÛEÒ�Ö�Ï
Ö ä ÛEÕjÐSÍPÖ�Ô�Ò�Ì¸ÙPÔ�ÞPÌ�Ñ�ÎEÕ�Ø�Ö�ÕjÑ ä ì Í�Ð�ÍPÎEÒ�Ö�Õ�Ö�Ý�ì@Î�õ�øEú�
~ó6�	��ô6��R/ø æ�ÝPÖ�íPÎyÛyÛEì+<
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