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ë A²UVBCd,A²BDF@PEACBDJ0H O8ND<EAMJò<QU°BS<�B�WtO2>I<EAK]$BMd,AKijNkPQL ]�U2>GY�U >G?���A[PENziÓNkP s N | BDO2J
s O â YMBDO ¦ A
<QU2PEN,g8`,U Nki.BD?�<QU8A_?Qg e A�P e N,?E>I<Q>@N,OèNki:<±]�N^N,g8<�Nki e UVBD?lA_>GO0WtO2>I<EA�]cBCd,AiÓNkPQL�?�©³N,O8AK?)<¨BaPl<Q>GO8`ÈBS< s { | BDO2Jñ<QU8A²ND<QU8A[P�BS< s { â � ;�<É>G? e F\BDg2?E> ¦ F@Ak©å<QU8A[PEA[ijNkPQAD©<QU°BS<$<QU8A§WVPR?)<$<EA[PQL >GOT<QU8AÉB ¦ NÊd,A�A"Ð e PQA[?Q?E>@N,O^Y�NkPEPEAM? e N,O2JV?c<EN
<QU2A§>GO0W°OV>ª<QA�]$BMd,A�ijNkPQL?l<RBaPl<Q>GO8`�BS< s { | ©üBDO2Jh<QU8A�?EA[Y�N,O2J�<EN²<QU8A�>GO0W°O2>I<EAÇ]$BMd,A�ijNkPQL ?)<RBaPE<Q>GO8`»BS< s { â � ;9i<QUV>@?�>G?�<QU8A�Y[BD?EAÇ<QU8AMO�<QU8A�?E>@`,OVBDF �j�V�¡¶c
f� ©�]bU2>GY�U�?l<RBaPl<R?XBS< s { | BDO2JzAMO2J2?XBS< s { Ö ©

�"�0¸



YMBDO ¦ A§]�PQ>I<l<EAMO^>GO»<QU2A§iÓNkPQL#�� s �Ò{ ��>ã Ü A î�A ���=�f� � «« u �>ã 1 é � �j�V�¡Îf�k�
öåA�<:g2?Ò<EA[?l<Ö<QUV>@? e PQN e N,?Q>I<Q>@N,O � ;9OKNkPQJ8A[P!<EN�J2N�<QU2>G?!].AbL�g2?)<:PEA e F\BDY"A�<QU8AbNkPQ>@`,>GOVBDF e BS<QUNkiç>GOf<EA[`kPRBS<Q>@N,O4ï ¦ HT<±]�N�AM�¢gV>ªdDBDFIAMOf< e BS<QU2? �Õ >IPR?)<[©VY"N,OV?E>GJ8A[P s N |8� ;±OT<QU2>G?$YMBD?lAk© u > « s U°BD?�B�O2A�`fBS<Q>Id,AXPQAMBDF e BaPl<�>GO²<QU8A§g e2e A�PUVBDF@i e F\BDO8AÍ]bU2>GY�Uõ>GO2Y�PEACBD?lAM?K>GO2J8A�W°O2>I<EAMFIH÷]�>I<QU >GO2Y�PEACBD?E>GO8`wJV>@?l<RBDO2Y�AÈijPQN,L <RU8AèBSÐ0>G? �� UZg2?[©2].A�Y[BDO�PQA e FGBDY�AX<RU8A�NkPQ>@`,>GOVBDF e BS<QUÍNkiç>GO,<QA�`kP¨BS<Q>@N,O ¦ HT<QU8A e BS<QUÒð � ?lA[A Õ >@` ��¸D�¨�� U2AÉ>@Of<EA[`kPRBDFÌY�F@ACBaPQFIHKdDBDO2>G?EU8AM?�BDFIN,O2`
<QU2>G? e BS<QUh>@iç]�AÇF@A"<�ð B e2e PQNfBDY�UÍ>GO0W°OV>ª<±H^>GO�<QU8Ag eVe A[P'UVBDF@i e F\BDO8A �à� N,O2?EA[�Zg8AMO,<QFIH,© #�� s �Ò{ | �j�V�¡Îk f�
iÓNkP s N |8�2'A�Ð¢<[©
Y�N,O2?E>GJ8A[P s O |8� 2'N�]§© u > « s U°BD?ÉB^O8A[`fBS<Q>Id,A
PEACBDF e BaPl<É>GOà<RU8AKF@NÊ].A�P�UVBDF@ie F\BDO8Ak©D?lNX<QUVBS<�<QU8AcA�Ð e N,O8AMO,<R>GBDFZdDBDO2>G?EU8AM?�BS<Ï>GO0W°O2>I<±HÇ>GO�<RU2>G?
UVBDF@i e F\BDO8A � ;9i2].AcBS<E<EA[L e <<EN'J8A[ijNkPRL ïð<QNb>GO0W°OV>ª<±H�>GO�<QU8A�FIN�]�A[PåUVBDF@i e FGBDO2AD©�<QU8A e BS<QU�Nki8>GO,<QA�`kP¨BS<Q>@N,OÓ�EYMBS<QY�U8AM?���N,O<QU2A'?Q>GO8`,g2F\BaPQ>I<±H�Nki6<QU8A'>GO,<QA�`kP¨BDO2JKBS< « { �>ã 1 é � ?lA[A Õ >@` �0¸D�¨� � U8A e BS<QU_Nki�>GOf<EA[`kPRBS<Q>@N,O� <QU8A[PEA[ijNkPQAKY�N,O2?E>G?)<R?�Nki.<QU8PEA[A e BaPE<Q?��É<QU8A e BaPl<�BS<É>GO0W°O2>I<±Hk© � M ©Û]�U8A[PEA�<QU2A²>GO,<QA�`kP¨BDFdaBDOV>@?QU8AM?ÖJ2g8Ab<EN§<QU2AbA�Ð e N,O2A[Of<Q>\BDFtiéBDY"<ENkPÒA �����¢��ñ � q ©f<QU8Ab<±]�N e BaPE<Q?ÖF@ACBDJ2>GO8`§<ENÉ>GO0W°O2>I<±H]�UV>@Y�UTYMBDO2Y"AMF�ACBDY�UKND<QU2A�P$BDO2JK<QUZg2?cY"N,Of<EPR> ¦ g0<EA�O8ND<RU2>GO8`É<EN�<QU8AX>GOf<EA�`kP¨BDF ñ <QU8A e BS<RU � ÍBaPQN,g2O2J�<RU8A�?E>GO8`,g2F\BaPQ>I<±H � � UV>@?:F\BS<l<EA[P�Y�N,O,<QPQ> ¦ g0<Q>@N,O_YMBDO_ACBD?E>GFIH ¦ A�A�daBDFGgVBS<EAMJKg2?Q>GO8`Ç<QU8A� BDgVY�U,H»PEAM?E>GJ2g8A�<QU8A[NkPEAML^�

� Í { ��>ã Ü A �¤�>ã >ÌA � q �k���J� Ü �Ï{ ?E>GO o �>ã sé x
�

�j�V�¡Îa�Z�
� UZg2?[©�>I<X>G? e PEN�d,A[Oh<QUVBS<�<QU8A�A�Ð e PEAM?E?Q>IN,O �Ó�V�¥Îf�k� BDY"<QgVBDFGFIHhJ8AM?EY�PQ> ¦ A[?�B�]$BMd,AÉiÓNkPQL ¦ A"Ø`,>GO2O2>GO8`_BS< s { | ]�U8N,?EA�?Qg ¦ ?EA[�Zg8AMO,<�L
ND<Q>@N,O�>G?$? e AMY�>IWVAMJ ¦ H�ÑÒ� �Û�j�V�¡¶c
f�¨�ÑÒ�ZgVBS<Q>@N,O �j�V�¡Îf�k� YMBDOò>GL�L
A[J2>\BS<EAMFIH ¦ A_`kAMO8A[PRBDFG>���AMJè<ENh`,>Id,A�<QU8A_]cBCd,A_L
ND<Q>@N,O >GO<QU2A§PQA�`,>@N,O�× O | � #�� × ~ s �Ò{ ��>ã Ü A î�AM�Q��ò ² ���f�¤� � «« u �>ã 1 é � �j�V�¡Îf¯k�
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ω = 2π/τ

Õ >@`,g8PEA ¸ ��ôf�kA�<QY�U^NkiÛ<QU8AÇ>GO,<EA[`kPRBS<R>IN,O�Y�N,Of<EN,g8PQ?�g2?lAMJ�<QN_A"dDBDF@g°BS<EA§ÑÖ� �Û�j�V�¡Îf�k�
� UV>@?�ijN,FGF@NÊ]�?.iÓPEN,L ?)<¨BDO2JVBaPQJÍ]$BMd,AX<RU8A�NkPEHk© ¦ AMY[BDgV?lA�].A��0O8NÊ] <QUVBS<�BDOÍg2Of<EA[PQL�>GOVBS<EAMJ]$BMd,A�L
ND<Q>@N,OÍBS<b× {Ù| NkiÛ<QU2AÇijNkPQL A ���=�f� <RBa�kAM?�<RU8AÇijNkPRL A �R��ò ² ���f��� Bain<EA[P�L
N�d0>GO8`KBJ2>G?l<RBDO2Y�A_×w>GOÈ<QU8A²J2>G? e A�PR?E>Id,A_L
AMJ2>Gg2L^© e PQNÊd8>@J2A[Jè<QUVBS< ¬ BDO2J « BaPEA
PEAMF\BS<EAMJ ¦ Hà<QU8AB e2e PEN e PR>GBS<QAhJ2>G? e A[PQ?Q>IN,OúPQA[F\BS<Q>@N,O �õÕ NkP²BèL
AMJ2>Gg2L Y�N,O2?E>G?)<R>@O2`ñNki�Bñ?Q>@O2`,FIAÍPEAM?lN,OVBDOf<? e AMY[>IAM?c<RU2>G?�J2>G? e A[PQ?Q>IN,O^PEAMFGBS<R>IN,O�>G?.]�PQ>I<l<EAMO � ?EA�AÇÑÒ� �Û�j�V�G�Ê¸D�°�

¬ q { « qp q o ��� � ��� q 1 m � ! �« q� u « q u > ' «
« � x �
�j�V�¡Îk¶f�

%'&Jó ô�/81�T��\u7�ç-87±1Ö+ 17�²-0ÿ�� õÞ�lt�� ��/81:+.-ê7í+ � 3�7S	�Tö�³/�	07�t�� � �³3�7±4
�
;=<�>G?$U8AMF e iÓg2Fü<EN_J2A"W°O2A ±'{ s u × p �

�j�V�¡Î¢¸D�
öåA�<�g2?�Y"N,O2?Q>GJ8A�P�<QU8A§<±]�N_YMBD?lAM? ± N | BDO2J ± O | ?lA e BaPRBS<QA[FIH �ô¢g eVe N,?EAÇ<QUVBS< ± N |8� ;±O^<RU2>G?bYMBD?lA§].AÉJ2>G?)<ENkPE<�<QU2A e BS<QU�ï�©�g2?lAMJ^<QNKA�daBDFGgVBS<EA�<QU8A>GOf<EA�`kP¨BDF �Ó�V�¥Îf¯k� ©�>@Of<EN
<QU2A e BS<QU�ð ?EU2NÊ]�Oh>@O Õ >@` ��Î8� � U2>G?b>G?$N,O2FIHÍB�?lAMO2?Q> ¦ FIA§<QUV>@O2`�<ENJ8N
>@iå<QU8A�PEACBDF e BaPE<$Nkiå> � ¬ × u « s � >G?cO8A�`fBS<R>ªd,A§BS<�>@O8W°O2>I<9HT>@O²<QU2A§g eVe A[P�U°BDFIi e F\BDO8A � ;=<>G?§Y�F@ACBaP�iÓPEN,L <QU8A²J2>G? e A�PR?E>@N,O PEAMFGBS<R>IN,O �j�V�¥Îk¶f� <QU°BS< ¬ { « 1 p >GOà<QU8AKFG>GL�>I<:i « i v Öõ�� UZg2?[© > � ¬ × u « s �Ò{ u > « � s u × 1 p �Ò{ u > « ±

�
�j�V�¡ÎkÎf�
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;=<ÌiÓN,FGFIN�]�?6<RUVBS<ç> � ¬ × u « s � e N,?Q?lAM?E?EA[?çB�F\BaPE`kA!O8A[`fBS<Q>Id,A!PEACBDF e BaPl<çBDF@N,O8` e BS<RUUð e PEN�d0>GJ8AMJ<QU°BS< ± N |8� � UZg2?[©°ÑÖ� �ç�j�V�¡Îf¯k� H8>IAMFGJ2? #�� × ~ s �Ò{ | �j�V�¡Îc
f�
iÓNkP ± N |8� ;±OKND<RU8A�P.].NkPQJV?�©�ÂÓÁÏÂÓá�Â×?�â2ãaáRá¨Â ; *I¼ç½�ãSºXÁA=8¼<Ã:¿SÃD¼Ï½¨ºEãaÄ°Á!Á9ã�âtºQã�â2¿Êï,¿aÁ±¼�ÁA=,ºQã>(fï>=ÁA=8¼.ÅaÂjá=âV¼ º�á¨ÂjÃD¼�?²¼RÅSÂK(�? Ã�ÂéÁA=Ç¿'ÃD¼C*ªãCÀ"ÂÓÁA¦cïSºQ¼R¿aÁ±¼ º�ÁA=0¿SÄ
ÁA=8¼ÒÃD¼C*ªãCÀ"ÂéÁA¦Xãl½H*¡Â\ï>=fÁ�ÂjÄ_¿bÃa¿,À�(�(�? �ô¢g eVe N,?EAK<RUVBS< ± O |8� ;±O <QU2>G?ÇY[BD?EA�].AKJ2>G?)<ENkPE<Ç<QU8A e BS<QU$ï >GOf<ENÍ<RU8A�*ªã>Ã�¼ º�UVBDF@ie F\BDO8Ak©S?E>GO2Y�AÖ> � ¬ × u « s �Ö{ u > « ± U°BD?ÛB$O8A[`fBS<Q>Id,AÒPEACBDF e BaPE<
BS<³>GO0WtO2>I<9H�>GO�<QU2>G?åPEA[`,>@N,O � ;±OJ8N,>GO8`�<QU2>G?[©k<QU2A e BS<QU ¦ AMY"N,L
AM?Ò?l<Qg2Y¨�
O8ND<ÒN,O2FIH�BS<!<QU8Ab?E>GO8`,g2F\BaPQ>I<±HÉNkit<QU8A'J8A[O2N,L�>@O°BS<ENkP]�U2A[O « { �>ã 1 é © ¦ g0<�BDFG?lNÍBS<§<QU8A ¦ P¨BDO2Y�U e N,>GOf<Q?§NkiÖ<QU2A�A"Ð e PEAM?E?Q>@N,OèiÓNkP ¬ ��æ ij<EA[P�BFG>I<l<QF@A�BDF@`kA ¦ PRB8©8<QU8AÇJ2>G? e A[PQ?E>@N,O�PQA[F\BS<Q>@N,O �j�V�¡Îk¶f� H8>@A[FGJ2?

¬ { « p « M ¹ u «« � ¹ u « « MR� u «« � � u « ~ �j�V��
k|f�
]�U2A�PQA « � · { u >C÷ ] « q� u ÷ q ~ �j�V��
V�C�BDO2J « M · { u >C÷ ] « q� � «}q¢ u ÷ q � �j�V��
f�k�� A[PEAk© « ¢ { ø ��� q 1 m � ! �j�V��
k f�>G?.<QU2A e FGBD?QL_B�ijPEAM�Zg8A[OVY H,©°BDOVJ ÷ { ' « �� 8 « � �j�V��
a�Z�
e BaP¨BDL
A"<QA�PR>Ç�[AM?�<QU8A�JVBDL e >GO8` � ;±O�NkPQJ2A�Pc<QN e PEA�d,A[Of<�L�gVFª<R> e FIA�PENZND<Q?cNkiÛÑÒ� �³�Ó�V�z
k|f� >I<$>G?O8AMY�A[?Q?QBaPlH�<QN e F\BDY�A ¦ PRBDO2Y�U�Y[g0<Q? ¦ A"<±].A�AMO « � ¹ BDOVJ « M ¹ BDO2JzBDF@?EN ¦ A"<±].A�AMO « � � BDO2J« MR� � ?lA[A Õ >@` �VÎf���� U8A e BS<QU Nki§>@Of<EA[`kPRBS<Q>@N,O � >G?KY�N,O,d,AMO2>@AMO,<QFIH÷? e FG>I<²>GOf<ENò<QU8A e BaPE<Q? � M <QU8PQN,g8`,U�öù � � U8AÇY"N,Of<EPQ> ¦ g8<Q>@N,O�ijPQN,L � M >G?$O8A[`,FG>@`,> ¦ FIA�?E>GO2Y�A�<QU2A§A�Ð e N,O2A[Of<Q>\BDFå>@O�ÑÖ� �ç�j�V�¡Îf¯k� >G?daBDOV>@?QU2>GO8`,FIH
?QL_BDFGF°N,OK<QU2>G? e BaPE<�Nkiü<QU8AX>GOf<EA�`kP¨BS<Q>@N,O e BS<RU � ö³>@�kA�]�>G?lAk©,<RU8AXY"N,Of<EPR> ¦ g0<Q>@N,O
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branch cut

ω = 2π/τ

Õ >@`,g8PEA Î ��ôf�kA�<QY�U^NkiÛ<QU8AÇ>GO,<EA[`kPRBS<R>IN,O�Y�N,Of<EN,g8PQ?�g2?lAMJ�<QN_A"dDBDF@g°BS<EA§ÑÖ� �Û�j�V�¡Îf¯k�
iÓPEN,L � q >G?<�[A�PQNÍ?E>GO2Y�A�>I<Q?�<±]�N^?EA[Y"<Q>@N,O2?ÇBDFI]cBCH0?XYMBDO2Y�A[F � � U8A_Y�N,O,<QPQ> ¦ g0<Q>@N,OèijPEN,L � ÍiÓN,F@F@N�]�?�ijPEN,L <QU2A§PQA[?Q>GJ2g8A�<QU8A[NkPEAML^�� Í { ��>ã Ü A �¤�>ã >�AC�¤úûò�ü ² � q �S�J� Ü�ý �

�
�j�V��
f¯k�� A[PEAk© ¬ Ü J8AMO8ND<EAM?Ç<RU8A_daBDFGg8AKNki ¬ N ¦ <¨BD>@O2A[JñijPQN,L <QU2A²J2>G? e A[PQ?Q>IN,OñPQA[F\BS<Q>@N,O �j�V�¥Îk¶f� >GO<QU2A�FG>GL�>I< «$v �>ã 1 é � � UZg2?[©

� Í { Aa�£þ ^ ��ò�üÊ� ² ?E>GO o �>ã sé u Ü A � ¬ Ü � × x �
�j�V��
k¶f�

;±OÈ`kAMO8A�P¨BDF¤©�<RU8A�Y�N,Of<EPQ> ¦ g0<R>IN,OV?�iÓPEN,L � � BDOVJ � ù Y[BDOVO8ND< ¦ A
?E>GL e FG>IWVA[Jziég8Pl<RU8A�P �ÉÕ NkP<QU2A�L
N,L
AMOf<c]�A�J8AMO8ND<EA§<QU8AML BD?� � { ��>ã Ü A ÿ��üAM�Q��ò ² ���f�¤� � «« u �>ã 1 é ~ �j�V��
¢¸D�
BDO2J �öù { ��>ã Ü A ÿ � A �Q��ò ² ���f�¤� � «« u �>ã 1 é ~ �j�V��
kÎf�

�C¯8�



]�U2A�PQA'<QU8A e BS<RU2?�NkiÌ>GOf<EA�`kP¨BS<Q>@N,OKY[>@PQY[FIA�<QU8A�B eVe PEN e PR>\BS<EA ¦ PRBDOVY�U²Y[g0<Q? � ;±OTBDFGF¤©k].AXUVBCd,A
#
� × ~ s �Ò{ AD�£þ ^ �Âò�üÊ� ² ?E>GO o �>ã sé u Ü A � ¬ Ü � × x$� � � � �öù �j�V��
c
f�

iÓNkP ± O |8�öåA�<�g2?�O8NÊ]óFINZNk�ÇBS<Û<QU8Ac? e AMY�>\BDF0YMBD?lA ±�{ |8�çÕ NkPÛ<RU2>G?ÛdaBDFGg8A�Nki ± ]�A.Y[BDO�Y�UVBDO8`kA�<QU8ANkPR>I`,>GOVBDF e BS<QU²Nkiü>GO,<QA�`kP¨BS<Q>@N,O�<ENÉN,O8AXBS<:>GO0W°OV>ª<±H_>GO�A[>I<QU2A�P:<QU8A�g e2e A[P.NkPÒ<QU8AXF@N�]�A[PÖUVBDF@ie F\BDO8Ak©Z?E>GO2Y�A�<RU8AX>GO,<EA[`kPRBDOVJ
daBDO2>G?EU2A[?�>GO�AMBDY�U²Y[BD?EAD©¢<RU8PEN,g8`,U²O8N�F@N,O8`kA[PÒA�Ð e N,O8AMO,<R>GBDFGFIH,©¦ g8<.P¨BS<QU8A[P�BD? � 1 « q �
ë AXY[BDOT?lA[A�<QU2>G?�ijPQN,L ÑÒ� �Ì�j�V�¡Îf�k� ©Z]�UV>@Y�U»YMBDO ¦ A�]�PQ>I<l<EAMO»>@OK<QU8AiÓNkPQL #
� s �!{ ��,ã o î�AD�����¢� � «« u �>ã 1 é � î
A ¹ �9�¢� � «« u �>ã 1 é x �
�j�V�\�[|k|f�

ô¢g ¦ ?)<Q>I<Qg8<Q>@N,O^Nki « ijNkP u « >GOT<QU8AÇ?lAMY�N,O2JÍ>GOf<EA�`kP¨BDF6H8>@A[FGJ2?
#
� s �!{ �é A ���=�¢� � ««�q u �¤�>ã 1 é � q � �j�V�\�[|V�C�2'N�]§©VB e2e FªH8>GO8`�J2>G? e A[PQ?E>@N,OT<QU2A�NkPEHk©V].A�`kA�<�ijPQN,L <RU8A�B ¦ N�d,A�AM�¢gVBS<R>IN,Oü© î g2?)<�BD?.]�A§`kND<ÑÒ� �Û�j�V�¥Îf¯k� ijPQN,L ÑÒ� �ç�j�V�¡Îf�k� ©

#
� × ~ s �Ò{ �é AC�Q�Âò ² ���¢�¤� � ««:q u �¤�>ã 1 é � q � �j�V�\�[|f�k�
� F@ACBaPQFIH,©å<QU8A»>GO,<QA�`kP¨BDO2JñdaBDO2>G?EU2A[?�BD?ÉA ���=��� 1 « q BD? « ¦ AMY"N,L
AM?Çd,A[PlHñFGBaPQ`kA � � UZg2?�©Ï>I<daBDOV>@?QU8AM?�BD? � 1 « q iÓNkP ±'{}|8� ô¢>GO2Y�AX].A�YMBDO�Y[BDFGY[g2F\BS<EA #
� × ~ s ��¦ H»g2?E>GO8`
AM>ª<RU8A�P e BS<QUÓðNkP e BS<QU � ©8].A§YMBDO^?EA�A�<QUVBS<

#�� × ~ s �Ò{ A �£þ ^ ��ò ü � ² ?Q>@O o �>ã sé u Ü A � ¬ Ü � × x � � � � � ù { | �j�V�\�[|k f�
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