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8LI�RIKEXMZI�VIWMWXERGI�QSHIP�HMZMHIW�ER�SWGMPPEXSV�GMVGYMX�MRXS�X[S�SRI�TSVX�IPIQIRXW��XLI�TEWWMZI�GV]WXEP
VIWSREXSV� ERH� XLI� VIQEMRMRK� EGXMZI� TEVX� SJ� XLI� SWGMPPEXSV� �MR� XLI� JSPPS[MRK� GEPPIH� EQTPMJMIV��� 4SMRX� %� MR
*MKYVI���EW�[IPP�MR�WYGGIWWMZI�JMKYVIW�GLEVEGXIVMWIW�XLI�HMZMWMSR�FIX[IIR�EQTPMJMIV�ERH�VIWSREXSV���%GGSVHMRK
XS�XLMW�ETTVSEGL��XLI�JSPPS[MRK�IUYMZEPIRX�IPIGXVMGEP�GMVGYMX�GER�FI�KMZIR�
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*MKYVI����2IKEXMZI�VIWMWXERGI�QSHIP�SJ�ER�SWGMPPEXSV

637'�MW�HIJMRIH�EW�XLI�KEMR�SJ�XLI�EQTPMJMIV�ERH�MW�RIKEXMZI�[LIVIEW�'0�VITVIWIRXW�XLI�EQTPMJMIV
W�GETEGMXMZI
VIEGXERGI��60�ERH�0<8%0�LEZI�FIIR�MRXVSHYGIH�MR�GLETXIV�����ERH�HIWGVMFI�XLI�GV]WXEP�VIWSREXSV��3WGMPPEXMSR
WXEVXW�YT�JVSQ�RSMWI�PIZIP�[LIR

XTALL XX =−

1
max,
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R
arginMnOscillatio

60�QE\�HIRSXIW�XLI�QE\MQYQ�IJJIGXMZI�VIWMWXERGI�EWWYQMRK�XLI�QE\MQYQ�WTIGMJMIH�ZEPYI�JSV�61�ERH�'���-R
GEWI�XLI�WIGSRH�VIPEXMSR��XLI�WS�GEPPIH�SWGMPPEXMSR�QEVKMR�� MW� WQEPPIV�XLER����SWGMPPEXMSR�HSIW�RSX� WXEVX�YT�
*SV�I\EQTPI��EWWYQMRK�E�GV]WXEP�SWGMPPEXSV�[MXL�61�!����3LQ��'��!���T*�ERH�'0�!���T*�E�KEMR�SJ�EX�PIEWX
`637'`�≥� ����3LQ�LEW� XS� FI� TVSZMHIH� XS� EGLMIZI� E�QEVKMR� ZEPYI� SJ� ��� *YVXLIVQSVI�� HYI� XS�(0(� ERH
XIQTIVEXYVI�HMTW�IJJIGXW��MX�MW�VIGSQQIRHIH�XS�HIWMKR�GV]WXEP�SWGMPPEXSVW�[MXL�E�QEVKMR�SJ��|���WII�?�A��

%W�SWGMPPEXMSR�FYMPHW�YT��XLI�EQTPMJMIV�STIVEXMSR�FIGSQIW�RSR�PMRIEV�ERH�MXW�KEMR�HIGVIEWIW�YRXMP�MX�QIVIP]
GSQTIRWEXIW�JSV�PSWWIW�MR�XLI�SWGMPPEXSV�GMVGYMX��YRMX]�KEMR��

LOSC RR =~

9RHIV� WXIEH]� WXEXI� GSRHMXMSR� XLI� VIWSRERGI� JVIUYIRG]� QMKLX� EPWS� FI� WLMJXIH� WPMKLXP]� HYI� XS� XVERWMWXSV
WEXYVEXMSR�IJJIGXW�
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*MKYVI����9%%����87�GV]WXEP�SWGMPPEXSV�GSRJMKYVEXMSR

8LI�SR�GLMT�XVERWMWXSV�STIVEXIW�MR�GSQQSR�GSPPIGXSV�GSRJMKYVEXMSR�F]�QIERW�SJ�E�JSPPS[MRK�GEWGSHI�WXEKI�
%R� MRXIVREP� FEWI� VIWMWXSV��6&� !�����O�� ERH� XLI�TEVEPPIP� GSQFMREXMSR�SJ� ER� MRXIVREP� IQMXXIV� VIWMWXSV��6)� !
����O��ERH�6��WIX�XLI�FMEWMRK�SJ�XLI�SWGMPPEXSV�

'���GSQTIRWEXIW�XLI�MRZIVWI�JIIHFEGO�SJ�XLI�IQMXXIV�VIWMWXSVW�EX�XLI�SWGMPPEXMSR�JVIUYIRG]�

8LI�SWGMPPEXSV�MW�STIVEXIH�[MXL�E�XLMVH�SZIVXSRI�QSHI�GV]WXEP��8S�TVIZIRX�XLI�GV]WXEP�VIWSREXSV�SWGMPPEXMRK�EX
XLI�JYRHEQIRXEP�JVIUYIRG]��0��MR�TEVEPPIP�XS�'���MW�YWIH��0��MW�GLSWIR�WS�XLEX�XLI�VIWSRERGI�JVIUYIRG]�SJ
XLI�TEVEPPIP�GSQFMREXMSR�0��'���MW�FIPS[�XLI�HIWMVIH�SWGMPPEXMSR�JVIUYIRG]��J�VH��FYX�EFSZI�XLI�JYRHEQIRXEP
QSHI��,IRGI��XLI�GSQFMREXMSR�0��'���MW�MRHYGXMZI�EX�XLI�JYRHEQIRXEP�QSHI�ERH�SWGMPPEXMSR�MW�MRLMFMXIH�
%X�J�VH�0��HIGVIEWIW�XLI�ZEPYI�SJ�'���XS�'��IJJ�
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1
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'��� ERH� '��IJJ� XSKIXLIV� [MXL� TEVEWMXMG� -'� ERH� 4'&� GETEGMXERGIW� JSVQ� XLI� PSEH� GETEGMXERGI� '0� FIMRK
TVIWIRXIH� XS� XLI� GV]WXEP� VIWSREXSV�� 8LI� EQTPMJMIV� TEVEQIXIVW�� MXW� KEMR� 637'� ERH� GETEGMXERGI� '0�� GER� FI
HIXIVQMRIH�EX�TSMRX�%�MR�*MKYVI���
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8LI�JSPPS[MRK�I\EQTPIW�EVI�FEWIH�SR�E�WMQYPEXMSR�QSHIP�GVIEXIH�[MXL�XLI�%KMPIRX�%(7����'%)�XSSP���WII
*MKYVI�����8LI�WMQYPEXMSR�GSQTSRIRX�9%%����CMRXC03�MRGSVTSVEXIW�XLI�MRXIVREP�GMVGYMX�ERH�TEVEWMXMGW�SJ
XLI� 9%%����87� MRXIKVEXIH� GMVGYMX�� *YVXLIVQSVI�� I\XIVREP� TEVEWMXMG� GETEGMXERGIW� ERH� MRHYGXERGIW� EW
QIEWYVIH�MR�XLI�EGXYEP�YWIH�WIX�YT�EVI�XEOIR�MRXS�EGGSYRX��0CIQMXXIV�ERH�6CIQMXXIV�VITVIWIRX�0��ERH�6�
�WII�*MKYVI����VIWTIGXMZIP]��8LI�ZEPYIW�SJ�'����'����0��ERH�6��LEZI�FIIR�YWIH�EW�ZEVMEFPI�TEVEQIXIVW�

*MKYVI����7MQYPEXMSR�QSHIP�SJ�EGXYEP�QIEWYVIH�GV]WXEP�SWGMPPEXSV

7MRGI�XLMW�VITSVX�HIEPW�[MXL�XLI�WXEVX�YT�FILEZMSYV�SJ�XLI�9%%����87��MRZIWXMKEXMSRW�LEZI�FIIR�VIWXVMGXIH
XS�PMRIEV�WQEPP�WMKREP�WMQYPEXMSRW����TSVX�7�TEVEQIXIV�JMPIW�GLEVEGXIVMWMRK�XLI�MRXIVREP�9%%����87
SWGMPPEXSV�GMVGYMXV]�JSV�HIJMRIH�ZEPYIW�SJ�XLI�IQMXXIV�VIWMWXERGI�6��EVI�EZEMPEFPI�SR�HIQERH�

���� #ORNKHKGT�ICKP�CPF�NQCF�ECRCEKVCPEG

*MKYVI� �� YT� XS� *MKYVI� ��� MPPYWXVEXI� XLI� FILEZMSYV� SJ� XLI� 9%%����87� EQTPMJMIV� KEMR�� 637'�� ERH� PSEH
GETEGMXERGI��'0��ZIVWYW�XLI�GETEGMXERGI�ZEPYIW�SJ�'���ERH�'����8LIWI�WMQYPEXMSR�VIWYPXW�EVI�FEWIH�SR�XLI
JSPPS[MRK�EWWYQTXMSRW�

•� ��������1,^��J6<!��������1,^�[MXL�Q�!���Q�!����0��!������R,��6��!�����O3LQ

•� ��������1,^��J6<!��������1,^�[MXL�Q�!���Q�!����0��!������R,��6��!�����O3LQ

•� ��������1,^��J6<!��������1,^�[MXL�Q�!���Q�!����0��!�������R,��6��!�����O3LQ

0��LEW�FIIR�GEPGYPEXIH�EGGSVHMRK�XS�GLETXIV�����
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*MKYVI����7MQYPEXIH�KEMR�EX����������1,^��0��!�����Q,��6��!�����O3LQ�

*MKYVI����7MQYPEXIH�PSEH�GETEGMXERGI�EX����������1,^��0��!�����Q,��6��!�����O3LQ�

*SV�E�KMZIR�ZEPYI�SJ�XLI�IQMXXIV�VIWMWXSV�6��ERH�STIVEXMRK�JVIUYIRG]�XLI�EQTPMJMIV�KEMR�VIEGLIW�E�QMRMQYQ
EX�E�GIVXEMR�GSQFMREXMSR�SJ�'���ERH�'����3R�XLI�SXLIV�LERH��YWMRK�XLMW�GSQFMREXMSR�XLI�PSEH�GETEGMXERGI
'0�LEW�SRP]�E�PS[�ZEPYI��8LI�I\EQTPI�MR�*MKYVI���WLS[W�E�KEMR�SJ�EFSYX�r����3LQ�JSV�'���!����T*�ERH
'���!���T*��SJJIVMRK�ER�SZIVEPP� PSEH�GETEGMXERGI�'0�SJ� EFSYX�����T*��8LMW� I\EQTPI�[MPP�FI�YWIH� MR� XLI
JSPPS[MRK�GLETXIVW�EPWS�

*YVXLIVQSVI�� *MKYVI� ��� *MKYVI� �� ERH� *MKYVI� ��� WLS[� XLEX� XLI� EQTPMJMIV� KEMR� WXVSRKP]� HITIRHW� SR� XLI
IQTPS]IH�SWGMPPEXMSR�JVIUYIRG]��6IKEVHMRK�GV]WXEP�SWGMPPEXSV�FILEZMSYV�MX�MW�XLYW�VIGSQQIRHEFPI�XS�YWI�PS[
GV]WXEP�JVIUYIRGMIW�ERH�QYPXMTPMGEXMSR�JEGXSVW�Q�!�Q�!��

1MRMQYQ
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*MKYVI����7MQYPEXIH�KEMR�EX�������1,^��0��!�����Q,��6��!�����O3LQ�

*MKYVI�����7MQYPEXIH�KEMR�EX���������1,^��0��!�����R,��6��!�����O3LQ�

8LI�ZEPYI�SJ�6��HIXIVQMRIW�XLI�GSPPIGXSV�GYVVIRX�JPS[MRK�XLVSYKL�XLI�SWGMPPEXSV�XVERWMWXSV��8LI�LMKLIV�XLI
GSPPIGXSV�GYVVIRX�XLI�LMKLIV�XLI�XVERWMX�JVIUYIRG]�ERH�XLI�GYVVIRX�KEMR�SJ�XLI�XVERWMWXSV�VIWTIGXMZIP]��YT�XS�E
GIVXEMR�PMQMX���%W�E�VIWYPX�XLI�EQTPMJMIV�KEMR�MRGVIEWIW�FYX�XLI�PSEH�GETEGMXERGI�HIGVIEWIW�

*MKYVI����ERH�*MKYVI����MPPYWXVEXI�XLMW�FILEZMSYV�EX�E�GV]WXEP�JVIUYIRG]�SJ���������1,^�[MXL�0��!�����Q,
ERH�'��� !� ��� T*�� *SV� I\EQTPI�� GLSSWMRK�'��� !� ��� T*� ERH� GLERKMRK� XLI� IQMXXIV� VIWMWXERGI� JVSQ� ���
O3LQ�HS[R�XS�����3LQ�XLI�EQTPMJMIV�KEMR�GER�FI�MQTVSZIH�JVSQ�r����3LQ�XS�r����3LQW���8LI�PSEH
GETEGMXERGI�ZEPYI�WMQYPXERISYWP]�HIGVIEWIW�JVSQ�EFSYX�����T*�HS[R�XS�����T*�
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*MKYVI�����7MQYPEXIH�KEMR�EX����������1,^��0��!�����Q,��'���!����T*�

*MKYVI�����7MQYPEXIH�PSEH�GETEGMXERGI�EX����������1,^��0��!�����Q,��'���!����T*�

4PIEWI�RSXI�XLEX�XLI�EQTPMJMIV�KEMR�HSIW�RSX�RIGIWWEVMP]�MRGVIEWI�JSV�EPP�GSQFMREXMSRW�SJ�6���'���ERH�'���
(ITIRHMRK� SR� XLI� EGXYEP� GSQTSRIRX� ZEPYIW� ERH� FMEWMRK� GSRHMXMSR� SJ� XLI� SWGMPPEXSV�� XLI� XVERWMWXSV
MQTIHERGI�QEXGLMRK�GSRHMXMSRW�QE]�RSX�FI�MHIEPP]�JYPJMPPIH�ER]QSVI�ERH�XLI�EQTPMJMIV�KEMR�QE]�HIGVIEWI�
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8LI� EQTPMJMIV� KEMR� ERH� PSEH� GETEGMXERGI� HITIRH� SR� ZEVMSYW� TEVEQIXIVW�� XLI� ZEPYIW� SJ� XLI� I\XIVREP
GSQTSRIRXW�EW�KMZIR� MR�*MKYVI��� �'����'����0���6��ERH�'����� XLI� EGXYEP�4'&� PE]SYX� ERH� MXW�TEVEWMXMG
MQTIHERGIW�� *SV� XLMW� VIEWSR�� XLI� KMZIR� WMQYPEXMSR� I\EQTPIW� GER� RSX� FI� YWIH� JSV� XLI� SWGMPPEXSV� HIWMKR
KIRIVEPP]��8S�STXMQMWI�XLI�GV]WXEP�SWGMPPEXSV�WXEVX�YT�FILEZMSYV�XLI�EGXYEP�EQTPMJMIV�GSRJMKYVEXMSR�LEW�XS�FI
QIEWYVIH�

(YVMRK�XLMW�QIEWYVIQIRX�ER�MQTIHERGI�RIX[SVO�EREP]WIV��I�K��,4����%��VITPEGIW�XLI�GV]WXEP�MR�XLI�EGXYEP
GMVGYMX��WII�*MKYVI������8LI�QIEWYVIQIRX�MRWXVYQIRX�ERH�XLI�EQTPMJMIV�GMVGYMX�LEZI�XS�FI�HI�GSYTPIH�[MXL
E�GETEGMXSV�SJJIVMRK�PS[�MQTIHERGI�EX�XLI�QIEWYVMRK�JVIUYIRG]��-R�SVHIV�XS�QIEWYVI�XLI�EQTPMJMIV�ERH�XLI
MRXIVREP� XVERWMWXSV�[MXLMR� MXW� PMRIEV�STIVEXMRK� VERKI� MX� MW� ZIV]� MQTSVXERX� XS� ETTP]�SRP]� WQEPP� HVMZI� XS� XLI
EQTPMJMIV��PIWW�XLER�r���H&Q��
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8LI�SWGMPPEXMSR�QEVKMR�LEW�FIIR�MRXVSHYGIH�MR�GLETXIV�����ERH�GER�FI�KMZIR�EW�JSPPS[W�
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8LMW� VIPEXMSRWLMT� LEW� XS� FI� PEVKIV� XLER� SRI�� -R� SVHIV� XS� XEOI� GEVI� SJ�(0(� ERH� XIQTIVEXYVI� HMT� IJJIGXW
VIWTIGXMZIP]�ER�SWGMPPEXMSR�QEVKMR�SJ���YT�XS���WLSYPH�FI�GLSWIR��WII�?�A��

*SV�E�KMZIR�GV]WXEP� VIWSREXSV��[MXL�61�QE\� ERH�'��� XLI�SWGMPPEXMSR�QEVKMR�GER�SRP]�FI� MQTVSZIH�[LIR� XLI
PSEH�GETEGMXERGI�ERH�XLI�EQTPMJMIV�KEMR�EVI�GLSWIR�EW�PEVKI�EW�TSWWMFPI��8LI�I\EQTPIW�EW�KMZIR�MR�*MKYVI��
ERH�*MKYVI���WLS[�XLEX�XLIWI�KSEPW�GERRSX�FI�EGLMIZIH�WMQYPXERISYWP]��XLI�EQTPMJMIV�VIEGLIW�MXW�QE\MQYQ
KEMR�SRP]�EX�PS[�PSEH�GETEGMXERGIW�ZEPYIW�ERH�ZMGI�ZIVWE�

*MKYVI� ��� HITMGXW� XLI� WMQYPEXIH� SWGMPPEXMSR� QEVKMR� JSV� E� 9%%����87� GV]WXEP� SWGMPPEXSV� IQTPS]MRK� ER
IQMXXIV� VIWMWXSV� 6�� !� ���� O3LQ� ERH� ER� IQMXXIV� MRHYGXERGI� 0�� !� ����Q,�� 8LI� GV]WXEP� EWWYQIH� LEW� E
QE\MQYQ�QSXMSREP�VIWMWXERGI�61�QE\�!����3LQ�ERH�E�WXEXMG�GETEGMXERGI�SJ�'��!���T*�

*MKYVI�����7MQYPEXIH�SWGMPPEXMSR�QEVKMR�EX����������1,^
�0��!�����Q,��6��!�����O3LQ��'

�
�!���T*��6

1�QE\
�!����3LQ�

8LI�STXMQYQ�SWGMPPEXMSR�QEVKMR�MW�VIEGLIH�JSV�'��!����T*�ERH�'���!����T*��8LMW�VIWYPX�MW�MR�GSRXVEWX�XS
XLI�QE\MQYQ�EQTPMJMIV�KEMR�EGLMIZIH�JSV�'���!����T*�ERH�'���!����T*�EW�WLS[R�MR�*MKYVI����8LMW�MW�HYI
XS�XLI�JEGX�XLEX�XLI�PSEH�GETEGMXERGI�'0�LEW�E�UYEHVEXMG�MRJPYIRGI�SR�XLI�SWGMPPEXMSR�QEVKMR�GSQTEVIH�XS�XLI
PMRIEV�SRI�SJ�XLI�EQTPMJMIV�KEMR�637'�
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'LERKMRK�XLI�ZEPYIW�SJ�6���0���61�QE\� ERH�'�� VIWYPX� MR�E�HMJJIVIRX�GSQFMREXMSR�SJ�'���ERH�'���JSV� XLI
STXMQYQ�SWGMPPEXMSR�QEVKMR��8LI�WEQI�I\EQTPI�EW�HITMGXIH�MR�*MKYVI����MW�YWIH�MR�*MKYVI����FYX�[MXL�E
GLERKIH�IQMXXIV�VIWMWXSV�ZEPYI�6��!�����3LQ��%�QE\MQYQ�SWGMPPEXMSR�QEVKMR�SJ�EFSYX�����MW�VIEGLIH�JSV
'��!����T*�ERH�'���!����T*�

*MKYVI�������7MQYPEXIH�SWGMPPEXMSR�QEVKMR�EX����������1,^
�0��!�����Q,��6��!�����3LQ��'

�
�!���T*��6

1�QE\
�!����3LQ�

7MRGI�XLI�SWGMPPEXMSR�QEVKMR�HITIRHW�SR�WIZIVEP�JEGXSVW��'����'����6���0���'����-'�ERH�4'&�TEVEWMXMGW�
IXG����MXW�ZEPYI�LEW�XS�FI�HIXIVQMRIH�JSV�IEGL�MRHMZMHYEP�HIWMKR�
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