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FOHDYDJHV�ZHUH� XVHG��7KH�ZDWHU� ILOP� WKLFN �QHVV�� G�� ZDV� PRQLWRUHG� E\� ;�UD\� DQDO\VLVPHWKRG�XVLQJ�D�'521�W\SH�WZR�FU\VWDO�GLI �IUDFWRPHWHU�LQ�&X .β DQG�0R .α HPLVVLRQV�7KH� GHK\GUDWLRQ� SURFHVV�ZDV� REVHUYHG� LQ� D�GU\� URRP�� XVLQJ� D� 0,0��� RSWLFDO� PLFUR �VFRSH�� WKH� GXUDWLRQ� RI� SUHFHGLQJ� K\GUDWLRQGLG�QRW�H[FHHG�D�KDOI�KRXU��7KH�FRPSRVLWLRQRI� SKDVHV� IRUPHG� ZDV� H[DPLQHG� E\� ;�UD\SKDVH�DQDO\VLV��;3$��DQG�VFDQQLQJ�HOHFWURQPLFURVFRS\� FRPELQHG� ZLWK�;�UD\�PLFURDQD �O\VLV� XVLQJ� D� -60����� HOHFWURQ� PLFURVFRSHSURYLGHG� ZLWK� D� /LQN� $1� ������� HQHUJ\GLVSHUVLRQ� PLFURDQDO\VLV� V\VWHP�� 7KH� VXU �IDFH� SKDVH� FRPSRVLWLRQ� ZDV� VWXGLHG� DGGL �WLRQDOO\�E\�WKHUPRJUDYLPHWU\�XVLQJ�D�020GHULYDWRJUDSK�7KH�TXDVL�HTXLOLEULXP�VWDWH�RI�WKH��1D,�7O���+�2�� V\VWHP�ZDV�PRGHOOHG� XVLQJ� VWDQGDUG
∅��[���PP�DQG�∅��[��PP�1D,�7O� GHWHFWRUVLQ� FRQWDLQHUV� ZLWK� GULOOHG� �� PP� GLDPHWHUKROH�ZKLFK�ZDV�FORVHG�E\�VFRWFK�DIWHU���K�RIH[SRVXUH�� 7KH� OLJKW� \LHOG� �� /�� DQG� HQHUJ\UHVROXWLRQ�� 5�� RI� GHWHFWRUV� ZHUH� PHDVXUHGXVLQJ� ���&V ����� NH9�� UDGLRQXFOLGH� VRXUFH�7KH�UDGLROXPLQHVFHQFH��5/��RI�∅��[��PP�GH�WHFWRUV�ZDV�PHDVXUHG�XVLQJ�D�0'5����PRQR �FKURPDWRU�DQG�307�����XQGHU�H[FLWDWLRQ�E\JDPPD� UDGLDWLRQ� IURP� D� ���$P VRXUFH���� NH9�� ���� FXULH��� 7KH� VSHFWUD� ZHUH� FRU �UHFWHG� XQGHU� DFFRXQW� IRU� WKH� 307� VSHFWUDOVHQVLWLYLW\�DQG�WKH�PRQRFKURPDWRU�GLVSHUVLRQ�+\GUDWLRQ� SURFHVV�� :DWHU� DGVRUEHG� RQWKH�1D,�7O� FU\VWDO�VXUIDFH�GLVVROYHV�WKH�ODW �WHU� UHVXOWLQJ� LQ� IRUPDWLRQ� RI� D� ILOP� ZLWKWKLFNQHVV�LQFUHDVLQJ�LQ�WLPH��7KH�NLQHWLFV�RIWKH� ILOP� WKLFNQHVV� WLPH�GHSHQGHG� YDULDWLRQLV� SUHVHQWHG� LQ� )LJ����� 7KH� K\GUDWLRQ� SURF �

HVV� LV� VHHQ� WR� FRQVLVW� RI� WZR� VWDJHV�� D� IDVWRQH�KDYLQJ�D�GXUDWLRQ�RI�DERXW����PLQ�DQGD� VORZHU� RQH� ODVWLQJ� IURP� VHYHUDO� KRXUV� WRVHYHUDO� GD\V�� GHSHQGLQJ� RQ� WKH� K\GUDWLRQWLPH��7KH�GURS�RI�WKH�ILOP�JURZWK�UDWH�FDQEH� GXH� WR� WKDW� DW� WKH� VHFRQG� VWDJH� LW� LVFRQWUROOHG� OLNHO\� E\� WKH� GLIIXVLRQ� RI� WKHPDLQ� VXEVWDQFH� LQ� WKH� VROXWLRQ� IURP� WKHFU\VWDO� VXUIDFH� WR� WKH� VROXWLRQ�DLU� LQWHUIDFHDQG� WKXV� LV� QRW� GHILQHG� E\� WKH� FU\VWDO� K\ �JURVFRSLFLW\� EXW� E\� SURSHUWLHV� RI� WKH� VROX �WLRQ�IRUPHG�RQ�LWV�VXUIDFH�,W� LV� REYLRXV� WKDW� WKH� ILOP� JURZWK� ZLOOVWRS�LQ�D�FORVHG�YROXPH�DIWHU�D�FHUWDLQ�WLPH�,Q� TXDVL�HTXLOLEULXP� FRQGLWLRQV� ZKHQ� WKHZDWHU� DGVRUSWLRQ� DQG� HYDSRUDWLRQ� DUH� EDO �DQFHG�� WKH� PDLQ� VXEVWDQFH� FRQWHQW� LQ� WKHILOP� EHFRPHV� HTXDOL]HG� WKURXJK� LWV� WKLFN �QHVV�DQG�D�VDWXUDWHG�DTXHRXV�1D, VROXWLRQ�LVIRUPHG�������J�O�>�@���7KH�FRQFHQWUDWLRQ�RI7O, GLVVROYHG� WRJHWKHU� ZLWK� WKH� PDLQ� VXE �VWDQFH�LV�HDV\�WR�FDOFXODWH��6R��IRU�WKH�FU\V �WDO� FRQWDLQLQJ� &  � ������ 7O E\� PDVV�� WKHWKDOOLXP� LRGLGH� FRQFHQWUDWLRQ� LQ� WKH� VROX �WLRQ� LV� ����� J�O�� WKXV� H[FHHGLQJ� FRQVLGHU �DEO\� LWV� VROXELOLW\� OLPLW� LQ� ZDWHU� ������ J�O>�@��EXW�EHLQJ�ORZHU�WKDW�WKH�7O, VROXELOLW\�LQWKH�VDWXUDWHG�1D,�VROXWLRQ�ZKLFK�FDQ�EH�HV �WLPDWHG�IURP�GDWD�JLYHQ�LQ�>��@��7KHUHIRUH�D�7O, SKDVH�IRUPDWLRQ�LQ�WKH�VROXWLRQ�LV�KDUGO\SRVVLEOH��WKH�VHFRQG�SKDVH�SUHFLSLWDWLRQ�RFFXUVDW� WKH� GHK\GUDWLRQ� VWDJH� ZKHQ� WKH� VROXWLRQEHFRPHV� VXSHUVDWXUDWHG�� VHH� EHORZ��� $� SUR �ORQJHG��VHYHUDO�KRXUV�RU�GD\V��VWRUDJH�RI�FU\V �WDOV� LQ�TXDVL�HTXLOLEULXP� FRQGLWLRQV� UHVXOWV� LQD� GHJUDGDWLRQ� RI� WKHLU� VSHFWURPHWULF� FKDUDF �WHULVWLFV��7KLV�LV�EHOLHYHG�WR�EH�GXH�WR�7O, SKDVH

)LJ����� )LOP� JURZWK� NLQHWLFV� RQ� WKH� 1D,�7O�FU\VWDO�VXUIDFH�GXULQJ�LWV�K\GUDWLRQ )LJ����� 1D,�7O�� FU\VWDO� VXUIDFH� LQ� WKH� FRXUVHRI�LWV�GHK\GUDWLRQ�DW�WKH�VHFRQG�SKDVH�IRUPD�WLRQ�VWDJH��[�����
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IRUPDWLRQ� LQ� WKH� VROXWLRQ� >�@�� ,W� KDV� EHHQ� LQ>�@� WKDW� / DQG� 5 YDOXHV� IRU� GHWHFWRUV� ZLWKK\GUDWHG� VXUIDFH� ZHUH� QRW� GHJUDGHG� DW� RQFHEXW�DIWHU�D�FHUWDLQ�WLPH�LQWHUYDO��$V�WKH�VSHF �WURPHWULF�FKDUDFWHULVWLFV�EHFRPH�ZRUVHQHG��WKH5/ VSHFWUXP�LV�FKDQJHG�FRQVLGHUDEO\��$JDLQVWWKH�EDFNJURXQG�RI�FRQWLQXRXVO\�GURSSLQJ�HPLV �VLRQ� LQWHQVLW\� LQ� WKH� ����QP� EDQG� �OXPLQHV �FHQFH�RI�7O� FHQWHUV���WKH�����QP�RQH�DSSHDUVDQG�LQFUHDVHV�LQ�LWV�LQWHQVLW\��WKLV�EDQG�LV�GXHWR� OXPLQHVFHQFH�RI� FRPSOH[� �7O��Q FHQWHUV� >�@�)RU� WKH� IRUPDWLRQ� RI� FRPSOH[� DFWLYDWRU� FHQ �WHUV�� WKH� DSSHDUDQFH� RI� DUHDV� ZLWK� HQULFKHGDFWLYDWRU�FRQWHQW�RQ�WKH�FU\VWDO�VXUIDFH�LV�QHF �HVVDU\�� 6XFK� DUHDV� PXVW� EHORQJ� MXVW� WR� WKHFU\VWDO�VXUIDFH��VLQFH�WKHUH�LV�QR�DFWLYDWRU�OX �

PLQHVFHQFH� LQ� WKH� OLTXLG� SKDVH�� 7KH� 7O� LRQVDJJUHJDWLRQ� RQ� WKH� FU\VWDO�VROXWLRQ� LQWHUIDFHFDQ� EH� GXH� WR� IOXFWXDWLRQV� RI� WKH� �FU\VWDO �OL]DWLRQ�IURQW���,Q�WKH�TXDVL�HTXLOLEULXP�FRQGL �WLRQV��WKH�GLVVROXWLRQ�DQG�FU\VWDOOL]DWLRQ�SURF �HVVHV� GR� QRW� VWRS�� 7KRVH� DUH� UHYHUVLEOH� ZLWKUHVSHFW� WR� WKH� PDLQ� VXEVWDQFH� ZKLOH� IRU� WKHDFWLYDWRU�� WKH�GLVWULEXWLRQ�FRHIILFLHQW� LV�PXFKOHVV�WKDQ����VR�DIWHU�VRPH�WLPH��D��FRQFHQWUD �WLRQ� VKRFN�ZDYH�� LV� IRUPHG� EHIRUH� WKH� IURQW�$V�D�UHVXOW��DUHDV�HQULFKHG�LQ�WKH�DFWLYDWRU�FDQDULVH� DW� WKH� VXUIDFH�� 7KH� DOWHUQDWLRQ� RI� DUHDVHQULFKHG�LQ�DQG�GHSOHWHG�RI�WKDOOLXP�LV�OLNH�WREH� D� FHOOXODU� VWUXFWXUH� WKDW� LV� RIWHQ� REVHUYHGZKHQ� D� FU\VWDO� LV� JURZQ� LQ� QRQ�HTXLOLEULXPFRQGLWLRQV�>��@�'HK\GUDWLRQ�SURFHVV��7KH�ZDWHU�HYDSRUD�WLRQ� UHVXOWV� LQ� WKH� VROXWLRQ� VXSHUVDWXUDWLRQDQG� WKH� FU\VWDOOL]DWLRQ� RI� VROXWHV�� ,W� LVNQRZQ� >�@� WKDW� DW� URRP� WHPSHUDWXUH1D,⋅�+�2 FU\VWDOORK\GUDWH�SUHFLSLWDWHV�IURP1D, DTXHRXV� � VROXWLRQ�� ,Q� RXU� FDVH�� ZKHUHWKH� FU\VWDOOL]DWLRQ�RQ� WKH� VLQJOH�FU\VWDO� 1D,VXEVWUDWH�LV�SRVVLEOH�� LW� LV�UHDVRQDEOH�WR�H[ �SHFW�WKH�JURZWK�RI�1D, FU\VWDOV�RQ�WKH�LQWHU�IDFH��7KH�JURZWK�FRQGLWLRQV�DUH�QRQ�XQLIRUPRYHU�WKH�VXUIDFH�DQG�DUH�KLQGHUHG�DW�LQWHUFHO �OXODU� ERXQGDULHV� �DUHDV� HQULFKHG� LQ� 7O�� GXHWR� WKH� PHFKDQLVP� UHIHUUHG� WR� DV� �VWHSJURZWK� SRLVRQLQJ��� 7KH� SURFHVV� RI� 1D, LV�ODQGV� JHQHUDWLRQ� DQG� JURZWK� ZDV� REVHUYHGLQ� WKH� GU\� URRP� XVLQJ� RSWLFDO� PLFURVFRSH�7KH�DFWLYDWRU� LV�QRW� LQFOXGHG�HVVHQWLDOO\� LQWRJURZLQJ� FU\VWDOV� DQG� LV� GLVSODFHG� RII� WR� WKHFHOO�ERXQGDULHV�GXH�WR�FU\VWDOOL]DWLRQ�FRQFHQ �WUDWLQJ� SURFHVV� >��@�� $V� WKH� FULWLFDO� VXSHU �VDWXUDWLRQ�EHFRPHV�DWWDLQHG��WKH�VHFRQG�SKDVHLV�REVHUYHG�WR�SUHFLSLWDWH��7KH�SLFWXUH�RI�WKHFU\VWDO�VXUIDFH�WDNHQ�DW�WKH�VWDJH�RI�WKH�VHF �

)LJ����� 'HK\GUDWHG� VXUIDFH� LPDJH� REWDLQHGXVLQJ�VFDQQLQJ�HOHFWURQ�PLFURVFRS\�LQ�WKH�UH�IOHFWHG�HOHFWURQ�PRGH�

)LJ�����'HK\GUDWHG�VXUIDFH�LPDJHV�REWDLQHG�XVLQJ�VFDQQLQJ�HOHFWURQ�PLFURVFRS\�LQ�WKH�;�UD\� PRGHIRU�PDLQ�VXEVWDQFH�JUDLQ��D��DQG�LPSXULW\�LQFOXVLRQ��E��
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RQG� SKDVH� IRUPDWLRQ� �)LJ����� VKRZV� FOHDUO\FKDLQV� RI� UHOHDVHG� SDUWLFOHV� RI� DERXW� �� µPVL]H� LQ�JDSV� EHWZHHQ� WKH�JURZLQJ� LVODQGV�DW �WDLQLQJ� WKH� VL]H� RI� �� WR� �� µP�� 7KH� SDUWLFOHFRORXU��\HOORZ��FRUUHVSRQGV�WR�WKDW�RI� 7O,�$W�WKH�HQG�RI�WKH�GHK\GUDWLRQ�SURFHVV��DORRVH� VHPL�WUDQVSDUHQW� ZKLWH� FUXVW� LVIRUPHG�DW�WKH�FU\VWDO�VXUIDFH��)LJV����DQG��SUHVHQW� SKRWRV� RI� WKH� GHK\GUDWHG� VXUIDFHWDNHQ�XVLQJ�VFDQQLQJ�HOHFWURQ�PLFURVFRS\�LQWKH� UHIOHFWHG� HOHFWURQ�PRGH� �)LJ����� DQG�;�UD\�RQH��)LJ������$�ILQH�FU\VWDOOLQH�VWUXFWXUHRI� WKH� VXUIDFH� LV� VHHQ� DV� ZHOO� DV� EULJKWZKLWH�JUDLQV�RI�DERXW���µP�LQ�VL]H�KDYLQJ�DKLJKHU�DWRPLF�QXPEHU�WKDQ�WKH�PDWUL[��)LJ���VKRZV�WKH�VSHFWUD�RI�FKDUDFWHULVWLF�;�UD\VRI� WKRVH� LQFOXVLRQV� �D�� DQG�RI� ODUJHU�JUDLQV�E���7KH�FRPSDULVRQ�RI�WKH�VSHFWUD��)LJ���D�E�� ZLWK� SKRWRV� RI� )LJ���� �D�� E�� DOORZV� WRDVFULEH� XQDPELJXRXVO\� WKH� LQFOXVLRQV� WR� 7O,SKDVH�DQG�WKH�PDWUL[��WR�1D,��7KH�ORRVH�FUXVW�IRUPHG�DW�WKH�GHK\GUDWHGVXUIDFH� KDV� D� GHQVLW\� RI� DERXW� ���� J�FP�EHLQJ� DERXW� D� KDOI� RI� WKDW� RI� 1D, FU\VWDO�7KH�GHK\GUDWHG�VXUIDFH�VWUXFWXUH�DQG�SKDVHFRPSRVLWLRQ� ZHUH� VWXGLHG� XVLQJ� ;3$�� 7KHFUXVW�KDV�EHHQ�IRXQG�WR�EH�D�WH[WXUHG�SRO\ �FU\VWDOOLQH� OD\HU� RI� 1D, FRQWDLQLQJ� D� VPDOODPRXQW� RI� 1D,⋅�+�2 FU\VWDOORK\GUDWH� �OHVVWKDQ� ���� E\� PDVV��� 7KH� ;3$� GDWD� KDYHEHHQ� FRQILUPHG� E\� WKH� FUXVW� KHDWLQJ� XS� WR�����&� IROORZHG� E\� WKH� H[SRVXUH� IRU� �� KXQGHU� WKHUPRJUDYLPHWULF� PHWKRG�� 7KH� RE �VHUYHG�PDVV�ORVV�LV���WR������WKXV�HYLGHQF �LQJ�WKDW�WKH�FU\VWDOORK\GUDWH�LV�DEVHQW�SUDF �
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