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,W� LV� NQRZQ� >����@� WKDW� D� SKRWRJUDSKLFVHQVLWLYLW\�HIIHFW�LV�REVHUYHG�LQ�ELOD\HU�V\V�WHPV� RQ� WKH� EDVLV� RI� SRO\FU\VWDOOLQH� OD\HUVRI� VRPH� PHWDO� KDOLGHV�� 7KLV� EDVLV� RI� WKDWHIIHFW� LV� WKH� SKRWRVWLPXODWHG� SHQHWUDWLRQ�SKRWRLQGXFHG� GLIIXVLRQ�� RI� WKH� PHWDO� LQWRWKH� SRO\FU\VWDOOLQH� OD\HU�� $� FRPSUHKHQVLYHRSWLFDO�� HOHFWULFDO�� DQG� VWUXFWXUH� VWXG\� KDVEHHQ�FDUULHG�RXW�XVLQJ�WKH�$J�&X�±3E,� SKR�WRVHQVLWLYH�V\VWHP��7KH�SKRWRLQGXFHG�GLIIX�VLRQ� LQ�VXFK�V\VWHPV�KDV�EHHQ�VKRZQ�WR�UH�VXOW� LQ� IRUPDWLRQ� RI� PHWDO� FOXVWHUV� �SDUWL�FOHV�� ZLWKLQ� WKH� SRO\FU\VWDOOLQH� OD\HUYROXPH�� ILUVW� RI� DOO�� LQ� WKH� DUHDV� RI� H[�WHQGHG� VWUXFWXUH� GHIHFWV� �GLVORFDWLRQV�SRUHV�� HWF��� DV� ZHOO� DV� WR� JLYH� ULVH� WR� QHZFKHPLFDO� FRPSRXQGV� XQGHU� SDUWLDO� GHWHULR�UDWLRQ�RI�WKH�LQLWLDO�3E,� FU\VWDOOLWHV��$W�WKHVDPH�WLPH��LW�LV�QRWHG�WKDW�WKH�SKRWRGRSLQJPHFKDQLVP� RI� WKH� SRO\FU\VWDOOLQH� OD\HUV� LVQRW�FOHDU�FRPSOHWHO\��7KH�UROH�RI�3E,� OD\HULQ� WKH� UHYHUVLEOH� FKDQJHV� RI� WKH� RSWLFDO

SURSHUWLHV� RI� WKUHH�OD\HUHG�$J±3E,��FKDONR�JHQLGH� JODVV\� VHPLFRQGXFWRU� �&*6�� SKRWR�VHQVLWLYH� V\VWHPV� >�@� DQG� LQ� IRUPDWLRQ� RISHULRGLF� GLIIUDFWLRQ� VWUXFWXUHV� �36�� >�@� LVVWXGLHG�RQO\�VFDUFHO\�,Q�WKLV�ZRUN��WKH�SKRWRLQGXFHG�SKHQRPHQDRFFXUULQJ�LQ�WKH�$J±3E,� ELOD\HU�DUH�VWXGLHG�7KH� VDPSOHV� WR� EH� VWXGLHG�ZHUH� SUHSDUHG� E\YDFXXP� GHSRVLWLRQ� �DERXW� ���⋅��Ü� 3D� RQWRJODVV� VXEVWUDWHV�DW�URRP�WHPSHUDWXUH��%RWK�IRUZDUG�� �VLOYHU� OD\HU� RQWR� WKH� VXEVWUDWH�DQG� �UHYHUVH�� �OHDG� LRGLGH� OD\HU� RQWR� WKHVXEVWUDWH�� V\VWHPV� ZHUH� REWDLQHG�� ,Q� WKHGHSRVLWLRQ� FRXUVH� RI� WKH� OD\HUV�� WKH� WKLFN�QHVV�WKHUHRI�ZDV�PRQLWRUHG�SKRWRPHWULFDOO\XVLQJ� D� +H±1H ODVHU� �λ  ����� QP��� $IWHUWKH� GHSRVLWLRQ� ZDV� RYHU�� WKH� WKLFNQHVV� RILQGLYLGXDO� OD\HUV� DV� ZHOO� DV� WKDW� RI� WKHZKROH� V\VWHP� ZDV� GHWHUPLQHG� XVLQJ� WKHPXOWLEHDP�LQWHUIHURPHWU\�>�@�WR�EH�RI����WR��� QP�� 6RPH� VWUXFWXUH� DQG� RSWLFDO� SURSHU�WLHV�RI�WKH�V\VWHPV�REWDLQHG�ZHUH�PHQWLRQHG
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EHIRUH� >�@�� 7KH� $J ILOP� H[KLELWV� DQ� LVODQG�PRVDLF�� VWUXFWXUH� �WKH� SDUWLFOH� VL]H� XS� WR����QP��WKH�ILOOLQJ�IDFWRU�T a������ZKLOH�WKH3E,� OD\HU�LV�SRO\FU\VWDOOLQH��WKH�PHDQ�FU\V�WDOOLWH� VL]H� EHLQJ� DERXW����QP��DQG� WH[WXU�L]HG�� WKH� KH[DJRQDO� D[LV� LV� RULHQWHG� SUH�GRPLQDQWO\� QRUPDO� WR� WKH� VXEVWUDWH�� 7R� LU�UDGLDWH� WKH� VDPSOHV�� LQWHQVH� FRKHUHQW� ODVHUEHDPV� ZHUH� XVHG�� WKH� ZDYHOHQJWKV� EHLQJ
λD  �����QP�DQG�λ�  �����QP��DV�ZHOO�DV�DQRQ�SRODUL]HG�TXDVL�PRQRFKURPDWLF�HPLVVLRQRI� D�PHUFXU\� DUF� ODPS� DW�λ  �����QP��7KHVDPSOHV�ZHUH� LUUDGLDWHG�ERWK� IURP�WKH� IUHHVXUIDFH�VLGH�DQG�IURP�WKH�VLGH�RI�WKH�WUDQV�SDUHQW�GLHOHFWULF�VXEVWUDWH�7KH� RSWLFDO� SURSHUWLHV� RI� WKH� WKLQ� ILOPV\VWHPV� DQG� WKH� SKRWRLQGXFHG� FKDQJHVWKHUHRI� ZHUH� VWXGLHG� XVLQJ� WKH� RSWLFDOWUDQVPLWWDQFH��7��VSHFWUD�ZLWKLQ�WKH�����WR����� QP� UDQJH�� 6LQFH� WKH� ELOD\HU� V\VWHPVORVV� WKHLU� SKRWRVHQVLWLYH� IHDWXUHV� UDWKHUTXLFNO\�����WR�����K���WKH�VWXGLHV�ZHUH�FDU�ULHG�RXW�XVLQJ�WKH�IUHVKO\�SUHSDUHG�VDPSOHV�)LJ���� SUHVHQWV� H[SHULPHQWDO� DQG� FDOFX�ODWHG�GHSHQGHQFHV�7�λ��IRU�WKH�IRUZDUG�V\V�WHP�LQ�LWV�LQLWLDO�VWDWH�DQG�DIWHU�LUUDGLDWLRQZLWK�OLJKW�RI�YDULRXV�VSHFWUDO�FRPSRVLWLRQV�7KH� FDOFXODWHG� GHSHQGHQFHV� ZHUH� REWDLQHGXVLQJ� WKH� NQRZQ� UHODWLRQVKLSV� IRU� PXOWL�OD\HU�LQWHUIHUHQFH�V\VWHPV�>����@�DQG�WKH�RS�WLFDO�FRQVWDQWV�IRU�VLOYHU��OHDG�LRGLGH�OD\HUVDV�ZHOO�DV�IRU�SRWHQWLDO�LQWHUDFWLRQ�SURGXFWVWKHUHRI� >����Ü��@�� 7KH� ILOP� V\VWHP� PRGHOVZHUH�FRQVLGHUHG�GLIIHULQJ� LQ�WKH�VLOYHU�SDU�WLFOH�GLVWULEXWLRQ�RYHU� WKH� OHDG� LRGLGH� OD\HUWKLFNQHVV�� L�H��� ZLWK� GLIIHUHQW� RSWLFDO� SUR�ILOHV��7KH�3E,� OD\HU�WKLFNQHVV�ZDV�WDNHQ�WREH�VXEVWDQWLDOO\�XQFKDQJHG�LQ�WKH�FRXUVH�RILWV�SKRWRLQGXFHG�GRSLQJ�)RU� WKH� ELOD\HU� V\VWHP�PRGHO� FRQVLVWLQJRI� $J DQG� 3E,� ILOPV� ZLWK� D� SODQDU� LQWHU�IDFH�� WKH� FDOFXODWHG� WUDQVPLWWDQFH� GHSHQG�HQFH� GLIIHUV� FRQVLGHUDEO\� IURP� WKH� RSWLFDOVSHFWUXP�RI�WKH�LQLWLDO�VDPSOH��)LJ�����FXUYH����HVSHFLDOO\� LQ�WKH� ORQJ�ZDYH�UHJLRQ�� ,W� LVWR�VXSSRVH�WKDW�VLOYHU�SHQHWUDWHV�LQ�SDUW�WKH3E,� OD\HU�DOUHDG\�DW�WKH�VDPSOH�SUHSDUDWLRQVWDJH�� 7KLV� SURFHVV� PD\� EH� IDYRUHG� E\� WKHVXEVWUDWH� VXUIDFH� URXJKQHVV�� WKH� SRO\FU\V�WDOOLQH� OD\HU� PDFURVFDOH� GHIHFWV�� HWF�� $V� DUHVXOW�� WKH� $J�3E,� LQWHUIDFH� EHFRPHVEOXUUHG�DQG� WKH� VLOYHU�RSWLFDO� FRQVWDQWV�EH�FRPH� FKDQJHV� FRQVLGHUDEO\��7KH� H[SHULPHQ�WDO�RSWLFDO�WUDQVPLWWDQFH�GHSHQGHQFH�FDQ�EHDSSUR[LPDWHG� VDWLVIDFWRULO\� E\� WKH� FDOFX�ODWHG� RQH� REWDLQHG� XVLQJ� WKH� NQRZQ� UHOD�WLRQVKLSV� RI� WKH� JUDQXODU� ILOP� RSWLFV� >��@�7KH� FDOFXODWHG� FXUYH� �′ �)LJ����� LV� REWDLQHGXQGHU� VXSSRVLWLRQ� WKDW� WKH� LQLWLDO�$J±3E,�

V\VWHP� FRQWDLQV� D� WKLQ� LQWHUOD\HU� RI� GLV�SHUVH� VLOYHU� FRQVLVWLQJ� RI� VPDOO� �a��� QP�VSKHULFDO� JUDLQV� VXUURXQGHG� ZLWK� OHDG� LR�GLGH� �WKH� ELGLPHQVLRQDO� FROORLG� PRGHO��� $FHUWDLQ�PLVILW�EHWZHHQ�WKH�H[SHULPHQWDO�DQGFDOFXODWHG� 7�λ�� GHSHQGHQFHV� LQ� WKH� VKRUW�ZDYH� UHJLRQ� VHHPV� WR� UHVXOW� IURP� WKH� IDFWWKDW� WKH�FDOFXODWLRQV�GLG�QRW� WDNHQ� LQWR�DF�FRXQW�WKH�FKDQJH�LQ�WKH�VDPSOH�RSWLFDO�SURS�HUWLHV� DVVRFLDWHG�� LQ� SDUWLFXODU�� ZLWK� WKH� RF�FXUUHQFH�RI�KH[DJRQDO�DQG�FXELF�VLOYHU�LRGLGHPRGLILFDWLRQV� HYLGHQFHG� E\� HOHFWURQRJUDSKLFH[DPLQDWLRQ��6R��IRU�H[DPSOH��WKH�VLQJXODU�LW\� REVHUYHG� DW� ���� QP�PD\� EH� GXH� WR� WKHH[FLWRQ�VWDWH�RI�βÜ$J, >��@�7KH�RSWLFDO�LUUDGLDWLRQ�RI�WKH�ELOD\HU�V\V�WHPV�UHVXOWV�LQ�D�VXEVWDQWLDO�WUDQVIRUPDWLRQRI�WKH�WUDQVPLVVLRQ�VSHFWUD�WKHUHRI��7KH�LU�UDGLDWLRQ� RI� WKH� VDPSOHV� ZLWK� WKH� DFWLYHOLJKW� DW�λD  �����QP��RU�����QP��IURP�WKHDEVRUSWLRQ� HGJH� RI�3E,� �WKH� WUDQVPLWWDQFHFRHIILFLHQW� α a��⋅��� FPÜ� >��@� DQG� HQHUJ\H[SRVXUH�+H ≤ ���-�FP���FDXVHV�D�EDQG�ZLWKWKH� WUDQVPLVVLRQ� PLQLPXP� DW� λ  ����� WR

)LJ����� 6SHFWUDO� GHSHQGHQFHV� RI� WKH� RSWLFDOWUDQVPLWWDQFH� IRU� D� IRUZDUG� ELOD\HU� $J±3E,�V\VWHP��6ROLG�OLQHV�VKRZ�H[SHULPHQWDO�GDWD�IRU�D�IUHVKO\�SUHSDUHG�VDPSOH��OD\HU�WKLFNQHVV��$J�DERXW����QP��3E,���DERXW����QP�������WKH�VDP�SOH� LUUDGLDWHG� ZLWK� λD  ����� QP� OLJKW� DW� WKHHQHUJ\� H[SRVXUH�+H  ����-�FP� ����� WKDW� LUUD�GLDWHG�ZLWK�λ�  �����QP�DW�+H  ����-�FP� ����'DVKHG�OLQHV�VKRZ�FDOFXODWHG�VSHFWUD�IRU�PRGHOV\VWHPV��7KH� LQGLYLGXDO� OD\HU� WKLFNQHVV�YDOXHV�IURP� WKH� VXEVWUDWH� RQ�� VXFFHVVLYHO\��� $J����QP��GRSHG�3E,���DERXW���QP��ILOOLQJ�IDFWRUT  ��������3E,��� DERXW����QP� ��′��� GRSHG�3E,��DERXW���QP��T  ��������3E,���DERXW����QP���′��3E,��� DERXW� ��� QP�� $J VXUURXQGHG� ZLWK� $J,�DERXW���QP���′��
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����QP�LQ�WKH�VSHFWUD��)LJ�����FXUYH�����$VLV�VKRZQ�LQ�>�����@��WKDW�EDQG�LV�GXH�WR�WKHUHVRQDVQFH� DEVRUSWLRQ� LQ� FROORLGDO� VLOYHUSDUWLFOHV� RFFXUULQJ� LQ� WKH�3E,� OD\HU� LQ� WKHFRXUVH�RI�WKH�PHWDO�SKRWRLQGXFHG�GLIIXVLRQ�7KH� ODUJH� EDQG� ZLGWK� �∆λ ≈ ��� QP�� HYL�GHQFHV� D� VFDWWHU� LQ� WKH� VLOYHU� SDUWLFOH� VL]H�VKDSH�� DQG� DUUDQJHPHQW�� 7KH� ZHDN� PLQL�PXP� QHDU� ���� QP� LV� REVHUYHG� DOVR� LQ� WKHIUHVKO\� SUHSDUHG� VDPSOHV�� WKXV� VHHPLQJ� WRHYLGHQFH� WKH� RQVHW� RI� WKH� FROORLGDO� DEVRUS�WLRQ� GHYHORSPHQW�� 7KLV� LV� IDYRUHG� E\� WKHWKHUPRVWLPXODWHG� VLOYHU� GLIIXVLRQ� GXULQJ� LWVGHSRVLWLRQ�RQWR�WKH�SRO\FU\VWDOOLQH�3E,� OD\HU�7KH� FDOFXODWLRQ� SUHVHQWHG� LQ� )LJ����FXUYH��′��KDV�EHHQ�FDUULHG�RXW� IRU�D�PRGHOWKLQ�ILOP�VWUXFWXUH�WKDW�FRQWDLQV�LQ�WKH�3E,�OD\HU� SDUW� DGMDFHQW� WR� WKH� VXEVWUDWH� VPDOOVSKHULFDO� $J JUDLQV� DW� WKH� YROXPH� ILOOLQJIDFWRU�T  �������7KLV� HVWLPDWHG�T YDOXH� H[�FHHGV� WKH� YROXPH� IUDFWLRQ� RI� PDFURVFDOHYRLGV�LQ�WKH�3E,� OD\HU��DERXW�����DFFRUGLQJWR�>�@���7KH�ILOOLQJ�IDFWRU�YDOXH�VHOHFWHG�IRUWKH� FDOFXODWLRQ� LV� FRQILUPHG� LQGLUHFWO\� E\HOHFWURQ�GLIIUDFWLRQ�DQG�HOHFWURQ�PLFURVFRS\GDWD� WKDW� HYLGHQFH� D� FRQVLGHUDEOH� VWUDLQLQJDQG� WKH� FU\VWDOOLWH� VL]H� UHGXFWLRQ� �DERXWKDOYLQJ��UHVXOWLQJ�IURP�WKH�LUUDGLDWLRQ��7KHVWUXFWXUH� GLVWRUWLRQV� DUH� SRVVLEOH� DOVR� GXHWR�DSSHDUDQFH��DW�ODUJH�H[SRVXUHV�H[FHHGLQJ���-�FP��� RI� D� QHZ� SRO\FU\VWDOOLQH� VXE�VWDQFH�� SHUKDSV� $J�3E,� VXSHULRQLF� FRP�SRXQG� >�@� ZLWK� FXELF� ODWWLFH�� 7KH� SKRWRLQ�GXFHG�FKDQJHV�LQ�WKH�VWUXFWXUH�DQG�FKHPLFDOFRPSRVLWLRQ�UHVXOW�LQ�GHVWUXFWLRQ�RI�WKH�H[�FLWRQLF�3E,� VWDWH�DQG�WKXV�LQ�GLVDSSHDUDQFHRI�WKH�����QP�EDQG��)LJ�����FXUYH����:KHQ�WKH�LQLWLDO�IRUZDUG�ELOD\HU�V\VWHPVDUH� H[SRVHG� WR� WKH� λ�  ����� QP� UDGLDWLRQIURP�WKH�3E,� WUDQVSDUHQFH�UHJLRQ�>��@��WKHWUDQVPLVVLRQ� VSHFWUXP� LV� FKDQJHG� FRQVLGHU�DEO\��WRR��EXW�WKH�FROORLG�EDQG�GRHV�QRW�DS�SHDU� �)LJ����� FXUYH� ���� 7KH� λ� OLJKW� DFWLRQRQWR�WKH�ELOD\HU�V\VWHPV�DIWHU�D�SUHOLPLQDU\LUUDGLDWLRQ�ZLWK�WKH�OLJKW�IURP�WKH�3E,� DE�VRUSWLRQ�UHJLRQ�UHVXOWV�LQ�WKH�GLVDSSHDUDQFHRI� WKH� FROORLG�EDQG� LQ� WKH�VSHFWUXP�DQG�DQHQKDQFHV� WUDQVPLWWDQFH� �E\� DERXW� ��� WR�������7KH�DEVRUSWLRQ�EDQG�GLVDSSHDUV�DOVRZKHQ�WKH�LQLWLDO�UHYHUVH�V\VWHPV�DUH� LUUDGL�DWHG�� 7KH� HOHFWURQ� GLIIUDFWLRQ� H[DPLQDWLRQVKRZV� WKDW� WKH�$J, SKDVH� FRQWHQW� LQFUHDVHVLQ� WKH� LUUDGLDWHG� VDPSOHV�� 7KH� FDOFXODWHGGHSHQGHQFH�RI�WKH�RSWLFDO�WUDQVPLWWDQFH�IRUWKH�WKLQ�ILOP�V\VWHP�LUUDGLDWHG�ZLWK�WKH�λ�OLJKW� �)LJ����� FXUYH� �′�� KDV� EHHQ� REWDLQHGXQGHU� VXSSRVHG� VLOYHU� GLVSODFHPHQW� WRZDUGVWKH�3E,� RXWHU�ERXQGDU\�DQG�WKH�ILOOLQJ�IDFWRU

UHGXFWLRQ� �T  �������� 7KH� GLSROH� LQWHUDFWLRQEHWZHHQ� WKH� VLOYHU� SDUWLFOHV� VXUURXQGHG� ZLWKGLHOHFWULF�$J, HQYHORSH�ZDV�WDNHQ�LQWR�DFFRXQW�7KH� RSWLFDO� VSHFWUXP� FKDQJHV� DUH� UH�SHDWHG� �DW� WKH� F\FOH� QXPEHU� H[FHHGLQJ� ���DV� WKH� ELOD\HU� V\VWHPV� DUH� VXEMHFWHG� WR� DO�WHUQDWLQJ� LUUDGLDWLRQ� ZLWK� WKH� OLJKW� IURPWKH�DEVRUSWLRQ�DQG�UHODWLYH�WUDQVSDUHQFH�UH�JLRQV�RI�3E,� �)LJ������7R�UHDG� WKH�SKRWRLQ�GXFHG�FKDQJHV��DQ�DWWHQXDWHG�UDGLDWLRQ�DW
λ� ZDV� XVHG�� 6RPH� VLQJXODULWLHV� DUH� RE�VHUYHG� LQ� WKH� WLPH�GHSHQGHQFH� RI� WUDQVPLW�WDQFH�GXULQJ�WKH�ILUVW�VHYHUDO�RSWLFDO�DFWLRQF\FOHV�� DQG� WKHQ� WKH� 7�W�� NLQHWLFV� PHW� DQH[SRQHQWLDO� ODZ� �DW� LUUDGLDWLRQ� ZLWK� DVWURQJO\� DEVRUEDEOH� OLJKW�� DQG� D� SRZHU� RQH�DW�LUUDGLDWLRQ�ZLWK�WKH�λ� RQH��>��@�7KH� UHVXOWV� REWDLQHG� DOORZ� WR� VXSSRVHWKDW� WKH� REVHUYHG� SKRWRLQGXFHG� FKDQJHV� LQWKH� VDPSOH� WUDQVPLWWDQFH� LQ� WKH� FROORLGEDQG� UHJLRQ�DUH�GXH� WR� UHYHUVLEOH�SURFHVVHVLQ�WKH�VLOYHU�SDUWLFOHV�ZLWKLQ�WKH�3E,� OD\HU�)LJ������7KH�$J, SKRWRO\VLV�UHDFWLRQ�KDYLQJWKH� SKRWRVHQVLWLYLW\� WKUHVKROG� FRUUHVSRQG�LQJ�WR�WKH�HQHUJ\�DERXW������H9�>��@�PD\�EHRI� FRQVLGHUDEOH� LPSRUWDQFH� LQ� WKLV� FDVH�� 6RWKH� LUUDGLDWLRQ� RI� WKH� LQLWLDO� VDPSOHV� ZLWKWKH�λ� OLJKW� IDYRUV� WKH�$J SHQHWUDWLRQ� LQWRWKH� 3E,� OD\HU� DQG� IRUPDWLRQ� RI� UHODWLYHO\ODUJH� VLOYHU� SDUWLFOHV� EXW� KLQGHUV� DOVR� WKHVLOYHU� LRGLGH� IRUPDWLRQ� �WKH� OLJKW� TXDQWXPHQHUJ\������H9���7KH� VXFFHVVLYH� LUUDGLDWLRQRI�WKH�VDPSOHV�ZLWK�WKH�λ� OLJKW�VHHPV�WR�EHFKDUDFWHUL]HG� E\� WKH� VLOYHU� SDUWLFOH� VL]H� UH�GXFWLRQ� LQ� WKH� FRXUVH� RI� LWV� SKRWRLQGXFHGGLIIXVLRQ� DQG� WKH� FRUUHVSRQGLQJ�ZHDNHQLQJRI�WKH�FROORLG�DEVRUSWLRQ�EDQG��,Q�WKLV�FDVH�$J, FDQ�EH�IRUPHG�SUHGRPLQDQWO\�DW�WKH�3E,�FU\VWDOOLWH� ERXQGDULHV�� WKDW� LV� IDYRUHG� E\� DKLJK� FRQFHQWUDWLRQ� RI� DWRPV�ZLWK� GLVWRUWHG

)LJ�����3KRWRLQGXFHG�FKDQJHV�LQ�WKH�RSWLFDO�WUDQV�PLWWDQFH�DW�λ� LQ�D�ELOD\HU�$J±3E,� V\VWHP��6ROLGOLQHV�DQVZHU�WR�LUUDGLDWLRQ�ZLWK�λD  �����QP OLJKWDW�WKH�HQHUJ\�LOOXPLQDQFH�(H  ���:�FP���GDVKHGRQHV��WR�λ�  �����QP�DQG�(H  ��:�FP��
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FRRUGLQDWLRQ� DQG� EURNHQ� OHDG�VLOYHU� ERQGV�L�H��� E\� WKH� SUHVHQFH� RI� D� ODUJH� DPRXQW� RILRGLQH� LRQV� >��@�� 7KH� DFWLRQ� RI� VKRUW�ZDYHOLJKW� ZLWK� λD FDXVHV� WKH� $J, SKRWRLQGXFHGGHFRPSRVLWLRQ�� WKXV� JLYLQJ� ULVH� WR� HQODUJH�PHQW�RI�WKH�PHWDO�SDUWLFOH�DQG�IRUPDWLRQ�RIWKH� QHZ� RQHV�� 7KH�$J JUDLQV� RI� SKRWRO\WLFRULJLQ� FDXVH� DQ� LQWHQVH� DEVRUSWLRQ� EDQG� LQWKH�RSWLFDO�VSHFWUXP��7KH�FROORLG�EDQG�VKLIWE\�DERXW����WR����QP�WRZDUGV�ORQJHU�ZDYH�OHQJWKV� REVHUYHG� XQGHU� WKH� F\FOLF� OLJKW� DF�WLRQ�PD\� HYLGHQFH� D� UHGXFWLRQ�RI�WKH�GLHOHF�WULF� FRQVWDQW� LQ� WKH�PHGLXP� VXUURXQGLQJ� WKHVLOYHU�JUDLQV�>��@��7KLV�UHGXFWLRQ�LV�GXH�LQ�SDUWWR� WKH�$J, FRQWHQW� LQFUHDVH� DV� ZHOO� DV� WR� WKHVLOYHU� H[LW� RQWR� WKH� IUHH� RXWHU� VXUIDFH� RI� WKHVDPSOH��7KH�GDPSLQJ�RI�WKH�UHYHUVLEOH�SKRWRLQ�GXFHG�SKHQRPHQD�LV�GXH��ILUVW�RI�DOO��WR�R[LGD�WLRQ� UHDFWLRQV� RFFXUULQJ� LQ� WKH� VDPSOHV� �OHDGR[LGH� IRUPDWLRQ� LV� REVHUYHG��� K\GURO\VLV�� HWF�7KH� VXEOLPDWLRQ� RI� LRGLQH� UHOHDVHG� XQGHU� SKR�WRO\VLV�LV�SRVVLEOH��WRR�8QGHU� LUUDGLDWLRQ�RI� WKH�ELOD\HU� V\VWHPVZLWK� OLQHDUO\� SRODUL]HG� λ� OLJKW�� LUUHJXODUSHULRGLF�VWUXFWXUHV��36��DUH�UHYHDOHG�VLPLODUWR� WKRVH� REVHUYHG� EHIRUH� LQ� WKLQ� ILOP� V\V�WHPV�RQ�WKH�VLOYHU�KDOLGH�EDVLV�DV�ZHOO�DV�LQWKUHH�OD\HU� $J±3E,���&*6�� DQG� ELOD\HU$J�&*6��V\VWHPV�>�����@��7KH�36�SUHVHQFH�LVLQGLFDWHG� LQ� WKH�RSWLFDO� WUDQVPLWWDQFH�VSHF�WUXP� E\� D� PD[LPXP� DW� WKH�λ� ZDYHOHQJWK�)LJ�����FXUYH�����WKH�VR�FDOOHG�VSHFWUDO�SKR�WRDGDSWDWLRQ� HIIHFW� >��@�� 7KH� 36� GHYHORS�PHQW� ZDV� PRQLWRUHG� GLUHFWO\� LQ� WKH� FRXUVHRI�WKH�ELOD\HU�V\VWHP�LUUDGLDWLRQ�ZLWK�WKH�λ�ODVHU�EHDP��7R�WKDW�HQG��WKH�RSWLFDO�UHFRUG�LQJ� VFKHPH� RI� WKH� EHDP� GLIIUDFWHG� RQ� WKH36�� WKH� EHDP� EHLQJ� SURSDJDWHG� ZLWKLQ� WKHVXEVWUDWH�DQG�H[LWLQJ�WKURXJK�LWV�EXWW��RQO\RQH� GLIIUDFWLRQ� UHIOH[� ZDV� REVHUYHG��� 7KHSUHGRPLQDQW� RULHQWDWLRQ� RI� WKH� 36� OLQHV� LVSDUDOOHO� WR� WKH�( YHFWRU� RI� WKH� OLJKW� ZDYH�WKXV�LQGLFDWLQJ�WKDW�WKH�OLQHV�DUH�DVVRFLDWHGZLWK� WKH� H[FLWDWLRQ� RI� WKH� ZDYHJXLGH� 7(�PRGH�LQ�WKH�3E,� OD\HU��WKH�FXWRXW�WKLFNQHVVDERXW� ��� QP��� 7KH� 36� SHULRG� GHWHUPLQHGIURP� WKH� GLIIUDFWLRQ� PHDVXUHPHQWV� DJUHHVZHOO�ZLWK�WKH�HOHFWURQ�PLFURVFRSLF�H[DPLQD�WLRQV�DV�ZHOO�ZLWK�WKH�FDOFXODWHG�YDOXHV�RE�WDLQHG� WDNLQJ� LQWR� DFFRXQW� WKH� 7(� PRGHSURSDJDWLRQ� LQ� D� VLQJOH�OD\HU� ZDYHJXLGH>��@��)RU�WKH�VDPSOH�SUHVHQWHG�LQ�)LJ�����WKHLQWHUOLQH� GLVWDQFH� LQ� WKH� 36� LV� DERXW����QP��L�H���LW�LV�FRQVLGHUDEO\�VKRUWHU�WKDQWKH� ZDYHOHQJWK� RI� WKH� UHFRUGLQJ� UDGLDWLRQ�7KH�VPDOO�SDUWLFOHV�IRUPLQJ�WKH�36��SHUKDSVWKH� VLOYHU�PHWDO� JUDLQV�� KDYH� WKH� OLQHDU�GL�PHQVLRQ�RI�VHYHUDO�QDQRPHWHUV�DQG�DUH�GLV�WULEXWHG�RYHU�WKH�VDPSOH�VXUIDFH�DW�WKH�ILOO�

LQJ� IDFWRU� DERXW� ������ 6RPH� RI� WKRVH� IRUPFKDLQ�OLNH� VWUXFWXUHV�PHHWLQJ� HDFK�RWKHU� DWDQJOHV�QHDU�������WKXV�HYLGHQFLQJ�WKH�SDUWL�FOH� ORFDOL]DWLRQ� DW� WKH� ERXQGDULHV� RI� 3E,�FU\VWDOOLWHV�� 8QGHU� IXUWKHU� LUUDGLDWLRQ� RIWKH� VDPSOHV� ZLWK� WKH� λD OLJKW�� WKH� 36� EH�FRPH� GHJUDGHG�� WKH� QXPEHU� RI� WKH� UHYHUV�LEOH� UHFRUG�HUDVH� F\FOHV� IRU� WKH�36� LV� VPDOO�DERXW����GXH�WR�D�UDSLG�GDPSLQJ�RI�WKH�7(�PRGH� LQ� WKH� VDPSOHV� ZLWK� QXPHURXV� VWUXF�WXUH�GHIHFWV�DQG�FKDQJHG�FKHPLFDO�FRPSRVL�WLRQ�� 'XH� WR� VWURQJ� GDPSLQJ� RI� WKHZDYHJXLGH� PRGHV�� WKH� 36� DUH� QRW� IRUPHGDOVR� LQ� WKH� FDVH� ZKHQ� WKH� LQLWLDO� $J±3E,�V\VWHPV� DUH� LUUDGLDWHG� ZLWK� OLQHDUO\� SRODU�L]HG�λD OLJKW�IURP�WKH�3E,� DEVRUSWLRQ�UHJLRQ�,Q� WKLV� FDVH�� WKH� FRQGLWLRQ� G ���αÜ� LV� QRWPHW� �ZKHUH� G LV� WKH� 36� SHULRG��α�� WKH�3E,�DEVRUSWLRQ� FRHIILFLHQW�� WKDW�� DV� LV� VKRZQ� LQ>��@��GHILQHV�WKH�36�IRUPDWLRQ�SRVVLELOLW\�7KH�VWXGLHV�RI�WKH�ELOD\HU�$J±3E,� SKRWR�VHQVLWLYH�V\VWHPV�DOORZ�WR�FRQFOXGH�WKDW�WKHSKHQRPHQD� RI� UHYHUVLEOH� FKDQJHV� LQ� RSWLFDOSURSHUWLHV� DQG� 36� IRUPDWLRQ� REVHUYHG� EH�IRUH�LQ�WKUHH�OD\HU�$J±3E,���&*6��DUH�GXH�WRD�JUHDW�H[WHQW�WR�SKRWRLQGXFHG�SURFHVVHV�RF�FXUULQJ� ZLWKLQ� WKH� 3E,� OD\HU�� 7KH� UHVXOWVREWDLQHG� LPSURYH� WKH� FRQFHSWV� RI� SRVVLEOHPHFKDQLVPV� RI� WKH� SKRWRVWLPXODWHG� GLIIX�VLRQ� RI� PHWDOV� LQ� SRO\FU\VWDOOLQH� VHPLFRQ�GXFWRU�OD\HUV�

)LJ�����0LFURSKRWR� RI� D� ELOD\HU�$J±3E,� V\V�WHP� VDPSOH� LUUDGLDWHG� ZLWK� λ�  �����QPOLJKW�� 7KH� LQLWLDO� OD\HU� WKLFNQHVV� YDOXHV��$J�DERXW� ��� QP�� 3E,��� DERXW� ��� QP�� ( LV� WKHHOHFWULF� ILHOG� VWUHQJWK� RI� WKH� OLJKW� ZDYH�� G�WKH�35�LQWHUOLQH�GLVWDQFH��SHULRG��
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5HIHUHQFHV���,�=�,QGXWQ\��0�7�.RVW\VKLQ��2�3�.DV\DUXP�HWDO��� 3KRWRVWLPXODWHG� ,QWHUDFWLRQV� LQ� 0HWDO�6HPLFRQGXFWRU� 6WUXFWXUHV�� 1DXNRYD� 'XPND�.LHY��������>LQ�5XVVLDQ@����0�9�6RSLQVN\��*�3�2ONKRYLN��9�3�6REROHYVN\�LQ�� 2SWRHOHNWURQLND� L� 3ROXSURYRGQLNRYD\D7HNKQLND����WK�,VVXH���������S�������9�9�0XVVLO��<H�7�/HPHVKHYVND\D��$�3�2YFKD�UHQNR��)XQFWLRQDO�0DWHULDOV��������������������9�9�0XVVLO�� <H�7�/HPHVKHYVND\D�� 9�9�3LOL�SHQNR� HW� DO��� )XQFWLRQDO� 0DWHULDOV�� ��� ��������������.�+�%HKUQGW�� LQ�� 3K\VLFV� RI� 7KLQ� )LOPV�YRO����$FDGHPLF�3UHVV�,QF���1HZ�<RUN�����������9�9�0XVVLO�� <H�7�/HPHVKHYVND\D�� 9�9�3LOL�SHQNR� HW� DO��� )XQFWLRQDO� 0DWHULDOV�� ���� ��������������0�%RUQ�� (�:ROI�� 3ULQFLSOHV� RI� 2SWLFV�� 3HU�JDPRQ��2[IRUG�����������'�/�:LQGW�� &RPSXWHUV� LQ� 3K\VLFV�� ���� ����������

���/�$�$JHHY��.K�,�(O�$VKKDE��=K��3ULNO��6SHNWU���������������������9�.�0LORVODYVN\�� $�,�5\EDOND�� 8NU��)L]��=K����������������������/�$�$JHHY�� 9�.�0LORVODYVN\�� ,�1�6KNOD�UHYVN\��2SWLND�L�6SHNWU�����������������������/�$�$JHHY�� 9�.�0LORVODYVN\�� 9�,�/\PDU�� =K�3ULNO��6SHNWU����������������������<X�1�*RURNKRYVN\��6SHFWUDO�6WXGLHV�RI�3KRWR�JUDSKLF�3URFHVV��)L]PDWJL]��0RVFRZ��������>LQ5XVVLDQ@�����-�$UHQGV��-�9HUZH\��3K\V��6WDW��6ROLG��E����������������������/�$�$JHHY�� 9�.�0LORVODYVN\�� 2SWLFDO� (QJL�QHHULQJ����������������������/�$�$JHHY��9�.�0LORVODYVN\��.K�,�(O�$VKKDE�2SWLND�L�6SHNWU����������������������0�-�$GDPV�� $Q� LQWURGXFWLRQ� WR� 2SWLFDO:DYHJXLGHV��-RKQ�:LOOH\�DQG�6RQV��&KLFKHV�WHU�1HZ�<RUN�%ULVEDQH�7RURQWR������������/�$�$JHHY��9�.�0LORVODYVN\��7�6KWDLQERUQ�HWDO���$YWRPHWULD��1R��������������
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