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*DGROLQLXP��*G) RFFXSLHV�D�VSHFLILF�SODFHDPRQJ� KHDY\� UDUH�HDUWK� PHWDOV� �5(0�� IRUVHYHUDO� UHDVRQV�� )LUVW�� *G�� LRQ� KDYLQJ� WKH�I��V��S� FRQILJXUDWLRQ� KDV� QR� RUELWDO� PR �PHQWXP�ZKLOH� WKH� VSLQ�PRPHQWXP� KDV� WKHPD[LPXP� NQRZQ� YDOXH� �6  ������� 'XH� WRDEVHQFH�RI�VSLQ�RUELWDO�LQWHUDFWLRQ��WKH�PDJ �QHWLF�DQLVRWURS\�RI�JDGROLQLXP�LV�WZR�RUGHUVRI� PDJQLWXGH� ORZHU� WKDQ� WKRVH� RI� RWKHU5(0V� ZLWK� / ≠ �� �'\�� <E�� HWF���� 6HFRQG�DPRQJ�DOO�5(0V��LW�LV�*G RQO\�WKDW�VKRZV�DFKDUDFWHULVWLF� GLUHFW� SDUDPDJQHWLVP�WR�IHU �URPDJQHWLVP� WUDQVLWLRQ� �3 → )��� WKH� KH[�DJRQDO� FU\VWDO� ODWWLFH� V\PPHWU\� EHLQJ� FRQ �VHUYHG� LQ� WKH� IHUURPDJQHWLF� VWDWH�� LQ� FRQ �WUDVW� WR� RWKHU� 5(0V� �'\�� 7E�� HWF���� 1RWHWKDW� WKH�GLUHFW� 3 → ) WUDQVLWLRQ�ZDV�FDOOHGLQ�TXHVWLRQ� LQ� VRPH� HDUOLHU�ZRUNV� >����@� DO �WKRXJK� GLUHFW� QHXWURQ� GLIIUDFWLRQ� VWXGLHV>�@� HYLGHQFH� WKH� FROOLQHDU� IHUURPDJQHWLFVWUXFWXUH�EHORZ�WKH�&XULH�SRLQW��7KLUG��WKH*G WUDQVLWLRQ� WHPSHUDWXUH� WR� PDJQHWLFDOO\RUGHUHG� VWDWH� �7F a����� .�� LV� WKH� KLJKHVW

RQH� DPRQJ� DOO� 5(0V�� )RXUWK�� DW� WHPSHUD �WXUH� ORZHULQJ� GRZQ� WR� 7VU a����� .�� *GVKRZV� WKH� VSLQ� UHOD[DWLRQ� WUDQVLWLRQ� IURPWKH� KLJK�WHPSHUDWXUH� FROOLQHDU� IHUURPDJ �QHWLF�VWUXFWXUH��WKH�PDJQHWLF�PRPHQWXP�0LV�SDUDOOHO�WR�WKH�PDLQ� F D[LV�RI�KFS�ODWWLFH�WR�WKH�ORZ�WHPSHUDWXUH�FRQLFDO�RQH��WKH�FRQHDSH[� DQJOH� RI� WKH� �GLVRUGHUHG�� FRQLFDOVWUXFWXUH��ϕ �WKH�PDLQ�F D[LV�EHLQJ�WKH�FRQHRQH��EHLQJ�XQPRQRWRQLFDOO\�WHPSHUDWXUH�GH �SHQGHG�>�@��LQ�FRQWUDVW�WR�WKH�IHUURPDJQHWLF)6� VSLUDO� LQKHUHQW�� H�J��� LQ�+R�� WKH� SURMHF �WLRQV� RI� *G�PDQHWLF�PRPHQWV� RQ� WKH� EDVDOSODQH� GR� QRW� IRUP� D� UHJXODU� VSLUDO�� � )LIWK�LPSXULWLHV�HIIHFW�DSSUHFLDEO\�7F DQG�7VU >�@�.LQHWLF� SURSHUWLHV� RI� VLQJOH� FU\VWDOOLQHDQG�SRO\FU\VWDOOLQH�JDGROLQLXP��ILUVW�RI�DOO�LWV� HOHFWULF� UHVLVWDQFH�� DW� ORZ� WHPSHUDWXUHVZDV� VWXGLHG� LQ� QXPHURXV� ZRUNV� �VHH�� H�J��>�Ü��@��� ,Q� WKRVH� ZRUNV�� DWWHPSWV� ZHUHPDGH�WR�GLVFULPLQDWH�WKH�PDJQHWLF�FRQWULEX �WLRQ� WR� WKH� UHVLVWDQFH� �ρPDJQ�� DQG� WR� HVWDE�OLVK� WKH� FKDUDFWHU� DQG� QDWXUH� RI� WKH
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ρPDJQ�7��GHSHQGHQFH��7R�WKDW�HQG��WKH�0DW�WKLHVVHQ�UXOH�>��@�ZDV�XVHG�IRU�QRW�YHU\�ORZWHPSHUDWXUHV� �ZKHQ� WKH�FRQWULEXWLRQ� WR� WKHUHVLVWDQFH� GXH� WR� HOHFWURQ�HOHFWURQ� FROOL �VLRQV��ρHO�� LV�QHJOLJLEOH��WKH�'HE\H�WHPSHUD�WXUH� IRU� *G EHLQJ� UDWKHU� ORZ�� Θ'a����.>��@���7KH�UXOH�LV�H[SUHVVHG�DV�
ρ(7) = ρ� + ρSKRQ(7) + ρPDJQ(7)�� ���

ZKHUH� ρ� LV� WKH� UHVLGXDO� UHVLVWLYLW\� GXH� WRLPSXULWLHV�DQG�GHIHFWV��ρSKRQ��UHVLVWDQFH�GXHWR�VFDWWHULQJ�RQ�SKRQRQV��ρPDJQ��WKDW�GXH�WRVFDWWHULQJ�RQ�PDJQRQV��$OWKRXJK� ρPDJQ ZDVUHYHDOHG� LQ� DOO� WKH� VWXGLHV�� WKH� UHVXOWV� RE �WDLQHG�DUH�FRQWUDGLFWRU\��7KH�FRQWUDGLFWLRQVFRQFHUQ� TXHVWLRQV� RI� SULQFLSDO� LPSRUWDQFH�QDPHO\��WKH�ρPDJQ�7��GHSHQGHQFH�VKDSH��WKH
ρPDJQ DQLVRWURS\� FKDUDFWHU�� WKH� HIIHFWV� LQPDJQHWLF�SKDVH�WUDQVLWLRQ�V��SRLQW�V��,Q�WKLV�FRQQHFWLRQ��WKLV�ZRUN�LV�DLPHG�DWSUHFLVH� VWXG\�RI� HOHFWULF� UHVLVWDQFH� RI�D� *GVLQJOH� FU\VWDO� LQ� GLUHFWLRQV� DORQJ� DQG� SHU �SHQGLFXODU� WR� WKH� PDLQ� D[LV� RI� KFS� ODWWLFHZLWKLQ� WHPSHUDWXUH� UDQJH� RI� ���� WR� ����.LQFOXGLQJ�7F DQG�7VU��7KH�PDJQHWLF� VXVFHS�WLELOLW\� ZDV�PHDVXUHG�� WRR�� WR� GHWHFW� SKDVHWUDQVLWLRQV�LQ�GLIIHUHQW�GLUHFWLRQV��7KH�XOWL �PDWH� SXUSRVH� RI� WKH�ZRUN� LV� WR� HVWDEOLVK� DFRUUHODWLRQ� EHWZHHQ� WKH� EHKDYLRU� RI� PDJ �QHWLF�FRQWULEXWLRQ�WR�JDGROLQLXP�HOHFWULF�UH �VLVWDQFH� DQG� WKH� PDJQHWLF� VWUXFWXUH� HYROX �WLRQ�DW�WHPSHUDWXUH�YDULDWLRQ�$OO�VWXGLHV�ZHUH�GRQH�XVLQJ�D�JDGROLQLXPVLQJOH�FU\VWDO�RI�DERXW��×�×���PP� VL]H�RE�WDLQHG� E\� ]RQH� UHFU\VWDOOL]DWLRQ� PHWKRG�7KH� PDWHULDO� SXULW\� JUDGH� ZDV� DW� OHDVW����� �� �PDLQ� LPSXULWLHV� EHLQJ� 5(0V�DPRXQW� RI� RWKHU� LPSXULWLHV� GLG� QRW� H[FHVV���������7KH�VLQJOH�FU\VWDO�ZDV�RULHQWHG�WRZLWKLQ��Ü�� XVLQJ�D�VSHFLDO�DWWDFKPHQW�WR�D'521������;�UD\�GLIIUDFWRPHWHU��7KH�VDP�SOHV� IRU� PHDVXUHPHQWV� ZHUH� FXW� XVLQJ� DQHOHFWULFDO� GLVFKDUJH� PDFKLQH�� 7KH� FXUUHQWDQG� SRWHQWLDO� FRQWDFWV� ZHUH� DSSOLHG� XVLQJFRQGXFWLYH�VLOYHU�DGKHVLYH�7KH�HOHFWULF�UHVLVWDQFH�DQG�PDJQHWLF�VXV �FHSWLELOLW\� RI� WKH� *G VLQJOH� FU\VWDO� DW� ORZWHPSHUDWXUHV�ZHUH�VWXGLHG�XVLQJ�D�3&�EDVHGLQVWUXPHQW�VRIWZDUH� PHDVXULQJ� FRPSOH[�,60&��>��@��7KH�,60&�IRU�PHDVXUHPHQWV�RIWHPSHUDWXUH� GHSHQGHQFHV� RI� HOHFWURSK\VLFDODQG� PDJQHWLF� SURSHUWLHV� ZLWKLQ� WKH� ��� WR���� .� UDQJH� KDV� EHHQ� GHYHORSHG� XVLQJ� D5*'�����FU\RJHQHUDWRU� �/H\�EROG���$�SODWL�QXP� UHVLVWDQFH� WKHUPRPHWHU� ZDV� XVHG� DVWKH�WHPSHUDWXUH�VHQVRU�

$V� PHQWLRQHG� DERYH�� WKH� G\QDPLF� PDJ �QHWLF�VXVFHSWLELOLW\�ZDV�PHDVXUHG�DV�D�IXQF �WLRQ� RI� WHPSHUDWXUH� WR� GHWHFW� WKH�PDJQHWLFWUDQVIRUPDWLRQV� DW� 7F DQG�7VU��7KH� HVVHQFHRI� WKH�PHWKRG� FRQVLVWV� LQ� GHWHUPLQDWLRQ� RIFKDQJHV� LQ� PDJQHWLF� SDUDPHWHUV� RI� D� FRLOGXH� WR� LQWURGXFWLRQ� RI� WKH� VDPSOH� WKHUHWR>��@�� 7R� WKDW� HQG�� WKH� WHPSHUDWXUH�GHSHQG �HQFHV�RI�LQGXFWDQFH�ZHUH�GHWHUPLQHG�IRU�WKHVDPSOH�IUHH� FRLO� >/FRLO�7�@�� WKH� FRLO� ZLWK� DVDPSOH�>/WRW�7�@��DQG�WKH�PDJQHWLF�ORVV�WDQ�JHQW�>WJδ�7�@�ZHUH�GHWHUPLQHG�XVLQJ�D�(����GLJLWDO� LQGXFWDQFH� PHWHU� �RSHUDWLQJ� IUH �TXHQF\�I  ���0+]���6LQFH�WKH�PHDVXUHPHQWVZHUH� UDWKHU� TXDOLWDWLYH� DQG� WKH� /FRLO�7�� LVPRQRWRQRXV�� LW� LV� SRVVLEOH� WR� GHWHUPLQH/VDPSOH�7�� � /WRW�7��Ü�/FRLO�7��ZKHUH�/VDPSOHLV� WKH� FRQWULEXWLRQ� WR� WKH� FRLO� LQGXFWDQFHGXH�WR�WKH�VDPSOH�WKHUHLQ�7KH� YDOXHV� RI� UHDO� �χ′�� DQG� LPDJLQH� �χ′′�FRPSRQHQWV� RI� WKH� FRPSOH[� PDJQHWLF� VXV �FHSWLELOLW\�
χ = χ′ + Lχ′′�� ����DUH�UHODWHG�WR�/[ DQG�WJδ E\�VLPSOH�UHODWLRQ�VKLSV

χ′ = $ ⋅ /VDPSOH� χ′′ = χ′ ⋅ WJδ�� ���ZKHUH�$ LV�WKH�LQVWUXPHQWDO�FRQVWDQW�

)LJ�����7HPSHUDWXUH�GHSHQGHQFH� RI� UHDO� FRP�SRQHQW� RI� JDGROLQLXP� FRPSOH[�PDJQHWLF� VXV�FHSWLELOLW\�DORQJ�����DQG�SHUSHQGLFXODU�WR�WKHPDLQ�D[LV�����Ü��D����χF′′�7��Ü��E��
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7KH� PHDVXUHG� YDOXHV� RI� TXDQWLWLHV� LQSURSRUWLRQ� WR� WKH�UHDO� �χ′�� DQG� LPDJLQH� �χ′′�FRPSRQHQWV�RI�JDGROLQLXP�PDJQHWLF�VXVFHS �WLELOLW\�WHQVRU�DORQJ�WKH�PDLQ� F D[LV�DQG�LQWKH�EDVDO�DE SODQH�DUH�SUHVHQWHG�LQ�)LJ�����7KH� WHPSHUDWXUH�GHSHQGHQFH�RI� *G PDJ�QHWLF�VXVFHSWLELOLW\�LV�VHHQ�WR�EH�DQLVRWURSLF�$W� 7  �7F a����� .� �WKH� SUHFLVH� GHWHUPLQD�WLRQ� RI�PDJQHWLF� SKDVH� WUDQVLWLRQ� WHPSHUD �WXUHV� LV� EH\RQG� WKH� IUDPH� RI� WKLV�ZRUN��� DSURQRXQFHG� SHDN� LV� REVHUYHG� LQ� WKH� χF′ �7�GHSHQGHQFH� WKDW� LV� W\SLFDO� RI� VHFRQG� RUGHUSKDVH�WUDQVLWLRQV��LQ� χDE′ �7��FXUYHV��WKH�VLQ�JXODULWLHV� LQ� WKH�&XULH� SRLQW� DUH�PXFK� OHVVSURQRXQFHG�� ,Q� FRQWUDVW�� QHDU� WKH� VSLQ� UH �RULHQWDWLRQ�WHPSHUDWXUH�7VU a�����.��WKH�HI�IHFWV�DUH� VHHQ� WR�EH�D� UDWKHU�EURDG�SHDN� LQWKH�χDE′ �7��FXUYH�DQG�RQO\�D�KLQW�DW�D�PD[L �PXP�LQ�WKH� χF′ �7��RQH��7KH�FKDQJH� LQ� χF′ ′�7�FXUYH� QHDU� 7VU LV� PRUH� FOHDU�� VHH� LQVHW� LQ)LJ�����7KH�REVHUYHG�PDJQHWLF�VXVFHSWLELOLW\DQLVRWURS\� DW� �� 0+]� DJUHHV� TXDOLWDWLYHO\ZLWK�WKH�ORZ�IUHTXHQF\�PHDVXUHPHQW�UHVXOWV�I  ����� +]� >�@�� ZKLOH� DQRWKHU� DQLVRWURS\FKDUDFWHU� RI� χ′ DQG�χ′′ KDV�EHHQ�UHYHDOHG� LQ>�@�DW����WR������+]�IUHTXHQFLHV��7R�GLVFXVVUHDVRQV� IRU� WKHVH� GLVWLQFWLRQV� LV� REYLRXVO\EH\RQG�WKH�IUDPH�RI�WKLV�ZRUN�ZKHUH�PHDV �XUHPHQWV� RI� χ�7�� GHSHQGHQFHV� SOD\� RQO\DX[LOLDU\�SDUW�DV�DQ�LQGLFDWLYH�PHWKRG�7KH� PHDVXUHPHQW� UHVXOWV� RI� HOHFWULF� UH �VLVWDQFH� RI� WKH�*G VLQJOH� FU\VWDO� DORQJ� WKHPDLQ� F D[LV� DQG� LQ� WKH� EDVDO� DE SODQH� DUHSUHVHQWHG� LQ� )LJ����� 'XH� WR� FRPSOLFDWHGVKDSH� RI� *G� VLQJOH� FU\VWDOV�� DEVROXWH� �5�

UHVLVWDQFH�YDOXHV�DORQJ�WKH�FU\VWDO�D[HV�DUHSUHVHQWHG�LQ�WKH�)LJXUH�LQVWHDG�WKH�VSHFLILFRQHV��ρ��7KH�5�7�� FXUYHV�DORQJ�WKH� F D[LV�DQG�SHU�SHQGLFXODU� WKHUHWR�DUH� VXEVWDQWLDOO\�GLIIHUHQW�$W�7 ��7F� WKH�5DE�7��FXUYH�LV�FRQFDYH�ZKLOHWKH�5F�7��RQH�LV�FRQYH[��7ZR�LQIOH[LRQV�DUHREVHUYHG�LQ�WKH�5DE�7��GHSHQGHQFH��RQH�QHDU7F DQG� VHFRQG�� QHDU� 7VU�� 7KHVH� LQIOH[LRQVFRUUHVSRQG� WR� WZR�PD[LPD� LQ� WKH� WHPSHUD �WXUH� GHSHQGHQFH� RI� UHVLVWDQFH� FRHIILFLHQW���ρDE�⋅�GρDE�G7���VHH�OHIW�KDQG LQVHW�LQ�)LJ����,Q� WKH�5F�7�� FXUYH�� WKHUH� LV�RQO\�RQH�PD[L �PXP� QHDU� 7F�� VHH� WKH� ULJKW�KDQG LQVHW� LQ)LJ����� 1R� DSSUHFLDEOH� VLQJXODULWLHV� DUH� RE �VHUYHG�QHDU�7VU LQ�WHPSHUDWXUH�GHSHQGHQFHVRI�5F RU����ρF�⋅�GρF�G7��7R� GLVFULPLQDWH� WKH�PDJQHWLF� FRPSRQHQWRI� JDGROLQLXP� HOHFWULF� UHVLVWDQFH�� WKH� FRQ �WULEXWLRQV� DVVRFLDWHG� ZLWK� HOHFWURQ� VFDWWHU �LQJ�RQ�SKRQRQV��5SKRQ��DQG�WKH�UHVLGXDO�UH�VLVWDQFH� 5� DUH� WR� EH� VXEWUDFWHG� IURP� WKHREWDLQHG� 5�7�� GHSHQGHQFHV�� 6LQFH� LQ� WKLVZRUN��PHDVXUHPHQWV�ZHUH�GRQH�DW�UHODWLYHO\KLJK� WHPSHUDWXUHV� ����Ü���� .�� DQG� WKH'HE\H�WHPSHUDWXUH�IRU�*G LV�UDWKHU�ORZ��WKH

)LJ����� 7HPSHUDWXUH� GHSHQGHQFH� RI� JDGROLQ�LXP�VLQJOH�FU\VWDO�HOHFWULF�UHVLVWDQFH�DORQJ����DQG� SHUSHQGLFXODU� WR� WKH� PDLQ� D[LV� ����� ,Q�VHWV�� 5F�7�� QHDU� 7F �ULJKW��� WHPSHUDWXUH� GH�SHQGHQFH� RI� HOHFWULF� UHVLVWDQFH� WHPSHUDWXUHFRHIILFLHQW�LQ�WKH�DE SODQH��OHIW��
)LJ����� 7HPSHUDWXUH� GHSHQGHQFH� RI�PDJQHWLFFRQWULEXWLRQ�WR�JDGROLQLXP�VLQJOH�FU\VWDO�HOHF�WULF� UHVLVWDQFH� DORQJ� DQG� SHUSHQGLFXODU� WR� WKHPDLQ� D[LV�� D�� �∆ρF�ρF�PDJQ�7��� LQVHW�� WHPSHUD�WXUH�GHSHQGHQFH�RI�DQJOH�EHWZHHQ�WKH�PDJQHWLFPRPHQWXP�0 DQG�F D[LV�IRU�JDGROLQLXP�>�@��E��∆ρDE�ρDE�PDJQ�7���LQVHW���∆ρDE�ρDE�FRQ�7��
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5�7��GHSHQGHQFH�LQ�WKH�SDUDPDJQHWLF�UHJLRQFDQ�EH�DSSUR[LPDWHG�E\�D�VWUDLJKW�OLQH
5(7) = 5� +

G5SKRQG7 ⋅ 7 = $ + % ⋅ 7�� ���
6XEWUDFWLQJ� WKLV� VWUDLJKW� OLQH� IURP� WKHH[SHULPHQWDO�5�7��FXUYH��WKH�PDJQHWLF�FRQ�WULEXWLRQ� WR� WKH� UHVLVWDQFH� FDQ� EH� REWDLQHGDW� D� FHUWDLQ� DFFXUDF\�� 8QIRUWXQDWHO\�� WKHPDJQHWLF�FRQWULEXWLRQ�GLVFULPLQDWLRQ�SURFH �GXUH� KDV� EHHQ� DSSOLHG� VXFFHVVIXOO\� RQO\� WR5DE�7�� GHSHQGHQFH�� 7KH� PDJQHWLF� FRQWULEX �WLRQ� DORQJ� WKH� PDLQ� D[LV� FDQ� EH� GLVFULPL �QDWHG� RQO\� YHU\� DSSUR[LPDWHO\�� VLQFH� WKHUHLV� QR� OLQHDU� VHFWLRQ� ZLWK� SRVLWLYH� VORSH� LQ5F�7��FXUYH�DW���� ≤ 7 ≤ ����.�7KH� WHPSHUDWXUH� GHSHQGHQFH� RI� UHODWLYHPDJQHWLF� FRQWULEXWLRQ� ^IRU� HDFK� H[SHULPHQ �WDO�SRLQW��7��5��O\LQJ�EHORZ�7F���∆ρ�ρ�PDJQ  >5�7��Ü� $ Ü�%7@�5�7�@� WR� JDGROLQLXP� HOHF�WULF� UHVLVWDQFH� LV� VKRZQ� LQ�)LJ�����7ZR�GLV �WLQFW� UHJLRQV� DUH� REVHUYHG� LQ� WKH�ρDE�ρDE�PDJQ�7�� FXUYH��7KRVH� DUH�� D� VHFWLRQRI� UHODWLYHO\� ZHDN� DOPRVW� OLQHDU� WHPSHUD �WXUH� GHSHQGHQFH� �7VU ��7 ��7F�� DQG� WKDW� RID�KLJKHU�VORSH�DQG�DQ�DSSUHFLDEOH�QRQOLQHDU �LW\� �7 ��7VU��� 7KH� �∆ρF�ρF�PDJQ�7�� FXUYH� LVSDUDEROLF�ZLWKLQ�WKH�ZKROH�7 ��7F UDQJH�DQGQR�VLQJXODULWLHV�DUH�REVHUYHG�QHDU� 7VU�7KXV�� WKH�PDLQ� UHVXOWV� RI� HOHFWULF� UHVLV �WDQFH� VWXG\� RI� D� JDGROLQLXP� VLQJOH� FU\VWDODUH�DV�IROORZV�� ,Q�IHUURPDJQHWLF�VWDWH��JDG �ROLQLXP�H[KLELWV�D� VWURQJ�UHVLVWDQFH�DQLVRW �URS\��7KH�5F�7��GHSHQGHQFH�LV�D�FXUYH�ZLWKD� PD[LPXP� QHDU� WKH� &XULH� SRLQW� 7F�� WKH5DE�7�� RQH� VKRZV� WZR� LQIOHFWLRQV� QHDU� WKH&XULH�SRLQW�DQG�WKH�VSLQ�UHRULHQWDWLRQ�WHP �SHUDWXUH� 7VU�� 7KH� WHPSHUDWXUH� GHSHQGHQFHVRI� PDJQHWLF� FRQWULEXWLRQ� WR� JDGROLQLXPHOHFWULF� UHVLVWDQFH� DORQJ� WKH�PDLQ� D[LV� DQGSHUSHQGLFXODU� WKHUHWR� DUH�GLIIHUHQW�TXDOLWD �WLYHO\��$ORQJ� WKH� F D[LV�� WKH� GHSHQGHQFH� LVSUHVHQWHG�E\�D�SDUDEROLF�FXUYH�ZLWKRXW�DQ\VLQJXODULWLHV� DW� 7VU�� LQ� WKH� DE SODQH�� WKHFXUYH�KDV�D�NLQN�DW�7VU�7KH�ODWWHU�LQVWDQFH��QRW�QRWHG�XS�WR�GDWHDV�IDU�DV�ZH�NQRZ��VHHPV�WR�EH�RI�FRQVLGHU �DEOH� LQWHUHVW�� 6XFK� D� EHKDYLRU� RI�∆ρ�ρ�PDJQ�7��GHSHQGHQFHV�UHVXOWV�REYLRXVO\IURP� HIIHFW� RI� JDGROLQLXP� PDJQHWLF� VWUXF �WXUH�HYROXWLRQ�RQ�LWV�NLQHWLF�SURSHUWLHV��,Q�IDFW�ZLWKLQ� WKH� ZKROH� WHPSHUDWXUH� UDQJH� 7 ��7F�WKHUH� LV� D� FRPSRQHQW� RI� PDJQHWLF� PRPHQ �WXP� 0 �0F  �0⋅FRVϕ�� DORQJ� WKH� F D[LV�WKXV�� D�PDJQHWLF� FRQWULEXWLRQ� WR� WKH� UHVLV �WDQFH�LV�SUHVHQW�ZLWKLQ�WKH�VDPH�UDQJH��WRR�,W�LV�REYLRXV�WKDW�WKH�GHFUHDVH�RI�WKH�ORQJLWX �

GLQDO�0 FRPSRQHQW�IURP�0F IRU�WKH�FROOLQHDUIHUURPDJQHWLF� VWUXFWXUH� �DW� 7VU �7 ��7F� LQWKH�VHFRQG�RUGHU�SKDVH�WUDQVLWLRQ�SRLQW��7VU�GRZQ�WR�0⋅FRVϕ IRU�WKH�FRQLFDO�VWUXFWXUH��DW7 ��7VU��LV�QRW�DFFRPSDQLHG�E\�D�VXEVWDQWLDOFKDQJH�LQ�WKH�5F�7��GHSHQGHQFH�,W�LV�DQRWKHU�VLWXDWLRQ�IRU�GLUHFWLRQV�SHU �SHQGLFXODU�WR�WKH�PDLQ�D[LV��7KH�FRPSRQHQWRI� PDJQHWLF� PRPHQWXP� 0 IRU� GLUHFWLRQVO\LQJ�LQ�WKH�DE SODQH��0F  �0⋅VLQϕ��DSSHDUVRQO\� DW�7  �7VU��ZKHUHDV� WKH�PDJQHWLF� FRQ�WULEXWLRQ� WR� HOHFWULF� UHVLVWDQFH� FKDQJHVVKDUSO\��7KH�DSSHDUDQFH�RI�QRQOLQHDU�FRQWUL �EXWLRQ� WR� �∆ρDE�ρDE�PDJQ LV� YHU\� V\PSWR�PDWLF��,W�HYLGHQFHV�D�SURQRXQFHG�FRUUHODWLRQEHWZHHQ� WKH� H[WUHPH� FKDUDFWHU� RI� WHPSHUD �WXUH� GHSHQGHQFH� RI� WKH� FRQLFDO� IHUURPDJ �QHWLF� VWUXFWXUH�SDUDPHWHU�� L�H��� WKH�DQJOH� ϕEHWZHHQ�WKH�PDJQHWLF�PRPHQWXP�DQG� F D[LV�VHH� LQVHW� LQ�)LJ���D�� DQG� H[WUHPH�EHKDYLRURI� WKH� FRUUHVSRQGLQJ� FRQWULEXWLRQ� WR�∆ρDE�ρDE�PDJQ�� L�H��� �∆ρDE�ρDE�FRQ �VHH� LQVHWLQ� )LJ���E��� 7KH� UDWKHU� VPDOO� �∆ρDE�ρDE�FRQYDOXH�ZDV�HVWLPDWHG�DV�WKH�GHYLDWLRQ�H[WHQWRI�WKH��∆ρDE�ρDE�PDJQ�SHQGHQFH�IURP�WKH�OLQ�HDU�RQH�DW�7�7VU��5HIHUHQFHV���9�$�)LQNHO�� 6WUXFWXUH� RI� 5DUH� (DUWK�0HWDOV�0HWDOOXUJLD��0RVFRZ��������>LQ�5XVVLDQ@����.�3�%HORY�� $�/�3HG±NR�� =K��(NVSHU��7HRU��)L]�������������������-�0�'�&RH\�� 9�6NXPU\HY�� .�*DOODJHU�� 1D�WXUH��������������������-�:�&DEOH�� (�2�:ROODQ�� 3K\V��5HY��� ����� �������������6�<X�'DQ�NRY�� $�0�7LVKLQ�� 9�.�3HFKDUVN\�.�$�*VFKQHLGQHU�� 3K\V��5HY��� %���� ��������������.�3�%HORY�� <X�9�(UJLQ�� ,]Y��$1� 6665�� 6HU�)L]���������������������,�7RNDVKL�� -��6FL��+LURVKLPD�8QLY���6HU��$�� ������������������6�$�1LNLWLQ�� 6�6�6ORERGFKLNRY�� ,�.�6RORPNLQ�)L]��0HWDO��0HWDOORYHG��������������������:�-�1HOOLV��6�/HJYROG��-��$SSO��3K\V����������������������0�%�6DODPRQ��'�6�6LPRQV��3K\V��5HY���%������������������-�%�6RXVD�� 0�0�$PDGD�� 5�3�3LQWR� HW� DO��� -�3K\V��)��0HWDO�3K\V������/���������������$�0DWWKLHVVHQ��5HS��%ULW��$VV����������������������0�5RVHQ��3K\V��5HY�����������������������9�9�7RU\DQLN�� 9�$�)LQNHO�� 9�9�'HUHY\DQNR�)L]��.KLP��2EUDE��0DWHU���1R������������������9�,�&KHFKHUQLNRY�� 0DJQHWLF� 0HDVXUHPHQWV�0RVFRZ�8QLY��3XEO���������>LQ�5XVVLDQ@�

9�$�)LQNHO��9�9�'HUHY\DQNR���0DJQHWLF�FRQWULEXWLRQ����

)XQFWLRQDO�PDWHULDOV������������� ��



lÈ�ÓL�ÓÒ®�mÓË°º}�m�ËãË}�¯Ò�ÓÒ®�º¹L¯�äºÓº}¯Ò°�ÈãD�È�ºãLÓL
 ¹¯Ò�ÓÒÏ	}Ò²��Ëä¹Ë¯È��¯È²
{�2�nLÓ}Ëã	��{�{�iË¯Ëm�«Ó}º

{ÒäL¯«Óº� ËãË}�¯ºº¹L¯� äºÓº}¯Ò°�ÈãÈ� ÁË¯ºäÈ�ÓL�Óº�º� ¯L�}L°ÓºÏËäËã	Óº�º� äË�Èã��È�ºãLÓL
 ���LÈ¹ÈÏºÓL��Ëä¹Ë¯È��¯����Ü����.��«}Ò®�m}ã
�È¼��º�}��z
¯L�7F �È��Ëä¹Ë¯È���¯��°¹LÓºmº��¹Ë¯Ëº¯L¼Ó�È�L��7VU��{°�ÈÓºmãËÓº���º��Ëä¹Ë¯È��¯ÓÈ�ÏÈãËÎÓL°�	 äÈ�ÓL�Óº�ºmÓË°}����ËãË}�¯ºº¹L¯��∆ρ�ρ�PDJQ mÏ�ºmÎ��ºãºmÓº��mL°L�F �È���¹Ë¯¹ËÓ�Ò}�ã«¯Óºä��ÓÈ¹¯«�ä�� äÈ¼� «}L°Óº� ¯LÏÓÒ®� ²È¯È}�Ë¯� Ü� m©¹�}ãÈ� }¯ÒmÈ� mÏ�ºmÎ� mL°L� F �È� ��Ó��È� }¯ÒmÈ� LÏ¯LÏ}Òä�¹Ë¯Ë�ÒÓºä�7VU �ã«�¹ãº�ÒÓÒ�DE�

9�$�)LQNHO��9�9�'HUHY\DQNR���0DJQHWLF�FRQWULEXWLRQ����

�� )XQFWLRQDO�PDWHULDOV�������������


