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$� WUHPHQGRXV� QXPEHU� RI� VFLHQWLILF� SD�SHUV� KDYH� EHHQ� ZULWWHQ� RQ� VWXGLHV� RI� WKHNLQHWLF�SURSHUWLHV� �HOHFWULF� UHVLVWDQFH�� FULWL�FDO�FXUUHQW��+DOO�FRHIILFLHQW�DQG�PDJQHWRUH�VLVWDQFH�� RI� VLQJOH� FU\VWDOV�� WKLQ� ILOPV� DQGEXON�VDPSOHV�RI�KLJK�WHPSHUDWXUH�VXSHUFRQ�GXFWRUV� �+76&�� RI� YDULDEOH� FRPSRVLWLRQDFURVV� D�ZLGH� LQWHUYDO� RI� WHPSHUDWXUHV� DQGDSSOLHG� PDJQHWLF� ILHOGV�� 2QH� PXVW� QRWHWKDW��GHVSLWH�WKH�KLJK�SRWHQWLDO�SRVVLELOLWLHVRI� WKH� PDJQHWRUHVLVWDQFH� PHDVXUHPHQWPHWKRG�WR�PDNH�VWXGLHV�ERWK�RQ�WKH�IXQGD�PHQWDO�SDUDPHWHUV�RI�WKH�VXSHUFRQGXFWLYLW\�PHDQLQJ�WKH�ORZHU�s°� DQG�XSSHU�s°� FULWL�FDO� ILHOGV�� VHH�� IRU� H[DPSOH�� WKH� UHYLHZSDSHU� >�@�� DQG� WKH� G\QDPLFV� RI� PDJQHWLF

YRUWLFHV� �VHH�� IRU� LQVWDQFH�� WKH� UHYLHZ� SD�SHUV� >�Ü�@��� WKLV� PHWKRG� RFFXSLHV� D� UHOD�WLYHO\�PRGHVW�VORW� LQ�WKH�UHVHDUFK�RQ�+76&SURSHUWLHV��7KH� DQDO\VLV� RI� PHDVXUHPHQW�WDNLQJV� RIWKH� PDJQHWRUHVLVWDQFH� �∆ρ ⁄ ρ��� .�� RI� WKH+76&� LV� UDWKHU� FRPSOLFDWHG�� WKH� DOLJQPHQWGHSHQGHQFH� �∆ρ ⁄ ρ��� .��+�� EHLQJ� GHVFULEHGE\� WKH� IRXUWK�UDQN� WHQVRU� >�@�� :LWK� WKLVREVHUYDWLRQ� LQ�PLQG��ZKLOH� LQWHUSUHWLQJ� UH�VXOWV� RI� VWXGLHV� RQ� WKH�PDJQHWRUHVLVWDQFH� RIJUDQXODU�+76&��WKH�REMHFWV�RI�VWXG\�DUH��DV�DUXOH��UHJDUGHG�DV�D�FHUWDLQ�XQEURNHQ�PHGLXPFRQVLVWLQJ� RI� D� PL[WXUH� RI� WKH� VXSHUFRQ�GXFWLQJ��6��DQG�QRUPDO��1��SKDVHV�>�Ü��@����
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,W� LV� TXLWH� REYLRXV� WKDW� LQIRUPDWLRQ� RQWKH�PDJQHWRUHVLVWDQFH�RI�FHUDPLF��JUDQXODU�+76&� PDWHULDOV� LQ� ZHDN� PDJQHWLF� ILHOGVPXVW�EH�LQYDOXDEOH�IRU�VWXGLHV�RQ�WKH�VXSHU�FRQGXFWLYLW\� SDUDPHWHUV� DQG� G\QDPLFV� RIPDJQHWLF� YRUWLFHV� ERWK� LQ� +76&� JUDQXOHVDQG� TXDVL��'� LQWHUJUDLQ� FRQWDFWV�� WKH-RVHSKVRQ�ZHDN�OLQNV��IRU�ZKLFK�WKH�FULWLFDOWHPSHUDWXUHV� DQG� ILHOGV� DUH� FRQVLGHUDEO\ORZHU�WKDQ�IRU�WKH�VXSHUFRQGXFWLQJ�JUDQXOHV�7F- ≤ 7F$�� +F�- ���+F�$�� +F�- ���+F�$�ZKHUH� WKH� VXEVFULSWV� �-�� DQG� �$�� SHUWDLQWR� WKH� ZHDN� OLQNV� DQG� VXSHUFRQGXFWLQJJUDQXOHV�� L�H�� WR� WKH� -RVHSKVRQ� DQG� $EULN�RVRY�PHGLD��7KH� DLP� RI� WKLV� SDSHU� LV� WR� SXUVXH� UH�VHDUFK� LQWR� WKH� ILHOG� UHODWLRQVKLSV� RI� WKHWUDQVYHUVH� �, ⊥ +�� DQG� ORQJLWXGLQDO� �, __�+�PDJQHWRUHVLVWDQFH�RI�WKH�JUDQXODU�VXSHUFRQ�GXFWRU�<%D�&X�2�±δ DW� WKH� WHPSHUDWXUH�  ������z�LQ�VXFK�D�UDQJH�RI�WKH�PDJQHWLFILHOG� VWUHQJWKV�+ WKDW� HPEUDFHV� WKH� UHJLRQRI�WKH�ILHOGV�+F�-��+F�- DQG�+F�$��$Q�RXW�VWDQGLQJ�IHDWXUH�RI�WKH�SUHVHQW�ZRUN�LV�VXFKWKDW�WKH�YDOXH�RI�PHDVXULQJ��WUDQVSRUW��FXU�UHQW�, LQ�WKH�FRXUVH�RI�WDNLQJ�WKH�9�+ FKDU�DFWHULVWLFV� DQG� WKH� �PDJQHWRF\FOLQJ� GHSWK��L�H��WKH�YDOXH�RI�WKH�PD[LPXP�ILHOG�+PD[�XS� WR� ZKLFK� WKH� PHDVXUHPHQWV� RI� PDJQH�WRUHVLVWDQFH� DUH� WDNHQ� DFFRUGLQJ� WR� WKHVFKHPH� �� → +PD[ → ���� VHH� EHORZ�� YDU\DFURVV�UHODWLYHO\�ZLGH�OLPLWV�����,Q�DGGLWLRQ�WR�PDNLQJ�VWXG\�RQ�WKH�JHQ�HUDO�QDWXUH�RI� WKH� UHODWLRQVKLSV�∆ρ ⁄ ρ����+�WKH�SDSHU�FRQVLGHUV�WZR�SKHQRPHQD�����,UUHYHUVLELOLW\��K\VWHUHVLV��RI�WKH�PDJ�QHWRUHVLVWDQFH� XSRQ� LQFUHDVLQJ� RU� GHFUHDVLQJRI�WKH�DSSOLHG�PDJQHWLF�ILHOG�VWUHQJWK�s����$SSHDUDQFH�RI�MXPSV�RQ�WKH�FXUYHV�RI
∆ρ ⁄ ρ����+��DW�FHUWDLQ�YDOXHV�RI� WKH�DSSOLHGPDJQHWLF�ILHOG�s�/HW� XV� QRWH� DW� RQFH� WKDW�� LI� WKH� DSSHDU�DQFH� RI� FORFNZLVH� K\VWHUHVLV� ORRSV� RI� WKHPDJQHWRUHVLVWDQFH�KDG�EHHQ�REVHUYHG�HDUOLHU�VHH�� IRU� LQVWDQFH� >�Ü�����@��� DV�ZHOO� DV�� E\WKH� ZD\�� WKH� PRUH�WKDQ�RQFH�REVHUYHG� GH�SHQGHQFH� RI� WKH� FULWLFDO� FXUUHQW� ,F RQ� WKHGLUHFWLRQ� RI� PDJQHWLF� ILHOG� YDULDWLRQ� �VHH�IRU� LQVWDQFH� >��Ü��@��� WKHQ� HPHUJHQFH� RIWKH� MXPSLQJ�YDULDWLRQ�RI�PDJQHWRUHVLVWDQFHLQ�FHUDPLF�+76&�LQ�ZHDN�PDJQHWLF�ILHOGV LV�LQ�DOO�HYLGHQFH��GLVFRYHUHG�IRU�WKH�ILUVW�WLPHLQ�WKLV�ZRUN�7KLV�ZRUN�LPSOHPHQWHG�WKH�IROORZLQJ�UH�VHDUFK�SURJUDP���� 0HDVXUHPHQW�WDNLQJV� RI� WKH� WUDQV�YHUVH� PDJQHWRUHVLVWDQFH� ∆ρ⊥ ⁄ ρ����+�� DW

� ≤ + ≤ +PD[ �+PD[  �FRQVW a����� 2H�� LQDFFRUGDQFH� ZLWK� WKH� VFKHPH�� → +PD[ → ���DFURVV� WKH� UDQJH�RI� WUDQV�SRUW�FXUUHQW�YDOXHV�a���� ≤ ,�,F ≤ a���������0HDVXUHPHQW�WDNLQJV�RI�WKH�ORQJLWXGL�QDO�PDJQHWRUHVLVWDQFH�∆ρ_ _ ⁄ ρ��� .�+��DFFRUG�LQJ�WR�WKH�YHU\�VDPH�VFKHPH�����0HDVXUHPHQW�WDNLQJV� RI�∆ρ⊥ �ρ��� .�+�DQG�∆ρ_ _ ⁄ ρ����+�� DW� � ≤ + ≤ +PD[ DFFRUGLQJWR�WKH�VFKHPH��� → +PD[ → ���DW�,  �FRQVW�,�,F a������� LQ� WKH� UDQJH� RI� YDOXHV� RI� WKHPD[LPXP� PDJQHWLF� ILHOG� VWUHQJWK�� ≤ +PD[ ≤ ����|H���7KH�WUDQVODWLRQ�RI�WKLV�UHVHDUFK�SURJUDPLQWR� OLIH��DV� WKH�DXWKRUV�VHH� LW�� LV�ERXQG�WRDOORZ�WKHP�WR�EHFRPH�FOHDU�RQ�WKH�QDWXUH�RIWKH�LQIOXHQFH�RI�WKH�GHQVLW\�RI�WKH�WUDQVSRUWFXUUHQW� , DQG� WKH� VWUHQJWK�� DOLJQPHQW� DQGYDULDWLRQ� GLUHFWLRQ� RI� WKH� DSSOLHG�PDJQHWLFILHOG�+ RQ� SHFXOLDULWLHV� LQ� WKH� EHKDYLRU� RIWKH�PDJQHWRUHVLVWDQFH�RI�WKH�FHUDPLF�+76&<%D�&X�2�±δ�([SHULPHQWDO�WHFKQLTXH2EMHFWV�RI�WKH�VWXG\�ZHUH�+76&�VDPSOHVRI� WKH� FRPSRVLWLRQ� <%D�&X�2a������ V\QWKH�VL]HG� DFFRUGLQJ� WR� WKH� VWDQGDUG� FHUDPLFWHFKQRORJ\��VHH��IRU�LQVWDQFH�>��@���7KH�VL]HRI� WKH� VDPSOHV� ZDV� a��� × � × ��PP��� 7KHORZ�RKPLF� DQG� SRWHQWLDO� $J�FRQWDFWV� ZHUHGHSRVLWHG�XVLQJ�FRQGXFWLYH�JOXH��7R�WHVW�RXWWKH� VDPSOHV�� WKH� WHFKQLTXHV� ZHUH� XVHG� RI;5'��UHVLVWLYH�DQG�PDJQHWLF�PHDVXUHPHQWVRI� WKH� FULWLFDO� WUDQVLWLRQ� WHPSHUDWXUH� �°DQG� WKH� PHDVXUHPHQWV� RI� WKH� FULWLFDO� FXU�UHQWV�,F ��  ������z��s  �����7KH�VWXGLHG�VDPSOHV�ZHUH�DFWXDOO\�VLQJOH�SKDVH�� $� UHODWLYHO\� IDLQW� FU\VWDOORJUDSKLFWH[WXUH� ZDV� REVHUYDEOH� WKDW� ZDV� FORVH� WRWKDW�RI�WKH�EDVDO�SODQH� ������RI�WKH�RUWKRU�KRPELF� ODWWLFH� >������@� IRUPHG�REYLRXVO\� DWWKH� VWDJH� RI� XQLD[LDO� SRZGHU� SUHVVLQJ� SUH�FHGLQJ� WKH�ILQDO�RSHUDWLRQ�RI�V\QWKHVLV�� WKHVLQWHULQJ� LQ� WKH�DWPRVSKHUH�RI�R[\JHQ��)RUDOO� VDPSOHV�� WKH� PHGLDWLQJ� WUDQVLWLRQ� WHP�SHUDWXUH� 7F� ⁄ � ZDV� ����� z�� WKH� WUDQVLWLRQZLGWK� EHLQJ� ∆�°  ����� z�� WKH� FULWLFDO� FXU�UHQW� YDOXH� ,F YDULHG� DFURVV� UHODWLYHO\� ZLGHOLPLWV�� %HDULQJ� LQ� PLQG� WKH� FRQVLGHUDEOHGLIIHUHQFHV� LQ�WKH�FULWLFDO�FXUUHQW�YDOXHV�RIWKH�VDPSOHV�VWXGLHG�DQG�VRPH�GLIIHUHQFHV�LQWKHLU�UHVLVWDQFH�LQ�WKH�QRUPDO�VWDWH��5����.��UHODWLYH�YDOXHV�RI�WKH�FXUUHQW�DQG�UHVLVWDQFHDUH� XVHG� WKURXJKRXW� WKLV� ZRUN� ,�,F ≡ M�MFDQG� ∆5�5���� . ≡ ∆ρ�ρ����. �W\SLFDO� YDOXHV�
ρ����. a������µΩ ⋅ FP��MF a�����$�FP����
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7KH�H[SHULPHQWV�PRVWO\�FRPSULVHG�SUHFL�VLRQ� PHDVXUHPHQWV� RI� WKH� HOHFWULFDO� UHVLV�WDQFH�RI�<%D�&X�2a���� DW��  ������z�DW�XQ�YDULHG� YDOXH� RI� WKH� WUDQVSRUW� FXUUHQW�, YV�WKH� YDOXH� DQG� GLUHFWLRQ� RI� YDULDWLRQ� RI� WKHPDJQHWLF� ILHOG�+�� 7KH� 'HZDU� YHVVHO� ILOOHGXS�ZLWK� OLTXLG� QLWURJHQ�ZLWK� D� WXUQLQJ� GH�YLFH�� WKH� VDPSOH� KROGHU�� SRVLWLRQHG� RQ� LW�ZDV� SODFHG� LQ� WKH� VROHQRLG�� 8VLQJ� WKLV� GH�YLFH��WKH�DQJOH�EHWZHHQ�WKH�D[HV�RI�WKH�VDP�SOH�DQG�VROHQRLG�FRXOG�EH�DVVLJQHG�ZLWK�WKHDFFXUDF\�QRW�OHVV�WKDQ�����7KH� WDNLQJ� RI�9�+�FKDUDFWHULVWLFV� DW,  �FRQVW RQ� WKH� EDVH� RI� D� FRPSXWHU� RI� WKHW\SH�3&�$7�����FDOOHG�IRU�GHYHORSPHQW�RI�DGHGLFDWHG� GHYLFH� >��@� WKDW� FRQVLVWHG� RI� DFRQWURO� XQLW� RI� WKH� PDJQHWLF� ILHOG� VRXUFH�VROHQRLG�� ,VRO DQG� D� FRQWURO� XQLW� IRU� WKHPHDVXULQJ��WUDQVSRUW��FXUUHQW�,PHDV IORZLQJWKURXJK� WKH� VDPSOH�� $OO� WKH�PHDVXUHPHQWVZHUH�WDNHQ� LQ�WKH�DXWRPDWLF�UHJLPH��DW� WKHDVVLJQHG� WUDQVSRUW� FXUUHQW� YDOXH�,PHDV�� WKHFXUUHQW�SDVVLQJ�WKURXJK�WKH�VROHQRLG�,VRO LQ�FUHDVHG� VPRRWKO\� WR� D� FHUWDLQ� YDOXH� WKDWFRUUHVSRQGHG� WR� WKH� DVVLJQHG� YDOXH� RI� WKHPD[LPXP� PDJQHWLF� ILHOG� VWUHQJWK�+PD[�DQG�WKHQ� LW�GHFUHDVHG�WR�,VRO  ����$OO� LQIRU�PDWLRQ� ZDV� UHFRUGHG� DV� WKH� UHODWLRQVKLSV5�+�� DW� ,  �FRQVW ZHQW� LQWR� WKH� FRPSXWHUPHPRU\� >WKH� HUURU� LQ� WKH�PHDVXUHPHQWV� RIWKH�UHODWLYH�PDJQHWRUHVLVWDQFH�∆ρ�ρ����. GLGQRW� H[FHHG� ��Ü� �@�� 7KHQ� WKH� VDPSOH� ZDVKHDWHG� WR� 7 !�7F�� WKH� QH[W� YDOXH� RI� ,PHDVZDV�DVVLJQHG�DQG�WKH�F\FOH�RI�PHDVXUHPHQWVUHSHDWHG�LWVHOI� 5HVXOWV�7KH� FXUYHV� RI� WKH� UHODWLRQ� RI� WKH� WUDQV�YHUVH� PDJQHWRUHVLVWDQFH 5⊥ �+�� RI� W\SLFDO+76&�VDPSOH�RI�<%D�&X�2a���� YV��PDJQHWLFILHOG� VWUHQJWK� LV� VKRZQ� LQ� )LJ����� $V� RQHFDQ� VHH�� SURJUHVVLRQ� RI� WKH� FXUYHV� 5⊥ �+�GLIIHUV� LQ� WKH� FDVH� RI� �ZHDN�� �,�,F a�����)LJ���È�� DQG� �VWURQJ�� �,�,F a������ )LJ���E�WUDQVSRUW�FXUUHQWV��7KH�FRPPRQ�WUDLW�RI�WKHFXUYHV�5⊥ �+�� LV� WKH� SUHVHQFH� RI� FOHDUO\� RE�VHUYDEOH� HIIHFWV� RI� WKH� K\VWHUHVLV�� Û� WKHLUUHYHUVLELOLW\�RI�WKH�FXUYHV�RI�PDJQHWRUHVLV�WDQFH� ILHOG� UHODWLRQVKLSV� ZKLOH� WKH� PDJQHWLFILHOG�VWUHQJWK�LQFUHDVHV�RU�GHFUHDVHV�:KHQ� D� UHODWLYHO\� ZHDN� FXUUHQW� SDVVHVWKURXJK�VDPSOH��WKH�DSSHDUDQFH�RI�WKH�PDJ�QHWRUHVLVWDQFH�5⊥ LV�REVHUYDEOH�FRQFXUUHQWO\ZLWK� LQFUHDVLQJ� RI� WKH� PDJQHWLF� ILHOGVWUHQJWK� LQ� VXIILFLHQWO\� ZHDN� ILHOGV� +�+�+HUH� DQG� IXUWKHU� RQ�� WKH� V\PERO� ���VWDQGV� IRU�PDJQHWLF� ILHOG� VWUHQJWK� LQFUHDV�LQJ��ZKLOH�WKH�RQH��Ü��GRHV�IRU�WKH�GHFUHDVLQJ

RI�+���:LWK� DQ\� IXUWKHU� LQFUHDVH�� WKH� YDOXHRI� WKH� ILHOG� RI�5⊥ LQFUHDVHV� DW�+ !�+�+�� DOOFXUYHV� RI� 5⊥ �+�� GLVSOD\LQJ� D� IDLQW� EHQG� LQWKH� ILHOGV�+IOH[+ �� ,Q� WKH� ILHOGV�+MXPS+ !!�+�+WKH� YDOXH� RI� 5⊥ NHHSV� MXPSLQJ� XSZDUG�ZKLOH� DW� + !�+MXPS+ WKH� FXUYH� RI� 5⊥ �+�VKRZV� D� SHDN�� :KLOH� GHFUHDVLQJ� WKH� PDJ�QHWLF� ILHOG� VWUHQJWK� GRZQZDUG� IURP�+PD[�WKH� YDOXH� RI�5⊥ GHFUHDVHV� DV� ZHOO�� D� MXPS� LVREVHUYDEOH� RQ� WKH� FXUYHV� RI�5⊥ �+��� DOWKRXJKFRQVLGHUDEO\� VPDOOHU� WKDQ�DW� LQFUHDVLQJ�+�� LQWKH�ILHOGV�+MXPS− �� +MXPS+ ��D�EHQG�RQ�WKH�FXUYHRI�5⊥ �+�� RFFXUV� LQ� WKH� ILHOGV�+IOH[− !�+IOH[+ �:LWK�DQ\�IXUWKHU�GHFUHDVH�RI�+ WKH�PDJQH�WRUHVLVWDQFH� NHHSV� IDOOLQJ� UHYHUWLQJ� WR� ]HURLQ�WKH�ILHOGV�+�− !�+�+�2QH� PXVW� SRLQW� RXW� WKDW� DW�+  �+MXPS�,�,F  �FRQVW WKH�YDOXH�RI�UHVLVWLYLW\�ρ RI�WKHVDPSOHV�RI�<%D�&X�2a���� VZD\V�DFURVV�UHOD�WLYHO\� EURDG� OLPLWV� YV�� D� FHUWDLQ� DYHUDJHYDOXH�ρDYHUDJH �)LJ������7KH�GLVWULEXWLRQ�RYHUIUHTXHQFLHV�ρ�ρDYHUDJH �VHH�� LQVHW� RQ� )LJ����

)LJ����� 7UDQVYHUVH� PDJQHWRUHVLVWDQFH� RI+76&�<%D�&X�2a������7KH�OLJKW�GRWV�VWDQG�IRULQFUHDVLQJ� RI� VWUHQJWK� RI� WKH�PDJQHWLF� ILHOGs�� WKH� GDUN� RQHV�� IRU� GHFUHDVLQJ� RI�s�� 7KHLQVHWV�VKRZ�WKH�ILHOG�UHODWLRQVKLSV�RI�WKH�GH�ULYDWLYHV� G5�G+ LQ� WKH� YLFLQLW\� RI� WKH� ILHOG+IOH[�� � 0HDVXULQJ� FXUUHQW� ,  ���� P$� �D��0HDVXULQJ�FXUUHQW�,  �����P$��E��
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WXUQV�RXW�WR�KDYH�WZR�FOHDU�FXW�SHDNV�FRUUH�VSRQGLQJ�WR�WKH��XSSHU��DQG��ORZHU��YDOXHVRI�WKH�UHVLVWDQFH��7KH� GLIIHUHQFHV� LQ� SURJUHVVLRQ� RI� WKHFXUYHV�RI�5⊥ �+��EHWZHHQ�WKH��VWURQJ��WUDQV�SRUW� FXUUHQWV� DQG� �ZHDN�� FXUUHQWV� DUH� DVIROORZV���Û� $W� WKH� KDOI�F\FOH� �� → +PD[��� QRPDJQHWRUHVLVWDQFH� MXPSV� DUH� REVHUYDEOH�\HW�� WKHUH� LV� D� WHQGHQF\� WRZDUG� MXPSV� DS�SHDULQJ�DW�WKH�KDOI�F\FOH��+PD[ → ����Û�1R�SHDNV�DUH�REVHUYDEOH�RQ�WKH�FXUYHVRI�5⊥ �+����Û�:KLOH� WKH�PDJQHWLF� ILHOG� VWUHQJWK� LVIDOOLQJ�� WKH� UHVLVWDQFH� GRHV� QRW� UHYHUW� WR]HUR�� WKH� FXUYH� RI�5⊥ �+�� GLVSOD\LQJ�D�SHDNDQG� WKH� ]HUR� ILHOG� UHWDLQLQJ� WKH� UHPQDQWUHVLVWDQFH� �5UHP�� �WKH� UHOD[DWLRQ� HIIHFWV� RI5UHP DUH� REVHUYDEOH� ZLWK� WKH� FKDUDFWHULVWLFWLPHV����Ü��� V���7KH� HYROXWLRQ� RI� SURJUHVVLRQ� RI� WKHFXUYHV� RI� WKH� WUDQVYHUVH�PDJQHWRUHVLVWDQFHILHOG� UHODWLRQVKLSV� RI� +76&� <%D�&X�2a����LV� VKRZQ� LQ� )LJ���� GXULQJ� YDULDWLRQ� RI� WKHWUDQVSRUW�FXUUHQW�, LQ�WKH�JLYHQ�FRRUGLQDWHV�+ Ü�,�,F Ü�∆ρ�ρ����.��� $V� WKH� FXUUHQW� ,JURZV�� WKH� IROORZLQJ� WHQGHQFLHV� DUH� RE�VHUYHG��Û� *URZWK� RI� WKH� WRWDO� PDJQHWRUHVLV�WDQFH���Û� 'HFUHDVLQJ� RI� WKH� FULWLFDO� ILHOGV�+�+�+�−��+IOH[+ ��+IOH[− ���������Û� $� YHU\� IDLQW� JURZWK� RI� WKH� ILHOGV+MXPS+ DQG�GHFUHDVLQJ�RI�WKH�ILHOGV�+MXPS− �Û�$�GHFUHDVLQJ��IROORZHG�DFWXDOO\�E\�WKHWRWDO�GLVDSSHDUDQFH��RFFXUV�RI�WKH�PDJQHWRUH�

VLVWDQFH� MXPS� RQ� WKH� FXUYHV�∆ρ⊥ �ρ����.�+��ZKLOH�DW�WKH�KDOI�F\FOH��+PD[ → ����Û�WKH�PDJQHWRUHVLVWDQFH�MXPSV�DUH�GUDV�WLFDOO\� VKRUWHU� WKDQ� DW� WKH� KDOI�F\FOH�� → +PD[����Û�(PHUJHQFH�DQG�JURZWK�RI�WKH�UHPQDQWUHVLVWDQFH�5UHP�7KH�GHSHQGHQFH�RI�WKH�FULWLFDO�ILHOGV�+��+IOH[��+MXPS DQG�PDJQHWRUHVLVWDQFH�MXPS�LQWKH�ILHOG�+MXPS �δρMXPS�ρ����.��RQ�,�,F GXU�LQJ� LQFUHDVLQJ� RU� GHFUHDVLQJ� RI� WKH� PDJ�QHWLF�ILHOG�VWUHQJWK�DUH�VKRZQ�LQ�)LJ�����7KH� HYROXWLRQ� RI� SURJUHVVLRQ� RI� WKH� ORQ�JLWXGLQDO� PDJQHWRUHVLVWDQFH� FXUYHV� RI� WKH+76&� <%D�&X�2a���� GXULQJ� YDULDWLRQ� RIWKH�WUDQVSRUW�FXUUHQW�, LV�JLYHQ�LQ�)LJ����LQWKH� FRRUGLQDWHV� �+ Ü,�,F Ü�∆ρ�ρ���� .��� 7KHUHODWLRQV� RI� WKH� FULWLFDO� ILHOGV� +��� +IOH[�+MXPS DQG� PDJQHWRUHVLVWDQFH� MXPSV
δρMXPS�ρ���� . YV�� ,�,F GXULQJ� LQFUHDVLQJ� RUGHFUHDVLQJ� RI� WKH� PDJQHWLF� ILHOG� VWUHQJWKDUH�VKRZQ�LQ�)LJ������7KH�UHODWLRQVKLSV�∆ρ__�ρ����. �+��,�,F���DVJLYHQ� LQ�)LJ�����DUH�TXDOLWDWLYHO\�VLPLODU�WRWKRVH�IRU�∆ρ⊥ �ρ����. �+��,�,F����VHH��)LJ������$V� LW� LV� WKH� FDVH� ZLWK� ,⊥ +�� +�− !!�+�+�+IOH[− > +IOH[+ ��δρMXPS+ ��ρ����. !�δρMXPS− �ρ����.�+RZHYHU�� VRPH� TXDQWLWDWLYH YDULDWLRQV� WDNHSODFH��Û� 7KH� WRWDO� PDJQHWRUHVLVWDQFH� OHYHO
∆ρ�ρ����. DW�,__+ LV�VRPHZKDW�ORZHU�WKDQ�DW,⊥ +��Û� 7KH� FULWLFDO� ILHOGV�+� DQG�+IOH[ DUHQRWLFHDEO\�KLJKHU�DW�,__+ WKDQ�DW�,⊥ +��Û� 7KH� PDJQHWRUHVLVWDQFH� MXPSV� LQ+MXPS LQ� WKH� ORQJLWXGLQDO� PDJQHWLF� ILHOGV

)LJ����� 7HPSRUDO� GHSHQGHQFH� RI� WUDQVYHUVHPDJQHWRUHVLVWDQFH� RI� +76&� <%D�&X�2a�����, a���� ⋅ ,F�� +  �+MXPS  ������� 2H��� 7KHLQVHW� VKRZV� IUHTXHQF\� GLVWULEXWLRQ� RI� WKHYDOXH�RI�ρ�ρDYHUDJH�
)LJ����� 'HSHQGHQFH� RI� WUDQVYHUVH�PDJQHWRUH�VLVWDQFH� RI� +76&� VDPSOH� <%D�&X�2a���� RQWUDQVSRUW�FXUUHQW�
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DUH� VXEVWDQWLDOO\� VKRUWHU� WKDQ� WKH\� DUH� LQWKH�WUDQVYHUVH�ILHOGV�Û� $V� GLVWLQFW� IURP� WKH� VLWXDWLRQ� ZLWK,⊥ +�� DW� ,__+�� WKH� YDOXHV� RI� δρMXPS�ρ���� .NHHS� JURZLQJ� GXULQJ� LQFUHDVLQJ� RI� WKHWUDQVSRUW�FXUUHQW��WKH\�GR�QRW�IDOO���7KH�UHVXOWV�RI�PHDVXUHPHQW�WDNLQJV�RI�WKHWUDQVYHUVH� PDJQHWRUHVLVWDQFH� ρ⊥ �ρ���� .�+�IRU� WKH� +76&� <%D�&X�2a���� DUH� VKRZQ� LQ)LJ���� DW� WKH� FRQVWDQW� WUDQVSRUW� FXUUHQWYDOXH� �,�,F a������� DQG� YDULDEOH� YDOXHV� RIWKH� PD[LPXP� PDJQHWLF� ILHOG�+PD[ LQ� WKHFRRUGLQDWHV� �+ Ü�+PD[ Ü�∆ρ�ρ���� .��� ,QSURJUHVVLRQ�RI�WKH�FXUYHV�RI�∆ρ⊥ �ρ����.�+��

GHSHQGLQJ�RQ�WKH�YDOXH�RI�+PD[��WKH�IROORZ�LQJ�UHJXODULWLHV�DUH�REVHUYDEOH�Û� 7KH� K\VWHUHVLV� RQ� WKH� FXUYHV� RI
ρ⊥ �ρ���� .�+�� DSSHDUV� DW�sPD[ ³ a�+IOH[+ �� LWLV� H[DFWO\� DW� WKDW�PRPHQW� WKDW� WKH�GLVWLQF�WLRQV�EHWZHHQ�+�+ DQG�+�− DSSHDU��Û�8SRQ�DFKLHYHPHQW�RI�WKH�ILHOG�+PD[ a+MXPS+ WKH� FXUYHV� RI�∆ρ⊥ �ρ���� .�+�� GLVSOD\MXPSV�LQ�WKH�PDJQHWRUHVLVWDQFH�GXULQJ�ERWKLQFUHDVLQJ�DQG�GHFUHDVLQJ�RI�s����7KH�UHVXOWV�RI�GHWHUPLQDWLRQ�RI�WKH�FULWL�FDO� ILHOGV�+�+��+�−��+IOH[+ ��+IOH[− ��+MXPS+ DQG+MXPS− DQG� MXPSV� RI� WKH� WUDQVYHUVH�PDJQH�WRUHVLVWDQFH�δρMXPS+ �ρ���� .��δρMXPS− �ρ���� . LQWKH� ILHOGV� +MXPS+ DQG� +MXPS− YV�� +PD[ DUHVKRZQ�LQ�)LJ�����7KH� YDOXHV� +�+�� +IOH[+ �� +MXPS+ DQG
δρMXPS+ �ρ���� . DUH�� TXLWH� QDWXUDOO\�� LQGH�SHQGHQW�RI�WKH�ILHOG�+PD[��$W�WKH�KDOI�F\FOH�+PD[ → ���� WKH� FULWLFDO� ILHOG�+�− LQFUHDVHVZLWK� LQFUHDVLQJ�+PD[ �DW�sPD[ ³ a� +IOH[+ ��ZKLOH�WKH�MXPS�RI�PDJQHWRUHVLVWDQFH�LQ�WKHILHOG�+MXPS− �δρMXPS+ �ρ���� .�� GURSV� RII�� 7KHFULWLFDO�ILHOG�+MXPS+ !�+MXPS− �������2Q� WKH�ZKROH�� VLPLODU�GDWD�ZDV�REWDLQHGIRU� WKH� ORQJLWXGLQDO� PDJQHWRUHVLVWDQFH�� DVZHOO�∆ρ__�ρ����.�+���'LVFXVVLRQ��(YLGHQWO\�� WKH� IROORZLQJ�UHVXOWV�PXVW�EHWKH�VXEMHFW�PDWWHU�IRU�GLVFXVVLRQ���� 7KH� SUHVHQFH� RI� PDMRU� GLIIHUHQFHV� LQWKH�PDJQHWRUHVLVWDQFH�YDOXH�RI�WKH�JUDQXODU

)LJ�����'HSHQGHQFHV�RI�WKH�FULWLFDO�ILHOGV�+��+IOH[ DQG� +MXPS �È�� DQG� PDJQHWRUHVLVWDQFHMXPS�δρMXPS�ρ���� . �E�� RQ� WUDQVSRUW� FXUUHQW�7UDQVYHUVH�PDJQHWRUHVLVWDQFH��7KH�OLJKW�V\P�EROV� VWDQG� IRU� LQFUHDVLQJ�+�� WKH� GDUN� RQHV�IRU�GHFUHDVLQJ�s�

)LJ����� 'HSHQGHQFHV� RI� ORQJLWXGLQDO� PDJQH�WRUHVLVWDQFH� RI� +76&� <%D�&X�2a���� YV�WUDQVSRUW�FXUUHQW�
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+76&�<%D�&X�2�±δ EHWZHHQ� LQFUHDVLQJ� DQGGHFUHDVLQJ� RI� WKH� DSSOLHG� PDJQHWLF� ILHOGVWUHQJWK�� WKH� K\VWHUHVLV� RI� PDJQHWRUHVLV�WDQFH����$SSHDUDQFH�RI�WKH�RII�]HUR�PDJQHWRUHVLV�WDQFH�LQ�WKH�YLFLQLW\�RI�WKH�FULWLFDO�ILHOGV�+�����3UHVHQFH�RI�WKH�GHSHQGHQFH�RI�WKH�YDOXHRI�WKH�FULWLFDO�ILHOGV�+� RQ�WUDQVSRUW�FXUUHQWGHQVLW\�DQG�SUHFHGLQJ�PDJQHWLF�KLVWRU\���� $QLVRWURS\� RI� PDJQHWRUHVLVWDQFH� DQGDOLJQPHQW� GHSHQGHQFH� RI� WKH� FULWLFDO� ILHOGYDOXH���� $SSHDUDQFH� RI� DQRPDOLHV� LQ� WKH� ILHOGUHODWLRQV�RI�PDJQHWRUHVLVWDQFH� LQ�WKH�YLFLQ�LW\�RI�WKH�FULWLFDO�ILHOGV�+IOH[�

��� $SSHDUDQFH� RI� WKH� PDJQHWRUHVLVWDQFHMXPSV�LQ�WKH�PDJQHWLF�ILHOGV�+MXPS��WKH�GH�SHQGHQFH� RI� WKH� YDOXH� RI� WKH�PDJQHWRUHVLV�WDQFH� MXPSV� RQ� WUDQVSRUW� FXUUHQW� GHQVLW\�FURVV�RULHQWDWLRQ�RI�WKH�YHFWRUV�+ DQG�, DQGSUHFHGLQJ�PDJQHWLF�KLVWRU\�%HIRUH� EURDFKLQJ� WKH� VXEMHFW� RI� WKH� QD�WXUH� RI� WKH� SKHQRPHQRQ� RI� DSSHDUDQFH� RIWKH� K\VWHUHVLV� RI� PDJQHWRUHVLVWDQFH� RI� WKH+76&� <%D�&X�2�±δ >K\VWHUHVLV� RI� PDJQH�WRUHVLVWDQFH� LV� REVHUYDEOH� RQO\� LQ� WKH� DS�SOLHG�PDJQHWLF� ILHOGV�+ ³ +IOH[+ �� WKH� QDWXUHRI�WKH�FULWLFDO�ILHOGV�+IOH[ ZLOO�EH�FRQVLGHUHGEHORZ� �$UWLFOH� ����@�� OHW� XV� QRWH� WKDW� HDFKF\FOH� RI� WKH�PHDVXUHPHQWV� WDNHQ� DFFRUGLQJWR�WKH�VFKHPH��� → +PD[ → ���LQFOXGHG�DF�WXDOO\�WZR�W\SHV�RI�VDPSOHV��Û� $W� WKH� KDOI�F\FOH� �� → +PD[��� WKHVDPSOHV�WKDW�DUH�FRROHG�GRZQ�LQ�WKH�DEVHQFHRI�WKH�PDJQHWLF�ILHOG��=)&��FDQ�FDSWXUH�WKHPDJQHWLF� IORZ�GXULQJ� LQFUHDVLQJ� RI� WKH� DS�SOLHG�PDJQHWLF�ILHOG�VWUHQJWK�s�s����Û� $W� WKH� KDOI�F\FOH� �+PD[ → ���� WKHVDPSOHV�FDUU\�WKH�PDJQHWLF�IORZ�FDSWXUHG�E\WKH� ZHDN� OLQNV� �DW�+PD[ !�+F�-�� DQG�RU� E\VXSHUFRQGXFWLQJ�JUDQXOHV��DW�+PD[ !�+F�k��7KLV� VWDQGV� WR� PHDQ� WKDW� WKH� LQWHUQDOPDJQHWLF� ILHOG� RI� WKH� VDPSOH� �+L�� IRU� DS�SOLHG�ILHOGV�s� DQG�+Ü FDQ�EH�GLIIHUHQW��,QRWKHU� ZRUGV�� WKH� PHDVXUDEOH� F\FOH�� → +PD[ → ���KDV�YDULDWLRQ�RFFXUULQJ�LQLW�RI�WKH�GHQVLW\�DQG�JHRPHWU\�RI�WKH�GLVWUL�EXWLRQ� RI� WKH� -RVHSKVRQ� DQG�RU� $EULNRVRYYRUWLFHV��DV�UHJDUGV�WKH�+76&�VDPSOH���7KH� VXIILFLHQWO\� FRUUHFW� FDOFXODWLRQ� RIWKH� LQWHUQDO�ILHOGV�+L LV�NQRZQ�WR�EH�SRVVL�EOH�LQ�WZR�XOWLPDWH�FDVHV��

)LJ�����'HSHQGHQFHV�RI�WKH�FULWLFDO�ILHOGV�+��+IOH[ DQG� +MXPS �È�� DQG� PDJQHWRUHVLVWDQFHMXPS��δρMXPS�ρ����. �E��YV��WUDQVSRUW�FXUUHQW�/RQJLWXGLQDO� PDJQHWRUHVLVWDQFH�� 7KH� OLJKWV\PEROV� VWDQG� IRU� LQFUHDVLQJ� +�� WKH� GDUNRQHV��IRU�GHFUHDVLQJ�s�

)LJ�����'HSHQGHQFH�RI�WUDQVYHUVH�PDJQHWRUHVLV�WDQFH�RI�+76&�<%D�&X�2a���� DW�,�,F a������YV�PD[LPXP�PDJQHWLF�ILHOG�VWUHQJWK�+PD[�
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����7KH�PDWHULDO�LV�LQ�WKH�0HLVVQHU�VWDWH��WKHPDJQHWLF�VXVFHSWLELOLW\�χ  �FRQVW  �Ü���π���
+L = ++� − '+

� ���
ZKHUH� '� Û� WKH� HIIHFWLYH� GH�PDJQHWL]LQJIDFWRU�IRU�WKH�ILHOG�s����� 7KH� JUDQXOHV� RI� FHUDPLF� +76&� DUHSHUPHDWHG�LQVLGH�RXW�ZLWK�PDJQHWLF�YRUWLFHVPDNLQJ� WKH� GHWHUPLQDWLRQ� RI� WKH� VXSHUFRQ�GXFWRU�PDJQHWL]DWLRQ�0�IHDVLEOH�ZLWKLQ� WKHIUDPHZRUN� RI� WKH� FULWLFDO� VWDWH�PRGHO� �VHH�IRU�H[DPSOH��>��Ü��@��

+L = +− − '− ⋅ �π ⋅ 0�� ���
ZKHUH� 'Ü Û� WKH� HIIHFWLYH� GHPDJQHWL]LQJIDFWRU�IRU�WKH�ILHOG�+Ü��$V�LW�LV�NQRZQ�>��@��WKH�YDOXHV�RI�DSSOLHGJURZLQJ� �s��� DQG� GLPLQLVKLQJ� �+Ü�� PDJ�QHWLF� ILHOGV� WKDW� FRUUHVSRQG� WR� WKH� LQWHUQDO�VXPPHG�XS�� PDJQHWLF� ILHOGV�+L DUH� LQWHU�FRQQHFWHG� YLD� OLQHDU� UHODWLRQVKLSV� RI� WKHW\SH

+− = (−'++F� + $'−) + �� − '+
++� ���

ZKHUH�s°� Û�WKH� ORZHU� FULWLFDO� ILHOG� �+F�-RU�+F�k���k Û�WKH�FRQVWDQW���4XLWH� REYLRXVO\�� WKH� SUHVHQFH� RI� VXFKFRUUHODWLRQ� EHWZHHQ� WKH� DSSOLHG� ILHOGV�s�DQG�+Ü PXVW� UHVXOW� LQ� WKH� DSSHDUDQFH�� DVZHOO�� RI� D� FHUWDLQ� FRUUHODWLRQ� DPRQJ� WKHFULWLFDO� ILHOGV�+�+ DQG�+�−��+IOH[+ DQG�+IOH[− �+MXPS+ DQG�+MXPS− ��UHVSHFWLYHO\��7KLV�NLQG�RIFRUUHODWLRQ� UHDOO\� RFFXUV�� FRQVLGHULQJ� WKHH[DPSOH� LQ� )LJ����� WKHUH� LV� WKH� SUHVHQFH� RIH[SOLFLW� OLQHDU� FRQQHFWLRQ� RI� WKH� ILHOGV�+�+DQG�+�−�� DV� REWDLQHG� GXULQJ� PHDVXUHPHQW�WDNLQJV� RI� WKH� WUDQVYHUVH� PDJQHWRUHVLV�WDQFH����-XGJLQJ� E\� WKH� YDOXHV� RI� WKH� FULWLFDOILHOGV�+� DW�PLQLPDO�YDOXHV�RI�WKH�WUDQVSRUWFXUUHQW� GHQVLW\� �+� a���Ü���2H��� WKH�HPHU�JHQFH� RI� WKH� RII�]HUR� PDJQHWRUHVLVWDQFH� LQWKH� JUDQXODU� +76&�<%D�&X�2�±δ FDQQRW� EHDVVRFLDWHG�ZLWK� WKH� RQVHW� RI� WKH� SURFHVV� RIPDJQHWLF� ILHOG� SHQHWUDWLRQ� LQWR� WKH� ZHDNOLQNV�� WKH� UHVSHFWLYH� FULWLFDO� ILHOGV� +F�-EHLQJ� H[WUHPHO\� ORZ� DW� WKH� OLTXLG� QLWURJHQWHPSHUDWXUH� �VHH��IRU�H[DPSOH� >������@���2QWKH� RWKHU� KDQG�� WKH� YDOXHV� RI�+� REWDLQHG

)LJ�����'HSHQGHQFHV�RI�WKH�FULWLFDO�ILHOGV�+��+IOH[ DQG� +MXPS �È�� DQG� PDJQHWRUHVLVWDQFH
δρMXPS�ρ����. DW� ,�,F a� ����� �E�� YV�� VWUHQJWKRI�PD[LPXP�PDJQHWLF� ILHOG�+PD[�� 7UDQVYHUVHPDJQHWRUHVLVWDQFH��7KH�OLJKW�V\PEROV�VWDQG�IRULQFUHDVLQJ�+��WKH�GDUN�RQHV��IRU�GHFUHDVLQJ�s�

)LJ����� 'HSHQGHQFH� RI� ILHOGV� +�−�+F�-− �� RQILHOGV�+�+�+F�-+ ���
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LQ� WKLV� ZRUN� DW� ORZ� YDOXHV� RI� WKH� FXUUHQWV�,�,F��DUH�UHODWLYHO\�FORVH�WR�WKH�NQRZQ�YDO�XHV� RI� ILHOGV� RI� WKH� WRWDO� PDJQHWLF� IORZSHQHWUDWLRQ� LQWR� WKH� ZHDN� OLQNV� �+F�-�� RIWKH� +76&� <%D�&X�2�±δ�� ZKLFK� ZHUH� GHWHU�PLQHG� XVLQJ� WKH� PDJQHWLF� DQG� RWKHU� WHFK�QLTXHV� �VHH�� IRU� H[DPSOH� >����������@��� $OORI� WKLV� JLYHV� DPSOH� JURXQG� WR� EHOLHYH� WKDWWKH�FULWLFDO�ILHOG�+� ≡ +F�-�7KH� REVHUYDEOH� HIIHFWV� RI� D� VWHHS� IDOO� RIWKH� XSSHU� FULWLFDO� ILHOGV� RI� WKH� ZHDN� OLQNV+F�- DQG� LQFUHDVLQJ� RI� PDJQHWRUHVLVWDQFHGXULQJ�LQFUHDVLQJ�RI�WKH�WUDQVSRUW�FXUUHQW�,�VHH��)LJ����� ���PXVW� EH� DFFRXQWHG� IRU�E\�DSDUWLDO�WUDQVLWLRQ�RI�WKH�ZHDN�OLQNV�LQWR�WKHUHVLVWLYH�VWDWH�XQGHU�WKH�LPSDFW�RI�WKH�HOHF�WULF� ILHOG� >��@�� ,Q�YLHZ�RI� WKH� H[LVWHQW� UHS�UHVHQWDWLRQV� >��@�� WKH�FRQGLWLRQV�IRU�WUDQVL�WLRQ� RI� LQGLYLGXDO�ZHDN� OLQN� LQWR� WKH� UHVLV�WLYH� VWDWH� DUH� DOWRJHWKHU�GHWHUPLQHG�E\� WKHORFDO�PDJQHWLF� ILHOG�YDOXHV�+ORFDO �WKH� ILHOG+ORFDO LV� VXSHUSRVLWLRQ� RI� WKH� DSSOLHG� PDJ�QHWLF� ILHOG�+H[W DQG� GHPDJQHWL]DWLRQ� ILHOGV+GHPDJQ�� DV� WKH\� DUH� FUHDWHG� E\� DGMDFHQWVXSHUFRQGXFWLQJ� JUDLQV�� � DQG� ORFDO� FXUUHQWGHQVLW\�MORFDO���7KH� GHSHQGHQFH� RI� ORFDO� FXUUHQW� GHQVLW\YV�� ORFDO�PDJQHWLF� ILHOG� VWUHQJWK�FRPHV�RXWDV�IROORZV�>��@�
MORFDO = MORFDO�� ⋅ +∗

π ⋅ +ORFDO� ���
ZKHUH� MORFDO�� Û� WKH� YDOXH� RI� ORFDO� FXUUHQWGHQVLW\�LQ�WKH�DEVHQFH�RI�PDJQHWLF�ILHOG��s
Û� WKH� SDUDPHWHU� WKDW� LV� GHSHQGHQW� RQ� WKHJUDQXODU�VXSHUFRQGXFWRU�PLFURVWUXFWXUH��7KH� FULWLFDO� ORFDO� PDJQHWLF� ILHOG� YDOXHPXVW� EH� DV� IROORZV� +ORFDO  �+F�-�� ,Q� WKLVFDVH��LW�IROORZV�IURP�WKH�HTXDWLRQ�����WKDW�

+F�-(MORFDO) = +∗ ⋅
-ORFDO ��
π ⋅ MORFDO� ���

7KH� JHQHUDO� QDWXUH� RI� WKH� UHODWLRQVKLSV+F�-�,���Û�D�GRZQZDUG� OHDS�RI� WKH�FULWLFDOILHOG� GXULQJ� WUDQVSRUW� FXUUHQW� JURZWK�� ÛDJUHHV��RQ�WKH�ZKROH��ZLWK�WKH�HTXDWLRQ�����7KH� GHYLDWLRQV� IURP� K\SHUEROLF� QDWXUH� RIWKH� FXUYH�+F�-�,��PD\�ZHOO� KDYH� WR� GR�ZLWKVXFK�FLUFXPVWDQFH�WKDW�WKH�FRQGLWLRQ�, a�MORFDOWKDW� SURYLGHV� IRU� IXOILOOPHQW� RI� WKH� HTXD�WLRQ�����LV�WUXH�RQO\�ZLWK�WKH�QRUPDO�GLVWUL�EXWLRQ� RI� WKH� ORFDO� FXUUHQW� GHQVLWLHV� LQ� FH�UDPLF� +76� VDPSOHV� RI� <%D�&X�2�±δ�� WKHIXQFWLRQ�RI�ORFDO�FXUUHQW�GLVWULEXWLRQ�LQ�WKHFHUDPLFV�� DV� LW� LV� EHOLHYHG�� GRHV� KDYH� WKHH[SRQHQWLDO�FKDUDFWHU�>��@��

7KH� GHSHQGHQFH� RI� WKH� FULWLFDO� FXUUHQW+F�- RQ� �PDJQHWRF\FOLQJ� GHSWK�� �+PD[��L�H��LQ�HVVHQFH�RQ�WKH�YDOXH�RI�DSSOLHG�PDJ�QHWLF� ILHOG� DW�,  �FRQVW�� LV�ZLWKRXW� D� VKDGHRI� GRXEW� DFFRXQWHG� IRU� E\� WKH� VDPH� FDXVH�GHVWUXFWLRQ� RI� WKH� �ZHDN� OLQNV�� XQGHU� WKHLPSDFW�RI�PDJQHWLF�ILHOGV��+RZHYHU��ZH�GHDOKHUH�ZLWK� WKH�GLUHFW DFWLRQ�RI�DSSOLHG�PDJ�QHWLF�ILHOG��QRW�D�ILHOG�FUHDWHG�E\�WUDQVSRUWFXUUHQWV���$V� VWDWHG� DERYH� �VHH�� $UWLFOH� ��E���� WKHPDJQHWRUHVLVWDQFH� ILHOG� UHODWLRQVKLS� FXUYHVRI� WKH� +76&�<%D�&X�2�±δ LQ� WKH� WUDQVYHUVHDQG� ORQJLWXGLQDO� DSSOLHG�PDJQHWLF� ILHOGV� DUHGLVWLQFWO\� GLIIHUHQW�� ,W� LV� NQRZQ� WKDW� LQ� DF�FRUGDQFH�ZLWK�WKH�H[LVWHQW�UHSUHVHQWDWLRQ�>��@WKDW�JRHV�GRZQ�WR�WKH�%DUGHHQ�6WHSKHQ�PRGHO>��@��WKH�GHSHQGHQFH�RI�PDJQHWRUHVLVWDQFH�RQWKH� WUDQVSRUW� FXUUHQW� ,�� DSSOLHG� PDJQHWLFILHOG� VWUHQJWK� + DQG� DQJOH� θ EHWZHHQ� WKHYHFWRUV�, DQG�+ ORRNV�OLNH�DV�IROORZV�
∆ρ
ρ

= $ + % ⋅ , + & ⋅ + ⋅ VLQ�θ�� ���
ZKHUH�k��{ DQG�v Û�WKH�FRQVWDQWV�$V�QRWHG�DERYH��WKH�WRWDO�OHYHO�RI�PDJQH�WRUHVLVWDQFH� LQ� WKH� WUDQVYHUVH� PDJQHWLFILHOGV�LV��FRQVLGHULQJ�WKDW�DOO�WKH�RWKHU�FRQ�GLWLRQV�DUH�HTXDO��KLJKHU�WKDQ� LQ�WKH� ORQJL�WXGLQDO� ILHOGV�� ZKLFK� DJUHHV� ZLWK� WKHRU\TXDOLWDWLYHO\�� 7KH� EDVLF� GLIIHUHQFHV�� DO�WKRXJK�� FRQFHUQ� QRW� VR� PXFK� WKH� SURJUHV�VLRQ� RI� WKH� FXUYHV� ∆ρ�ρ��� .�+��� DV� WKH� DS�SHDUDQFH� RI� WKH� DQLVRWURS\� RI� WKH� FULWLFDOILHOGV�+���sIOH[ DQG�+MXPS��7KH�PRVW�SURPL�QHQW�HIIHFWV�DUH�WKRVH�RI�WKH�DQLVRWURS\�RI�WKHFULWLFDO�ILHOGV�RI�WKH�ZHDN�OLQNV�+� �+F�-��7KH�HPHUJHQFH�RI� WKH�DOLJQPHQW�GHSHQG�HQFH�RI�WKH�FULWLFDO�ILHOGV�+F�- >+F�- �, ⊥ +�
≠ +F�-�,__+�@� FDQ� EH� H[SODLQHG� E\� D� QXPEHURI� IDFWRUV�� HVVHQWLDO� GLIIHUHQFHV� LQ� WKH� GH�PDJQHWL]DWLRQ� ILHOGV�+GHPDJQ ZLWK� YDULDEOHJHRPHWU\� RI� WKH� H[SHULPHQW�� FRQVLGHUDEOHGLIIHUHQFHV� RI� JUDQXOH� VL]HV� DORQJ� DQGDFURVV� WKH� FHUDPLF� VDPSOHV� RI� WKH� +76&<%D�&X�2�±δ��SUHVHQFH�RI�WKH�WH[WXUH�RI�WKHEDVDO�SODQH��VHH�DERYH���HWF����,W� LV� TXLWH� SRVVLEOH� WKDW� WKH� PDLQ� FDXVHIRU�WKH�DQLVRWURS\�RI�WKH�FULWLFDO�ILHOG�ZHDNOLQNV�+F�- LV� WKH� SUHVHQFH� RI� WKH� FU\VWDO�ORJUDSKLF�WH[WXUH�RI�VDPSOHV��L�H��DV�UHJDUGVWKH�VLWXDWLRQ�FRQVLGHUHG��Û� 'LIIHUHQW� RULHQWDWLRQ� RI� WKH� DSSOLHGPDJQHWLF� ILHOG� VWUHQJWK� YHFWRU�s YV�� LQWHU�JUDLQ�FRQWDFWV���ZHDN�OLQNV���Û�'LIIHUHQFHV� LQ�WKH�FULWLFDO�SDUDPHWHUVRI� WKH�ZHDN� OLQNV� WKHPVHOYHV� GHSHQGLQJ� RQLWV� DOLJQPHQW� UHODWLYH� WR� WKH� FU\VWDO�
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ORJUDSKLF� D[HV� RI� VXSHUFRQGXFWLQJ�JUDQXOHV��ZHDN�OLQN�KLHUDUFK\��>��@���Û�3UHVHQFH� RI� DQ� DOLJQPHQW� GHSHQGHQFHMORFDO >��@��HWF��7KH� YDULDWLRQ� RI� WKH� QDWXUH� RI� WKH� UHOD�WLRQVKLSV�∆ρ�ρ��� .�+��QHDU�WKH�FULWLFDO�YDO�XHV� sIOH[�� DSSHDUDQFH� RI� EHQGV� RQ� WKHFXUYHV�� DOO� LV� LQGLFDWLYH� RI� DSSHDUDQFH� RI� DQHZ� �VWURQJ� HQRXJK�� PDJQHWRUHVLVWDQFHPHFKDQLVP�� ,W� LV� REYLRXV� WKDW� WKLV� PHFKD�QLVP� LV� DVVRFLDWHG� ZLWK� WKH� RQVHW� RI� PDJ�QHWLF� IORZ� SHQHWUDWLRQ� LQ� WKH� VXSHUFRQ�GXFWLQJ�JUDQXOHV�RI�+76&�<%D�&X�2�±δ��L�H�ZLWK� DSSHDUDQFH� LQ� WKH� VXSHUFRQGXFWRU� RIWKH�$EULNRVRY�YRUWLFHV�����$QRWKHU� ZD\� DURXQG�� DOO� WKH� UHDVRQV� DUHWKHUH� WR� EHOLHYH� WKDW� WKH� FULWLFDO� ILHOGsIOH[ ≡ +F�$�2I� QR� OHVV� VLJQLILFDQFH� LV� WKH� IROORZLQJFLUFXPVWDQFH�� WKH� REWDLQHG� YDOXHV� RI� WKHILHOG� sIOH[�+F�$�� �HVSHFLDOO\� DW� WKH� KDOI�F\FOH��+PD[ → ����KDYH�UHODWLYHO\�ZHDN�GH�SHQGHQFH� RQ� WKH� WUDQVSRUW� FXUUHQW� , DQGFURVV�RULHQWDWLRQ�RI�WKH�YHFWRUV�+ DQG�,��$WWKH� VDPH� WLPH�� LW� LV� NQRZQ� ZHOO� WKDW� WKHGLUHFW� PHDVXUHPHQWV� RI� WKH� ILHOG�+F�$ RQVLQJOH� FU\VWDOV� RI�<%D�&X�2�±δ LQGLFDWH� WKHSUHVHQFH�RI�D�UHODWLYHO\�VWURQJ�DQLVRWURS\��VHH�IRU� H[DPSOH� >��Ü��@��� 2EYLRXVO\�� GXULQJ� WKHPHDVXUHPHQW�WDNLQJV� RI� PDJQHWRUHVLVWDQFH�WKH�EHQGV�RQ�WKH�FXUYHV�RI�∆ρ�ρ����.�+� FRUUH�VSRQG� WR� WKH� PLQLPDO� YDOXH RI� WKH� ILHOG+F�$�� L�H��WKH�ORZHU�FULWLFDO�ILHOG�RI�WKH�VX�SHUFRQGXFWLQJ� JUDQXOHV� RQ� WKH� EDVDO� SODQHDE RI�WKH�RUWKRUKRPELF�ODWWLFH�+F�$DE ��'LVFRYHUHG�� SUREDEO\�� IRU� WKH� ILUVW� WLPHLQ� WKLV� ZRUN� ZHUH� SODLQ� DQRPDOLHV� RQ� WKHFXUYHV�RI�WKH�ILHOG�UHODWLRQVKLS�RI�WKH�PDJ�QHWRUHVLVWDQFH�∆ρ�ρ����.�+��RI�WKH�+76&�FH�UDPLF� PDWHULDOV� <%D�&X�2�±δ DW� +MXPS !+F�$�� L�H�� MXPSLQJ� YDULDWLRQ� RI� WKH� WUDQV�SRUW� SURSHUWLHV� LQ� WKH� PDJQHWLF� ILHOG� �ZHGHDO�ZLWK�D�MXPS�RI�UHVLVWDQFH�LQ�ZHDN�PDJ�QHWLF� ILHOGV�� VLPLODU� SKHQRPHQD� KDG� HDUOLHUEHHQ� REVHUYDEOH� LQ� VLQJOH� FU\VWDOV� RI<%D�&X�2�±δ QHDU��° LQ�WKH�ILHOGV�s__° ZLWKWKH�VWUHQJWK�s a��Ü��7�DQG�ZHUH�DWWULEXWHGWR� IXVLRQ� RI� WKH� YRUWH[� ODWWLFH� >��@���ZKLFKDWWHVWV��DERYH�DOO��WR�WKH�SKDVH�WUDQVLWLRQ�RIWKH� ILUVW� NLQG� �RYHU� PDJQHWLF� ILHOG�� >WKHPRVW� VROLG� DUJXPHQWV� LQ� IDYRU� RI� WKLV�NLQGRI�WUDQVLWLRQ�LV�DSSHDUDQFH�RI�WKH�K\VWHUHVLVRI� WKH� SKDVH� WUDQVLWLRQ� �RYHU� PDJQHWLFILHOG�� �+MXPS+ !�+MXPS− �� DQG� SUHVHQFH� RI� WKHSKHQRPHQRQ�RI�FRH[LVWHQFH RI�WKH�KLJK��DQGORZ�ILHOG�SKDVHV�DW�+  �+MXPS��,  �FRQVW@��

1RWH� WKDW� LQ� WKH� LQWHUYDO�,�,F�� LQ�ZKLFKWKHVH�MXPSV�ZHUH�REVHUYDEOH��LQ�DQ\�FDVH�DW,⊥ +�� ZLWK� + !�+MXPS�� SHDNV� DSSHDUHG� RQWKH� UHODWLRQVKLSV� ∆ρ�ρ���� .�+��� 2EYLRXVO\�WKRVH� WZR� SKHQRPHQD� ZHUH� DVVRFLDWHG� ZLWKWKH�FKDUDFWHU�RI�WKH�YRUWH[�VWUXFWXUH�LQ�WKHVXSHUFRQGXFWLQJ� JUDQXOHV�� :LWK� WKDW�� LWVKRXOG�EH�ERUQH�LQ�PLQG�WKDW�WKH�SKHQRPHQDDUH�REVHUYDEOH�RQ�JUDQXODU��FHUDPLF��VDPSOHVRI� WKH� +76&�� L�H�� RQ� REMHFWV� ZLWK� GHIHFWLYHFU\VWDO� ODWWLFH�� ZKLOH� DW�+MXPS !�+F�$ WKH\DUH� VR�ZLWK� WKH� NQRZQ� LPSHUIHFW� YRUWH[� ODW�WLFH��VWDWH�RI�WKH�%UDJJ�JODVV�>��@��$Q� DVVXPSWLRQ FDQ� EH� PDGH� WKDW� WKHMXPSV� RI�PDJQHWRUHVLVWDQFH� RI� WKH� FHUDPLF+76&�<%D�&X�2�±δ LQ�ZHDN�PDJQHWLF�ILHOGVDUH� DVVRFLDWHG�ZLWK� YDULDWLRQ� RI� WKH� YRUWH[VWUXFWXUH�� L�H�� ZLWK� WKH� WKHRUHWLFDOO\� SUH�GLFWHG� >��Ü��@�SKDVH� WUDQVLWLRQ�RI� WKH�ILUVWNLQG� �%UDJJ� JODVV�YRUWH[� JODVV� �%*�9*���$FKDUDFWHULVWLF� IHDWXUH� RI� WKH� %*�9*� SKDVHWUDQVLWLRQ� LV� D� MXPSLQJ� GHFUHDVLQJ� RI� WKHFULWLFDO� FXUUHQW�,F DORQJ� WKH� D[LV�F DQG� LQ�FUHDVLQJ� RI� ,F RQ� WKH� EDVDO� SODQH� DE >��@�7KH� SKHQRPHQRQ� RI� MXPSLQJ� JURZWK� RI
∆ρ�ρ����. IRXQG�LQ�WKLV�SDSHU�ZLWK�LQFUHDV�LQJ�RI�s LV�LQGLFDWLYH�RI�D�GHFUHDVLQJ�RI�WKHFULWLFDO� FXUUHQW� �GHFUHDVLQJ� E\� MXPSV� RI�,FE\�VHYHUDO�WLPHV�DW�s a�+MXPS ZDV�REVHUYHGH[SHULPHQWDOO\� ZKLOH� WDNLQJ� PHDVXUHPHQWVRI�,F�s���7KH� WHQGHQF\� WRZDUG� DSSHDUDQFH� RI� WKHPDJQHWRUHVLVWDQFH� SHDN� DW�+ !�+MXPS WKDWLV�WUDQVIRUPHG�LQWR�D��SODWHDX��RQ�WKH�UHOD�WLRQVKLSV� ∆ρ�ρ���� .�+�� DW� KLJK� WUDQVSRUWFXUUHQW�GHQVLWLHV�FDQ�EH�DVVRFLDWHG�ZLWK�GH�FUHDVLQJ�RI�WKH�SLQQLQJ�IRUFH�DV�D�UHVXOW�RIWKH�FUHDWLRQ�RI�WKH�YRUWH[�JODVV�SKDVH�,Q� WKLV� ZD\�� WKHUH� DUH� VRXQG� UHDVRQV� WREHOLHYH�WKDW�WKH�ILHOG�+MXPS≡+%*�9*���7KH� YHU\� IDFW� WKDW� WKH� OLQHV� RI� WKH� %*�9*�SKDVH� WUDQVLWLRQV� LQ�,�+�GLDJUDPV�GURSRII� DW� ,�,F !�a����Ü����� ZKLOH� WKH� PDJQH�WRUHVLVWDQFH� MXPSV� GLPLQLVK� QRWLFHDEO\� DW,⊥ + ZLWK� LQFUHDVLQJ� RI� ,�,F RU� +PD[�� LVLQGLFDWLYH� RI� WKH� IDFW� WKDW� WKH� GLIIHUHQFHEHWZHHQ� %*�� DQG� 9*�SKDVHV� DUH� VPRRWKHGRXW�ZLWK�LQFUHDVLQJ�FXUUHQW��WKH�SKDVH�WUDQ�VLWLRQ�%*�9*�EHLQJ�WHUPLQDWHG�DW�WKH�FULWL�FDO�SRLQW���1RWH� WKDW� ERWK� WKH� YDOXH� RI� PDJQHWRUH�VLVWDQFH�MXPSV�LQ�+MXPS �+%*�9*��DQG�FKDU�DFWHU� RI� WKH� GHSHQGHQFH� RI� WKLV� YDOXH� YV�FXUUHQW� �,�,F�� DQG� �PDJQHWRF\FOLQJ� GHSWK��L�H��WKH�ILHOG�+PD[��GHSHQG�FRQVLGHUDEO\�RQWKH�FURVV�RULHQWDWLRQ�RI�WKH�YHFWRUV�, DQG�+�DQG� LQ� WKH� FDVH� RI�, __�+�� WKH�PDJQHWRUHVLV�WDQFH�MXPSV�DUH�VHYHUDO�WLPHV�DV�VPDOO�DV�LQ
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WKH� FDVH� RI� , ⊥ +�� WKHLU� YDOXH� LQFUHDVLQJ�QRW� YLFH� YHUVD�� DW� WKH� JURZWK� RI� ,�,F�� WKHPDJQLWXGH�RI�WKH�MXPSV�GRHV�QRW�GHSHQG�RQWKH� ILHOG� +PD[�� QRW� LQFUHDVLQJ� DW� WKHJURZWK�RI�WKLV�ILHOG��7KH�XQGHUO\LQJ�QDWXUHRI�WKHVH�SKHQRPHQD�LV�VWLOO�REVFXUH�&RQFOXVLRQV7KH� PDMRU� UHVXOWV� RI� WKH� H[SHULPHQWDOVWXG\� RI� WKH� WUDQVYHUVH� DQG� ORQJLWXGLQDOPDJQHWRUHVLVWDQFH�RI�FHUDPLF�+76&�VDPSOHVRI� <%D�&X�2�±δ LQ� ZHDN� PDJQHWLF� ILHOGVVKRXOG�EH�FRQVLGHUHG�DV�IROORZV���Û� 'LVFRYHU\� RI� MXPSLQJ� YDULDWLRQ� RIPDJQHWRUHVLVWDQFH�LQ�PDJQHWLF�ILHOGV�+MXPS�Û�(VWDEOLVKPHQW�RI�WKH�QDWXUH�RI�K\VWHU�HVLV�RI�PDJQHWRUHVLVWDQFH��WKH�GLIIHUHQFHV�LQSURJUHVVLRQ� RI� WKH� UHODWLRQ� RI� ∆ρ�ρ�+�� DWLQFUHDVLQJ�RU�GHFUHDVLQJ�RI�WKH�DSSOLHG�PDJ�QHWLF�ILHOG�VWUHQJWK���Û�'LVFRYHU\�RI�WKH�SUHVHQFH�RI�DQ�DOLJQ�PHQW�GHSHQGHQFH�RI�WKH�YDOXH�RI�PDJQHWRUH�VLVWDQFH� DQG� FULWLFDO� ILHOGV� RI� ZHDN� OLQNVDQG� VXSHUFRQGXFWLQJ� JUDQXOHV� �+F�-��+F�$DQG�+MXPS��Û�'LVFRYHU\�RI�WKH�SUHVHQFH�RI�D�GHSHQG�HQFH� RI� WKH� YDOXH� RI� WKH� FULWLFDO� ILHOGV� RIZHDN� OLQNV� DQG� VXSHUFRQGXFWLQJ� JUDQXOHV+F�-��+F�$ DQG�+MXPS YV��WUDQVSRUW�FXUUHQWGHQVLW\�DQG�SUHFHGLQJ�PDJQHWLF�KLVWRU\��7KH� DXWKRUV� H[SUHVV� WKHLU� JUDWLWXGH� WR3URI��9�$��6KNORYVNLM�IRU�KLV�LQYDOXDEOH�GLV�FXVVLRQV� 5HIHUHQFHV���(�=�0HLOLNKRY�� 9�*�6KDSLUR�� 6XSHUFRQGXFWLY�LW\��������������������*�%ODWWHU�� 0�9�)HLJHO�PDQ�� 9�%�*HVKNHQEHLQHW�DO���5HY��0RG��3K\V����������������������(�+�%UDQGW��5HS��3URJU��3K\V����������������������<�<HVKXUXQ�� $�6KDXORY�� $�3�0DOR]HPRII�5HY��0RG��3K\V���������������������+�.RQWDQL��-��3K\V��6RF��-DS�������������������3K\V��5HY��/HWW������������������������&�$�0�GRV�6DQWRV��$�-�6�0DFKDGR��3K\VLFD�&��������������������*�/�2OLYHUD�� &�$�0�GRV� 6DQWRV�� &�<�6KLJXH�$�-�6�0DFKDGR��,(((�7UDQV��$SSO��6XSHUFRQG���������������������&�$�0�GRV� 6DQWRV�� 0�6�GD� /X]�� %�)HUUHLUD�$�-�6�0DFKDGR��3K\VLFD�&���������������������<�6FKOHVLQJHU�� /�%XUODFKNRY�� (�0RJLONR�3K\VLFD�&����������������������(�0RJLONR�� /�%XUODFKNRY�� <�0�6WUHOQLNHU� HWDO���3K\VLFD�%�����Ü��������������������/�%XUODFKNRY�� (�0RJLONR�� <�6FKOHVLQJHU� HWDO���3K\V��5HY��%��������������������

����<X�6�.DULPRY��$�'�.LNLQ��6XSHUFRQGXFWLYLW\�������������������.�+�0�OOHU�� '�1�0DWWKHZV�� ,(((� 7UDQV�$SSO��6XSHUFRQG�����������������������(�$OWVKXOHU�� 6�*DUFLD�� -�%DUURVR�� 3K\VLFD� &���������������������(�$OWVKXOHU��3�0XQH��-�0XVD��-�/�*RQ]DOHV�HWDO���-��6XSHUFRQG���������������������0�(�0F+HQU\�� 0�3�0DOH\�� -�2�:LOOLV�� 3K\V�5HY��%�����������������������0�0DMRURV��0�3RODN��9�6WUELN�HW�DO���&U\RJHQ�LFV���������������������0�1�.XQFKXU�� 7�5�$VNHZ�� -��$SSO��3K\V��� �������������������9�$�)LQNHO��� 9�0�$U]KDYLWLQ�� $�$�%OLQNLQ� HWDO���3K\VLFD�&�����Ü��������������������$�6�.DSFKHULQ�� ,�,�3DSLURY�� 3�,�6WRHY� HW� DO��6XSHUFRQGXFWLYLW\��������������������9�$�)LQNHO��� 9�9�7RU\DQLN�� )XQFWLRQDO�0DWH�ULDOV���������������������9�$�)LQNHO��� 9�9�'HUHY\DQNR�� /RZ� 7HPS�3K\V����������������������&�3�%HDQ��3K\V��5HY��/HWW���������������������<�%�.LP�� &�)�+DPSVWHDG�� $�5�6WUDQG�� 3K\V�5HY�����������������������)�6WXFNL�� -�5K\QHU�� *�%ODWWHU�� 3K\VLFD� &����������������������1�1�(ILPRYD�� <X�$�3RSNRY�� 0�%�8VWLPHQN�RYD�� 9�$�)LQNHO��� /RZ� 7HPS��3K\V��� ���� ��������������&�<�/HH��/�:�6RQJ��<�+�.DR��3K\VLFD�&���������������������4�+�/DP�� &�'�-HIIULHV�� 3K\VLFD� &�� ����� �������������<�6�+DVFLFHN�� /�%�7HVWDUGL�� ,(((� 7UDQV��RQ0DJQHWLFV����������������������'�'DJKHUR�� 3�0D]]HWWL�� $�6WHSDQHVFX� HW� DO��3K\V��5HY��%�������������������������(�=�0HLOLNKRY��3K\V��8VS������������������������$�.LOLo��.�.LOLo��6�6HQRXVVL��.�'HPLU��3K\VLFD&����������������������-�%DUGHHQ��-�%�6WHSKHQ��3K\V��5HY��������$���������������$�)�+HEDUG��$�7�)LRU\��'�5�+DUVKPDQ��3K\V�5HY��/HWW�����������������������6�6ULGKDU�� 'RQJ�+R� :X�� :�.HQQHG\�� 3K\V�5HY��/HWW�����������������������/�.UXVLQ�(OEDXP�� $�3�0DOR]HPRII�� <�<HVKX�UXQ�HW�DO���3K\V��5HY��%����������������������&K�+HLQ]HN�� &K�1HXPDQQ�� 3�=LHPDQQ�� (XUR�SK\V��/HWW����������������������:�.�.ZRN�� -�)HQGULFK�� 6�)OHVKOHU� HW� DO��3K\V��5HY��/HWW�����������������������'�'RPLQJXH]��3K\V��5HY��/HWW��������������������� $�'�+HUQDQGH]�� '�'RPLQJXH]�� 3K\V��5HY��/HWW������������������������1�$YUDKDP�� %�.KD\NRYLFK�� <�0\DVRHGRY� HWDO���3K\VLFD��&�������������������$�YDQ� 2WWHUOR�� 5�7�6FDOHWWHU�� *�7�=LPDQ\L�3K\V��5HY��/HWW�������������������
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lÈ�ÓL�ºº¹L¯��¯ÈÓ�ã	ºmÈÓº�º�mÒ°º}º�Ëä¹Ë¯È��¯Óº�ºÓÈ�¹¯ºmL�ÓÒ}È�<%D�&X�2�±δ ��°ãÈ­}Ò²�äÈ�ÓL�ÓÒ²�¹ºã«²
{�{�iË¯Ëm�«Ó}º����{�v�²È¯ËmÈ��{�|�nLÓ}Ëã	

p}°¹Ë¯ÒäËÓ�Èã	Óº� mÒm�ËÓº� ¹º¹Ë¯Ë�ÓÒ®� L� ¹º�ºmÎÓL®� äÈ�ÓL�ºº¹L¯� ∆ρ�ρ���� .�+�� }Ë�¯ÈäL�ÓÒ²� Ï¯ÈÏ}Lm� mÒ°º}º�Ëä¹Ë¯È��¯Óº�º� ÓÈ�¹¯ºm��ÓÒ}È�<%D�&X�2�±δ ¹¯Ò�7  ������.��äÈ�ÓL�ÓÒ²�¹ºã«²�� ≤ + ≤ ����2H��{Ò«mãËÓº�ËÁË}��°�¯Ò­}º¹º�L­Óº��ÏäLÓÒ�äÈ�ÓL�ºº¹º¯���äÈ�ÓL�ÓÒ²�¹ºã«²�s  �+MXPS��¹ºm�«ÏÈÓÒ®�Ï�¹Ë¯Ë­��ºmº
 mÒ²¯ºmº��°�¯�}��¯Ò���º}ÈÏÈÓº��º� ¹ºã	ºmÈ� ÏÈãËÎÓL°�	 äÈ�ÓL�ºº¹º¯�� Óº°Ò�	 �L°�Ë¯ËÏÒ°ÓÒ®� ²È¯È}�Ë¯�� {Ò«mãËÓº� ÓÈ�«mÓL°�	 º¯L¼Ó�È�L®Óº�� ÏÈãËÎÓº°�L� mËãÒ�ÒÓÒ� äÈ�ÓL�ºº¹º¯�� L� }¯Ò�Ò�ÓÒ²� ¹ºãLm� °ãÈ­}Ò²Ïm�«Ï}Lm� L�ÓÈ�¹¯ºmL�ÓÒ²��¯ÈÓ�ã��+F�-��+F�$ L�+MXPS�� L�ÏÈãËÎÓº°�L�mËãÒ�ÒÓÒ�}¯Ò�Ò�ÓÒ²¹ºãLm�+F�-��+F�$ L�+MXPS mL� �Lã	Óº°�L��¯ÈÓ°¹º¯�Óº�º�°�¯�ä��L�äÈ�ÓL�Óº��¹Ë¯Ë�L°�º¯L��
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