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���,QWURGXFWLRQ
6LQJOH� FU\VWDO� \WWULXP� LURQ�JDUQHW� �<,*�

ILOPV� DV� PDJQHWLF� LQVXODWRUV� JURZQ� E\� OLT�
XLG�SKDVH�HSLWD[\� �/3(��DUH�XVHG�ZLGHO\�DV
PDWHULDOV� IRU� PHPRU\� GHYLFHV� DQG� UHPDLQ
LQWHUHVWLQJ�IRU�PLFURZDYH�DSSOLFDWLRQV�XQWLO
QRZ��$�VLQJOH�FU\VWDO�RI�JDGROLQLXP�JDOOLXP
JDUQHW� �***�� KDV� QHDUO\� WKH� VDPH� ODWWLFH
FRQVWDQW� DV� <,*�� DQG� KDV� IRU� WKLV� UHDVRQ
EHFRPH� WKH� SULPH� VXEVWUDWH� IRU� HSLWD[LDO
JURZWK� RI� JDUQHW� ILOPV�� <,*� EHORQJV� WR
PDJQHWLFV�DPRQJ�QXPHURXV�PDWHULDOV�ZKHUH
WKH� PDJQHWRHOHFWULF� HIIHFW� �0((�� LV� RE�
VHUYHG� >�Ü�@�� ,Q� >�Ü�@�� GHYRWHG� WR� VWXG\�RI
0((� LQ� <,*� E\� RSWLFDO� PHWKRGV� �HOHFWUR�
PDJQHWR�RSWLFDO� HIIHFW��� FRQQHFWLRQ� EHWZHHQ
WKH�VSHFLILHG�HIIHFW�DQG�PDJQHWLVDWLRQ�SURF�
HVVHV� LQ� <,*� KDV� EHHQ� VKRZQ��:H� DOVR� IR�
FXVHG�DWWHQWLRQ�RQ�WKH�LPSRUWDQW�UROH�RI�WKH
GRPDLQ�VWUXFWXUH��'6��DW�UHJLVWUDWLRQ�RI�WKH

0((� �(02(��� DV� WKH� LQWHJUDO� (02� HIIHFW
IURP�PXOWLGRPDLQ�VLWHV�DFWXDOO\� LV�D� FRQVH�
TXHQFH� RI� '6� FKDQJHV� LQGXFHG� E\� WKH� HOHF�
WULF�ILHOG�>�@��7KHVH�FKDQJHV�RI�'6�DUH�PDQL�
IHVWHG�DV�VPDOO�GLVSODFHPHQWV��FKDQJH�LQ�SR�
VLWLRQV��RI�WKH�GRPDLQ�ZDOO��':���FDXVHG�E\
WKH�(�ILHOG��7KXV��WKH�H[WHUQDO�HOHFWULF�ILHOG
FDQ� EH� FRQVLGHUHG� DV� DQ� DGGLWLRQDO� FRQWURO
SDWK�RI�<,*�PDJQHWLF�FRQGLWLRQ����

,Q� WKLV� ZRUN�� WKH� UHVXOWV� RI� WKH� IXUWKHU
ORFDO�(02(�UHVHDUFKHV�LQ�VHSDUDWH�PDJQHWLF
GRPDLQV� DUH� SUHVHQWHG�� $V� LW� KDV� EHHQ
VKRZQ�E\�XV�EHIRUH�>�@��WKH�ORFDO�(02�HIIHFW
LV� FRQQHFWHG�ZLWK� WKH� LQIOXHQFH�RI� WKH�HOHF�
WULF�ILHOG�RQ�WKH�<,*�PDJQHWLF�DQLVRWURS\��$
KLJK� VHQVLWLYLW\� RI� <,*� GRPDLQ� VWUXFWXUH
�GRPDLQ� ZDOOV�� WR� RI� WKH� PDJQHWLF� DQLVRW�
URS\�FKDQJHV�FDXVHG�E\�HOHFWULF�ILHOG�DFWLRQ
DOORZV�WR�UHJLVWHU�0((��(02(��>����@�
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���([SHULPHQWDO
2XU� H[SHULPHQWDO� WHFKQLTXH� FRPELQLQJ

WKH� ODVHU� SRODULPHWU\� DQG� D� SRODULVLQJ� PL�
FURVFRS\� LV� GHVFULEHG� LQ� GHWDLOV� HOVHZKHUH
>�@��7KLV�WHFKQLTXH�DOORZV�XV�WR�PHDVXUH�WKH
ORFDO�FKDQJHV�RI�OLJKW�SRODUL]DWLRQ�SODQH�UR�
WDWLRQ� �)DUDGD\� URWDWLRQ�� XQGHU� DFWLRQ� RI
YDULDEOH�ORZ�IUHTXHQF\�HOHFWULF�ILHOG�DSSOLHG
WR� WKH� VDPSOH� �D(02� SDUDPHWHU��� ,Q� WKLV
FDVH��D(02�a�D�0ORF����D�%ORF��ZKHUH�0ORF�LVORFDO� PDJQHWL]DWLRQ�� D�� DQG� D�� DUH� FHUWDLQFRHIILFLHQWV�%ORF�a�+LQW�ORF� LV� WKH� ORFDO� YDOXHRI� WKH�PDJQHWLF� LQGXFWLRQ� �+LQW�ORF� �+H[W�Ü+GHPDJ�� ZKHUH�+GHPDJ�Û� WKH� GHPDJQHWL]D�
WLRQ� ILHOG� WKDW� ZLOO� EH� QRW� XQLIRUP� LQ� WKH
FDVH�RI�D�PXOWLGRPDLQ�ILOP��� ,Q�RXU�H[SHUL�
PHQWV�� <,*� ILOP�ZDV� XVHG� JURZQ� E\� OLTXLG
SKDVH� HSLWD[\� RQ� ***� VXEVWUDWH�� 7KH� ILOP
WKLFNQHVV� ZDV� DERXW� ��� PP�� DQG� WKLFNQHVV
RI� WKH� ***� VXEVWUDWHV� IRU� ILOP� ZDV� DERXW
����PP�� ([SHULPHQWV� ZHUH� FDUULHG� RXW� DW
URRP� WHPSHUDWXUH� LQ� ORQJLWXGLQDO�JHRPHWU\
�(__N��+__N��ZKHUH�N�LV�WKH�OLJKW�ZDYH�YHFWRU�
+�LV�D�VWDWLF�PDJQHWLF�ILHOG��(�LV�D�YDULDEOH
HOHFWULF� ILHOG� �Z� ����� +]���� 7KH� GRPDLQ
PDJQHWLVDWLRQ�LQ�WKH�ILOP�ZDV�QRUPDO�WR�WKH
ILOP�SODQH��$�+H±1H� ODVHU� �O� ������P��ZDV
XVHG� LQ� WKH� H[SHULPHQWV� DQG� XVLQJ� RI� D
URXQG� GLDSKUDJP� >�@� DOORZHG�XV� WR� DOORFDWH
WKH� VLWHV� RI� DERXW���PP� LQ� GLDPHWHU� LQ� WKH
ILOP�

���5HVXOWV�DQG�GLVFXVVLRQ
)LJ���� VKRZV� WKH� PDJQHWLF� ILHOG� GHSHQG�

HQFH�RI�WKH�(02(�PHDVXUHG� LQ�DQ�DUELWUDU�
LO\�VHOHFWHG�VHSDUDWH�PDJQHWLF�GRPDLQ�RI�WKH
LQYHVWLJDWHG� <,*� ILOP�� ZLWKRXW� ':� LQ� WKH
DUHD�RI�ODVHU�VFDQQLQJ��ZKHQ�(a� ���N9�FP�2QO\�WKH��Z�FRPSRQHQW�RI�WKH�(02(�VLJQDO
ZDV� GHWHFWHG� LQ� RXU� VDPSOH�� 7KH� PHDVXUH�
PHQWV� ZHUH� FDUULHG� RXW� IRU� WZR� PDJQHWLF
ILHOG�GLUHFWLRQV��+nn0�DQG�+np0��,Q�ZKDW
IROORZV��ZKHQ�GLVFXVVLQJ�(02(��ZH�ZLOO�EH
OLPLWHG� WR� D� VHFWLRQ� RI� WKH� PDJQHWLVDWLRQ
FXUYH� SUHFHGLQJ� WKH� PDJQHWLF� VDWXUDWLRQ�
7KLV� OLPLWHG� VHFWLRQ� LV� PDUNHG� E\� YHUWLFDO
GDVKHG� OLQHV� LQ� )LJ����� ,Q� WKH� VSHFLILHG
UDQJH� RI� PDJQHWLF� ILHOGV�� WKH� (02� VLJQDO
SUDFWLFDOO\�GRHV�QRW�FKDQJH��WKXV��WKH�HIIHFW
LV� LQGHSHQGHQW� RI� WKH�PDJQHWLF� ILHOG��+RZ�
HYHU��DW�VLPLODU�ODVHU�EHDP�SURELQJ�RI�RWKHU
ORFDO� DUHDV� RI� WKLV� ILOP� ZLWKLQ� WKH� FKRVHQ
GRPDLQ� �QRW� WRXFKLQJ�':��� LW� KDV� EHHQ� UH�
YHDOHG� WKDW� DW� LQYDULDEOH� FKDUDFWHU� RI� WKH
PDJQHWLF�ILHOG�(02(�GHSHQGHQFHV��WKH�(02
HIIHFW�YDOXH�GLG�QRW�UHPDLQ�D�FRQVWDQW��7KH

VSHFLILHG� IHDWXUH� GHPDQGHG� DGGLWLRQDO� UH�
VHDUFKHV�

)LJ����DQG�)LJ����SUHVHQW�GHSHQGHQFHV�RI�WKH
(02�VLJQDO�FKDQJLQJ�+� ���2H��(� ���N9�FP�
DW�PRYLQJ� RI� WKH� VFDQQLQJ� GLDSKUDJP� RYHU
WKH�FHQWUDO�DUHDV�RI�WKH�PDJQHWLF�GRPDLQ�LQ
FURVV�VHFWLRQ� GLUHFWLRQ� ;� �LQ� UHODWLRQ� WR
':�� DQG� LQ� ORQJLWXGLQDO� GLUHFWLRQ� <�� 7KH
VWDUWLQJ� SRLQWV� IRU� RSWLFDO� VFDQQLQJ� DUH� VH�
OHFWHG� DUELWUDULO\��$V� LV� VHHQ� IURP� WKH�SUH�

)LJ����� 7KH� PDJQHWLF�ILHOG� GHSHQGHQFHV� RI
(02(�IRU�<,*�ILOP�PHDVXUHG�RQ� WKH�FHQWUDO
VLWH�RI�GRPDLQ�

)LJ�����7KH�FKDQJHV�RI�WKH�(02�SDUDPHWHU�IRU
WKH� GLIIHUHQW� VLWHV� RI� WKH� PDJQHWLF� GRPDLQ
ZKHQ� WKH� VFDQQLQJ� GLDSKUDJP� PRYLQJ� RI� LQ
FURVV�VHFWLRQ�GLUHFWLRQ�;��LQ�UHODWLRQ�WR�':��

)LJ�����7KH�FKDQJHV�RI�WKH�(02�SDUDPHWHU�IRU
WKH� GLIIHUHQW� VLWHV� RI� WKH� PDJQHWLF� GRPDLQ
ZKHQ� WKH� VFDQQLQJ� GLDSKUDJP�PRYLQJ� RI� LQ� D
ORQJLWXGLQDO�GLUHFWLRQ�<��LQ�UHODWLRQ�WR�':��
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VHQWHG� FXUYHV�� WKH� (02� VLJQDO� YDOXH� LQ
VRPH�VFDQQLQJ�SRLQWV�GLIIHUV�IURP�WKH�DYHU�
DJH� VLJQDO� OHYHO� RYHU� WKH� GRPDLQ�� ,Q� WKHVH
GHSHQGHQFHV�� FKDQJHV� RI� WKH�(02�VLJQDO� LQ
WKH� IRUP� RI� VHSDUDWH� QDUURZ� SHDNV� DUH
FOHDUO\�YLVLEOH�� ,Q�RXU�RSLQLRQ��WKH�UHYHDOHG
ORFDO� FKDQJHV� RI� WKH� (02(� YDOXH� FDQ� EH
H[SODLQHG�DV�IROORZV���������([WHUQDO�HOHFWULF
ILHOG�GRHV�QRW�FKDQJH�WKH�VSRQWDQHRXV�PDJ�
QHWLVDWLRQ� YDOXH� LQ� <,*� >�@�� +HQFH�� WKH
)DUDGD\� URWDWLRQ�YDOXH�FKDQJLQJ� LQ� HOHFWULF
ILHOG� WKDW�ZH�H[SHULPHQWDOO\�REVHUYH� �D(02SDUDPHWHU��� DW� LQYDULDEOH�PDJQHWLVDWLRQ� GH�
SHQGV� RQ� WKH� YDOXH� RI� GHPDJQHWL]DWLRQ
ILHOGV� LQ� YLFLQLW\� RI� WKH� SRLQW� RI� RSWLFDO
VFDQQLQJ�

:H�GLVFXVV�WKH�ORFDO�(02�HIIHFW��EXW�WKH
H[WHUQDO� (�ILHOG� LV� DSSOLHG� QRW� WR� FRQFUHWH
REVHUYHG�DUHD�EXW�WR�WKH�VDPSOH�DV�D�ZKROH�
7KDW� LV�� DFWXDOO\� ZH� GHDO� ZLWK� LQWHJUDWHG
0(� �RU�(02��HIIHFW�ZKLFK� LV�PDQLIHVWHG� WR
GLIIHUHQW�H[WHQW�RQO\�LQ�WKH�SUHVHQFH�RI�GR�
PDLQ�VWUXFWXUH�LQ�WKH�VDPSOH�DQG�LW�LV�YHU\
VHQVLWLYH�WR� UHODWLYH�SRVLWLRQLQJ�RI�':�DQG
SRLQWV�RI�RSWLFDO�VFDQLQJ�>����@��,QLWLDOO\��LQ
WKH�PXOWLGRPDLQ� VDPSOH�� WKHUH� LV� D� FRPSOL�
FDWHG�SLFWXUH�RI�ORFDO�GHPDJQHWL]DWLRQ�ILHOGV
GLVWULEXWLRQ�� DSSHDULQJ� LQ� D� ILOP� GRPDLQV
GXH�WR�RI�SUHVHQFH�RI�PDJQHWLF�KHWHURJHQHL�
WLHV�� 7KH� YDULDEOH� (�ILHOG�� LQIOXHQFLQJ� WKH
PDJQHWLF� DQLVRWURS\� RI� D� ILOP� DV� D� ZKROH�
VHWV� WKH� GRPDLQ� ZDOOV� LQ� PRWLRQ� WKDW�� LQ
WXUQ�� UHVXOWV� LQ� UHGLVWULEXWLRQ� RI� ORFDO� GH�
PDJQHWL]DWLRQ� ILHOGV� LQ� GRPDLQV�� 5HJLVWUD�
WLRQ�RI�VWDEOH�(02�VLJQDO�LQ�WKH�GRPDLQ�LV�D
UHVXOW�RI�WKH�DERYH�SURFHVVHV��'LVDSSHDUDQFH
RU�HVVHQWLDO�UHGXFWLRQ�RI�WKH�VLJQDO�LQ�VHSD�
UDWH� SRLQWV� LQ� WKH� GRPDLQ� DJDLQVW� D� VWDEOH
VLJQDO�LQ�WKH�QHLJKERULQJ�SRLQWV�RI�WKH�VDPH
GRPDLQ�FDQ�WHVWLI\�WR�SUHVHQFH�RI�DQ�DEUXSW
FKDQJH� RI� WKH� GHPDJQHWL]DWLRQ� ILHOG� LQ� WKH
JLYHQ�SRLQW�RI�WKH�DUHD�

$V� LW� LV� VHHQ� IURP�)LJ���� DQG�)LJ�����ZH
KDYH� UHYHDOHG� VHSDUDWH� VPDOO� VLWHV� LQ� WKH
ILOP� ZKHUH� VWDELOLW\� RI� WKH� (02� VLJQDO� LQ
WKH� FHQWUH� RI� GRPDLQ� LV� YLRODWHG� WKRXJK
(02(� LQ� WKH�GRPDLQ� VKRXOG�QRW� FKDQJH� LWV
YDOXH�� 7KLV� PD\� RFFXU� DW� LUUHJXODU� FKDQJH
RI� ORFDO� YDOXH� RI� WKH� GHPDJQHWL]DWLRQ� ILHOG
LQ� D� VFDQQLQJ� SRLQW�� IRU� H[DPSOH�� DW� SUHV�
HQFH� RI� ':� �DV�PDJQHWLF� KHWHURJHQHLW\�� LQ
WKH�DUHD�RI�ODVHU�SURELQJ��%XW�':�GRHV�QRW
JHW�WR�WKLV�DUHD��VLQFH�WKH�GRPDLQ�VWUXFWXUH
LV� PRQLWRUHG� YLVXDOO\��:H� DVVXPH� WKDW� WKH
DUHD� RI�GHIHFW�ZKLFK� LV� FDSWXUHG�E\�D� ODVHU
EHDP� FDQ� EH� WKH� VSHFLILHG�PDJQHWLF� KHWHUR�
JHQHLW\�� ,Q� WKH� VLWHV� RI� LUUHJXODU� FKDQJLQJ
RI� WKH�PDJQHWLVDWLRQ�YHFWRU�QHDU� WR�GHIHFWV
�LQFOXVLRQV�DQG�SRUHV��H[LVW�ORFDO�GHPDJQHWL�

]DWLRQ� ILHOGV� DQG� PDJQHWLVDWLRQ� GLIIHUHQFH
LQ�WKHVH�SRLQWV�FDXVHV�D�FKDQJH�RI�PDJQHWR�
VWDWLF� HQHUJ\� �HQHUJ\� LQ� WKH� ORFDO� GHPDJ�
QHWL]DWLRQ� ILHOG��� 7KXV�� FRPELQDWLRQ� RI� WKH
GHPDJQHWL]DWLRQ� ILHOGV� DQG� QRQXQLIRUPLW\
RI� SDUDPHWHUV� UHVXOWV� LQ� UHJLVWUDWLRQ� RI
(02(� ORFDO� FKDQJHV� LQ� VHSDUDWH� SRLQWV� LQ
WKH�PDJQHWLF�GRPDLQ�<,*�ILOP�

7KH�H[SHULPHQW�VLPLODU�WR�WKDW�ZKLFK�UH�
VXOWV�DUH�SUHVHQWHG�LQ�)LJ����KDV�EHHQ�PDGH
DOVR� RQ� WKH� VDPH� VDPSOH� RI� <,*� ILOP� VXE�
MHFWHG�WR�WKHUPDO�DQQHDOLQJ��,Q�>�@��ZH�KDYH
SUHVHQWHG�WKH�UHVXOWV�RI�SUHOLPLQDU\�H[SHUL�
PHQWV� ZKHUH� WKHUPDO� DQQHDOLQJ� WR� LQWH�
JUDWHG�(02(�RI�<,*�ILOPV�ZDV�VWXGLHG��7KH
DQQHDOLQJ� ZDV� FDUULHG� RXW� IRU� ����PLQXWHV
DW�WHPSHUDWXUH�������.�ZLWK�WKH�VXEVHTXHQW
VORZ� FRROLQJ�� 7KH� UHVXOWV� RI� PHDVXUHPHQWV
ZKHUH� WKH� VFDQQLQJ� GLDSKUDJP� ZDV� PRYHG
LQ� ORQJLWXGLQDO� GLUHFWLRQ� LQ� UHODWLRQ� WR�':
LQ� WKH� GRPDLQ� �WKH� <� GLUHFWLRQ�� DUH� SUH�
VHQWHG� LQ� )LJ���� �FXUYH� ��� (a� ���N9�FP�+� ���2H��ZKHQ�FXUYH����(a� ������N9�FP�+� ��� 2H�� FXUYH� ��� (a� ���N9�FP�+�  � �� 2H�� FXUYH� ��� (a� ������N9�FP�+� ���2H���0HDVXUHPHQWV�ZHUH�FDUULHG�RXW
ERWK� LQ� WKH� IRUZDUG� DQG� LQ� WKH� UHYHUVH
PRYHPHQW� �GLUHFWLRQV� DUH� GHVLJQDWHG� E\� DU�
URZV� LQ�)LJ������7KH�VWDUWLQJ�SRLQWV�IRU�RS�
WLFDO� VFDQQLQJ�� DV� ZHOO� DV� LQ� WKH� SUHYLRXV
H[SHULPHQWV��ZDV�VHOHFWHG�DUELWUDULO\��$V� LV
VHHQ�IURP�)LJ�����WKH�DYHUDJH�OHYHO�RI�(02
VLJQDO�RYHU�WKH�GRPDLQ�LV�VOLJKWO\�LQFUHDVHG
LQ� FRPSDULVRQ�ZLWK� UHVXOWV� SULRU� WR� DQQHDO�
LQJ��7KH�(02�VLJQDO�YDOXH�RYHU�WKH�GRPDLQ
DV� D� ZKROH� LV� XQVWDEOH�� WKRXJK� QR� VXFK
VKDUS�VLJQDO�FKDQJHV�DUH�UHYHDOHG�ZKDW�ZHUH
UHJLVWHUHG� SULRU� WR� WHPSHUDWXUH� LQIOXHQFH�
&KDQJH�RI�WKH�H[WHUQDO�PDJQHWLF�ILHOG�LQ�WKH
UDQJH� IURP� �� WR� ��� 2H� �DW�+nn0� DQG� DW

)LJ����� 7KH� FKDQJHV� RI� WKH� (02� SDUDPHWHU
IRU� WKH� GLIIHUHQW� VLWHV� RI� WKH�<,*� ILOP�PDJ�
QHWLF� GRPDLQ� �DIWHU� WKHUPDO� LQIOXHQFH�� ZKHQ
WKH�VFDQQLQJ�GLDSKUDJP�PRYLQJ�RI�LQ�D�ORQJL�
WXGLQDO�GLUHFWLRQ�<��LQ�UHODWLRQ�WR�':��
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HOHFWULF� ILHOG� YDOXHV� RI� VSHFLILHG� LQ� )LJ����
GLG� QRW� LQIOXHQFH� WKH� YDOXH� RI� UHJLVWHUHG
(02� VLJQDO�� 7KH� LQVLJQLILFDQW� LQFUHDVH� LQ
DYHUDJH� OHYHO� RI� WKH� (02(� LQ� GRPDLQ�PD\
EH� GXH� WR� WHPSHUDWXUH� LQIOXHQFH� RQ� VKDSH
DQLVRWURS\� LQGXFHG� LQ� WKH� FRXUVH� RI� <,*
ILOP� JURZWK� WKDW� GHPDQGV� DGGLWLRQDO� UH�
VHDUFKHV�
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