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WKHLU�DGPL[WXUH�FRPSRVLWLRQ�DQG�FRORU����ÛFRORUOHVV�� �� Û� SDOH� SLQN�� �� Û� UHG��� 7KHFRORUDWLRQ� ZDV� REWDLQHG� E\� (X �6DPSOH� ��DQG�&H �6DPSOH����PLFURGRSDQWV�7KH� IROORZLQJ�PHWKRGV�ZHUH� XVHG� LQ� WKHLQYHVWLJDWLRQ����� [�UD\� VWUXFWXUH� H[DPLQDWLRQ� XVLQJ� D'521���XQLW�WR�GHWHUPLQH�WKH�SKDVH�FRPSR�VLWLRQ� ����� HUURU��� WKH� W\SH� RI� FU\VWDO� ODW�WLFH�� LWV� SDUDPHWHUV� ������ �� HUURU�� DQG[�UD\�GHQVLW\�ρU �������HUURU������ [�UD\�PLFURDQDO\VLV� XVLQJ� D� -60����VFDQQLQJ� PLFURVFRSH� ZLWK� WKH� /LQN������H[WHQVLRQ�WR�GHWHUPLQH�WKH�FKHPLFDO�FRPSR�VLWLRQ��������HUURU������K\GURVWDWLF�ZHLJKLQJ�WR�GHWHUPLQH�WKHVDPSOH� K\GURVWDWLF� GHQVLW\� ρK ����� �HUURU������ RSWLFDO� VSHFWURVFRS\� XVLQJ� DQ�')6���DXWRPDWHG� VSHFWURPHWHU�ZLWK� /30���� ODVHUDV� WKH� H[FLWDWLRQ� VRXUFH� �λ ������� QP�� WRUHFRUG� WKH� DEVRUSWLRQ� DQG� OXPLQHVFHQFHVSHFWUD�����KDUGQHVV�GHWHUPLQDWLRQ�E\�WKH�9LFNHUVPHWKRG�XVLQJ�D�GLDPRQG�S\UDPLG�$FFRUGLQJ� WR� WKH� [�UD\� VWUXFWXUDO� GDWD�DOO�WKH�VDPSOHV�ZHUH�VLQJOH�SKDVH�RQHV�ZLWKFXELF� ODWWLFH�� WKH� ODWWLFH� SDUDPHWHUV� EHLQJFKDQJHG�VOLJKWO\�ZLWKLQ�È�OLPLWV�RI�������WR�����c��)RU�WKH�WKUHH�VLQJOH�FU\VWDOV�GLIIHU�LQJ� LQ� FRORU� DQG� FRPSRVLWLRQ� WKH� 7DEOHEHORZ�SUHVHQWV� WKH�YDOXHV� RI�[�UD\� �ρU�� DQG
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SDUWLDOO\� LQFOXGHG� FDWLRQV� EHFDXVH� RI� F\FOLFFKDQJHV� RI� JDV� DQG� WKHUPDO� FRQGLWLRQV� DWKHDWLQJ�� DQQHDOLQJ� DQG� FRROLQJ� RI� VDPSOHV>�������@�� ,Q� WKRVH� FRQGLWLRQV�� WKH� � R[\JHQQRQ�VWRLFKLRPHWU\�FKDQJHV�DV�ZHOO�DV�WKH�YD�OHQFH�RI�LRQV��IRU�H[DPSOH��RI�FHULXP�LQ�WKHWKLUG�VDPSOH��7KH�VSHFLILF�SHFXOLDULW\�RI�WKHVHFRQG�� SDOH� SLQN�� VDPSOH� LQ� FRPSDULVRQZLWK�WKH�ILUVW��FRORUOHVV��RQH�LV�WKH�IDFW�WKDWWKH� ODWWLFH� RI� WKH� VHFRQG� VDPSOH� FRQWDLQV� DKLJKHU� FRQFHQWUDWLRQ� ��� ��� RI� DQLRQ� �R[\�JHQ�� YDFDQFLHV� DQG� D� ORZHUHG� RQH� RI� FDWLRQGHIHFWV�� 7KH� ORZHU� FRQFHQWUDWLRQ� RI� GHIHFWV�������� LQ� WKH� FRORUOHVV� ILDQLWH� ODWWLFH� DQGDEVHQFH� RI� RWKHU� DGPL[WXUHV� VHHPV� WR� WKHWUDQVSDUHQF\� WKHUHRI�� $V� WR� WKH� SDOH� SLQNILDQLWHV��WKH�LQFUHDVHG�QXPEHU�RI�GHIHFWV�LQWKH� ODWWLFH� DQG� SUREDEO\� PLFURDGPL[WXUHVEHLQJ�QRW�UHYHDOHG�E\�WKH�[�UD\�PHWKRG�GH�WHUPLQH�WKH�FRORU�7KHVH� H[SODQDWLRQV�� KRZHYHU�� DUH� WR� EHFRQILUPHG� DGGLWLRQDOO\� DQG� WKH� FDXVHV� RIKLJKHU� DPRXQW� RI� GHIHFWV� LQ� WKH� ODWWLFH� RIWKHVH� ILDQLWHV� DQG� RI� WKHLU� SDOH� SLQN� FRORUDUH� WR�EH� IRXQG��)RU� WKLV�SXUSRVH��ZH�KDYHVWXGLHG� DGGLWLRQDOO\� WKH� OLJKW� DEVRUSWLRQDQG� OXPLQHVFHQFH� >�@�� )LJ���� SUHVHQWV� WKHIUDJPHQWV�RI�DEVRUSWLRQ�VSHFWUD�RI�WKH�WKUHHVLQJOH�FU\VWDOV�DW�7  �����.��,W�LV�VHHQ�WKDWWKH� VSHFWUD� RI� WKH� ILUVW� WZR� VDPSOHV� DUHVLPLODU� WR� RQH� DQRWKHU� DQG� QR� DEVRUSWLRQEDQG�LV�REVHUYHG�LQ�WKH����Ü����QP�UHJLRQDW� WKH� XVXDO� WHVWLQJ� JHRPHWU\�� $V� WR� WKLUGVDPSOH��DQ�LQWHQVH�DEVRUSWLRQ�LV�REVHUYHG�DW
λ ������QP��1HYHUWKHOHVV�� WKH�KLJKHU�QXP�EHU� RI� GHIHFWV� LQ� WKH� FU\VWDO� ODWWLFH� RI� WKH

VHFRQG�VDPSOH�LV�XQVXIILFLHQW�WR�H[SODLQ�LWVSDOH�SLQN�FRORU��,W�FDQ�EH�VXSSRVHG�WKDW�WKHFRORU� FDQ� EH� DVVRFLDWHG�ZLWK� WKH� DGPL[WXUHRI� HUELXP�� HXURSLXP�� RU� KROPLXP� >����@�%XW� DFFRUGLQJ� WR� WKH� [�UD\� PLFURDQDO\VLVGDWD��WKHVH�UDUH�HDUWK�HOHPHQWV��HUURU�EHLQJWDNHQ�LQWR�FRQVLGHUDWLRQ��ZHUH�QRW�GHWHFWHG�7KH� SKRWROXPLQHVFHQFH� LQYHVWLJDWLRQ�KDVVKRZQ�DQ�LQWHQVH�OXPLQHVFHQFH�LQ�WKLV�VDP�SOH�� )LJ���� SUHVHQWV� WKH� SKRWROXPLQHVFHQFHVSHFWUXP�LQ�WKH����Ü����QP�UHJLRQ��,Q�WKLVILHOG�ERWK�WKH�(U�� DQG�(X�� LRQV�DUH�UDGLDW�LQJ��7R�HOXFLGDWH�WKH�QDWXUH�RI�OXPLQHVFHQFHLQ�WKH�VDPSOH�1R���DQG�WKH�HOHPHQW�FDXVLQJLW�� WKH�DEVRUSWLRQ� VSHFWUD�SUHVHQWHG� LQ�)LJ��� DQG� �� KDYH� EHHQ� DQDO\]HG�� $V� )LJ���VKRZV� WKDW�� DW� WKH� XVXDO� WHVWLQJ� JHRPHWU\�WKH� OLQH� EHLQJ� FKDUDFWHULVWLF� RI� (U�� DQG(X�� LV� QRW� REVHUYHG�� WKH� PRUH� DFFXUDWHFRPSHQVDWLRQ� PHWKRG� ZDV� HPSOR\HG� >�@�� ,WDOORZHG� WR� GHWHFW� WKH� ORZ�LQWHQVLW\� OLQHV�8VLQJ�WKLV�PHWKRG��ZH�GHWHFWHG�D�ZHDN�EDQGFKDUDFWHULVWLF�RI�WKH�(X�� LRQ�LQ�WKH�DEVRUS�WLRQ� VSHFWUXP� RI� WKH� VDPSOH� 1R��� �)LJ�����6R��WKH�ILDQLWH�VDPSOH�1R���FRQWDLQV�D�VPDOODPRXQW� �a�� ��� RI� (X�� LPSXULW\� ZKLFKFDXVHV� LWV� SDOH� SLQN� FRORU� DQG�KLJKHU� QXP�EHU� RI� GHIHFWV� LQ� WKH� FU\VWDO� ODWWLFH�� ZKLFKZDV�IRUPHG�EHFDXVH�RI�WKH�SUREDEOH�YDOHQFHFKDQJHV� �(X�� → (X�� → (X���� GXULQJ� WKHVLQJOH�FU\VWDO�JURZWK�>��������@�7KH� FRPSOH[� DEVRUSWLRQ� VSHFWUXP�RI� WKHUHG� VDPSOH� 1R��� �)LJ����� DJUHHV� FRPSOHWHO\ZLWK�&H�� SUHVHQFH�WKHUHLQ��7KHQ�WKH�KLJKHUQXPEHU� RI� GHIHFWV� LQ� WKH� FU\VWDO� ODWWLFH� RI

)LJ�����(X�� OXPLQHVFHQFH�VSHFWUXP�IRU�ILDQLWHVDPSOH� 1R��� DW�7  �����.���'� → �)� WUDQVL�WLRQ��
)LJ�����)UDJPHQWV�RI�RSWLFDO�DEVRUSWLRQ�VSHFWUDIRU�ILDQLWH�VDPSOHV�1RV����������DW�7  �����.�

9�3�3DVKFKHQNR�HW�DO����6WUXFWXUH�GHIHFWV�DQG����

��� )XQFWLRQDO�PDWHULDOV�������������



WKLV� VDPSOH� LV� FDXVHG� E\� WKH� SUHVHQW�&H��LRQV� ZKLFK� ZHUH� IRXQG� LQ� WKH� DPRXQWVVKRZQ� LQ� WKH� 7DEOH� E\� [�UD\� PLFURDQDO\VLVDQG� RSWLFDO� VSHFWURVFRS\��7KH� DELOLW\� RI� FH�ULXP� LRQV� WR� FKDQJH� WKH� YDOHQFH�&H�� → &H�� → &H����LQ�WKH�FRXUVH�RI�KHDW�LQJ��JURZLQJ��DQG�FRROLQJ�RI�WKH�VLQJOH�FU\V�WDOV�FDXVHV�WKH�LQFUHDVHG�QXPEHU�RI�GHIHFWV�WKH�FDWLRQ�RQHV� LQ�RXU�FDVH��EXW�PDLQO\�WKHDQLRQ� YDFDQFLHV�� WKH� FRQFHQWUDWLRQ� WKHUHRIDWWDLQLQJ�������7KH� HIIHFW� RI� LPSXULWLHV� DQG� GHIHFWV� RQWKH�PHFKDQLFDO�SURSHUWLHV�RI�ILDQLWHV�LV�RI�DVSHFLDO�LQWHUHVW��7KH�9LFNHUV�KDUGQHVV�PHDV�XUHPHQWV� KDYH� VKRZQ� WKDW� WKH� UDUH�HDUWKLPSXULWLHV�UHVXOWV� LQ� WKH�ILDQLWH�PLFURKDUG�QHVV� LQFUHDVH� ZKLOH� SDVVLQJ� IURP� WKH� ILUVWVDPSOH� WR� WKH� WKLUG� RQH�� IRU� WKH� ILUVW� VDP�SOH��+9� �������P+�PP��� IRU� WKH� VHFRQG�+9� �������P+�PP��� DQG� IRU� WKH� WKLUG�+9� �������P+�PP��� 7KLV� HIIHFW� RI� UDUH�HDUWK� LPSXULWLHV� RQ� KDUGQHVV� LV� FRQVLVWHQWZLWK� WKH� GDWD� IURP� >����@�� 7KHQ� WKH� UHGXF�WLRQ�RI�WUDQVSDUHQFH�DQG�HVSHFLDOO\�LQFUHDVHRI�KDUGQHVV�DFFRPSDQ\LQJ�WKH�JURZLQJ�FRQ�FHQWUDWLRQ� RI� UDUH�HDUWK� LPSXULWLHV� DQGVWUXFWXUH� GHIHFWV� FDQ� EH� H[SODLQHG� E\� WKHGLVORFDWLRQ� KDUGHQLQJ� >������@�� /HVV� HVVHQ�WLDO�GLIIHUHQFHV�LQ�FU\VWDO�ODWWLFH�SDUDPHWHUV�∆D�D  ����� ��� IRU� WKH� WKUHH� LQYHVWLJDWHGVDPSOHV�� DV� FRPSDUHG� WR� GLIIHUHQFHV� LQ� WKHDYHUDJH� LRQLF�UDGLXV� >��@�RI�FDWLRQV� �∆U�U  ������� DOORZ� WR� DVVXPH� WKDW� WKHUH� LV� D�GH�YLDWLRQ� RI� WKH� LRQ�DQG�YDFDQF\�GLVWULEXWLRQIURP�WKH�VWDWLVWLFDO�RQH�UHVXOWLQJ�LQ�IRUPD�WLRQ�RI�FKDLQV�RU�LQ�SODQH�QDQRVWUXFWXUH�GH�IHFWV�>��@��7KH�IRUPDWLRQ�SRVVLELOLW\�RI�VXFK
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