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WKH�IRUPDWLRQ�RI�ZLGH�DQJOH�JUDLQ�ERXQGDULHV��LQFUHDVLQJ�WKH�IUDFWLRQ�RI�WKH�PDWHULDO�ORFDWHG�LQ�GLVRUGHUHG�

LQWHUIDFH�VLWHV���,Q�D�VHFRQG�VWHS��WKH�QDQRFU\VWDOOLWHV�DUH�SURJUHVVLYHO\�VKRFN�DPRUSKLVHG��IRUPLQJ�D�JODVV\�

VWUXFWXUH�FRPSDUDEOH�WR�WKDW�IRXQG�XVXDOO\�LQ�JODVV�TXHQFKHG�XQGHU�KLJK�SUHVVXUH�� �7KH�HIIHFW�RI� WKH�ILUVW�

VWDJH� LV� UHYHUVLEOH� E\� DQQHDOLQJ� DW� PRGHUDWH� WHPSHUDWXUH�� ZKLOH� WKH� DPRUSKLVDWLRQ� LV� LUUHYHUVLEOH� DW�

WHPSHUDWXUHV�EHORZ�WKH�JODVV�WUDQVLWLRQ�WHPSHUDWXUH��

7KH�FRPELQDWLRQ�RI�105�VSHFWURVFRS\��GLIIUDFWLRQ��DQG�VPDOO�DQJOH�VFDWWHULQJ�DOORZV�WR�PRQLWRU�ERWK�

WKH�DWRPLF�VWUXFWXUH��FRQQHFWLYLW\�RI�6L2��WHWUDKHGUD�UHYHDOHG�E\�105���JUDQXODULW\��VL]H�RI�FU\VWDOOLWHV�DV�

VHHQ�E\� GLIIUDFWLRQ�� DQG� DJJORPHUDWLRQ� �VPDOO�DQJOH� VFDWWHULQJ� IURP� DJJUHJDWHV� RI� JUDLQV� LQGHSHQGHQW� RI�

WKHLU�DWRPLF�VWUXFWXUH���

7KH� VLQWHULQJ� EHKDYLRXU� RI� WKH� QDQRFU\VWDOOLQH� VLOLFD� VDPSOHV� ZLWK� 1D�2� LV� FRPSDUHG� ZLWK� WKDW� RI�

QRUPDO�SRO\FU\VWDOOLQH�JODVV�EDWFKHV�RI�WKH�VDPH�FRPSRVLWLRQ���7KH�SUHIHUHQFH�RI�1D�LRQV�LQ�DWWDFNLQJ�WKH�

DPRUSKLVHG�LQWHUJUDQXODU�UHJLRQV�LV�VKRZQ�E\�105���,Q�WKH�LQLWLDO�VWDJH�RI�WKH�UHDFWLRQ��DJJORPHUDWLRQ�RI�
VLOLFD� JUDLQV� �ERWK� LQ� QDQRFU\VWDOOLQH� DQG� LQ� QDQRVFDOHG� DPRUSKLVHG� VDPSOHV�� LV� IDFLOLWDWHG� E\� VXUIDFH�

UHDFWLRQ�ZLWK�WKH�PRGLILHU��OHDGLQJ�WR�DQ�LQFUHDVH�RI�WKH�DJJORPHUDWH�SDUWLFOH�VL]H�DV�H[WUDFWHG�IURP�VPDOO�

DQJOH�GDWD���$W�WKH�VDPH�WLPH��ORFDO�RUGHULQJ�DQG�WKH�SUHFLSLWDWLRQ�RI�VRGLXP�VLOLFDWHV�LV�REVHUYHG�LQ�
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,QWURGXFWLRQ�

7KH�UHVSRQVH�WR�PHFKDQLFDO�VWUHVVHV�RI�QDQRFUVWDOOLQH�PDWHULDOV�LV�JRYHUQHG�E\�WKHLU�VWUXFWXUH�
RQ�YDULRXV� OHQJWK� VFDOHV�� �2UGHUHG�� FU\VWDOOLQH�JUDLQV�DUH�HPEHGGHG� LQ� D�GLVRUGHUHG�PDWUL[���
7KH�PDWUL[�LWVHOI�FDQ�EH�DQ�LQKRPRJHQHRXV�DUUDQJHPHQW�RI�DWRPV��H�J��D�JUDGLHQW�VWUXFWXUH��
RU�DQ�HQWLUHO\�DPRUSKRXV�SKDVH�� �7KH� LQWHUIDFH�VWUXFWXUH�GHWHUPLQHV�KRZ�VWURQJ�JUDLQV�DUH�
ERQGHG�WRJHWKHU�DQG�KHQFH�KRZ�VWUHVV�LV�GLVWULEXWHG�DQG�UHOLHYHG�LQ�WKH�FHUDPLF���7KLV�LV�RI�
SDUWLFXODU�LPSRUWDQFH�WR�WKH�PHFKDQLVP�RI�FUDFN�SURSDJDWLRQ��

([SHULPHQWDO�

&RDUVH�JUDLQHG�SRO\FU\VWDOOLQH�TXDUW]�ZDV�JURXQG� LQ�D�GRXEOH�63(;������KLJK�HQHUJ\�EDOO�
PLOO� IRU� XS� WR� ���� KRXUV�� � &RUXQGXP� YLDOV� DQG� RQH� �PP� FRUXQGXP� EDOO� ZHUH� XVHG� WR�
SUHSDUH�DSSUR[LPDWHO\��J�RI�QDQRVFDOHG�VLOLFD�SHU�EDWFK���7KH�ZHLJKW�RI�WKH�VDPSOH�DQG�EDOO�
ZHUH�UHFRUGHG�EHIRUH�DQG�DIWHU�HDFK�UXQ���7KHUH�LV�QR�LQGLFDWLRQ�WKDW�QRWLFHDEOH�DPRXQWV�RI�
FRQWDLQHU�RU�EDOO�PDWHULDO�DUH�DEUDGHG�DQG�PL[HG�LQWR�WKH�VDPSOHV��QR�DOXPLQD�UHIOHFWLRQV�DUH�
IRXQG� LQ� WKH� GLIIUDFWRJUDPV� HLWKHU�� � ([�VLWX� DQQHDOLQJ� DQG� UHDFWLYH� VLQWHULQJ� H[SHULPHQWV�
ZHUH� FDUULHG�RXW� LQ� D�&DUEROLWH�YHUWLFDO� WXEH� IXUQDFH�� �)RU� UHDFWLYH� VLQWHULQJ�� HLWKHU� FRDUVH�
JUDLQHG�1D�2��$OGULFK��RU�PLFURQ�VL]HG�1D�&2��ZDV�XVHG��

��6L�PDJLF�DQJOH�VSLQQLQJ��0$6��105�VSHFWUD�ZHUH�REWDLQHG�RQ�D�%UXNHU�$YDQFH�'6;�����
VSHFWURPHWHU� ZLWK� D� %UXNHU� ���7� FU\RPDJQHW�� � 7KH� VDPSOH� SRZGHU� ZDV� SODFHG� LQVLGH�
VWDQGDUG��PP�=U2��0$6�URWRUV�ZKLFK�ZHUH�VSXQ�DW� D� UDWH�RI��N+]� LQ� D� VWDQGDUG�%UXNHU�

0$6�SUREH�� �:KLOH� WKH�π���SXOVH� OHQJWK� LV� ���µV�� D� SXOVH� DQJOH�RI� DSSUR[LPDWHO\� ��R�ZDV�
W\SLFDOO\� XVHG�� ZLWK� D� VSHFWUDO� ZLGWK� RI� W\SLFDOO\� ���N+]�� ZKLOH� ����� GDWD� SRLQWV� ZHUH�



UHFRUGHG� SHU� IUHH� LQGXFWLRQ� GHFD\�� � 7KH� UHF\FOLQJ� GHOD\� ZDV� ���V� VLQFH� WKH� DEVHQFH� RI�
SDUDPDJQHWLF�FHQWUHV�DFFRXQWV�IRU�DQ�XQXVXDOO\�ORQJ�UHOD[DWLRQ�WLPH�������VFDQV�ZHUH�QHHGHG�
WR�DFKLHYH�WKH�VLJQDO�WR�QRLVH�UDWLR�VXIILFLHQW�IRU�WKH�DQDO\VLV�XQGHUWDNHQ�LQ�WKLV�VWXG\��

,Q�VLWX�[�UD\�GLIIUDFWLRQ�H[SHULPHQWV�ZHUH�FDUULHG�RXW�RQ�DQ�(QUDI�1RQLXV�&X�URWDWLQJ�DQRGH�
GLIIUDFWRPHWHU� DW� WKH� 0DWHULDOV� 6XSSRUW� /DERUDWRU\� DW� 'DUHVEXU\�� � 7KLV� GLIIUDFWRPHWHU�

RSHUDWHV� LQ� WUDQVPLVVLRQ� JHRPHWU\� DQG� UHFRUGV� D� VFDWWHULQJ� DQJXODU� UDQJH� IURP�a�R��θ�� WR�
a��� R��θ��VLPXOWDQHRXVO\�XVLQJ�D�OLQHDU�GHWHFWRU���7KH�VDPSOHV�ZHUH�IUHH�VWDQGLQJ�SHOOHWV�RI�
��PP�GLDPHWHU�DQG�DSSUR[LPDWHO\����µP�WKLFNQHVV�� �7KHVH�ZHUH�SUHSDUHG�ZLWK�D�XQLD[LDO�
GLH� SUHVV� DW� D� ORDG� RI� �� PHWULF� WRQV�� � 7\SLFDOO\�� �PLQ� VFDQV� ZHUH� UHFRUGHG� ZKLOH� WKH�
WHPSHUDWXUH�ZDV�LQFUHDVHG�DW�D�UDWH�RI��.�PLQ���$QJOH�GHSHQGHQW�EDFNJURXQG�DULVLQJ�IURP�
WKH�WUDQVPLVVLRQ�JHRPHWU\�ZDV�VXEWUDFWHG�SULRU�WR�DQDO\VLV��

5HVXOWV�

7KH� VL]H� RI� FU\VWDOOLQH� UHJLRQV� ZLWK� XQGLVWRUWHG� FU\VWDO� VWUXFWXUH� FDQ� EH� GHULYHG� IURP� WKH�
EURDGHQLQJ�RI�D�GLIIUDFWLRQ�OLQH�� �7KH�6FKHUUHU�IRUPXOD��UHODWHV�WKH�ZLGWK�RI�WKH�EURDGHQHG�
OLQH�ZLWK�WKH� LQVWUXPHQWDO� OLQH�ZLGWK�DQG�WKH�%UDJJ�DQJOH�� �)RU�EDOO�PLOOHG�TXDUW]��ZH�KDYH�
VKRZQ�WKDW�WKH�GLIIUDFWLRQ�OLQH�EURDGHQV�DIWHU�����KRXUV�RI�PLOOLQJ�WR�VXFK�DQ�H[WHQW�WKDW�QR�
FU\VWDOOLQH� GRPDLQV� FDQ� EH� LGHQWLILHG� DQ\� ORQJHU��� � ,Q� WKLV� FRQWULEXWLRQ�� DQ� LQWHUPHGLDWH�
VDPSOH��SUHSDUHG�E\����KRXUV�RI�EDOO�PLOOLQJ��DQG�WKH�ILQDO�����KRXU�SURGXFW�DUH�VWXGLHG��

$���6L�105�VSHFWUXP�RI�WKH����KRXU�VDPSOH�LV�VKRZQ�LQ�)LJ����DORQJ�ZLWK�D�FRDUVH�JUDLQHG�
DQG�D�FRQYHQWLRQDO�DPRUSKRXV�UHIHUHQFH���7KH�OLQH�FRQVLVWV�RI�WZR�VXSHULPSRVHG�*DXVVLDQ�
FRQWULEXWLRQV�ZLWK�GLIIHUHQW�ZLGWK�DQG�FHQWUH�IUHTXHQF\���7KH�FKHPLFDO�VKLIW�RI�WKH�QDUURZHU�
FRPSRQHQW� FRUUHVSRQGV� WR� WKH� VKLIW� RI� ERWK� WKH� FRDUVH�JUDLQHG� DQG� WKH� DPRUSKRXV�
UHIHUHQFH� PDWHULDOV�� � 7KH� OLQH� ZLGWK� RI� WKLV� FRPSRQHQW� LV� ���SSP�� L�H�� EHWZHHQ� WKH�
DPRUSKRXV� ���SSP�� DQG� WKH� FRDUVH�JUDLQHG� ����SSP�� FRPSRQHQWV�� � 2WKHU� LQWHUPHGLDWH�
VDPSOHV�ZLWK� JULQGLQJ� WLPHV� RI� DW� OHDVW� �� KRXUV� VKRZ� WKH� VDPH� VSOLWWLQJ�� ZLWK� WKH� UHODWLYH�
FRQWULEXWLRQ�RI�WKH�EURDG�FRPSRQHQW�VXFFHVVLYHO\�LQFUHDVLQJ����,Q�WKH�����KRXU�VDPSOH��WKH�
QDUURZ�FRPSRQHQW�KDV�HQWLUHO\�YDQLVKHG��DQG�RQO\�RQH�VKLIWHG��EURDG�FRPSRQHQW�SHUVLVWV��

,Q�VLWX� [�UD\� GLIIUDFWLRQ� H[SHULPHQWV� ZHUH� FDUULHG� RXW� LQ� RUGHU� WR� HVWDEOLVK� ZKHWKHU� WKH�
VWUXFWXUDO� FKDQJHV� LQFXUUHG� E\� EDOO� PLOOLQJ� DUH� UHYHUVLEOH�� � )RXU� VFDQV� REWDLQHG� GXULQJ� D�
KHDWLQJ� UXQ� DW� URRP� WHPSHUDWXUH�� a���R&�� a���R&�� DQG� ����R&� DUH� FRPSDUHG� LQ� )LJ�� ����
:KLOH�WKHUH�LV� OLWWOH�FKDQJH�EHWZHHQ�DPELHQW�DQG����R&�RU�EHWZHHQ����R&�DQG�����R&��WKH�
VWUXFWXUH�EHFRPHV�PRUH�G\QDPLF� LQ� WKH� LQWHUPHGLDWH� UDQJH�� �7KH� VKRXOGHU�QHDU� WKH�TXDUW]�
������OLQH�LQFUHDVHV�LQ�LQWHQVLW\�DQG�QDUURZV�VXIILFLHQWO\�WR�EH�LGHQWLILDEOH�DV�D�GLIIUDFWLRQ�OLQH���
7KH�EURDG�DPRUSKRXV�EDFNJURXQG�QDUURZV�VOLJKWO\�DOVR�DQG�VKLIWV�WR�VPDOOHU�DQJOHV���(YHQ�
DIWHU���KRXUV�DW�����R&��QR�IXUWKHU�FKDQJH�LV�REVHUYHG��DQG�QR�FU\VWDOOLQH�GLIIUDFWLRQ�SDWWHUQ�
LV�UHVWRUHG��

7KH� UHDFWLYH� VLQWHULQJ� RI� WKH� DPRUSKLVHG� ����KRXU� VDPSOH� ZLWK�1D�2�ZDV� WUDFHG� E\�
��6L�

105��QRW�VKRZQ�RZLQJ�WR�OLPLWHG�VSDFH��� �6SHFWUD�UHFRUGHG�DIWHU�KHDWLQJ�XS�WR����R&�DUH�
LGHQWLFDO��VKRZLQJ�RQO\� WKH�FKDUDFWHULVWLF� VKLIWHG�EURDG�VLOLFD� OLQH�GHVFULEHG�HDUOLHU�� �6SHFWUD�
WDNHQ�DIWHU� DQQHDOLQJ�DW� ���R&�RU�KLJKHU�� RQ� WKH�RWKHU�KDQG�� FRQWDLQ� WZR�DGGLWLRQDO� EURDG�
OLQHV� FHQWUHG� DW� ���SSP� DQG� �����SSP�� UHVSHFWLYHO\�� � 7KHUH� DUH� QR� IXUWKHU� FKDQJHV� WR� WKH�
VSHFWUXP�DW�WHPSHUDWXUHV�XS�WR����R&���2Q�WKH�RWKHU�KDQG��WKH�VSHFWUXP�RI�D�FRDUVH�JUDLQHG�



EDWFK� DIWHU� UHDFWLYH� VLQWHULQJ� DW� ���R&� KDV� QR� UHPDLQLQJ� 6L2�� FRQWULEXWLRQ�� D� QDUURZ�
FU\VWDOOLQH�VRGLXP�VLOLFDWH� OLQH��DQG�D�VPDOO��EURDG��DPRUSKRXV�FRPSRQHQW�QHDU�WKH�IRRW�RI�
WKH�FU\VWDOOLQH�VRGLXP�VLOLFDWH�OLQH��

'LVFXVVLRQ�

7KH� EURDGHQLQJ� RI� WKH� 105� OLQH� ZLWK� SURJUHVVLYH� JULQGLQJ� WLPH� LQGLFDWHV� WKDW� WKH� ORFDO�
RUGHU� DW� WKH� DWRPLF� OHYHO� LV� GHFUHDVHG�� � 7KLV� LV� GXH� WR� WKH� LQFUHDVHG� IUDFWLRQ� RI� DWRPV� LQ�
GLVRUGHUHG� VLWHV� QHDU� WKH� VXUIDFH� RI� JUDLQV� DQG� LQ�ZLGH�DQJOH� JUDLQ� ERXQGDULHV�� �$� QDUURZ�
VSLNH��ZKLFK�LV�DWWULEXWHG�WR�WKH�EXON�DWRPV��SHUVLVWV�LQ�WKH�VSHFWUD�HYHQ�DW�ORQJ�PLOOLQJ�WLPHV���
$IWHU�PRUH�WKDQ���KRXUV�RI�JULQGLQJ��D� VKLIWHG��EURDG�FRPSRQHQW�DSSHDUV�DQG� LQFUHDVHV� LQ�
UHODWLYH�LQWHQVLW\�DV�JULQGLQJ�SURJUHVVHV���7KLV�LV�LGHQWLILHG�DV�SUHVVXUH�DPRUSKLVHG�LQWHUIDFH�
PDWHULDO�� VLQFH� LWV� FKHPLFDO� VKLIW� FRUUHVSRQGV� ZHOO� ZLWK� OLWHUDWXUH� GDWD� RI� JODVV� TXHQFKHG�
XQGHU�SUHVVXUH��� �$IWHU�����KRXUV�RI�PLOOLQJ�� WKH� VDPSOH� LV� DOPRVW� FRPSOHWHO\� DPRUSKLVHG���
7KH�GLIIUDFWRJUDPV�DOORZ�WR�GLVWLQJXLVK�WKH�QDQRFU\VWDOOLQH�DQG�DPRUSKRXV�FRPSRQHQWV�DV�D�
EURDGHQHG�TXDUW]� ������%UDJJ� OLQH� DQG� D� EURDG� DPRUSKRXV� EDFNJURXQG�� �7KH� DPRUSKLVHG�
FRPSRQHQWV�UHPDLQ�DPRUSKRXV��EXW�UHOD[�VOLJKWO\�EHWZHHQ����R&�DQG����R&���$W�WKH�VDPH�
WLPH�� WKH� ������ SHDN� LQFUHDVHV� VOLJKWO\�� LQGLFDWLQJ� WKDW� WKH� FU\VWDOOLQH� RUGHU� RI� WKH�
QDQRFU\VWDOOLQH� FRPSRQHQW� LV� UHWDLQHG�� � 7KH� UHDFWLYH� VLQWHULQJ� H[SHULPHQWV� VKRZ� WKDW� WKH�
SUHVVXUH�DPRUSKLVHG� VDPSOHV� UHDFW� PXFK� IDVWHU� DQG� DW� FRQVLGHUDEO\� ORZHU� WHPSHUDWXUH�
�EHORZ� ���R&�� WKDQ� FRDUVH�JUDLQHG� EDWFKHV��� DQG� WKDW� GLVRUGHUHG� PRGLILFDWLRQV� RI� ERWK�
VRGLXP�PHWDVLOLFDWH�DQG�VRGLXP�GLVLOLFDWH�DUH�IRUPHG�DV�FDQ�EH�VHHQ�IURP�WKH�WZR�EURDGHQHG�
105�OLQHV�DURXQG����DQG���SSP��

&RQFOXVLRQ�

:LWK���6L�0$6�105�DQG�GLIIUDFWLRQ��ZH�KDYH�VKRZQ�WKDW�WKH�PHFKDQLFDO�VWUHVV�LQGXFHG�LQ�
TXDUW]�E\�EDOO�PLOOLQJ�FDXVHV� D� WZR�VWDJH� VWUXFWXUDO�GLVLQWHJUDWLRQ�� � ,QLWLDOO\�� JUDLQV�DUH� VSOLW�
LQWR� VPDOOHU� JUDLQV� OHDGLQJ� WR� D� QDQRFU\VWDOOLQH� VWUXFWXUH� ZLWK� D� QRQ�FU\VWDOOLQH� LQWHUIDFH�
FRPSRQHQW���6XEVHTXHQWO\��WKH�JUDLQV�XQGHUJR�SUHVVXUH�LQGXFHG�DPRUSKLVDWLRQ���7KH�VHFRQG�
VWDJH� LV� LUUHYHUVLEOH� E\� DQQHDOLQJ� XS� WR� ����R&�� � 7KH� UHDFWLYLW\�ZLWK�1D�2� LV� RI� SUHVVXUH�
DPRUSKLVHG� QDQRVFDOHG� VLOLFD� LV� FRQVLGHUDEO\� HQKDQFHG� FRPSDUHG� ZLWK� LWV� FRDUVH�JUDLQHG�
FRXQWHUSDUW�� DQG�WKH�DPRUSKLVHG�IUDFWLRQ�RI�WKH�PDWHULDO� UHDFWV�FRPSOHWHO\�DW� WHPSHUDWXUHV�
EHORZ����R&��

$FNQRZOHGJHPHQW���:H�ZRXOG�OLNH�WR�WKDQN�5D\�-RQHV��0DWHULDOV�6XSSRUW�/DERUDWRU\��&/5&�
'DUHVEXU\�/DERUDWRU\�� IRU� WKH�RSSRUWXQLW\� WR�XVH� WKHLU�GLIIUDFWRPHWHUV�� �)LQDQFLDO� VXSSRUW�
IURP� WKH� (QJLQHHULQJ� DQG� 3K\VLFDO� 6FLHQFHV� 5HVHDUFK� &RXQFLO�� WKH� 8QLYHUVLW\� RI� :DOHV�
5HVHDUFK�)XQG��DQG�3LONLQJWRQ�SOF�LV�DOVR�DFNQRZOHGJHG��
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)LJ������6L�0$6�105�VSHFWUD�RI�EDOO�PLOOHG�����KRXUV��VLOLFD�SDUWLFOHV���7KH�EURNHQ�OLQHV�

LQGLFDWH�WKH�WZR�FRPSRQHQWV�RI�D�GRXEOH�*DXVVLDQ�ILW��WKLQ�OLQH����)RU�FRPSDULVRQ��VSHFWUD�

RI� DPRUSKRXV� VLOLFD� �WRS�� ZLWK� VLQJOH�*DXVVLDQ� ILW�� DQG� RI� FRDUVH�JUDLQHG� TXDUW]� �QRW�

JURXQG��ERWWRP��DUH�VKRZQ��
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)LJ�����'LIIUDFWRJUDPV�RI�EDOO�PLOOHG������KRXUV��VLOLFD�DIWHU�KHDW�WUHDWPHQW�DW�D�UDWH�RI�
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JUH\�FXUYH�GLVSOD\HG�LQ�WKH�EDFNJURXQG�LV�WKH�GLIIUDFWRJUDP�RI�FRDUVH�JUDLQHG�TXDUW]�ZLWK�

LWV�������DQG�������UHIOHFWLRQV��IRU�FRPSDULVRQ��
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