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)H��7L��FU\VWDOV�ZHUH�JURZQ�XSRQ�WKHVH�FRQGLWLRQV��&KDUJH�VWDWH�DQG�VWUXFWXUDO�SRVLWLRQ�RI
WUDQVLWLRQ� PHWDO� LRQV� ZHUH� GHWHUPLQHG� E\� (35� PHWKRG�� ,QYHVWLJDWLRQV� RI� OXPLQHVFHQFH
VKRZQ� WKDW� WKH� OXPLQHVFHQFH�ZLWK�O� ����� QP� LV� REVHUYHG� IRU�XQGRSHG� FU\VWDOV� DW� URRP
WHPSHUDWXUH��7KH�OXPLQHVFHQFH�OLIHWLPH�LV�GHVFULEHG�E\�WZR�H[SRQHQWLDO�FRPSRQHQWV��ZLWK
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FU\VWDOV�DW����.��%HVLGHV��WKH�OXPLQHVFHQFH�LQWHQVLW\�ZLWK�O� �����QP�GHSHQGV�RQ�QDWXUH
DQG� FRQFHQWUDWLRQ� RI� WUDQVLWLRQ�PHWDO� LRQV�� ,W� LV� VXSSRVHG�� WKDW� FDWLRQ� YDFDQFLHV�� ZKLFK
HQVXUH�WKH�FKDUJH�FRPSHQVDWLRQ�RI�WKH�LPSXULW\�WUDQVLWLRQ�PHWDO�LRQV��DUH�UHVSRQVLEOH�IRU
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���,QWURGXFWLRQ
7KH�ZLGH� XVH� RI� VFLQWLOODWLRQ� FU\VWDOV� LQ

PHGLFLQH�� QXFOHDU� UHVHDUFK� DQG� VSDFH� SUR�
JUDPPHV� VWLPXODWHV� DQG� LQWHQVLILHV� D� FRP�

SHWLWLRQ� EHWZHHQ� YDULRXV� FU\VWDOV� JURZWK
JURXSV�LQ�WKH�ZRUOG�LQ�VHDUFK�IRU�QHZ�VFLQ�
WLOODWLRQ�PDWHULDOV�ZLWK�KLJKHU�OLJKW�RXWSXW�
OLJKW� HPLVVLRQ� LQ� D� GHILQLWH� ZDYHOHQJWK
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UDQJH� DQG� VKRUWHU� GHFD\� WLPHV�� 7KH� EDVLF
UHTXLUHPHQWV� IRU� VFLQWLOODWRUV� E\� WKHVH
VSKHUHV�RI�SUDFWLFDO�DSSOLFDWLRQ�DUH� WKH� IRO�
ORZLQJ�� DQ� LQFUHDVH� LQ� OXPLQRVLW\� DQG� GH�
FUHDVH� LQ� GHFD\� WLPH� WLOO� ��� QV� IRU� HQKDQF�
LQJ�HQHUJ\�UHVROXWLRQ�DQG�UHGXFLQJ�H[SRVXUH
GRVHV� XQGHU� XVLQJ� LQ� PHGLFDO� WRPRJUDSK\
PDFKLQHV� >�@�� ,Q�WKH�����V�WKH�VFLQWLOODWLQJ
FKDUDFWHULVWLFV� RI� FHULXP� LRQ�DFWLYDWHG
/X�6L2���/62���/X�6L�2��DQG�/X$O2��FU\VWDOV>�Ü�@� KDYH� EHHQ� UHYHDOHG�� WKDW� FRPELQH� D
ODUJH� HIIHFWLYH� DWRPLF� QXPEHU�� KLJK� OLJKW
RXWSXW�DQG�D� VKRUW�GHFD\� WLPH��7KH�GLVFRY�
HU\� RI� WKH� QHZ� VFLQWLOODWLRQ� FU\VWDOV�Û� FH�
ULXP�DFWLYDWHG� ODQWKDQXP� KDORJHQLGHV
�/D%U��&H��/D&O��&H��LQ������DURXVHG�D�JUHDWLQWHUHVW�>�@��+DYLQJ�D�OLJKW�RXWSXW�FRPSDUD�
EOH�ZLWK� WKDW�RI�1D,�7O�� WKH\�SURYLGH�D� FRQ�
VLGHUDEO\� KLJKHU� HQHUJ\� UHVROXWLRQ� �DSSUR[�
���� DW� ���� NH9�� DV� ZHOO� DV� D� VKRUW� GHFD\
WLPH��DSSUR[����Ü���QV���$OO�WKH�DERYH�PHQ�
WLRQHG�VFLQWLOODWLRQ�PDWHULDOV�GLG�QRW�ZLGHO\
XVH� EHFDXVH� RI� WKH� FRPSOH[LW\� DQG� H[SHQ�
VLYHQHVV�RI�JURZLQJ�ODUJH�FU\VWDOV��

5HFHQWO\� WKH� LQWHUHVW� RI� UHVHDUFKHUV� KDV
UHFHQWO\� VKLIWHG� WR� WKH� ILHOG� RI� KH[DYDOHQW
PRO\EGHQXP�R[LGH�FRPSRXQGV��LQ�SDUWLFXODU
GXH� WR� WKH� IDFW� WKDW� WKHVH� FRPSRXQGV� SUR�
YLGH� D�PHDQV� RI� VROYLQJ� WKH�SUREOHP� RI� UH�
FRUGLQJ�QHXWULQROHVV�GRXEOH�EHWD�GHFD\���Q�E�
>�@��7KH�VLJQLILFDQW�LQWHUHVW�WR�WKLV�SUREOHP
LV�FRQQHFWHG�ZLWK�GHWHUPLQDWLRQ�RI�QHXWULQR
PDVV��ZKLOH����0R� LV�RQH�RI�WKH�PRVW�SURP�
LVLQJ�QXFOHL�IRU��E�GHFD\�H[SHULPHQWV�GXH�WR
LWV� KLJK� WUDQVLWLRQ� HQHUJ\� 4�E� ������NH9>�@�� 7KXV�� PRO\EGDWHV� PRQRFU\VWDOV� FDQ� EH
SRWHQWLDOO\�XVHG�DV�GHWHFWRUV�LQ�VXFK�H[SHUL�
PHQWV�� 2[LGH� FU\VWDOV� IRU� FU\RJHQLF
ERORPHWULF� GHWHFWRUV� RI��E�GHFD\�PXVW�KDYH
KLJK�OLJKW�RXWSXW�DQG�WUDQVSDUHQF\��D�VKRUW
DIWHUJORZ� WLPH�� D� KLJK� FRQWHQW� RI� WKH� HOH�
PHQW�VWXGLHG��KHUH�0R��ZLWKRXW�DQ\�UDGLRDF�
WLYH� LPSXULWLHV�� DV� ZHOO� DV� EH� GLDPDJQHWLF
IRU� DWWDLQPHQW� RI� ORZ� WHPSHUDWXUHV� PHDV�
XUHPHQW��/RZ�GHQVLW\�DQG�D�VPDOO�HIIHFWLYH
DWRPLF�QXPEHU�DUH�DOVR�GHVLUDEOH�IRU�UHGXF�
LQJ�WKH�J�EDFNJURXQG��+RZHYHU��WHVWHG�FU\V�
WDOV� RI� VLPSOH� PRO\EGDWHV�00R2�� �0� �3E�0J�� &D�� &G�� >��Ü��@� SRVVHVV� D� QXPEHU� RI
GLVDGYDQWDJHRXV�IHDWXUHV��SUHVHQFH�RI�QDWX�
UDO� UDGLRDFWLYH� LPSXULWLHV�� D� KLJK� HIIHFWLYH
DWRPLF� QXPEHU�� ORZ� OLJKW� RXWSXW� HWF���
ZKLFK� VWLPXODWHV� VHDUFK� IRU� QHZ� FU\VWDOV
ZLWK�VXLWDEOH�FRPSRVLWLRQ�DQG�SURSHUWLHV���

,Q�UHFHQW�\HDUV�WKHUH�KDYH�DSSHDUHG�SXE�
OLFDWLRQV� RQ� JURZLQJ� DQG� VWXG\LQJ� SURSHU�
WLHV� RI� =Q0R2�� FU\VWDOV� >������@� DQG
/L�=Q��0R2���� GRXEOH� PRO\EGDWH� FU\VWDOV>������@�� 7KH� DXWKRUV� RI� WKH� SXEOLFDWLRQV

>������@� ZHUH� RQO\� DEOH� WR� JURZ� FU\VWDOV
XVLQJ� WKH� &]RFKUDOVNL� PHWKRG� ZLWK� GLPHQ�
VLRQV� LQ� FHQWLPHWUH� UDQJH�� ZKLFK� VHHPV� WR
EH�SULPDULO\�FRQQHFWHG�ZLWK�WKH�SUREOHP�RI
JURZWK�RI�ODUJH�KRPRJHQHRXV�/L�=Q��0R2���FU\VWDOV�� $QRWKHU� LPSHGLQJ� SUREOHP� FRXOG
KDYH� EHHQ� WKH� SRVVLEOH� QRQVWRLFKLRPHWU\� RI
WKLV�FRPSRXQG��ZKLFK�SUHYHQWV�FUHDWLQJ�WKH
RSWLPDO� FRQGLWLRQV� IRU� FU\VWDO� JURZWK� DQG
FDXVHV�FU\VWDO�LQKRPRJHQHLW\�DQG�IRUPDWLRQ
RI�RWKHU�SKDVHV��%XW�WKLV�SRVVLELOLW\�KDV�QRW
EHHQ� WDNHQ� LQWR� DFFRXQW� EHIRUH� LQ� VWXG\LQJ
WKH� SKDVH� GLDJUDP� RI� WKH� /L�0R2�±=Q0R2�V\VWHP�>������@�����

,Q� WKH� SUHVHQW� ZRUN� RQ� WKH� EDVLV� RI� WKH
UHVXOWV� RI� RXU� QHZ� VWXG\� IRU� WKH� /L�0R2�±=Q0R2��V\VWHP�SKDVH�GLDJUDP�>��@�RSWLFDOO\KRPRJHQHRXV� DQG� YLUWXDOO\� VWRLFKLRPHWULF
/L�=Q��0R2����FU\VWDOV��ERWK�SXUH�DQG�GRSHGZLWK� GLIIHUHQW� WUDQVLWLRQ� PHWDO� LRQV�� KDYH
EHHQ�JURZQ�E\�WKH�ORZ�JUDGLHQW�&]RFKUDOVNL
PHWKRG��:H�DOVR�KDYH�LQYHVWLJDWHG�WKH�HOHF�
WURQLF�VWDWHV�RI�WKH�LRQV�DFWLYDWRUV�DQG�WKHLU
ODWWLFH� ORFDWLRQ�� DV�ZHOO� DV� WKH� FU\VWDOV�� OX�
PLQHVFHQW� SURSHUWLHV� DW� WHPSHUDWXUHV� RI���
DQG�����.�

���([SHULPHQW
7KH� FU\VWDOV� ZHUH� JURZQ� IURP� D� PROWHQ

PL[WXUH�RI�/L�&2���0R2��DQG�=Q2��$V�OLWK�LXP� ]LQF� PRO\EGDWH� PHOWV� ZLWK� SDUWLDO� GH�
FRPSRVLWLRQ�� /L�=Q��0R2����o�/L�0R2����=Q0R2���D�VWRLFKLRPHWULF�H[FHVV�RI�/L�&2�DQG�0R2�� LQ� WKH� DPRXQW� RI� ��Ü��� PRO��ZDV� WDNHQ� WR� HOLPLQDWH� IRUPDWLRQ� RI
=Q0R2���7KH� RSWLFDOO\�KRPRJHQHRXV� FU\VWDOV�ZHUH
JURZQ� LQ� WKH� FRQGLWLRQV� RI� VPDOO� WHPSHUD�
WXUH� JUDGLHQWV� �a�� GHJUHH�FP�� E\� WKH� &]R�
FKUDOVNL�PHWKRG�>��@�ZLWK�VHHG�FU\VWDOV�RUL�
HQWHG�DORQJ�GLUHFWLRQV�>���@�DQG�>���@�IURP
D� SODWLQXP� FUXFLEOH� ZLWK� ��� PP� GLDPHWHU
DQG�����PP�KHLJKW��7KH�UDWH�RI�SXOOLQJ�ZDV
a���� PP�K� DORQJ� >���@�� )RU� HPEHGGLQJ
WUDQVLWLRQ�PHWDOV�LRQV�LQWR�WKH�FU\VWDO�VWUXF�
WXUH� D� FHUWDLQ� DPRXQW� RI� WKHVH�PHWDOV�� R[�
LGHV� ZDV� DGGHG� WR� WKH� PL[WXUH�� 7KH� HOHF�
WURQLF�VWDWH�DQG�ODWWLFH�ORFDWLRQ�RI�WKH�WUDQ�
VLWLRQ�PHWDOV�LRQV�ZHUH�LQYHVWLJDWHG�E\�(35
PHWKRG�� (35� VSHFWUD�ZHUH� UHFRUGHG�ZLWK� D
9DULDQ� (35� VSHFWURPHWHU� (����� HTXLSSHG
ZLWK� DQ� DQDORJ�WR�GLJLWDO� GDWD� VLJQDO� FRQ�
YHUWHU� DQG�SURSULHWDU\�VRIWZDUH� IRU� VWRULQJ
DQG� SURFHVVLQJ� VSHFWUXP� GDWD�� DW� WHPSHUD�
WXUHV� RI� ��� DQG� ���� .�� 2SWLFDO� DEVRUSWLRQ
VSHFWUD� ZHUH� UHFRUGHG� ZLWK� D� VSHFWUR�
SKRWRPHWHU� LQ� WKH� UDQJH� ���Ü���� QP�� /X�
PLQHVFHQFH� VSHFWUD� DQG� OXPLQHVFHQFH� OLIH�
WLPHV� ZHUH� UHFRUGHG� ZLWK� D� )/6���� (GLQ�
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EXUJ� ,QVWUXPHQW� VSHFWURPHWHU� DQG� ZLWK� D
IODVK� SKRWRO\VLV� PDFKLQH� LQ� ,QVWLWXWH� RI
&KHPLFDO�.LQHWLFV�DQG�&RPEXVWLRQ�6%�5$6�

���5HVXOWV�DQG�GLVFXVVLRQ
�����3XUH�/L�=Q��0R2����FU\VWDOV
/DUJH� �XS� WR�����PP��RSWLFDOO\�KRPRJH�

QHRXV� � /L�=Q��0R2���� FU\VWDOV� KDYH� EHHQJURZQ�E\�WKH�&]RFKUDOVNL�PHWKRG��7KH�;�UD\
GLIIUDFWLRQ� VWXGLHV� KDYH� \LHOGHG� WKH� IROORZ�
LQJ�UHVXOWV��&RPSRVLWLRQ��/L�±�[=Q��[�0R2�����d[d������ DW� ����&�� 0HOWLQJ� SRLQW�� ����&
�LQFRQJUXHQW���6\QJRQ\��UKRPELF��6WUXFWXUDO
IRUPXOD�Û�/L�±�[=Q��[�0R2�����6SDFH�JURXS�Û3QPD�� ODWWLFH� SDUDPHWHUV��D� �����������
E� �������������F� ����������������=� ����5� ��������
$FFRUGLQJ� WR� WKH� GDWD� REWDLQHG�� WKHUH� DUH
WKUHH� SRVVLEOH� ]LQF� LRQ� ORFDWLRQV� LQ
/L�=Q��0R2���� VWUXFWXUH� �VHH� )LJ������ 7KHFRQGXFWHG�DEVRUSWLRQ� VSHFWUD� VWXGLHV�RI� WKH
SXUH�/L�=Q��0R2����FU\VWDOV�KDYH�VKRZQ�WKDWWKH�FU\VWDOV�DUH�WUDQVSDUHQW�LQ�WKH�UDQJH�XS
WR�����QP��6WXG\� RI� WKH� OXPLQHVFHQW�SURS�
HUWLHV� RI�/L�=Q��0R2���� FU\VWDOV� KDV� GHPRQ�VWUDWHG� WKDW� XSRQ� EDQG�WR�EDQG� H[FLWDWLRQ
����� QP�� DW� URRP� WHPSHUDWXUH� OXPLQHVFHQFH
ZLWK� OPD[� ����� QP� LV� REVHUYHG� �VHH� )LJ��FXUYH����

)XUWKHUPRUH�� OXPLQHVFHQFH� GHFD\� DW
URRP� WHPSHUDWXUH� UHYHDOV� D� ELH[SRQHQWLDO
GHSHQGHQFH� ZLWK� W�� ��� QV� DQG� W�� ���QV�6XFK� YDOXHV� RI� OXPLQHVFHQFH� OLIHWLPHV� DUH
XQLTXH� LQ�WKH�UDQJH�RI�WKH�NQRZQ�VFLQWLOOD�
WRUV� DQG� H[FHHG� UHTXLUHPHQWV� IRU� WKH� QHZ
VFLQWLOODWRUV�JHQHUDWLRQ��

$W����.�WKH�OXPLQHVFHQFH�VSHFWUXP�VKLIWV
WR� WKH� ORQJ�ZDYH� UHJLRQ� ZLWK� OPD[� �����QP�VHH� )LJ���� FXUYH� ���� 7KH� OXPLQHVFHQFH� RE�
VHUYHG� DW� ��� .� LV� FKDUDFWHUL]HG� E\� OLIHWLPH
W� �����QV�� ZKLFK� LV� DOVR� D� EHWWHU� YDOXH� LQ

FRPSDULVRQ�ZLWK�WKH�ZLGHO\�XVHG�%*2�FU\V�
WDOV�� 7KH� GDWD� REWDLQHG� RQ� OXPLQHVFHQFH� RI
OLWKLXP� ]LQF� PRO\EGDWH� FU\VWDOV� FKDUDF�
WHUL]HV� WKHP� DV� SURPLVLQJ� VFLQWLOODWRUV� IRU
KLJK�HQHUJ\�SDUWLFOHV���

�����/L�=Q��0R2����&U��
,Q�(35�VSHFWUD�RI�/L�=Q��0R2����FU\VWDOVGRSHG� ZLWK� FKURPH� LRQV� ������ DQG

���� PRO���� WKHUH� LV� DQ� DQLVRWURSLF� (35
VSHFWUXP� REVHUYHG� ZLWK� DQ� HIIHFWLYH� VSLQ
6HII� ����� DQG� J�IDFWRUV� J__� �������� DQGJA� ���������)LJ������7KH� REVHUYHG� SDUDPHWHUV� FRUUHVSRQG� WR
WKH� FDVH� RI� D� VWURQJ� FU\VWDO� ILHOG� �KJ���'�
IRU� WKH� DFWXDO� VSLQ� VWDWH� RI�&U��� LRQV� ZLWK
6�  ����� DQG� J__� �������� DQG� JA� ��������6WXG\�RI�WKH�DQJXODU�GHSHQGHQFH�KDV�VKRZQ
WKDW� WKHUH� DUH� WZR� PDJQHWLFDOO\� XQHTXLYD�
OHQW�SRVLWLRQV�LQ�WKH�VSHFWUXP��%HVLGHV��WKH
DQJOH� EHWZHHQ� WKHP� LV� ����ZKLFK� LV� HTXLYD�
OHQW� WR� WKH� DQJXODU� RULHQWDWLRQ� RI� WKH
SULVPV� LQ� WKH� R[\JHQ� VXUURXQGLQJ� RI� ]LQF
LRQV� 0��� ,�H�� WKLV� GDWD� DOORZV� XV� WR� VWDWH
WKDW� FKURPH� LRQV� RFFXS\� ]LQF� 0�� ORFDWLRQ�
3RVVLELOLW\� IRU� /L�=Q��0R2���� VWUXFWXUH� WRKDYH� OLWKLXP� DQG� ]LQF� LRQV� LQ� WKH� YDULHG

)LJ�����7KH�VWUXFWXUH�RI�/L�=Q��0R2����FU\VWDO�

)LJ�����$QJXODU�GHSHQGHQFH�RI�&U���LRQV�(35
VSHFWUXP�LQ�/L�=Q��0R2����&U�FU\VWDO�

)LJ����� /XPLQHVFHQFH� VSHFWUD� RI� SXUH
/L�=Q��0R2����FU\VWDO����Ü�DW�����.����Ü�DW����.�
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0�Ü0�� ORFDWLRQV� HQDEOHV� HPEHGGLQJ� RI� WUL�
YDOHQW� LRQV� LQWR� WKH� FU\VWDO� VWUXFWXUH�� SUR�
YLGLQJ�FKDUJH�FRPSHQVDWLRQ�E\�PHDQV�RI�UH�
SODFLQJ� ]LQF� ZLWK� OLWKLXP� LQ� WKH� DGMDFHQW
R[\JHQ� RFWDKHGURQ�� &U\VWDOV� DFWLYDWHG� E\
FKURPH� LRQV� DW� URRP� WHPSHUDWXUH� DQG� DW
���.�H[KLELWHG�OXPLQHVFHQFH�LQ�WKH�IRUP�RI
D� EURDG� OLQH� ZLWK� D� PD[LPXP� DW� OPD[� ���� QP�� MXVW� OLNH� LQ� WKH� FDVH� RI� WKH� SXUH
FU\VWDO��VHH�)LJ�����

�����/L�=Q��0R2����&X��
7KH�FRQGXFWHG�VWXGLHV�RI�DQJXODU�GHSHQG�

HQFH�RI�WKH�(35�VSHFWUXP�KDYH�VKRZQ�WKDW
FRSSHU� LRQV� UHSODFH� ]LQF� LRQV� SULPDULO\� LQ
WKH�RQH�RI�WKUHH�SRVVLEOH�ODWWLFH�ORFDWLRQV�Û
0��� DQG� WKHVH� LRQV� KDYH� �G�� JURXQG� VWDWH
ZLWK� HOHFWURQ� VSLQ�6� ������ 7KH� (35� VSHF�
WUD� DUH� FKDUDFWHUL]HG� E\� WKH� IROORZLQJ� VSLQ
+DPLOWRQLDQ� SDUDPHWHUV�� J__� ������� JA� ������ $__� ����� *��$A� ��� *� >��@�� 7KH� YHF�WRUV� RI� WKH� SULQFLSOH� YDOXHV�J__� DQG�$__� FRLQ�FLGH� DQG� FRUUHVSRQG� WR� WKH� R[\JHQ�R[\JHQ
GLUHFWLRQ� LQ� WKH� R[\JHQ� RFWDKHGURQ� RI� ]LQF
LRQV�0���$QG�WKHLU�YDOXHV�DUH�FKDUDFWHULVWLF
RI� WKH� RFWDKHGUDO� R[\JHQ� VXUURXQGLQJ� RI
FRSSHU�LRQV��

$V�ZDV�PHQWLRQHG�LQ�WKH�SXEOLFDWLRQ�>��@
LQFUHDVH�RI�FRSSHU�LRQV�FRQFHQWUDWLRQ�������
����� DQG� ����� PRO�� ��� FDXVHV� JURZWK� RI
����QP�OXPLQHVFHQFH�LQWHQVLW\��'HSHQGHQFH
RI� WKH� OLQH�ZLGWK� RQ� WKH� DQJOH� EHWZHHQ� WKH
GLUHFWLRQ� RI� WKH� PDJQHWLF� ILHOG� YHFWRU� DQG
WKH�SULQFLSOH�YDOXHV�RI�J�DQG�$�WHQVRUV�FRQ�
VWLWXWHV�D�VSHFLILF�FKDUDFWHULVWLF�RI�WKH�(35
VSHFWUD�REVHUYHG��0RUHRYHU��VXFK�D�GHSHQG�
HQFH� RI� OLQH� ZLGWK� LQ� WKH� (35� VSHFWUD� LV
DFFRPSDQLHG� E\� GHYLDWLRQ� IURP� HTXLGLVWDQW
OLQH� VSOLWWLQJ� LQ� WKH� K\SHUILQH� VWUXFWXUH
VSHFWUXP��$W�WKH�VDPH�WLPH��QHDU�WKH�SULQ�
FLSOH�YDOXHV�RI�$�DQG�J�WHQVRUV�OLQH�EURDGHQ�
LQJ� LV� DOVR� DFFRPSDQLHG� E\� LQFUHDVH� RI� OLQH
VSOLWWLQJ� �)LJ���D�E��� 7KH� VWXGLHV�SHUIRUPHG
DW� WHPSHUDWXUHV� RI� ��� DQG� ���� .� KDYH
VKRZQ�WKDW�OLQH�ZLGWK�DQG�OLQH�VSOLWWLQJ�GLG
QRW� GHSHQG� RQ� WKH� WHPSHUDWXUH�� $FFLGHQWDO
RII�RULHQWDWLRQ�RI�R[\JHQ�RFWDKHGUD�FRQWDLQ�
LQJ� FRSSHU� LRQV�GXH� WR� ODWWLFH�GLVWRUWLRQ�E\
RWKHU� GHIHFWV� FRXOG� EH� D� SRVVLEOH� FDXVH� RI
VXFK�SHFXOLDULWLHV�LQ�WKH�(35�VSHFWUD��-XGJ�
LQJ� E\� WKH� VWUXFWXUH� RI� OLWKLXP� ]LQF
PRO\EGDWH� FU\VWDOV� LWVHOI� ZH� FDQ� VWDWH� WKDW
LW� RULJLQDOO\� SHUPLWV� OLWKLXP� DQG� ]LQF� QRQ�
VWRLFKLRPHQWU\����

$V� OLWKLXP� DQG� ]LQF� LRQV� DUH� GLIIHUHQWO\
FKDUJHG��WKLV�LQ�LWV�WXUQ�OHDGV�WR�IRUPDWLRQ
RI� FDWLRQLF� YDFDQFLHV�� (PEHGGLQJ� ELYDOHQW
DQG�KLJKHU�YDOHQFH�LRQV�RI�WUDQVLWLRQ�PHWDOV
LQWR� WKH� ODWWLFH� OHDGV� WR� LPEDODQFH� RI� OLWK�

LXP�DQG�]LQF�LRQV�UDWLR��ZKLFK�JHQHUDWHV�DQ
DGGLWLRQDO� QXPEHU� RI� FDWLRQLF� YDFDQFLHV� LQ
WKH� ORFDOL]DWLRQ� UHJLRQ� RI� WKH� WUDQVLWLRQ
PHWDO�LRQV�IRU�FKDUJH�FRPSHQVDWLRQ��2Q�WKH
DVVXPSWLRQ�WKDW�FDWLRQLF�YDFDQFLHV�LQ�GLIIHU�
HQW� ODWWLFH� ORFDWLRQV� UDQGRPO\� GLVWRUW� WKH
DGMDFHQW�R[\JHQ�VXUURXQGLQJ�RI�FRSSHU�LRQV
ZH� KDYH� FRQGXFWHG� D�PRGHO� VWXG\� RI� LQIOX�
HQFH� RI� VXFK� GLVWRUWLRQ� RQ� (35� VSHFWUD�� ,W
HPHUJHG� WKDW� LQ� WKLV� FDVH� WKH� UHYHUVH� VLWX�
DWLRQ�RFFXUV�QHDU�WKH�H[WUHPH�SRLQWV�RI�DQ�
LVRWURS\� RI� J�IDFWRU� DQG� K\SHUILQH� LQWHUDF�
WLRQ�� /LQHV� LQ� VPDOO� ILHOGV� IRU� J�a�JPD[� LQWKH� VSHFWUD� PRGHOOHG� SURYH� WR� EH� WKH� PRVW
EURDGHQHG�� PHDQZKLOH� WKH� H[SHULPHQWDO
VSHFWUXP� JLYHV� OLQHV� RI� PLQLPXP�ZLGWK� LQ
VPDOO� ILHOGV� DQG� WKH� VKRUWHVW� GLVWDQFHV� EH�
WZHHQ� WUDQVLWLRQV� �)LJ���D��� ,Q� WKH� H[SHUL�
PHQWDO� VSHFWUXP� IRU� +)6� ZLWK� J|JPLQ� IRUTXDUWHW� WUDQVLWLRQV� LQ� D� KLJKHU� PDJQHWLF
ILHOG� ERWK� WKH� OLQH�ZLGWK� DQG� OLQH� VSOLWWLQJ
GHFUHDVH� �)LJ���E��� +RZHYHU� WKH� UHYHUVH
VLWXDWLRQ�LV�REVHUYHG�IRU�WKH�VSHFWUXP�PRG�
HOOHG�RQ�WKH�DVVXPSWLRQ�RI�VFDWWHULQJ�RI�WKH
YHFWRUV�GLUHFWLRQV�RI�WKH�SULQFLSOH�YDOXHV�RI
J� DQG�$�Û� WHQVRUV�� 7KXV�� VXFK�PRGHO� SUR�
YLGHV� QR� H[SODQDWLRQ� IRU� WKH� SHFXOLDULWLHV
REVHUYHG�LQ�WKH�(35�VSHFWUXP��2Q�WKH�RWKHU
KDQG�� WKH� SUHVHQFH� RI� D� FDWLRQLF� YDFDQF\
FORVH� WR� WKH� FRSSHU� LRQ� DV� ZHOO� DV� YDULHG
GLVWDQFH� EHWZHHQ� WKH� YDFDQF\� DQG� WKH� R[\�

)LJ����� (35� VSHFWUD� RI� &X��� LRQV� LQ
/L�=Q��0R2����&X� FU\VWDO�� D�Û�DW�J� ������� E
Û�QHDUO\�WR�JA� �������7KH�DUURZV�VKRZ�GLV�SODFHPHQWV�RI�(35�OLQHV�GXH�WR�FKDQJLQJ�RI�J
DQG�$�YDOXHV��

9�$�1DGROLQQ\�HW�DO����$Q�LQIOXHQFH�RI�WUDQVLWLRQ����

)XQFWLRQDO�PDWHULDOV������������� ���



JHQ�RFWDKHGURQ� RI� WKH� FRSSHU� LRQ�SULPDULO\
DIIHFW�WKH�FKDUJH�GLVWULEXWLRQ�LQ�WKH�R[\JHQ
RFWDKHGURQ�DQG��DV�D�UHVXOW��YDOXHV�RI�J�IDF�
WRUV�DQG�+)6�FRQVWDQWV����

$W�WKH�VDPH�WLPH��DQ�LQFUHDVH�RI�WKH�+)6
FRQVWDQW� $]]� LV� YLUWXDOO\� DOZD\V� REVHUYHGDORQJ�ZLWK�D�GHFUHDVH�RI�J]]��6XFK�D�VFDWWHURI�WKH�SDUDPHWHUV�UHVXOWV�LQ�WUDQVLWLRQ�OLQHV
OHVV�DIIHFWHG�E\�GLVWXUEDQFHV�LQ�VPDOO�ILHOGV
IRU� J]]� DQG� UHPDLQLQJ� QDUURZ�� 7KH� WUDQVL�WLRQ�OLQHV��ZLWKLQ�RQH�+)6�TXDUWHW��EURDGHQ
LQ� KLJK� ILHOGV� DQG� WKH� GLVWDQFH� EHWZHHQ
WKHP� LQFUHDVHV�� 0RUHRYHU�� J�IDFWRU� YDUL�
DWLRQV� FDXVH� D� VKLIW� RI� DOO� WKH� OLQHV� LQ� WKH
TXDUWHW� RI� WKH� FRSSHU� LRQ� K\SHUILQH� VWUXF�
WXUH��$QG�D�YDULDWLRQ��GHFUHDVH��RI�WKH�+)6
FRQVWDQWV�OHDGV�WR�D�VLWXDWLRQ�ZKHQ�WKH�OLQHV
VKLIW� GHSHQGV� RQ� WKH� YDOXH� DQG� VLJQ� RI� WKH
SURMHFWLRQ�RI�WKH�QXFOHDU�PDJQHWLF�PRPHQW�
&RQVHTXHQWO\�� WKLV� UHVXOWV� LQ� D� GLIIHUHQW
VKLIW�RI�WKH�WUDQVLWLRQ�OLQHV�DQG�QRQ�HTXLGLV�
WDQFH� EHWZHHQ� WKHP� �VHH� )LJ���D��� )RU� WKH
(35� VSHFWUXP� QHDU� J[[�� J\\� DQ� DQDORJRXVVLWXDWLRQ�RFFXUV��WKH�WUDQVLWLRQ�OLQHV�UHPDLQ
QDUURZ� LQ� KLJK� ILHOGV� DQG� DORQJ�ZLWK�PDJ�
QHWLF�ILHOG�GHFUHDVH�WKH�(35�VSHFWUXP�OLQHV
EURDGHQ� DQG� WKH� GLVWDQFH� EHWZHHQ� WKHP� LQ�
FUHDVHV� �)LJ���E��� 7KLV� GDWD� SURYLGHV� GLUHFW
HYLGHQFH� WKDW� WKHUH� DUH� FDWLRQLF� YDFDQFLHV
FORVH� WR� WKH� FRSSHU� LRQ� ORFDWLRQ�� $QG� LW� LV
WKHLU� UDQGRP� GLVWULEXWLRQ� LQ� WKH� VWUXFWXUH
H[DFWO\�WKDW�OHDGV�WR�VFDWWHU�RI�WKH�YDOXHV�RI
J�IDFWRUV�DQG�+)6�FRQVWDQWV��

,Q�RUGHU�WR�WHVW�VFLQWLOODWLRQ�SURSHUWLHV�RI
/L�=Q��0R2���� FU\VWDOV�� WKHLU� FDWKRGH�OXPL�QHVFHQFH�KDV�EHHQ�VWXGLHG��7KH�VWXGLHV�SHU�
IRUPHG�KDYH�UHYHDOHG� WKDW�FDWKRGH�OXPLQHV�
FHQFH�LV�DOVR�REVHUYHG�ZLWK�WKH�PD[LPXP�DW
���� QP�� $QG� LQWHQVLW\� RI� FDWKRGH�OXPLQHV�
FHQFH� RI� D� FRSSHU�GRSHG�/L�=Q��0R2���� VDP�SOH�DV�ZHOO� DV�RI� OXPLQHVFHQFH� LQ� WKH�UDQJH
RI� ���� QP� JURZV� DORQJ� ZLWK� WHPSHUDWXUH
GHFUHDVH��6XFK�D�GHSHQGHQFH�RI�WKH�SKRWROX�
PLQHVFHQFH�DQG�FDWKRGH�OXPLQHVFHQFH� LQWHQ�
VLW\�RQ�WKH�FRSSHU�LRQ�FRQFHQWUDWLRQ�JDYH�XV
JURXQGV�WR�VXJJHVW�WKDW�WKH�FRSSHU�LRQV�DUH
UHVSRQVLEOH� IRU� WKH� ORZ�WHPSHUDWXUH� OXPL�
QHVFHQFH� ZLWK� OPD[� ����� QP� >��@�� +RZ�HYHU�� DV� IXUWKHU� VWXGLHV� RI� ERWK� SXUH� FU\V�
WDOV� DQG� FU\VWDOV� GRSHG� ZLWK� RWKHU� WUDQVL�
WLRQ� PHWDO� LRQV� GHPRQVWUDWHG�� WKH
OXPLQHVFHQFH� ZLWK� OPD[� ����� QP� LV� QRWSULPDULO\�FRQQHFWHG�ZLWK�HPEHGGLQJ�RI�FRS�
SHU�LRQV�LQWR�WKH�VWUXFWXUH�RI�/L�=Q��0R2���FU\VWDOV��

�����/L�=Q��0R2����)H��
,QFRUSRUDWLQJ� ����� PRO�� �� RI� LURQ� LRQV

LQWR�WKH�VWUXFWXUH�RI�/L�=Q��0R2����FU\VWDOV

LPSDUWHG� D� JUH\� FRORXU� WR� WKH� FU\VWDOV� DQG
VLJQLILFDQWO\�GHWHULRUDWHG�WUDQVPLVVLRQ�VSHF�
WUD� LQ� WKH� YLVLEOH� ZDYHOHQJWK� UDQJH�� 0RUH�
RYHU��DQ�LQWHQVLYH�DEVRUSWLRQ�EDQG�DSSHDUHG
LQ� WKH� UDQJH� RI� ���� QP� LQ� RSWLFDO� VSHFWUD�
&U\VWDOV� DFWLYDWHG�E\� LURQ� LRQV�DOVR�GHPRQ�
VWUDWHG� OXPLQHVFHQW�SURSHUWLHV��8QOLNH�ZLWK
FRSSHU� LRQV�� KHUH� PD[LPXP� OXPLQHVFHQFH
ZDV�REVHUYHG�DW�����QP��6WXG\�RI�WKH�(35
VSHFWUD� LQ� WKH� UDQJH� ���� DQG� ��� *+]� KDV
VKRZQ�WKDW�LURQ�LRQV�RFFXS\�ODWWLFH�ORFDWLRQ
0��LQ�/L�=Q��0R2����FU\VWDO�ZLWK�WKH�FKDUJHVWDWH�)H����$QDO\VLV�RI�WKH�DQJXODU�GHSHQG�
HQFH�RI�(35�VSHFWUD�XVLQJ�WKH�SURJUDP�>��@
DOORZHG� XV� WR� FDOFXODWH� WKH� ILQH� VWUXFWXUH
SDUDPHWHUV� IRU� )H���� ZKLFK� UHVSHFWLYHO\
HTXDO�WKH�IROORZLQJ�YDOXHV��6� ������J� ������
'� ������*� DQG�(� ����*�� (35� VSHFWUD� RI
LURQ�LRQV�LQ�OLWKLXP�]LQF�PRO\EGDWH�FU\VWDOV
DUH� FKDUDFWHUL]HG� E\� YDULDWLRQ� RI� WKH� OLQH
ZLGWK� GHSHQGLQJ� RQ� WKH� FU\VWDO� RULHQWDWLRQ
IURP� ���� WR� ����*�� %XW� DW� WKH� VDPH� WLPH�
WKH� OLQH�ZLGWK�GRHV�QRW�GHSHQG�RQ�WKH�WHP�
SHUDWXUH�� MXVW� OLNH� LQ� WKH� FDVH� ZLWK� FRSSHU
LRQV�� 7KH� HIIHFWV� REVHUYHG� LQ� WKH� FRSSHU
(35�VSHFWUD�JLYH�DQ�LQVLJKW�LQWR�WKH�IDFWRUV
FDXVLQJ� VXFK� EURDG� OLQHV� LQ� WKH� LURQ� (35
VSHFWUD��7KH�GHSHQGHQFH�RI�FKDUJH�GLVWULEX�
WLRQ�RQ�WKH�GLVWDQFH�IURP�D�FDWLRQLF�YDFDQF\
GHWHUPLQHV� WKH� VFDWWHU� RI� WKH� FU\VWDOOLQH
ILHOG�SDUDPHWHUV�'�DQG�(��7KLV�OHDGV�WR�WKH
VLWXDWLRQ� ZKHQ� IRU� WKH� DQJOH� M� ����¦'L��FRV�M�Ü���� JRHV� WR� ]HUR� DQG� WKH� (35
VSHFWUXP� OLQH� ZLGWK� HTXDOV� ���� *�� $QG� DV
WKH� DQJOH� GHYLDWHV� IURP� ���� WKH� VHW� RI� SD�
UDPHWHUV�'L�OHDGV�WR�D�YLVLEOH�EURDGHQLQJ�RIWKH�(35�VSHFWUXP�OLQHV�

�����/L�=Q��0R2����7L��
/L�=Q��0R2���� FU\VWDOV� GRSHG� ZLWK� 7L���MXVW� OLNH� SXUH� FU\VWDOV�� ZHUH� JURZQ� LQ� WKH

FRQGLWLRQV� RI� VPDOO� WHPSHUDWXUH� JUDGLHQWV
�a��GHJUHH�FP��IURP�D�PROWHQ�PL[WXUH�ZLWK
D�VWRLFKLRPHWULF�H[FHVV�RI�/L�&2��DQG�0R2�LQ� WKH� DPRXQW� RI� ��Ü���PRO���� ZLWK� VHHG
FU\VWDOV� RULHQWHG� DORQJ� >���@�� )RU� WKH� GRS�
LQJ� 7L2�� ZDV� DGGHG� WR� WKH� PL[WXUH�� 7KHJURZWK� UDWH� RI� WKH� KRPRJHQHRXV� FU\VWDOV
GRSHG� ZLWK� WLWDQLXP� LQ� WKH� DPRXQW� XS� WR
VHYHUDO� SHUFHQW� ZDV� IRXQG� WR� EH� YLUWXDOO\
WKH� VDPH� DV� WKDW� RI� WKH� SXUH� FU\VWDOV�
a����PP�K��ZKLFK�DSSHDUV�WR�EH�GHWHUPLQHG
E\� LVRVWUXFWXUDOLW\� RI� /L�=Q��0R2���� DQG/L�7L�����0R2����FU\VWDOV��)LJ�����,Q� WKH� DEVRUSWLRQ� VSHFWUD� RI
/L�=Q��0R2����FU\VWDOV�DFWLYDWHG�E\������DQG����PRO����RI�WLWDQLXP�DGGLWLRQDO�OLQHV�GLG
QRW� DSSHDU� LQ� WKH� YLVLEOH� UHJLRQ�� 1R� WLWD�

9�$�1DGROLQQ\�HW�DO����$Q�LQIOXHQFH�RI�WUDQVLWLRQ����

��� )XQFWLRQDO�PDWHULDOV�������������



QLXP�VSHFWUD�DUH�REVHUYHG�LQ�WKH�(35�VSHF�
WUD� RI� WKH� FU\VWDOV�� 7KLV� PHDQV� WKDW� WLWD�
QLXP� LV� GLDPDJQHWLF� DQG� LV� HPEHGGHG� LQ
/L�=Q��0R2���� VWUXFWXUH� LQ� WKH� VWDWH� 7L���2ZLQJ� WR�DEVHQFH�RI�(35�VSHFWUD� LW�V�GLIIL�
FXOW� WR� VSHDN� DERXW� WKH� ODWWLFH� ORFDWLRQ� RI
WKH�WLWDQLXP�LRQV��3UREDEO\�WKH\�RFFXS\�WKH
PRO\EGHQXP� ORFDWLRQ�� ,Q� WKLV� FDVH� KRZHYHU
WKH�OXPLQHVFHQFH�LQWHQVLW\�ZLWK�O� �����QP
KDV� WR� GHFUHDVH� DORQJ� ZLWK� JURZWK� RI� WLWD�
QLXP� FRQFHQWUDWLRQ�� EHFDXVH� DQ� H[FHVVLYH
DPRXQW�RI�ELYDOHQW�]LQF� LV� UHTXLUHG� LQ� OLWK�
LXP� ORFDWLRQV� IRU�FKDUJH�FRPSHQVDWLRQ��([�
SHULPHQWDOO\� WKH� UHYHUVH� GHSHQGHQFH� LV� RE�
VHUYHG�� L�H�� DORQJ� ZLWK� JURZWK� RI� WLWDQLXP
FRQFHQWUDWLRQ� LQ� WKH� JURZLQJ� PHGLXP� WKH
OXPLQHVFHQFH� LQWHQVLW\�ZLWK�O� �����QP�LQ�
FUHDVHV�� $W� WKH� VDPH� WLPH� WLWDQLXP�GRSHG
FU\VWDOV� JURZ� ZHOO� RQO\� ZLWK� DQ� H[FHVV� RI
OLWKLXP� LRQV� LQ� WKH� JURZLQJ� V\VWHP�� ZKLFK
VXEVWDQWLDWHV� RXU� DVVXPSWLRQ� WKDW� WLWDQLXP
LRQV� RFFXS\� ]LQF� ORFDWLRQV�� 7KH� VWXGLHV� RI
OXPLQHVFHQW� SURSHUWLHV� RI� /L�=Q��0R2���FU\VWDOV�DFWLYDWHG�E\�WLWDQLXP�LRQV�UHYHDO�D
PRUH�LQWHQVLYH�OXPLQHVFHQFH�ZLWK�O� �����QP
LQ� FRPSDULVRQ� ZLWK� FU\VWDOV� DFWLYDWHG� E\
RWKHU�LRQV��7KLV�JLYHV�XV�JURXQGV�WR�DVVXPH
WKDW�� OLNH� LQ� WKH� FDVH� RI� RWKHU� WUDQVLWLRQ
PHWDOV�LRQV��WLWDQLXP�LRQV�SULPDULO\�RFFXS\
]LQF� ORFDWLRQ� JHQHUDWLQJ� DGGLWLRQDO� FDWLRQLF
YDFDQFLHV��,Q�)LJ����OXPLQHVFHQFH�VSHFWUD�RI
/L�=Q��0R2����FU\VWDOV�DUH�VKRZQ�IRU�GLIIHU�HQW� WLWDQLXP� FRQFHQWUDWLRQV� DW� URRP� WHP�
SHUDWXUH�DQG����.��7KH�VDPH�DV�LQ�WKH�FDVH

RI�RWKHU�WUDQVLWLRQ�PHWDOV�LRQV��KHUH�WKH�OXPL�
QHVFHQFH� LQWHQVLW\� ZLWK� O� �����QP� LQFUHDVHV
DORQJ�ZLWK�WHPSHUDWXUH�GHFUHDVH��

���&RQFOXVLRQV
/DUJH�FU\VWDOV��ERWK�SXUH�DQG�GRSHG�ZLWK

GLIIHUHQW� WUDQVLWLRQ� PHWDO� LRQV� Û� &X�� )H�
&U��7L��KDYH�EHHQ�JURZQ�E\�WKH�ORZ�JUDGLHQW
&]RFKUDOVNL� PHWKRG�� 7KH� FRQGXFWHG� VWXGLHV
RI� /L�=Q��0R2���� DOORZHG� XV� WR� GHWHUPLQHWKH�FKDUJH�VWDWH�DQG�ODWWLFH�ORFDWLRQ�IRU�&X�
)H��&U�LRQV��,W�KDV�EHHQ�IRXQG�WKDW�OXPLQHV�
FHQFH�ZLWK� YHU\� VKRUW� OLIHWLPHV� LV� REVHUYHG
LQ� SXUH� /L�=Q��0R2���� FU\VWDOV�� WKDW� DOORZVXV� WR� VSHDN�DERXW� WKH�FU\VWDOV�DV�D�SURPLV�
LQJ�VFLQWLOODWLRQ�PDWHULDO��,W�KDV�EHHQ�GHWHU�
PLQHG� WKDW� ORZ�WHPSHUDWXUH� OXPLQHVFHQFH
ZLWK� OPD[� ����� QP� GHSHQGV� RQ� ERWK� WKHQDWXUH� RI� WUDQVLWLRQ� PHWDOV� LRQV� DQG� WKHLU
FRQFHQWUDWLRQ�� ,W� LV� DVVXPHG� WKDW� ORZ�WHP�
SHUDWXUH�OXPLQHVFHQFH�LV�GHILQHG�E\�FDWLRQLF
YDFDQFLHV�SURYLGLQJ�FKDUJH�FRPSHQVDWLRQ�RI
WUDQVLWLRQ�PHWDOV�LRQV�

5HIHUHQFHV
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