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7KH� LQYHVWLJDWLRQ� UHVXOWV� RI� WKH� �%��o��$��OXPLQHVFHQFH� GHFD\� NLQHWLFV� RI� LPSXULW\QLWULWH� DQLRQV� LQ� DONDOLKDOLGH� VLQJOH� FU\VWDOV�DUH� FRQVLGHUHG��7KH�PHDVXUHPHQWV�ZHUH�FDU�
ULHG�RXW�DW�����.��7KH�FRQQHFWLRQ�EHWZHHQ�WKH�GHFD\�WLPH�DQG�WKH�VWUXFWXUH�SDUDPHWHUV�RI
WKH�OXPLQHVFHQFH�VSHFWUXP�LV�GLVFXVVHG�
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$QDO\VLV� RI� VSHFWUDO� FKDUDFWHULVWLFV� RI
PROHFXODU� DQLRQV� �0$�� �2�±�� 6�±�� 6H�±�12�±�� 32�±�� DQG� RWKHUV�� LQ� LRQLF� FU\VWDOVDQG�DOVR�LQ�HOHFWURO\WH�DTXHRXV�VROXWLRQV�DO�
ORZHG�WR�GHWHUPLQH�D�VHULHV�RI�JHQHUDO�UHJX�
ODULWLHV�FRQFHUQLQJ�LQWUDPROHFXODU�DQG�LQWHU�
PROHFXODU� LQWHUDFWLRQ� LQ� FRQGHQVHG� PHGLD
>�Ü�@��,Q�SDUWLFXODU��ILQH�HIIHFWV�RI�HOHFWURQ�
SKRQRQ�DQG�SKRQRQ�SKRQRQ� LQWHUDFWLRQ�� WKH
IHDWXUHV� RI� OLEUDWLRQ�URWDWLRQDO� PRWLRQ� RI
0$�LQ�D�FU\VWDO�PDWUL[��PHFKDQLVPV�RI�RS�
WLFDO� OLQH� EURDGHQLQJ� KDYH� EHHQ� VWXGLHG�� ,W
LV�SURYLGHG�E\�WKH�SUHVHQFH�RI�KLJKO\�LQIRU�
PDWLYH� ZHOO�GHILQHG� YLEURQLF� VWUXFWXUH� LQ
ORZ�WHPSHUDWXUH� VSHFWUD� DV� QDUURZ� ]HUR�
SKRQRQ�OLQHV��=3/��WKDW�DUH�DFFRPSDQLHG�E\
VWUXFWXUDO� SKRQRQ� ZLQJV� �3:��� ,Q� PDQ\
FU\VWDOV��KRZHYHU��EHVLGHV�RI�ILQH�VWUXFWXUH�
WKHUH� DUH� OLQHV� �GLIIXVH� RU� VWUXFWXUHOHVV� DW
DOO�� LQ�DFWLYDWRU�HOHFWURQ�YLEUDWLRQDO�DEVRUS�
WLRQ� DQG� HPLVVLRQ� VSHFWUD� WKDW� DUH� FKDUDF�
WHUL]HG�E\� D� FRQVLGHUDEOH� EURDGHQLQJ� >����@�
,Q�PRVW�FDVHV�SURSHUWLHV�DQG�RULJLQ�RI�WKHVH
OLQHV� DUH� RXW� RI� DWWHQWLRQ��7KH� JRDO� RI� WKLV
ZRUN�LV�WR�VWXG\�VSHFWUDO�DQG�NLQHWLF�FKDUDF�
WHULVWLFV�DV�ZHOO�DV�WKH�QDWXUH�RI�DOO�FRPSR�
QHQWV� RI� �%��o��$�� OXPLQHVFHQFH� VSHFWUXPLQ�D�VHULHV�RI�DONDOL�KDOLGH�FU\VWDOV�FRQWDLQ�
LQJ�WKH�12�±��QLWULWH��LPSXULW\�DQLRQ�7KH� /L&O�� 1D&O�� .&O�� .%U� DQG� &V&O� �XQ�
GRSHG� DQG� 12�±� LPSXULW\� DFWLYDWHG�� VLQJOH

FU\VWDOV�ZHUH�JURZQ�IURP�PHOWHG�DONDOL�KDO�
LGH�VDOWV�E\�6WRFNEDUJHU�WHFKQLTXH�LQ�HYDFX�
DWHG�TXDUW]�DPSRXOHV��7KH�FRQFHQWUDWLRQ�&�RI� LPSXULWLHV� LQWURGXFHG� DV� FRUUHVSRQGLQJ
012��VDOWV�LQ�WKH�PHOW�ZDV�����WR�����PRO���7DNLQJ�LQWR�FRQVLGHUDWLRQ�KLJK�K\JURVFRSLF�
LW\� RI�/L&O� VDOW�� WKHVH� FU\VWDOV�ZHUH� VWXGLHG
LQ�DPSRXOHV�WKH\�ZHUH�JURZQ�LQ��7KH� OXPL�
QHVFHQFH�VSHFWUD�ZHUH�LQYHVWLJDWHG�DW�����.�
7KH� OXPLQHVFHQFH�ZDV�H[FLWHG�E\�D�1�� ODVHU�OH[� �����QP��SXOVH�KDOIZLGWK�W���� ����QV�DYHUDJH� SRZHU� :�a��� P:�� DQG� UHJLVWHUHG
XVLQJ� D� ')6���� VSHFWURPHWHU�� 7LPH� PHDV�
XUHPHQWV� RI� OXPLQHVFHQFH� VSHFWUD� ZHUH
PDGH�XVLQJ�VWURERVFRSLF�PHWKRG�>�@��7KH�DY�
HUDJH� OXPLQHVFHQFH�GHFD\�WLPH��W��ZDV�FRP�
SXWHG�E\�QXPHULFDO�LQWHJUDWLRQ�DV
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ZKHUH� ,�W�� LV� WKH� OXPLQHVFHQFH� LQWHQVLW\� DW
WLPH�W��W��WLPH�SDVW�DIWHU�WKH�H[FLWLQJ�SXOVH
WHUPLQDWLRQ��,Q�HDFK�FDVH��ZH�WRRN�LQWR�FRQ�
VLGHUDWLRQ� WKH� FRQWULEXWLRQ� RI�PDWUL[� OXPL�
QHVFHQFH� �LQDFWLYDWHG� FU\VWDO�� LQWR� WKH� DFWL�
YDWRU� OXPLQHVFHQFH� VSHFWUXP�� ,Q� WKH� WHP�
SHUDWXUH� UDQJH� IURP� ���� WR� ��� .�� WKLV
OXPLQHVFHQFH� LV� D� FRQWLQXRXV� EDFNJURXQG
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ZLWK�WKH�HIIHFWLYH�H[WLQFWLRQ�WLPH�W�d��Ü��QV�
WKDW�LV�VKRUWHU�WKDQ�WKH�DFWLYDWRU�DIWHUJORZ�

$W� ���� .�� WKH� YLEURQLF� VWUXFWXUH� LQ� WKH
DFWLYDWRU� OXPLQHVFHQFH� VSHFWUXP� EHFRPHV
DSSDUHQW�DV�VHYHUDO�VHULHV�RI�LQWHQVH�QDUURZ
=3/��D�VHULHV�RI�GLIIXVH�OLQHV�DQG�D�FRQWLQX�
RXV� OLQH� >����@��� 7KH� =3/� DUH� DFFRPSDQLHG
E\� VWUXFWXUDO� 3:� �ILQH� VWUXFWXUH�� DW� ORQJ�
ZDYH� VLGH�� 7KH� YLEURQLF� VHULHV� GLIIHU� LQ
EDQG�PD[LPXP�SRVLWLRQV� �QPD[���EDQG�VSDF�LQJV��LQWHQVLW\��DQG�DIWHUJORZ�WLPH��W���7KLV
HYLGHQFHV� WKH� IRUPDWLRQ� RI� GLIIHUHQW� W\SHV
RI� LPSXULW\� OXPLQHVFHQFH� FHQWHUV� �/&�� LQ
WKH� FU\VWDOV�� 7KH�GLVWDQFH� EHWZHHQ� YLEURQLF
PD[LPXPV� LQ� WKHVH� VHULHV� LV� DERXW� ���� WR
����FPÜ�� DQG�FRUUHVSRQGV� WR� WKH� IUHTXHQF\
RI�LQWUDPROHFXODU�WRWDOO\�V\PPHWULF�EHQGLQJ
YLEUDWLRQ�Q��RI�12�±�0$�LQ�WKH�JURXQG�HOHF�WURQ�VWDWH��7KH�VSHFWUDO�SDUDPHWHUV�DQG�DI�
WHUJORZ� WLPHV� RI� VRPH�/&� DUH� JLYHQ� LQ� WKH
7DEOH�

2QH� RU� WZR� �LQ�&V&O�� VHULHV� RI� =3/�3:
�W\SH�,�/&��EHFRPH�DSSDUHQW�LQ�WKH�OXPLQHV�
FHQFH� VSHFWUD�� 7KH� =3/� DUH� RI� DERXW� �� WR
���FPÜ��KDOI�ZLGWK�>�Ü����@��$W�����.��VXFK
D�ILQH�VWUXFWXUH�FRUUHVSRQGV�WR�VWURQJ�LQWHU�
DFWLRQ� EHWZHHQ� WKH� ORFDO� YLEUDWLRQ� Q�� DQGDSSURSULDWH� HOHFWURQ� WUDQVLWLRQ� DQG� D
ZHDNHU� LQWHUDFWLRQ� ZLWK� WKH� PDWUL[� SKR�
QRQV�� 7KH� VWUXFWXUH� LV� FKDUDFWHUL]HG� E\� D
UHODWLYHO\� VPDOO� LQKRPRJHQHRXV� EURDGHQLQJ
�,%��RI�WKH�OLQH��7KXV��WKH�ORFDO�HQYLURQPHQW
RI� LPSXULW\� 0$�� WR� ZKLFK� FRUUHVSRQG� WKH
=3/�3:� VHULHV� LQ� HOHFWURQ�YLEUDWLRQ� VSHF�
WUD��LV�FKDUDFWHUL]HG�E\�D�UDWKHU�KLJK�RUGHU�
7KH�=3/�PD[LPXP�SRVLWLRQV�LQ�WKRVH�VHULHV
DUH�GHVFULEHG�ZHOO�E\�DSSUR[LPDWHG�IRUPXOD
IRU�DQKDUPRQLF�RVFLOODWRU�

Q=3/�Q��� �Q������Q�Q�����Q��� F�������� ���
ZKHUH�Q=3/� DQG�Q��� DUH�ZDYH� QXPEHUV� WKDWGHILQH� WKH� SRVLWLRQV� RI� YLEURQLF� =3/� FRS\

PD[LP� DQG� ���OLQHXP�� Q���� WKH� KDUPRQLFIUHTXHQF\� RI� EHQGLQJ� YLEUDWLRQ� �LQ� FPÜ���
Q��� WKH� TXDQWXP� QXPEHU� RI� WKLV� YLEUDWLRQ�F���� WKH� FRUUHVSRQGLQJ� DQKDUPRQLFLW\� FRHI�ILFLHQW�

7KH� LQWHJUDO�=3/� �,�Q�� LQWHQVLW\�GHSHQG�HQFH�RQ�WKH�YLEUDWLRQ�TXDQWXP�QXPEHU�Q�LQ
WKH� VHULHV� LV� GHVFULEHG� VDWLVIDFWRULO\� E\� WKH
3RLVVRQ� GLVWULEXWLRQ�� 7KH� YLEURQLF� FRS\� RI
WKH� ���OLQH� LV� FDXVHG� E\� JHQHUDWLRQ� RI� Q
TXDQWD� RI� Q�� YLEUDWLRQ�� ,WV� LQWHQVLW\� LV� GH�WHUPLQHG�DV�
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ZKHUH�3O� LV� VR�FDOOHG� UHODWLYH� 6WRNHV� ORVVHVIRU� WKH� ORFDO� YLEUDWLRQV� �LQ� TXDQWD� RI� WKLV
YLEUDWLRQ��� ,Q� DQDO\]HG� V\VWHPV�� LW� LV� MXVW
WKH�WKLUG�DQG�IRXUWK�YLEUDWLRQ�UHSHWLWLRQV�RI
���OLQH� WKDW� KDYH� WKH� PD[LPDO� LQWHQVLW\�
DQG� 3O�a��� LQ� WKLV� FRQQHFWLRQ�� 7KH� ODZ� RI=3/� LQWHQVLW\� GHFD\� LV� FORVH� WR� H[SRQHQWLDO
RQH�� WKDW� DOVR� FRUUHVSRQGV� WR� WKH� FDVH� RI
ORFDOL]HG�H[FLWDWLRQ�DQG�D�UDWKHU�KLJK�RUGHU�
LQJ� GHJUHH� RI� ORFDO� 0$� HQYLURQPHQW�� 7KH
FRPSDULVRQ� RI� W�� SDUDPHWHU� �W\SH� ,� /&�� LQFRQVLGHUHG�PDWULFHV�VKRZV�WKDW�LW�KDV�PD[L�
PDO� YDOXH� LQ� FDVH� RI� /L&O� FU\VWDOV�� ,Q� WKLV
FDVH�� WKH� ��� WUDQVLWLRQ� IUHTXHQF\� DOVR
UHDFKHV� LWV� PD[LPXP� �VHH� 7DEOH��� $QDO\VLV
RI� PHDVXUHPHQW� UHVXOWV� IRU� WLPH� HYROXWLRQ
RI� DFWLYDWRU� DIWHUJORZ� VSHFWUD� KDV� VKRZQ
ZKDW� IROORZV�� 7KH� LQFUHDVH� RI� WLPH� SDVVHG
DIWHU� WKH� OLJKW� H[FLWDWLRQ� SXOVH� HQG� LV� DF�
FRPSDQLHG� E\� D� ORZ�IUHTXHQF\� =3/� VKLIW�
7KH�YDOXH�RI�WKLV�VKLIW�GHSHQGV�RQ�TXDQWXP
QXPEHU� Q�� DQG� FRUUHVSRQGV� WR� WLPH�GH�SHQGHG� GHFUHDVH� RI� ��� OLQH� DQG� EHQGLQJ� YL�
EUDWLRQ�Q��IUHTXHQFLHV��)LJ������7KHVH�SHFXOL�DULWLHV� DUH�GHPRQVWUDWLRQ�RI� WKH� ILQH� VWUXF�

)LJ�����7KH�Q����D��DQG�Q��E��WLPH�GHSHQGHQFH�RI�W\SH�,�/&�����DQG�,,�����LQ�/L&O±12�±�FU\VWDO�DW�����.�
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WXUH�,%��1RWH�WKDW�SURSRUWLRQ�EHWZHHQ�LQWH�
JUDO� LQWHQVLWLHV� RI� =3/� DQG� 3:� DUH� HVVHQ�
WLDOO\�LQGHSHQGHQW�RI�W� LQ�WKH�LQVWDQWDQHRXV
OXPLQHVFHQFH�VSHFWUD��7KH�PHQWLRQHG�/&�FDQ
EH�DVFULEHG�WR�12�±�0$�WKDW�UHSODFH�UHJXODUKDOLGH�DQLRQV�LQ�WKH�ODWWLFH��7KH�ORFDO�V\PPH�
WU\�RI�WKH�LPSXULW\�0$�LV�&�Y�>�@�7KH� GLIIXVH� VWUXFWXUH� �W\SH� ,,� /&�� DS�
SHDUV�DV�D�VHULHV�RI�YLEURQLF�EDQGV�ZLWK�J� ���
WR����FPÜ�� LQ� /L&O� DQG�1D&O�PDWULFHV�� FRQ�
WULEXWLRQ�RI�WKLV�VWUXFWXUH�WR�WKH�WRWDO�VSHF�
WUXP� LV� LQVLJQLILFDQW� >�@��7KH� UHODWLYH� LQWH�
JUDO�LQWHQVLW\�GLVWULEXWLRQ�IRU�WKLV�YLEUDWLRQ
OLQHV� DJUHHV�ZLWK� IRUPXOD� �����$W� WKH� VDPH
WLPH�� SDUDPHWHU� 3O� H[FHHGV� WKDW� IRU� =3/���3:
VHULHV� E\� RQH� TXDQWXP� Q�� YLEUDWLRQ� LQ� WKH� /L&OPDWUL[��'XH� WR� ORZ� LQWHQVLW\� RI� VXFK� OLQHV�
GHWHUPLQDWLRQ�RI� WKHLU�GHFD\�WLPH� �W��� LV�RIHVWLPDWLQJ� FKDUDFWHU�� 7KH� WLPH� EHKDYLRU� RI
PD[LPXP�SRVLWLRQ� RI� FRUUHVSRQGLQJ�YLEURQLF
OLQHV�DQG�Q���DQG�Q��IUHTXHQFLHV�LQ�/L&O�FU\VWDOVLV�VLPLODU�WR�WKDW�IRU�WKH�W\SH�,�/&�FRQVLGHUHG
DERYH��VHH�)LJ�����

7KH� ZHDNO\� GHILQHG� VWUXFWXUH� �LQ� 1D&O
PDWUL[��� RU� SUDFWLFDOO\� GLIIXVH� HOHFWURQ� YL�
EUDWLRQ� OLQH� �LQ� RWKHU� PDWULFHV�� ZLWK� WKH
GHFD\� WLPH�W�� DOVR� LV�GXH� WR�DFWLYDWRU� �W\SH,,,� /&��� VLQFH� LW� LV� ORFDWHG�ZLWKLQ� WKH� VDPH
VSHFWUDO� UHJLRQ� DV� WKLQ�RU�GLIIXVH� VWUXFWXUH
>����@� DQG� GRHV� QRW� EHFRPH� DSSDUHQW� LQ� LQ�

QDFWLYDWHG� FU\VWDOV�� $VVXPLQJ� WKDW� WKH� YL�
EURQLF� VHULHV� RI� ��� OLQH� FRSLHV� SHU� ORFDO� Q�YLEUDWLRQ� FRQWULEXWHV� SUHGRPLQDQWO\� WR� WKH
WRWDO� VWUXFWXUHOHVV� FRQWRXU�� WKH� ODVW� ZDV
VHSDUDWHG� LQWR� D� VHULHV� RI� YLEURQLF� FRPSR�
QHQWV�DV�*DXVVLDQ�VKDSH�OLQHV��7KH�LQWHUYDOV
EHWZHHQ� PD[LPD� RI� WKHVH� OLQHV� ZHUH� WDNHQ
DV� DYHUDJH� IUHTXHQFLHV� RI� Q�� YLEUDWLRQ� WKDWFRUUHVSRQGV�WR�,�DQG�,,�/&�ZKLOH�WKH�UHODWLYH
GLVWULEXWLRQ� RI� WKHLU� LQWHQVLWLHV� ZDV� GHWHU�
PLQHG� XVLQJ� IRUPXOD� ����� :H� KDYH� PLQL�
PL]HG� WKH� GLIIHUHQFH� EHWZHHQ� WKHRUHWLFDO
DQG� H[SHULPHQWDO� FRQWRXU� E\� YDU\LQJ� WKH
ZLGWK�DQG�SRVLWLRQ�RI�FKRVHQ�FRPSRQHQWV�DV
ZHOO�DV�WKH�3O�YDOXHV��,W�KDV�EHHQ�IRXQG�WKDWWKH� KDOI�ZLGWKV� RI� FKRVHQ� FRPSRQHQWV
DPRXQW������WR������FPÜ�� WKDW�� DW�KHOLXP
WHPSHUDWXUHV�� LV� WR� EH� UHODWHG�ZLWK� VLJQLIL�
FDQW� ,%� �DV� FRPSDUHG� WR� W\SH� ,� DQG� ,,� /&��
7KH� ODVW� VWDWHPHQW� DJUHHV� ZLWK� UHVXOWV� RI
WLPH� PHDVXUHPHQWV�� WKH� DIWHUJORZ� H[WLQF�
WLRQ� FXUYH� IRU� VXFK� /&� GHYLDWHV� QRWLFHDEO\
IURP� H[SRQHQWLDO� GHSHQGHQFH�� ,QFUHDVH� RI� W
LV� DFFRPSDQLHG� E\� D� UHG� VKLIW� RI� WKH� EDQG
PD[LPXP��QPD[��)LJ������7KHVH�SHFXOLDULWLHVFDQ�EH�DVVRFLDWHG�ZLWK�GLIIHUHQW�YDULDQWV�RI
LPSXULW\� DQLRQV�12�±� LQFOXVLRQ� DW� LQWULQVLFODWWLFH�GHIHFWV�RU� LQWHUVWLWLDO� VLWHV�� ,W� LV�H[�
SHGLHQW�WR�DVVXPH�D�VLPLODU�QDWXUH�IRU�W\SH
,,�/&��$WWHQWLRQ�VKRXOG�EH�JLYHQ�WR�WKH�IRU�
PDWLRQ� SRVVLELOLW\� RI� GLPHUV�� WULPHUV�� DQG

7DEOH��7KH�SDUDPHWHUV�RI�WKH�12�±�OXPLQHVFHQFH�FHQWHUV�LQ�DONDOLKDOLGH�FU\VWDOV�DW�����z
&U\VWDO 'RSDQW�&�����PRO� /&�W\SH W��QV Q����°PÜ� Q����°PÜ� 3O��YLEUDWLRQTXDQWD�Q�
/L&O 1D12����� , ���r�� �����r� ���r� ���r����
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RWKHU� QLWULWH� DQLRQ� DVVRFLDWLRQV� DQG� 012�PLFURFU\VWDOV�� 1RWH� WKDW� ILQH� VWUXFWXUH� LQ
WKH� OXPLQHVFHQFH� VSHFWUD� RI� 1D&O±12�±FU\VWDOV� LV�GXH� WR� IRUPDWLRQ�RI� VXFK�PLFUR�
FU\VWDOV�>�@�

&RQVLGHUDWLRQ� RI� WKH� 7DEOH� GDWD� VKRZV
WKDW�� LQ� JHQHUDO�� WKH� VSHFWURVFRSLF� SDUDPH�
WHUV� RI�/&� DUH� GLIIHUHQW� � IRU� WKH� VDPH�PD�
WUL[��7KH�6WRNHV�ORVV�3O�IRU�WKH�ORFDO�YLEUD�WLRQ� Q�� LQ� WKH� OXPLQHVFHQFH� FHQWHUV� RI� ,,,W\SH� H[FHHGV� 3O� IRU� ,� DQG� ,,� W\SH� /&� DS�SUR[LPDWHO\� E\� RQH� TXDQWXP� RI� WKLV� YLEUD�
WLRQ��5HGXFWLRQ� RI� FDWLRQ�0�� RU� DQLRQ�+DO�
UDGLL� LV�DFFRPSDQLHG�E\�LQFUHDVH�RI�UHODWLYH
HQHUJ\�JDS�EHWZHHQ�FRPELQLQJ��$��DQG��%�

HOHFWURQ�VWDWHV��'p��DV�ZHOO�DV�E\�LQFUHDVLQJ
Q�� ORFDO� YLEUDWLRQ� IUHTXHQF\�� 7KH� ODVW� WHQGLV�WR�EH�DVVRFLDWHG�ZLWK�GHFUHDVH�RI�WKH�LP�
SXULW\�0$�HIIHFWLYH�VL]H�>�@��)RU�DOO�WKH�VHW
RI�FKRVHQ�/&��WKHUH�LV�QR�FRUUHODWLRQ�EHWZHHQ
UHODWLYH�HQHUJ\�JDS�'p�DQG�OXPLQHVFHQFH�OLIH�
WLPH��,Q�WKLV�FRQQHFWLRQ��D�UHJXODU�LQFUHDVLQJ
LQ� W� LV� REVHUYHG� DW� ULVLQJ� ,%� IRU� WKH� FRUUH�
VSRQGLQJ�VSHFWUXP��W����W����W����7KH� ODWWHU�LQ� SDUWLFXODU�� FDQ� EH� DVVRFLDWHG� ZLWK� V\P�
PHWU\� GHFUHDVLQJ� RI� WKH� LPSXULW\� QLWULWH
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