
105�VWXG\�RI�SURWRQ�G\QDPLFVLQ�IHUURHOHFWULF�.,2���+,2� FU\VWDO
'�)�%DLVD��(�'�&KHVQRNRY��$�,�2YFKDUHQNR��,�*�9HUWHJHO
,QVWLWXWH�RI�3K\VLFV��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH�

���1DXNL�$YH���������.\LY��8NUDLQH

5HFHLYHG�1RYHPEHU���������
7KH� WHPSHUDWXUH� GHSHQGHQFH� RI� WKH� SURWRQ� VSLQ�ODWWLFH� UHOD[DWLRQ� WLPH� 7�� KDV� EHHQVWXGLHG� LQ� IHUURHOHFWULF� .,2���+,2�� FU\VWDO�� ,W� LV� VKRZQ� WKDW� WKH� SURWRQ� MXPSLQJ� DORQJ

2±+}2� FRQWDFW� KDV� EHHQ� VKRZQ� WR� EH� WKH�PDLQ� UHOD[DWLRQ�PHFKDQLVP�� $W� WHPSHUDWXUHV
H[FHHGLQJ� WKH�SKDVH� WUDQVLWLRQ�RQH��7!7F�� WKH�SURWRQ�UHOD[DWLRQ� LV� FDXVHG�E\� WKH�PRWLRQWKHUHRI� LQ� V\PPHWULF� WZR�ZHOO� SRWHQWLDO� RI� WKH� K\GURJHQ� ERQG�ZLWK� DFWLYDWLRQ� HQHUJ\
(D� �����NFDO�PRO��$W�7�7F��WKH�SURWRQ�RUGHULQJ�LQ�DV\PPHWULF�WZR�ZHOO�SRWHQWLDO�RFFXUVZLWK� DFWLYDWLRQ� HQHUJLHV�(D�� ����� NFDO�PRO� DQG�(D�� ����� NFDO�PRO�� (YDOXDWLRQ� RI� HTXLOLE�ULXP� FRQVWDQW� YDOXH� D� �S��S��� ZKHUH� S�� DQG� S�� DUH� WKH� SUREDELOLWLHV� RI� SURWRQ� EHLQJ� LQSRVLWLRQ�����RU�����RI�GRXEOH�ZHOO�SRWHQWLDO�QHDU�7F�JLYHV�WKH�YDOXH�D|����EXW�\HW�DW�7FÜ7� ���.��D|����� WKXV� HYLGHQFLQJ� D� KLJK� SURWRQ� RUGHULQJ� GHJUHH� RQ� +�ERQG� EHORZ� WKH� SKDVH
WUDQVLWLRQ�
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7KH� FU\VWDO� RI� SRWDVVLXP� WULLRGDWH
.,2���+,2�� SRVVHVVHV� WULFOLQLF� V\PPHWU\DW� URRP� WHPSHUDWXUHV� �3��� ]� ���� >�Ü�@�
$W� 7� �����.�� D� VHFRQG� RUGHU� VWUXFWXUDO
SKDVH� WUDQVLWLRQ� LV� REVHUYHG�� ,W� LV� DVVXPHG
>�@� WKDW� DW� WKH� WHPSHUDWXUHV� 7�7F�� WDNHVSODFH�WKH�RUGHULQJ�RI�SURWRQV�LQ�DV\PPHWULF
WZR�ZHOO� SRWHQWLDO�� DERYH� WKH� SKDVH� WUDQVL�
WLRQ� WHPSHUDWXUH� WKH� SURWRQV� IRUPLQJ� WKH
K\GURJHQ� FRQWDFWV� 2±+}2� ORFDOL]HG� QHDU
WKH�FU\VWDO�V\PPHWU\�FHQWHUV�
105� VWXGLHV� RI� WKLV� FU\VWDO� KDYH� VKRZQ

WKDW�LWV�SURWRQ�VSHFWUXP�FRQVLVWV�RI�D�VLQJOH
QDUURZ� OLQH� WKDW� LQGLFDWHV� WR� D� UHODWLYHO\
UDSLG� PRWLRQ� RI� SURWRQV� DORQJ� K\GURJHQ

ERQGV�� 7KH� VDPH� LV� FRQILUPHG� E\� D� KLJK
FRQGXFWLYLW\�LQ�WKLV�FU\VWDO��a��Ü��:�FP��>�@
WKDW�PD\�EH�H[SODLQHG�E\�H[FHHGLQJ�RI�SUR�
WRQV� ORFDOL]DWLRQ� SRVLWLRQV� RYHU� WKHLU
DPRXQW��145� VWXGLHV� RI� WKH� SRWDVVLXP� WUL�
LRGDWH�KDYH�VKRZQ�WKDW�DW�7�7F�WKHUH�DUH��OLQHV� >�@� LQ� WKH� 145� VSHFWUXP�� WKXV� HYL�
GHQFLQJ��WKDW�DOO�VL[�,2��JURXSV�RFFXS\�QRQ�HTXLYDOHQW� SRVLWLRQV� DW� WKHVH� WHPSHUDWXUHV�
$ERYH� WKH�SKDVH� WUDQVLWLRQ�WHPSHUDWXUH�7F�WKH� ,���� 145� VSHFWUXP� LV� QRW� REVHUYHG� >�@
WKDW�VHHPV�WR�EH�GXH�WR�KLJK�SURWRQ�FRQGXF�
WLYLW\��WKDW�DYHUDJHV�WKH�HOHFWULF�ILHOG�JUDGL�
HQW�DQG�UHVXOWLQJ�LQ�D�FRQVLGHUDEOH�EURDGHQ�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV

)XQFWLRQDO�PDWHULDOV������������� ��



LQJ�RI�UHVRQDQFH�OLQH�DQG��DV�D�FRQVHTXHQFH�
LQ�LWV�GLVDSSHDUDQFH�
7R�HOXFLGDWH�WKH�QXFOHDU�PDJQHWLF�UHOD[D�

WLRQ�PHFKDQLVPV�DQG�WR�GHWHUPLQH�WKH�FU\V�
WDO� G\QDPLF� FKDUDFWHULVWLFV� DQG�SKDVH� WUDQ�
VLWLRQ�SHFXOLDULWLHV� LQ�WKLV�FU\VWDO�� WKH�WHP�
SHUDWXUH� GHSHQGHQFH� RI� WKH� SURWRQ
VSLQ�ODWWLFH� UHOD[DWLRQ� WLPH� �6/5�� 7�� LQSRO\FU\VWDOOLQH�.,2���+,2�� KDYH� EHHQ�PHDV�XUHG� LQ� WKH� WHPSHUDWXUH� UDQJH� ��Ü���� .�
7KH� WHPSHUDWXUH� ZDV� VWDELOL]HG� WR� ZLWKLQ
r���� .�� 7KH� 6/5� WLPH� 7�� PHDVXUHPHQWVZHUH� PDGH� XVLQJ� WKH� /DUPRU� IUHTXHQF\
����� 0+]�� DQ� ,63� ����� +)�VSHFWURPHWHU
DQG� SXOVH� VHTXHQFH� ���ÜWÜ����� 7KH� 6/5
WLPH� DV� D� IXQFWLRQ� RI� WHPSHUDWXUH� LV� SUH�
VHQWHG�LQ�)LJXUH�
$FFRUGLQJ� WR� WKH� FODVVLF� WKHRU\� RI� VSLQ

UHOD[DWLRQ�FDXVHG�E\�GLSROH�GLSROH�UHVRQDQFH
LQWHUDFWLRQ��WKH�65/�UDWH�7�Ü��LV�GHILQHG�E\WKH�IROORZLQJ�H[SUHVVLRQ�>�@�
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ZKHUH� &� LV� D� FRQVWDQW� GHSHQGLQJ� RQ� WKH
FU\VWDO� VWUXFWXUH�� WF�� WKH� FRUUHODWLRQ� WLPHWKDW�FKDUDFWHUL]HV�WKH�UDWH�RI�WKH�ORFDO�ILHOG
IOXFWXDWLRQV� DQG� VKRZV�$UUKHQLXV� WHPSHUD�
WXUH�EHKDYLRU��

W°� �W�H[S���(D�e�57��
7KH� SORW� RI� 7�� WHPSHUDWXUH� GHSHQGHQFHDFFRUGLQJ� WR� WKLV� H[SUHVVLRQ� KDV� D� 9�OLNH

VKDSH�ZLWK�D�PLQLPXP�7��YDOXH�DW�WKH�FRLQFL�GHQFH� RI� H[SHULPHQWDO� /DUPRU� IUHTXHQF\� Z�DQG�IUHTXHQFLHV�RI�SURWRQ�MXPSLQJ�WFÜ���Z�W°� ������� 6LQFH� 7�aWF�� WKH� VORSH� RI� ORJ7�� GH�SHQGHQFH�YV� LQYHUVH� WHPSHUDWXUH�HQDEOHV� WR
GHWHUPLQH� WKH� SRWHQWLDO� EDUULHU� YDOXH� IRU
SURWRQ� UHRULHQWDWLRQ�RU� MXPSLQJ��:KHQ� WKH
SURWRQ� MXPSV� RFFXU� LQ� V\PPHWULF� WZR�ZHOO
SRWHQWLDO�� WKH�EDUULHU�YDOXHV�ERWK� LQ�D�KLJK
WHPSHUDWXUH� �ZKHUH� Z�W°����� DQG� LQ� D� ORZWHPSHUDWXUH� �ZKHUH� Z�W°!!��� UHJLRQV� PXVWFRLQFLGH�� LI� WKH� SUHGRPLQDQW� UHOD[DWLRQ
PHFKDQLVP� LV� WKH� VDPH�� ,Q� RXU� FDVH�� WKHUH
DUH�WZR�IHDWXUHV�RI�WHPSHUDWXUH�GHSHQGHQFH
RI�WKH�6/5�WLPH��)LUVW��WKH�YDOXHV�RI�DFWLYD�
WLRQ�HQHUJ\� LQ� WKH�KLJK� WHPSHUDWXUH�UHJLRQ
�(�� ������ NFDO�PRO�� DQG� LQ� WKH� ORZ� WHP�SHUDWXUH� RQH� �(�� ������ NFDO�PRO�� DUH� GLI�IHUHQW�� 6HFRQG�� WKH� REWDLQHG� EDUULHU� YDOXHV
DUH�H[WUHPHO\�ORZ�
7KH� DV\PPHWU\� LQ� WKH� WHPSHUDWXUH� GH�

SHQGHQFH� RI� WKH� 6/5� WLPH� FDQ� DULVH� XS� DW
LQFOXGLQJ� RI� QHZ� UHOD[DWLRQ�PHFKDQLVPV� DW
WKH�WUDQVLWLRQ�WR�KLJKHU�WHPSHUDWXUHV��+RZ�

HYHU�� LQ� WKLV� FDVH�� WKH� DSSHDUDQFH� SURE�
DELOLW\�RI�PHFKDQLVPV�ZLWK�PRUH�KLJKHU�EDU�
ULHU� ULVHV� ZLWK� WHPSHUDWXUH� HOHYDWLRQ�� 7KLV
ZLOO�EH�UHIOHFWHG�LQ�WKH�ODUJHU�DFWLYDWLRQ�HQ�
HUJ\� YDOXH� FDOFXODWHG� IURP� WKH� 6/5� PHDV�
XUHPHQWV��EXW� LQ�RXU�FDVH�� WKH�YDOXH�RI�DF�
WLYDWLRQ� HQHUJ\� LQ� D� KLJK� WHPSHUDWXUH� UH�
JLRQ� GHFUHDVHV�� 6XFK� VLWXDWLRQ� DULVHV� RQO\
ZKHQ�SURWRQ�PRYHV� LQ�DV\PPHWULF�WZR�ZHOO
SRWHQWLDO�� L�H�� EHWZHHQ� WZR� QRQ�HTXLYDOHQW
SRVLWLRQV�ZLWK�WKH�HQHUJ\�GLIIHUHQFH�'+�>�@�
7KXV�� WDNLQJ� LQWR� DFFRXQW� WKH� LQGLFDWHG

IHDWXUH� RI� WHPSHUDWXUH� 6/5� GHSHQGHQFH�
ZH�� IROORZLQJ� >�@�� KDYH� DVVXPHG� WKDW� VXFK
EHKDYLRU�RI�UHOD[DWLRQ�WLPH�7�� LV�FDXVHG�E\WKH� SURWRQ� PRWLRQ� LQ� DV\PPHWULF� WZR�ZHOO
SRWHQWLDO� RI� WKH� K\GURJHQ� ERQG� 2±+}2�
7KHQ�� IRU� FRUUHODWLRQ� WLPH� RI� SURWRQ� MXPS�
LQJ��LW�PD\�EH�ZULWWHQ�

W°��� �Q������Q���� ���
ZKHUH�Q����DQG�Q����DUH�IUHTXHQFLHV�RI�MXPSVIURP��GHHS��ZHOO���WR��VKDOORZ��ZHOO���DQG
EDFNZDUGV��ZKLFK�DUH�GHWHUPLQHG�DV�

Q���� �Q�H[S>��+���'s��e�57@�
Q���� �H[S��+�e�57��

���

ZKHUH�+�Û� HQHUJ\� EDUULHU� IRU� MXPSV� IURP
�VKDOORZ��ZHOO�WR��GHHS��RQH�

$V�IROORZV�IURP�����DQG������XQGHU�FRQGL�
WLRQ�'s!!57�� WKH�FRUUHODWLRQ� WLPH�W°� LV�GH�ILQHG� PDLQO\� E\� WKH� SURWRQ� MXPSV� IURP
�VKDOORZ��WR��GHHS��ZHOO�

WF� �W�H[S�+�e�57�� ���
,Q� WKLV� FDVH�� H[SUHVVLRQ� IRU� SURWRQ� 6/5

UDWH�� ZKLFK� FDXVHG� E\� MXPSLQJ� PRWLRQ� RI
VSLQ�LQ�DV\PPHWULF�SRWHQWLDO�LV�>�@�

)LJ�� 7HPSHUDWXUH� GHSHQGHQFH� RI� WKH� SURWRQ
VSLQ�ODWWLFH�UHOD[DWLRQ�WLPH�7���

'�)�%DLVD�HW�DO����105�VWXG\�RI�SURWRQ�G\QDPLFV����

�� )XQFWLRQDO�PDWHULDOV�������������
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ZKHUH�D� �Q����Q���� �H[S�'s�57��Û�HTXLOLE�ULXP�FRQVWDQW�
,I�'+!!57��WKH�H[SUHVVLRQ�IRU�UHOD[DWLRQ

WLPH�EHFRPHV�VLPSOLILHG�
7��a�H[S>Ü�+Ü'+��57�� IRU� D� KLJK� WHPSHUD�
WXUH�UDQJH��ZKHUH�ZWF���
7��a�H[S�+���'+��57�IRU�D�ORZ�WHPSHUDWXUH
UDQJH��ZKHUH�ZWF!!��7KXV��WKH�VORSHV�RI�ORJ7��YV��7Ü��DW�WHP�
SHUDWXUHV�DERYH�DQG�EHORZ�PLQLPXP�7��ZLOOGLIIHU�� 7KDW� ZDV� GHPRQVWUDWHG� E\� WKH� RE�
WDLQHG�YDOXHV�RI�(��DQG�(��ZKLFK�DOORZV�WRGHWHUPLQH�DV\PPHWULF�SRWHQWLDO�SDUDPHWHUV�

p�� �s���'s� ������NFDO�e�PRO�DQG
p�� �+���'s� ������NFDO�e�PRO�

7KLV�PDNHV�LW�SRVVLEOH�WR�ILQG�WKH�VKDOORZ
SRWHQWLDO� ZHOO� GHSWK� +� DQG� GLIIHUHQFH� EH�
WZHHQ�WZR�ZHOOV�'s��+� ������NFDO�PRO�DQG
's� ������ NFDO�PRO�� ,W� LV� REYLRXV� WKDW� LQ
WKH� LQYHVWLJDWHG� WHPSHUDWXUHV� UDQJH�� WKH
FRQGLWLRQ�'s!!57��LV�QRW�IXOILOOHG��ZKLFK�LV
LQ� FRQWUDGLFWLRQ� WR� WKH� DERYH�PHQWLRQHG
SKDVH� WUDQVLWLRQ� PRGHO�� ,I� WKH� REWDLQHG�+
YDOXHV� ZLOO� EH� XVHG� WR� FDOFXODWH� WKH� SURWRQ
MXPS�FRUUHODWLRQ�WLPH�DORQJ�K\GURJHQ�ERQG�
DQRWKHU�FRQWUDGLFWLRQ�DSSHDUV��7KH�YDOXH�RI
FRUUHODWLRQ�WLPH�WF�GHWHUPLQHG�IURP�WKH�FRQ�GLWLRQ�Z�WF� �������DW�PLQLPXP�RI� WLPH�7�WHPSHUDWXUH� GHSHQGHQFH� JLYHV� WKH� YDOXH
WF� �������Ü�� V�� 7KHQ�� WKH� FRUUHODWLRQ� WLPHFRQVWDQW�W�� �������Ü���V��$W�WKH�VDPH�WLPH�WR� FDQ� EH� GHWHUPLQHG� DV� LQYHUVH� IUHTXHQF\
RI�SURWRQ�ORQJLWXGLQDO�RVFLOODWLRQ�DORQJ�2±+
ERQG��,W�LV�MXVW�WKH�IUHTXHQF\�Q2±+�HTXDO�WR�����FPÜ�� >�@� FRUUHVSRQGLQJ� WR� WKH� YDOXH
W�� �������Ü��� V� WKDW� LV� FRQVLVWHQW�ZLWK� WKHOHQJWK�RI�5�2���2��K\GURJHQ�FRQWDFW�>�@�����
6XFK� FRQWUDGLFWLRQ� FDQ� EH� H[SODLQHG� E\

ULVLQJ� SURWRQ� WXQQHOLQJ� SUREDELOLW\� DW� ORZ
WHPSHUDWXUHV� WKDW� UHVXOWV� LQ� ZHDNHQLQJ� RI
6/5� WLPH� 7�� WHPSHUDWXUH� GHSHQGHQFH� DQGFRQVHTXHQWO\�WR�WKH�XQGHUHVWLPDWHG�YDOXH�RI
(��DQG�WZR�ZHOO�SRWHQWLDO�SDUDPHWHUV�+�DQG'+�LQ�WKH�ORZ�WHPSHUDWXUH�UHJLRQ�
7R� GHWHUPLQH� WKH� WUXH� YDOXHV� RI�+� DQG

'+��ZH�XVH�WKH�YDOXH�W�� �������Ü���V�ZKLFK

JLYHV� WKH� FRUUHODWLRQ� WLPH� WF� �������Ü��VDW� WKH� WHPSHUDWXUH� RI�PLQLPXP�WLPH�7��7DNLQJ� WKLV� LQWR� DFFRXQW�� ZH� KDYH� JHW
VXFK� YDOXHV� IRU� WKH� WZR�ZHOO� SRWHQWLDO�
+� ������NFDO�PRO� DQG� '+� �����NFDO�PRO�
,Q� WKLV� FDVH�� FRUUHODWLRQ� WLPH� RI� SURWRQ
MXPSV�DORQJ�WKH�K\GURJHQ�ERQG�PHHWV�WKH
ODZ�WF� �������Ü��H[S������57���,W�LV�LPSRU�WDQW� WR� QRWH� WKDW� '+!!57� � IRU� WKH� ZKROH
WHPSHUDWXUH� UHJLRQ� EHORZ� WKH� SKDVH� WUDQVL�
WLRQ� WHPSHUDWXUH� 7F�� WKDW� LV� LQ� DFFRUGDQFHZLWK� WKH� SURWRQ� RUGHULQJ� PRGHO� DW� SKDVH
WUDQVLWLRQ�
(YDOXDWLRQ�RI�HTXLOLEULXP�FRQVWDQW�YDOXH

D� �S��S��� ZKHUH� S�� DQG� S�� DUH� WKH� SURE�DELOLWLHV� RI� SURWRQ� EHLQJ� LQ� SRVLWLRQ� ���
�GHHS�ZHOO��RU������VKDOORZ�ZHOO��RI�WKH�WZR�
ZHOO� SRWHQWLDO�� UHVSHFWLYHO\�� JLYHV� QHDU� 7FWKH� YDOXH� D|���� EXW� \HW� DW� 7FÜ7� ����.�D|�����WKXV�HYLGHQFLQJ�D�KLJK�SURWRQ�RUGHU�
LQJ�GHJUHH�RQ�+�ERQG�DW�WHPSHUDWXUHV�EHORZ
WKH�SKDVH�WUDQVLWLRQ�
7KXV�� WKH� SUHGRPLQDQW� PHFKDQLVP� RI

SURWRQ�VSLQ�ODWWLFH� UHOD[DWLRQ� LQ� WKH�FU\VWDO
XQGHU�VWXG\�DW�WKH�WHPSHUDWXUH�7!����.�LV
WKH�SURWRQ�PRWLRQ� LQ� DV\PPHWULF� WZR�ZHOO�SR�
WHQWLDO�RI�K\GURJHQ�ERQG�2±+}2��7KH�FRQWUL�
EXWLRQ� RI� SURWRQ� WXQQHOLQJ� LQWR� UHOD[DWLRQ� EH�
FRPHV�QRWLFHDEOH�DW�ORZ�WHPSHUDWXUHV��7�����z��
7KH�FKDQJH�RI�WKH�VSLQ�UHOD[DWLRQ�DFWLYDWLRQ�EDU�
ULHU� DW� WKH� SKDVH� WUDQVLWLRQ� WHPSHUDWXUH� 7F� LVFDXVHG�E\�D�WUDQVLWLRQ�IURP�V\PPHWULF�WZR�ZHOO
SRWHQWLDO�ZLWK�(D� ������NFDO�PRO�WR�DV\PPHWULFRQH� ZLWK� +� ������ NFDO�PROH� DQG� '+� 
����NFDO�PROH��WKDW�FRQILUPV�WKH�RIIHUHG�PRGHO�RI
WKH�RUGHU�GLVRUGHU�SKDVH�WUDQVLWLRQ�

5HIHUHQFHV
� ���9�,�9DYLOLQ��9�9�,O\XKLQ��1�9�%HORY��'RNO��$1

6665�������������������
� ���1�,�%DUDQRY��*�)�'REUMDQVN\L��9�9�,O\XKLQ�HW

DO���.ULVWDOORJUDILD������������������
� ���1�,�6RURNLQD��/�$�0XUDG\DQ��$�$�/RVKPDQRY

HW�DO���.ULVWDOORJUDILD�����������������
� ���'�)�%DLVD��$�,�%DUDEDVK��(�$�6KDGFKLQ�HW�DO��

.ULVWDOORJUDILD������������������
� ���1�%ORPEHUJHQ��(�0�3XUFHOO��5�9�3RXQG��3K\V�

5HY������������������
� ���'�&�/RRN�� ,�-�/RZ�� -��&KHP��3K\V��� ���� ����

�������
� ���0�0�%LO�GDQRY�� 0�5�=DULSRY�� 1�.�$QGUHHY�

)L]��7YHUG��7HOD������������������
� ���(�0DWVXVKLWD��7�0DWVXEDUD��3URJU��7HRU��3K\V��

�������������
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