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7KH� WHPSHUDWXUH�GHSHQGHQFHV�RI� WKH�%U���TXDGUXSROH� UHVRQDQFH��%U���DQG�SURWRQ�VSLQ�

ODWWLFH� UHOD[DWLRQ� WLPHV� KDYH� EHHQ� VWXGLHG� LQ� WKH� SHURYVNLWH� OD\HU� VWUXFWXUH� FRPSRXQGV
�&+���&+1+�&G%U��� ,W� LV� VKRZQ� WKDW� DQRPDOLHV� LQ� WKH� WHPSHUDWXUH� EHKDYLRXUV� RI� 145IUHTXHQFLHV�DQG�TXDGUXSROH�UHOD[DWLRQ�RI�%U���DUH�UHODWHG�WR�WKH�UHRULHQWDWLRQ�RI�1+��JURXSV�7KH�PDLQ�PHFKDQLVPV� RI�%U��� DQG� SURWRQ� VSLQ� UHOD[DWLRQ� DV�ZHOO� DV� WKHLU� FRUUHODWLRQV�ZLWK
PRWLRQ�QDWXUH�RI�WKH�PHWK\ODPPRQLXP�JURXSV�DQG�WKHLU�IUDJPHQWV�DUH�GLVFXVVHG�
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7KH� SHURYVN\WH�W\SH� OD\HUHG� VWUXFWXUHV
RI� WKH� JHQHUDO� IRUPXOD�F:F;��� ZKHUH� lkLV�PHWK\ODPPRQLXP��FDWLRQ��F� �0Q��&G��1L�
=Q��;� �&O��%U��-� VKRZ� VWUXFWXUDO� DQG�PDJ�
QHWLF� SKDVH� WUDQVLWLRQV�� LQFOXGLQJ� WKDW� WR
IHUURHOHFWULF� RU� IHUURHODVWLF� SKDVHV� >�Ü�@�
DQG� LQ� VRPH� FU\VWDOV� RI� WKLV� W\SH�� WUDQVL�
WLRQV�WR�DQ�LQFRPPHQVXUDWH�SKDVH�>����@�DUH
REVHUYHG�� ,Q� FU\VWDOV� RI� WKLV� IDPLO\�� WKH
FU\VWDO�ODWWLFH�GLIIHUV�E\�SUHVHQFH�RI�LQILQLWH
±0±;�±0±;��FKDLQV�VHSDUDWHG�E\�PHWK\ODP�PRQLXP� FDWLRQV�� 1+�� JURXSV� LQFOXGHG� LQWKHVH� FDWLRQV� DUH� DWWDFKHG� WR� FKDLQV� 0±;�ZLWK�ZHDN�1�+���;�ERQGV�

7KH� VWUXFWXUH� RI� LVRSURS\O� WULEURPRFDG�
PDWH��>�&+���&+1+�&G%U�@��XQGHU�FRQVLGHUD�WLRQ�EURXJKW�XS�IRU�WKH�ILUVW�WLPH�E\�RQH�RI
XV� �=�&KDSOD��� LV� QRW� GHWHUPLQHG� � WR� GDWH
WKRXJK�LW� LV�NQRZQ�WKDW� �&+���&+1+�&G%U�LVRPRUSKLF� WKHUHWR� EHORQJV� WR� PRQRFOLQLF
V\VWHP� ZLWK� 3��F� V\PPHWU\� DQG� VKRZV� D

WUDQVLWLRQ� WR� D� IHUURHOHFWULF� SKDVH� DW� ORZ
WHPSHUDWXUHV�>�@���

7R� VWXG\� WKH� UROH� RI� PHWK\ODPPRQLXP
JURXSV� LQ� WKH� FU\VWDO� ODWWLFH� G\QDPLFV� DQG
WKHLU� LQIOXHQFH� RQ� QXFOHDU� TXDGUXSOH� UHVR�
QDQFH� �145�� VSHFWUXP� SDUDPHWHUV� RI� %U��
QXFOHXV��ZH�KDYH�EHHQ�LQYHVWLJDWHG�WKH�WHP�
SHUDWXUH� GHSHQGHQFHV� RI� 145� IUHTXHQFLHV
DQG�VSLQ�ODWWLFH�UHOD[DWLRQ�WLPH�RI�%U���DQG
+�� QXFOHL��0HDVXUHPHQWV� KDYH� EHHQ� FDUULHG
RXW�XVLQJ�D�SXOVH�UDGLRVSHFWURPHWHU�,66K���
����7R�GHWHUPLQH�WKH�VSLQ�ODWWLFH�UHOD[DWLRQ
WLPH�� WKH� SXOVH� VHTXHQFH� ���ÜWÜ���� ZDV
XVHG��WKH�PHDVXUHPHQWV�RI�D�SURWRQ�UHOD[D�
WLRQ� ZHUH� FDUULHG� RXW� DW� ����� 0+]�� 7KH
FU\RVWDWLF� DQG� WKHUPRVWDWLF� V\VWHP� XVHG
SURYLGHG� WKH� WHPSHUDWXUH� VWDELOLW\� QRW
ZRUVH� WKDQ� �����.� LQ� WKH� ORZ� WHPSHUDWXUH
UDQJH� DW�145�PHDVXUHPHQWV� DQG� ����.� DW
1+5� RQHV�� 5HVXOWV� RI� PHDVXUHPHQWV� DUH
VKRZQ�RQ�)LJ���Ü��

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
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7HPSHUDWXUH� GHSHQGHQFH� RI�%U��� QXFOHDU
TXDGUXSOH� UHVRQDQFH� � LV� VKRZQ� LQ� )LJ����
7KUHH�UHVRQDQFH�OLQHV�RI�145�VSHFWUXP�FRU�
UHVSRQG� WR�WKUHH�QRQHTXLYDOHQW�SRVLWLRQV�RI
EURPLQH� QXFOHL� LQ� WKH� FU\VWDO�� $W� WHPSHUD�
WXUHV� KLJKHU� WKDQ� ����z��145� VLJQDOV�GLV�
DSSHDU� DQG� DUH� QRW� REVHUYHG� XS� WR� URRP
WHPSHUDWXUHV�� 7HPSHUDWXUH� GHSHQGHQFH� RI
WKH� KLJK�IUHTXHQF\� VSHFWUDO� OLQH� LV� ZHOO
GHVFULEHG� E\� WKH� GHSHQGHQFH� REWDLQHG� LQ
WKH�%D\HU�.XVKLGD� WKHRU\� IRU� WRUVLRQ�RV�
FLOODWLRQV� LQ� D� FU\VWDO�� Q�7�� �D���E7�
ZKHUH�D� ����������VÜ���E� �Ü�������Ü��VÜ�.Ü��
7KH�GHYLDWLRQ�IURP�WKH�VSHFLILHG�GHSHQGHQFH
LV� REVHUYHG� QHDU� WKH� WHPSHUDWXUH� RI� GLVDS�
SHDUDQFH�RI�145�VLJQDO��/LQHDU�FKDUDFWHU�RI
145� IUHTXHQF\� GHSHQGHQFH� LQGLFDWHV� D
UDWKHU�ORZ�'HE\H�WHPSHUDWXUH�IRU�WKLV�FU\V�
WDO�� $W� WKH� VDPH� WLPH�� WZR� RWKHU� VSHFWUDO
OLQHV�KDYH�VPDOO�SRVLWLYH�WHPSHUDWXUH�FRHIIL�
FLHQW�� DQG� DQRPDORXV� GHSHQGHQFH� LQFUHDVHV
DV� DSSURDFKLQJ� WR� WKH� WHPSHUDWXUH� RI� WKH
VLJQDO� GLVDSSHDUDQFH�� ,Q� WKH� ZKROH� UH�
VHDUFKHG� WHPSHUDWXUH� LQWHUYDO�� WKH� IUH�
TXHQF\� VKLIW� EHWZHHQ� WKH� ORZ�IUHTXHQF\
OLQHV�UHPDLQV�DSSUR[LPDWHO\�FRQVWDQW���

7KH� VWXG\� UHVXOWV� RI� WKH� VSLQ�ODWWLFH� UH�
OD[DWLRQ� UDWH� WHPSHUDWXUH� GHSHQGHQFH� IRU
%U���QXFOHL�DUH�VKRZQ�LQ�)LJ�����)RU�TXDGUX�
SOH�UHOD[DWLRQ�FDXVHG�E\�IOXFWXDWLRQV�RI�WKH
HOHFWULF� ILHOG� JUDGLHQW� �()*�� DW� ORZ� WHP�
SHUDWXUHV�� LW� LV� MXVW� WKH� 5DPDQ� ELSKRQRQ
SURFHVV�WKDW�LV�WKH�PRVW�HIIHFWLYH�LQVWHDG�RI
GLUHFW� LQWHUDFWLRQ� RI� WKH� ILHOG� JUDGLHQW� DQG
ODWWLFH� RVFLOODWLRQV�� $FFRUGLQJ� WR� ELSKRQRQ
PRGHO�� WKH� WHPSHUDWXUH� GHSHQGHQFH� RI� UH�
OD[DWLRQ�UDWH�ORRNV�DV��7�Ü�� �D���E7���+RZ�HYHU�� WKH� DQDO\VLV� RI� H[SHULPHQWDO� GDWD
ZLWKLQ� WKH� IUDPHZRUN� RI� WKLV� WKHRU\� KDV

VKRZQ�D�GHYLDWLRQ� IURP�VTXDUH�ODZ�GHSHQG�
HQFH� DW� KLJKHU� WHPSHUDWXUHV� �D� FRQWLQXRXV
FXUYH� LQ� )LJ����� WKDW� HYLGHQFHV� WKH� DSSHDU�
DQFH�RI�DQ�DGGLWLRQDO�UHOD[DWLRQ�PHFKDQLVP�

,W� LV�SRVVLEOH�WR�DVVXPH�WKDW�WKH�HOHFWULF
ILHOG�JUDGLHQW��()*��WHQVRU�LQ�WKH�%U���VLWH�
WKDW� GHWHUPLQHV� 145� SDUDPHWHUV�� UHSUH�
VHQWV� WKH� VXP� RI� WKH� JUDGLHQW� FDXVHG� E\
S�HOHFWURQ� RUELWV� RI� S\UDPLGDO� FKDLQ� &G%U�DQG� D� JUDGLHQW� FDXVHG� E\�PRWLRQ� HLWKHU� RI
WKH�PHWK\O�DPPRQLXP�FDWLRQ�DV�D�ZKROH�RU
RI� LWV� IUDJPHQWV�� 7KLV� DGGLWLRQDO� FRQWULEX�
WLRQ� WR� ()*� DOVR� UHVXOWV� LQ� GHYLDWLRQV� RI
WHPSHUDWXUH�GHSHQGHQFHV�RI�145�IUHTXHQF\
DQG� UHOD[DWLRQ� WLPH� RI� %U��� IURP� FODVVLFDO
GHSHQGHQFHV�DW�����.�DQG�WR�GLVDSSHDUDQFH
RI�145�VLJQDO�DW�����.��7R�UHYHDO�WKLV�FRQ�
WULEXWLRQ�� WKH� WHPSHUDWXUH� GHSHQGHQFH� RI
SURWRQ�VSLQ�ODWWLFH�UHOD[DWLRQ�WLPH�KDV�EHHQ
PHDVXUHG��ZKLFK�LV�VKRZQ�LQ�)LJ������

7KH� SUHVHQFH� RI� WZR� UHOD[DWLRQ� PLQLPD
DW��� �����.� DQG� ����.� VKRZV� FOHDUO\� WKH
H[LVWHQFH� RI� WZR� UHOD[DWLRQ� PHFKDQLVPV� LQ
WKH� VWXGLHG� WHPSHUDWXUH� UDQJH�� 7KH� ORZ

)LJ����� 3URWRQ� 105� VSLQ�ODWWLFH� UHOD[DWLRQ
WLPH�YV��UHFLSURFDO�WHPSHUDWXUH�

)LJ�����7HPSHUHWXUH�GHSHQGHQFH�RI� WKH�TXDG�
UXSROH�%U���VSLQ�ODWWLFH�UHOD[DWLRQ�UDWH�)LJ�����7HPSHUDWXUH�GHSHQGHQFH�RI�%U���145

IUHTXHQF\��

(X�'�&KHVQRNRY�HW�DO����105�DQG�145�LQYHVWLJDWLRQ����
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WHPSHUDWXUH� PLQLPXP� FDQ� EH� FRQQHFWHG
ZLWK� UHRULHQWDWLRQ� PRWLRQ� RI� 1+�� JURXSVZKLOH� WKH� KLJK�WHPSHUDWXUH� RQH�� ZLWK� VORZ
PRWLRQ�RI� LVRSURS\O�JURXSV�DV�D�ZKROH��5R�
WDWLRQ�RI�K+��JURXS�LV�GLVSOD\HG�DV�D�UXOH�DWORZHU�WHPSHUDWXUHV��,W�LV�DOVR�VHHQ�IURP�WKH
)LJXUH�WKDW�ERWK�SURFHVVHV�KDYH�WKHUPRDFWL�
YDWHG� FKDUDFWHU�� &DOFXODWLRQV� KDYH� VKRZQ
WKDW� IRU� 1+�� UHRULHQWDWLRQ� DQG� PRWLRQ� RIFDWLRQ�DV�D�ZKROH��WKH�FRUUHVSRQGLQJ�DFWLYD�
WLRQ� HQHUJ\� DUH� pÈ�� ����� NFDO�PRO� DQGpÈ��  � ���� NFDO�PRO�� 7KH� ILUVW� VSHFLILHG� UH�OD[DWLRQ� PHFKDQLVP� GRPLQDWHV� ZLWKLQ� WKH
WHPSHUDWXUH� LQWHUYDO����Ü����.��ZKLOH� WKH
VHFRQG� LV� GLVSOD\HG� RQO\� DW� WHPSHUDWXUHV
DERYH�����.�

8VLQJ�FRQGLWLRQV�RI� WKH�PLQLPXP�LQ�WKH
WHPSHUDWXUH� GHSHQGHQFH� RI� UHOD[DWLRQ� WLPH
Z�WF� �������� ZKHUH� Z�� LV� WKH� /DUPRU� IUH�TXHQF\� �Z���S� ������0+]��� WF�� FRUUHODWLRQWLPH� RI� FRUUHVSRQGLQJ� W\SH� RI� LQWUDFU\V�
WDOOLQH�PRWLRQ��DQG�WDNLQJ�LQWR�DFFRXQW�WKDW
WHPSHUDWXUH�EHKDYLRU�RI�WF�LV�RI�WKHUPRDFWL�YDWHG� FKDUDFWHU�� WF� �W�H[S�(�N7��� ZH� KDYHFDOFXODWHG� WKH� FRUUHODWLRQ� WLPHV� RI� 1+�JURXSV�UHRULHQWDWLRQ��WF���DQG�PRWLRQ�RI�WKHZKROH� FDWLRQ� �W°����7HPSHUDWXUH�GHSHQGHQFHRI� WLPH� WF�� LV� VKRZQ� LQ� )LJ����� ,W� LV� VHHQWKDW� DW� �� ����� .�� WF�� �������Ü�� V�� WKLVWLPH� FRUUHVSRQGV� WR� WKH� UHRULHQWDWLRQ� IUH�
TXHQF\�Q� ��������VÜ���WKDW�LV�FRPSDUDEOH�WR
145�IUHTXHQF\�RI�%U����

$V�WKH�TXDGUXSOH�UHOD[DWLRQ�LV�GHILQHG�E\
IOXFWXDWLRQV�RI�HOHFWULF�ILHOG�JUDGLHQW�WHQVRU
LQ� WKH� %U��� VLWH�� 7�Ü��a�-�Z�� ZKHUH� -�Z�� LVWKH�VSHFWUDO�GHQVLW\�RI�IOXFWXDWLRQV��VR�LW�LV
REYLRXV�WKDW�VLQFH��� �����.��UHRULHQWDWLRQ
RI�1+��JURXSV�VWDUWV�WR�UHQGHU�HVVHQWLDO�LQ�IOXHQFH� RQ� WKH�()*�WHQVRU�FKDQJH�� WKDW� UH�
VXOWV�LQ�D�GHYLDWLRQ�IURP�XVXDO�WHPSHUDWXUH
GHSHQGHQFHV�RI�145�IUHTXHQF\�DQG�VSLQ�ODW�
WLFH� UHOD[DWLRQ� RI� %U��� QXFOHXV�� $W� ���� .�
WF�� �������Ü���WKDW�FRUUHVSRQGV�WR�KLQGHUHGURWDWLRQ�IUHTXHQF\�RI�1+��JURXSV�Q� ����0+]�7KLV� YDOXH� DOUHDG\� SUDFWLFDOO\� FRLQFLGHV
ZLWK� WKH� IUHTXHQF\� RI� WKH� KLJK�IUHTXHQF\
145� OLQH�� :KHQ� WKH� GLIIHUHQW� OHQJWKV� RI
K\GURJHQ� ERQGV� 1�+���%U� DUH� IRUPHG�� WKH
VWURQJO\� QRQXQLIRUP� EURDGHQLQJ� RI� 1*5
OLQHV�DULVHV��$�SDUW�RI�K\GURJHQ�ERQGV�KDV�D
VWHDG\�OHQJWK��WKDW�UHVXOWV�LQ�WKH�XVXDO�WHP�
SHUDWXUH� FRHIILFLHQW� RI� RQH� RI� WKH� 145
OLQHV�� 7ZR� OLQHV� ZLWK� DQRPDORXV� WHPSHUD�
WXUH�EHKDYLRU�HYLGHQFH�WKDW�HYHQ�XQGHU�ORZ
WHPSHUDWXUH��FKDQJHV� LQ�WKH�K\GURJHQ�ERQG
OHQJWK� WDNH� SODFH�� $W� WKH� VDPH� WLPH�� WKH
OHQJWKV� RI� WKHVH�+�ERQGV� GLIIHU� HVVHQWLDOO\�

WKDW� UHVXOWV� LQ� D� VWURQJO\� QRQXQLIRUP
EURDGHQLQJ� RI� WHPSHUDWXUH�DQRPDORXV� 145
OLQHV�DQG�WR�GLVDSSHDUDQFH�RI�WKHVH� OLQHV�DW
ORZHU� WHPSHUDWXUHV� DV� FRPSDUHG� WR� WKH
KLJK�IUHTXHQF\�145�OLQH�

6LQFH�LW�LV�VKRZQ�WKDW�WKH�DGGLWLRQDO�FRQ�
WULEXWLRQ�WR�TXDGUXSOH�UHOD[DWLRQ�LV�EURXJKW
E\� WKHUPRDFWLYDWHG� PRWLRQ� RI�1+�� JURXSV�LW�LV�WR�H[SHFW�WKDW�WKH�TXDGUXSOH�UHOD[DWLRQ
UDWH�RI�%U���ZLOO�EH�GHVFULEHG�E\�H[SUHVVLRQ�

7���� �D7����E���H[S�(D�e�N7��
)LWWLQJ� RI� WKLV� H[SUHVVLRQ� WR� H[SHULPHQ�

WDO�GDWD�KDV�JLYHQ�WKH�JRRG�DJUHHPHQW�ZLWK
WKH� H[SHULPHQW� LQ� DOO� UHVHDUFKHG� WHPSHUD�
WXUH�UDQJH�DW�WKH�IROORZLQJ�YDOXHV�RI�ILWWLQJ
SDUDPHWHUV� DGMXVWPHQW�� D� ��������Ü��VÜ�.Ü��
E� ����������VÜ���(D� �����NFDO�PRO��:KHQ� FRPSDULQJ� WKH� REWDLQHG� YDOXH� RI
DFWLYDWLRQ� EDUULHU� (D� ZLWK� WKH� EDUULHU� RI1+�� JURXS� UHRULHQWDWLRQ� �(D�� ����NFDO�PRO���ZH�FDQ�VHH�WKHLU�JRRG�DJUHH�
PHQW��$W�WKH�VDPH�WLPH��WKH�FDOFXODWHG�YDO�
XHV�RI�FRUUHODWLRQ�WLPH�RI�WKH�ZKROH�PHWK\�
ODPPRQLXP�FDWLRQ�PRWLRQ�DUH�WF�� �����V�DW����.�DQG�������Ü��V�DW�����.��L�H��WKLV�FDW�
LRQ� DW� ORZ� WHPSHUDWXUHV� LV� SUDFWLFDOO\� PR�
WLRQOHVV�DQG�WKH�PRWLRQ�EHFRPHV�DSSUHFLDEOH
RQO\� DW� PXFK� KLJKHU� WHPSHUDWXUHV�� 7DNLQJ
LQWR� DFFRXQW� WKLV� �IUHH]LQJ�� RI� PHWK\ODP�
PRQLXP� JURXS� PRWLRQ�� LW� LV� SRVVLEOH� WR
VSHDN�DERXW�LWV�RUGHULQJ�DW�WKH�WHPSHUDWXUH
ORZHULQJ�� ,Q� WKH� 145� VWXG\� RI
�&+���1&G%U�� FU\VWDO� >�@� FDUULHG� RXW� E\� XVEHIRUH��LW�ZDV�HVWDEOLVKHG�WKDW�SKDVH�WUDQVL�
WLRQ�WR�IHUURHOHFWUL°�SKDVH�LQ�WKLV�FU\VWDO� LV
FRQQHFWHG� ZLWK� RUGHULQJ� RI� WHWUDPHWK\ODP�
PRQLXP� FDWLRQ� WKRXJK�105�UHVHDUFKHV�� DV
ZHOO�DV�LQ�WKLV�ZRUN��KDYH�QRW�UHYHDOHG�DQ\

)LJ�����7KH�WHPSHUDWXUH�GHSHQGHQFH�RI�WKH�FDO�
FXODWHG�FRUUHODWLRQ�WLPH�RI�1+��UHRULHQWDWLRQ�

(X�'�&KHVQRNRY�HW�DO����105�DQG�145�LQYHVWLJDWLRQ����
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SHFXOLDULWLHV� LQ� WHPSHUDWXUH� EHKDYLRU� RI� WKH
SURWRQ�UHOD[DWLRQ�>�@��7KLV�DOORZV�WR�DVVXPH�
WKDW� LQ� WKH� FU\VWDO� FRQVLGHUHG� KHUH�� D� SKDVH
WUDQVLWLRQ�RI�RUGHU�GLVRUGHU� W\SH�VKRXOG� WDNH
SODFH� WRR�� KRZHYHU�� WKLV� WUDQVLWLRQ� RFFXUV� DW
WHPSHUDWXUHV� ZKHUH� 145� VLJQDO� GLVDSSHDUV
EHFDXVH� RI� DYHUDJLQJ� RI� ()*� WHQVRU� E\� WKH
KLQGHUHG�URWDWLRQ�RI�1+��JURXSV�
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