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5HFHLYHG�-XO\���������
7KH� FKDQJH�G\QDPLFV� RI� FXUUHQW�YROWDJH� FKDUDFWHULVWLFV� �,9&V�� LQ�JUDQXODU� VDPSOHV�RI

<%D�&X�2�±G��G�|�������KLJK�WHPSHUDWXUH�VXSHUFRQGXFWRU�LQ�D�SHUSHQGLFXODU��,A+H[W��PDJ�QHWLF� ILHOG� ZLWKLQ� WKH� ��t�+H[W�!�+F�-� UDQJH� DW� 7� ������ .� KDV� EHHQ� VWXGLHG�� 7KH� ILHOGGHSHQGHQFHV�RI�WKH�H[SRQHQWLDO�HTXDWLRQ�IRU�JUDQXODU�+76&�,9&��(� �$�M�Ü�MF�Q��ZKHUH�MF�LVWKH� VXSHUFRQGXFWLQJ� FXUUHQW� FULWLFDO� GHQVLW\�� VKRZ� D� VHW� RI� IHDWXUHV� FDXVHG� E\� SKDVH
WUDQVLWLRQV�RFFXUULQJ�LQ�WKH�-RVHSKVRQ�ZHDN�OLQNV�V\VWHP�
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,W�LV�ZHOO�NQRZQ�WKDW�WKH�HOHFWURPDJQHWLF
SURSHUWLHV�RI�JUDQXODU��FHUDPLF��R[LGH�KLJK�
WHPSHUDWXUH�VXSHUFRQGXFWRUV��+76&��FDQ�EH
GHVFULEHG� TXDOLWDWLYHO\�ZLWKLQ� WKH� IUDPH� RI
WZR�OHYHO�PRGHO� IRU� WKH� FULWLFDO� VWDWH� >����@
ZKHUH� WKH� JUDQXODU� VXSHUFRQGXFWRU� LV� FRQ�
VLGHUHG� DV� D� V\VWHP� FRQVLVWLQJ� RI� WZR� ,,
NLQG� VXSHUFRQGXFWRUV�� QDPHO\�� JUDLQV� ZLWK
D� KLJK� VXSHUFRQGXFWLYLW\� DQG� WKH� QDWXUDO
JUDLQ�ERXQGDULHV��EHLQJ�WKH�-RVHSKVRQ�ZHDN
OLQNV�� ,Q� FRQWUDFW� WR� WKH� �FODVVLFDO�� FULWLFDO
VWDWH�PRGHOV� IRU�D�PDFURVFRSLFDOO\�KRPRJH�
QHRXV� ,,� NLQG� VXSHUFRQGXFWRU� >����@� ZKHUH
WKH� FULWLFDO� FXUUHQW� GHQVLW\� MF� LV� FRQWUROOHGE\� WKH� GHQVLW\� JUDGLHQW� RI� $EULNRVRY� PDJ�
QHWLF� YRUWLFHV�� WZR� FULWLFDO� FXUUHQW� GHQVLWLHV
DUH�FRQVLGHUHG�IRU�WKH�JUDQXODU�VXSHUFRQGXF�
WRUV��D�KLJK�FXUUHQW�GHQVLW\�LQ�WKH�VXSHUFRQ�
GXFWLQJ� JUDLQV� �MF$�|�����Ü�����$�FP��� WKDW
GHSHQGV� RQ� WKH� GHQVLW\� JUDGLHQW� RI� $EULN�
RVRY� YRUWLFHV� DQG� D� ORZ� FXUUHQW� GHQVLW\
�MF-�d�����$�FP��� GHSHQGLQJ� RQ� WKH� GHQVLW\

JUDGLHQW� RI� WKH� -RVHSKVRQ� YRUWLFHV� LQ� WKH
ZHDO� OLQNV�� L�H�� LQ�WKH�JUDLQ�ERXQGDULHV� >�@�
7KH�WUDQVSRUW�SURSHUWLHV�RI�JUDQXODU�+76&�
ILUVW�RI�DOO��WKH�FULWLFDO�FXUUHQW�GHQVLW\��DUH
FRQWUROOHG� FRPSOHWHO\� E\� WKH� EHKDYLRU� RI
ZHDN� OLQNV�� 6�1�6� -RVHSKVRQ� FRQWDFWV
�6�EHLQJ�WKH�VXSHUFRQGXFWRU��1��WKH�PDWHULDO
LQ�QRQ�VXSHUFRQGXFWLQJ��QRUPDO��VWDWH�>�Ü�@��

,Q� WKH� WZR�OHYHO� PRGHO� RI� WKH� JUDQXODU
+76&� FULWLFDO� VWDWH�� WKH� WUDQVLWLRQ� RI� HDFK
6�1�6�OLQNV�WR�WKH�UHVLVWLYH�VWDWH�LV�FRQWURO�
OHG�E\�WKUHH�SDUDPHWHUV�>�@��WHPSHUDWXUH�7�
WKH� ORFDO� GHQVLW\� M/� RI� WKH� FXUUHQW� UXQQLQJWKURXJK� WKH� 6�1�6� FRQWDFW� DQG� WKH� ORFDO
PDJQHWLF� ILHOG� +/�� 7KH� M/� DQG� +/� YDOXHVVHHP� WR� GHSHQG� RQ� WKH� ZHDN� OLQNV� RULHQWD�
WLRQ�ZLWK�UHVSHFW�WR�WKH�HOHFWULF�ILHOG�(�DQG
WKH� H[WHUQDO�PDJQHWLF� ILHOG�+H[W��+RZHYHU�WKH� VWXGLHV� RI� PDJQHWLF� UHVLVWDQFH� RULHQWD�
WLRQDO� GHSHQGHQFH� LQ� JUDQXODU�<%D�&X�2�±G+76&� DW� 7� ������ .� LQ� ZHDN� PDJQHWLF
ILHOGV�>�@�HYLGHQFH�WKH�DEVHQVH�RI�DQ\�DSSUH�
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FLDEOH�GHSHQGHQFH�RI�WKH�ZHDN� OLQNV�FULWLFDO
ILHOG�+F�-� RQ� WKH� PXWXDO� RULHQWDWLRQ� RI� (DQG� +H[W� YHFWRUV�� DW� D� FRQVWDQW� WUDQVSRUWFXUUHQW� GHQVLW\� M� �FRQVW�� WDNLQJ� LQWR� DF�
FRXQW� WKH� GHPDJQHWL]LQJ� IDFWRU�� WKH� HIIHF�
WLYH� FULWLFDO� ILHOG� YDOXH�+F�-HII � �FRQVW�� 7KLV
PHDQV�WKDW��LQ�VSLWH�RI�YDULHW\�RI�ZHDN�OLQNV
W\SHV� LQ� JUDLQHG�<%D�&X�2�±G�+76&� SRVWX�ODWHG� LQ� VRPH� ZRUNV� �VHH�� H�J��� >��Ü��@��
RQO\�RQH� OLQNV�W\SH�IRUPV�H[WHQGHG�-RVHSK�
VRQ� FRQWDFWV� WKDW� LQIOXHQFH� GHWHUPLQDWLYHO\
WKH� HOHFWULF� FXUUHQW� IORZ� LQ� D� JUDQXODU� VX�
SHUFRQGXFWLQJ�PHGLXP�

,W�LV�QDWXUDO�WKDW��DFFRUGLQJ�WR�WKH�H[LVW�
LQJ�FRQFHSWV�RI�WKH�,,�NLQG�VXSHUFRQGXFWRUV
>��@��WKH�+�7�SKDVH�GLDJUDPV�RI�ERWK��VXE�
V\VWHPV�� LQ� D� WZR�OHYHO� V\VWHP� VKRXOG� LQ�
FOXGH� WKH� H[LVWHQFH�UHJLRQV�RI� WKH�0HLVVQHU
SKDVH�� PL[HG� VWDWH� �6KXEQLNRY� SKDVH��� DQG
QRUPDO� SKDVH�� +RZHYHU�� WKH� ORZHU� DQG
XSSHU�FULWLFDO�PDJQHWLF�ILHOGV� IRU�VXSHUFRQ�
GXFWLQJ� JUDLQV� >+F�$�7�� DQG� +F�$�7�@� DQGZHDN�OLQNV�>+F�-�7��DQG�+F�-�7�@�WKDW�VHSD�UDWH� WKH� PHQWLRQHG� UHJLRQV� GLIIHU� VLJQLIL�
FDQWO\�� LQ� PRVW� +76&V�� WKH� ILHOGV� FRUUH�
VSRQGLQJ� WR� WKH� VWDUWLQJ� SHQHWUDWLRQ� RI
$EULNRVRY�YRUWLFHV�LQWR�WKH�VXSHUFRQGXFWLQJ
JUDLQV��+F�$�� DWWDLQV� VHYHUDO� KXQGUHGV� 2H�WKH�+F�$�ILHOGV�DPRXQWLQJ�VHYHUDO�KXQGUHGVN2H��ZKLOH�WKH�ILHOGV�SURYLGLQJ�WKH�VWDUWLQJ
SHQHWUDWLRQ� RI� -RVHSKVRQ� YRUWLFHV� LQWR� WKH
ZHDN�OLQNV��+F�-��DUH�HVWLPDWHG�WR�EH�LQ�WKHUDQJH� RI� ��Ü�� WR� ���� 2H� �VHH�� H�J��� >�Ü�@��
DQG� WKH� ILHOGV� RI� WKH� FRPSOHWH� -RVHSKVRQ
YRUWLFH� SHQHWUDWLRQ�� +F�-�� DPRXQW� VHYHUDOWHQV�2H��VHH��H�J���>��Ü��@���

$OWKRXJK� WKH� FKDUJH� WUDQVIHU� SURFHVVHV
LQ�JUDQXODU�+76&�DUH�FRQWUROOHG�FRPSOHWHO\
E\� WKH� EHKDYLRU� RI� LQWHUJUDLQ� -RVHSKVRQ
FRQWDFWV�� WKH� VWXG\� RI� WKH� VSHFLILF� NLQHWLF
SURSHUWLHV��LQ�SDUWLFXODU��RI�HOHFWULF�FRQGXF�
WLYLW\�� DW� SKDVH� WUDQVLWLRQV� LQ� WKH� ZHDN
OLQNV� V\VWHP� PHHWV� VRPH� GLIILFXOWLHV�� ,Q
IDFW��ZKHQ�WKH�+F�-� ILHOG�YDOXHV�FDQ�EH�GH�WHUPLQHG� HDVLO\� XVLQJ� WKH� UHVLVWLYLW\� RQVHW�
U�z����RU�WKH�FULWLFDO�FXUUHQW�]HURLQJ��MF� ���VHH��H�J���>���������Ü��@���WKHUH�DUH�QR�VLPL�
ODU�VLPSOH�FULWHULD�GHWHUPLQLQJ�WKH�+F�-�ILHOGYDOXHV�� WKH�-RVHSKVRQ�YRUWLFHV� VWDUW� WR�SHQH�
WUDWH�LQWR�ZHDN�OLQNV�RI�D�JUDQXODU�VXSHUFRQ�
GXFWRU�DW�+H[W� �+F�-�RFFXUV�DW�U� ����MF�z���7KLV� IDFW� PHDQV� WKDW� DW� +F�-�!�+H[W�!+F�-�� WKH� +76&� FXUUHQW�YROWDJH� FKDUDF�WHULVWLF� �,9&V��PXVW�QRW�GLIIHU�TXDOLWDWLYHO\
LQ� VKDSH� IURP� WKDW� PHDVXUHG� DW� +H[W��+F�-�� +RZHYHU�� TXDQWLWDWLYH� GLIIHUHQFHV� LVSRVVLEOH� EHWZHHQ� WKH� ,9&V� REWDLQHG� LQ� WKH
+H[W���+F�-�DQG�+F�-�!�+H[W�!�+F�-�UDQJHV�,Q� IDFW�� LQ� UHODWLYHO\�ZHDN�PDJQHWLF� ILHOGV�

WKH�,9&V�RI�D�JUDQXODU�+76&�ZLWK�UDQGRPO\
GLVWULEXWHG� FULWLFDO� FXUUHQWV� LV� GHVFULEHG
VDWLVIDFWRULO\�E\�D�SRZHU�IXQFWLRQ��VHH��H�J��
>������Ü��@�

(� �$�M���MF�Q� ���
:LWKLQ� WKH� UDQJH� RI� PL[HG� ZHDN� OLQNV

VWDWH�� +F�-�d�+H[W�d�+F�-�� WKH� $� YDOXH� LQWKH� IUDPH� RI� SHUFRODWLRQDO�PRGHO� RI� JUDQX�
ODU� +76&� �VHH�� H�J��� >��Ü��@�� LV� LQ� SURSRU�
WLRQ�WR�WKH�QXPEHU�RI�ZHDN�OLQNV�ZKHUH�WKH
SKDVH� FRKHUHQFH� LV� GHVWUR\HG�� L�H�� WKRVH
SDVVHG� WR� WKH� UHVLVWLYH� VWDWH� >������@��� DQG
FKDUDFWHUL]HV�WKH�HOHFWULFDO�UHVLVWDQFH�RI�LQ�
WHUJUDLQ� ERXQGDULHV�� $W� +H[W�!�+F�-�� WKHSDUDPHWHU�$� VKRXOG� REYLRXVO\� EH� FRUUHODWHG
GLUHFWO\� ZLWK� WKH� DYHUDJHG� UHVLVWDQFH� RI
WKRVH�ERXQGDULHV�

7KH�PDJQHWLF� ILHOG� GHSHQGHQFHV� RI�$�� MFDQG� Q� �WKH� ,9&� QRQOLQHDULW\� H[WHQW�� DUH� WR
EH�VXSSRVHG�WR�UHYHDO�VLQJXODULWLHV�DW�SKDVH
WUDQVLWLRQV� LQ� WKH� ZHDN� OLQNV� V\VWHP� RI� D
JUDLQHG� +76&�� 7KH� FKDUDFWHU� RI� WKRVH� VLQ�
JXODULWLHV�ZDV�QRW�VWXGLHG�V\VWHPDWLFDOO\�EH�
IRUH�� DV� IDU� DV�ZH� NQRZ��$� EHKDYLRU� VWXG\
RI�$�+H[W���MF�+H[W��DQG�Q�+H[W��GHSHQGHQFHVLQ� WKH� YLFLQLW\� RI� FULWLFDO� ILHOGV� +F�-� DQG+F�-� VHHPV� WR�PDNH� LW� SRVVLEOH� WR� MXGJH�RIWKH� QDWXUH� RI� SKDVH� WUDQVLWLRQV� FRQQHFWHG
ZLWK� WKH� -RVHSKVRQ� YRUWLFH� SHQHWUDWLRQ
RQVHW� LQWR� WKH� ZHDN� OLQNV� DW� +H[W� �+F�-DQG�ZLWK�WKH�VXSHUFRQGXFWDQFH�GHWHULRUDWLRQ
LQ�WKH�ZHDN�OLQNV�VXEV\VWHP�UHVXOWLQJ�IURP
WKH� FRPSOHWH� -RVHSKVRQ� YRUWLFH� SHQHWUDWLRQ
DW�+H[W� �+F�-�,Q� WKLV� FRQQHFWLRQ�� WKH� SXUSRVH� RI� WKLV
ZRUN� LV� WR� VWXG\� WKH�YDULDWLRQ�G\QDPLFV� RI
FXUUHQW�YROWDJH� FKDUDFWHULVWLFV� IRU� JUDQXODU
<%D�&X�2�±G� +76&�ZLWKLQ� D� ZLGH� UDQJH� RIWKH� H[WHUQDO� PDJQHWLF� ILHOG� VWUHQJWK� +H[W�IURP�+H[W� ��� WR�+H[W�!�+F�-� DW� WKH� OLTXLGQLWURJHQ�ERLOLQJ�SRLQW�������.��

6WXGLHG� ZHUH� WKH� <%D�&X�2����� +76&VDPSOHV� V\QWKHVL]HG� XVLQJ� WKH� �VWDQGDUG�
FHUDPLF�WHFKQLTXH��VHH��H�J���>��@���7KH�VDP�
SOH�VL]H�ZDV�DERXW��u�u���PP���7KH�FXUUHQW
DQG�SRWHQWLDO�FRQWDFWV�ZHUH�DSSOLHG�XVLQJ�D
VLOYHU�EDVHG� FRQGXFWLYH� DGKHVLYH�� 7R� DWWHVW
WKH� VDPSOHV�� ;5'�� FULWLFDO� WHPSHUDWXUH� 7FDQG� FULWLFDO� FXUUHQW� ,F� PHDVXUHPHQWV�� $OOWKH�VDPSOHV�XQGHUVWXG\�ZHUH�HVVHQWLDOO\�VLQ�
JOH�SKDVH�RQHV��7KH�VXSHUFRQGXFWLQJ�WUDQVL�
WLRQ� PLGGOH� WHPSHUDWXUH� 7F���� ZDV
�����r����� .�� WKH� WUDQVLWLRQ� ZLGWK
'7F�|�����.�$� 'HZDU� IODVN� ZLWK� OLTXLG� QLWURJHQ� FRQ�
WDLQLQJ� WKH� VDPSOH� KROGHU� ZDV� SODFHG� LQWR� D
FRSSHU�ZLUH�VROHQRLG�FRLO��$OO�WKH�,9&V�RI�WKH

7�9�6XNKDUHYD��9�$�)LQNHO���3KDVH�WUDQVLWLRQV�LQ�WKH����
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<%D�&X�2����� +76&� VDPSOHV� DW� 7� ������.
ZHUH�REWDLQHG�LQ�WKH�SHUSHQGLFXODU��,�A�+H[W�
PDJQHWLF�ILHOG�DW���d�+H[W�d�|����2H���7R� REWDLQ� WKH� ,9&V� DW� +H[W� �FRQVW�� DVSHFLDO� VHWXS� >��@�ZDV� XVHG� FRQVLVWLQJ� RI� D
FRQWURO� XQLW� IRU� WKH� PDJQHWLF� ILHOG� VRXUFH
�VROHQRLG�� FXUUHQW� ,VRO� DQG� WKDW� IRU� WKHPHDVXULQJ��WUDQVSRUW��FXUUHQW�,PHDV�IORZLQJWKURXJK�WKH�+76&�VDPSOH��$OO�WKH�PHDVXUH�
PHQWV� ZHUH� GRQH� LQ� DXWRPDWHG� PRGH�� DW� D
FRQVWDQW� YDOXH� RI� WKH� VROHQRLG� FXUUHQW� ,VRO�FRUUHVSRQGLQJ� WR� WKH� SUH�VSHFLILHG� +H[WYDOXH��� WKH� WUDQVSRUW� FXUUHQW� ,� �,PHDV� ZDV
LQFUHDVHG�VPRRWKO\�WLOO�WKH�YROWDJH�8�|���P9
RQ�WKH�+76&�VDPSOH�ZDV�DWWDLQHG��7KHQ�WKH
GDWD� VHW� (�M�� DW�+H[W� �FRQVW� ZDV� UHFRUGHGLQ� D� 3&� PHPRU\�� WKH� PHDVXULQJ� FXUUHQW
,PHDV� ZDV� ]HURHG�� WKH� QH[W� ,VRO� YDOXH� ZDVSUH�VSHFLILHG� DQG� WKH� PHDVXULQJ� F\FOH� ZDV
UHSHDWHG����

7KH�MÜ(�FKDUDFWHULVWLFV�ZHUH�SURFHVVHG�DV
IROORZV��8VLQJ�WKH�H[SHULPHQWDO�,9&�IRU�(� ���
DSSUR[LPDWH� FULWLFDO� FXUUHQW� GHQVLW\� MF� YDO�XHV�ZHUH�IRXQG��WKH�$�DQG�Q�SDUDPHWHU�YDO�
XHV� IRU� � � ZHUH� FDOFXODWHG� XVLQJ� WKH� SRZHU
ODZ� ����� WKHQ� WKH� $�� MF� DQG� Q� YDOXHV� ZHUHLPSURYHG�XVLQJ�WKH�IXQFWLRQDO�PLQLPL]DWLRQ
WHFKQLTXH� WLOO� WKH� FRUUHODWLRQ� FRHIILFLHQW
U��t������ZDV�DWWDLQHG��$V�DQ�H[DPSOH��)LJ���
SUHVHQWV�WKH�,9&�IRU�D�VDPSOH�REWDLQHG�DW
7� ������.��+H[W� ������2H�� DQG� WKH� ILJXUHFDSWLRQ�JLYHV�LWV�SURFHVVLQJ�UHVXOWV�

,Q� )LJV���� WKURXJK� ��� SUHVHQWHG� DUH� WKH
PDJQHWLF� ILHOG� GHSHQGHQFHV� RI� WKH� SRZHU
HTXDWLRQ� SDUDPHWHUV� IRU� WKH� ,9&V� RI� WKH
<%D�&X�2�����JUDQXODU�VDPSOHV�VWXGLHG��$OO

WKH� $�+H[W��� MF�+H[W�� DQG� Q�+H[W�� GHSHQG�HQFHV�DUH�FOHDUO\�QRQ�PRQRWRQRXV����
,Q�WKH�$�+H[W��GHSHQGHQFH��)LJ������WKH�IRO�ORZLQJ� FKDUDFWHULVWLF� IHDWXUHV� DUH� REVHUYHG

DJDLQVW�WKH�EDFNJURXQG�RI�WKH�WUHQG�WR�D�FRQ�
VLGHUDEOH� LQFUHDVH� RI� WKH� LQWHUJUDLQ� ERXQGD�
ULHV� �SDUDPHWHU� $� LQ� ����� � DV� WKH� H[WHUQDO
PDJQHWLF� ILHOG� VWUHQJWK� ULVHV�� )LUVW�� D� SUR�
QRXQFHG� PD[LPXP� DSSHDUV� DW� +H[W�|���2H�VHFRQG�� WKH�$�+H[W�� GHSHQGHQFH� FKDQJHV� LWVVKDSH� DSSUHFLDEO\� DW� +H[W�|���� 2H�� PRUH�RYHU�� WKH� SDUDPHWHU� $� VKRZV� D� �MXPS�� DW
+H[W�|���� 2H�� ZKLOH� DW� +H[W�!�|��� 2H� WKH$�+H[W��GHSHQGHQFH�EHFRPHV�HVVHQWLDOO\�OLQHDU�7KH� ILHOG� GHSHQGHQFH� RI� G$�e�G+H[W�+H[W�
GHULYDWLYH� �LQVHW� LQ� )LJ����� LV� ZRUWK� WR� DW�
WHQWLRQ�� D� VKDUS� SHDN� LV� REVHUYHG� DW
+H[W�|��� 2H� DQG� D� UDWKHU� VSUHDG�RXW� PD[L�
PXP�DW�+H[W�|����2H�$V� WR� WKH� MF�+H[W�� GHSHQGHQFH� �)LJ������ DVOLJKW� NQHH� LV� REVHUYHG� DW� +H[W�|��� 2H� EH�VLGHV� RI� WKH� JHQHUDO� WUHQG� WR� GHFUHDVLQJ
FULWLFDO� FXUUHQW� GHQVLW\� DV� WKH� PDJQHWLF
ILHOG� ULVHV�� 7KH� NQHH� SRLQW� LQ� WKH� MF�+H[W�GHSHQGHQFH�LV�FRQILUPHG�FOHDUO\�E\�D�UDWKHU
VKDUS� PLQLPXP� ��QHJDWLYH� SHDN��� LQ� WKH
ILHOG� GHSHQGHQFH� RI� WKH�GMF�e�G+H[W�+H[W�� GH�
ULYDWLYH��LQVHW� LQ�)LJ������$W�+H[W�!�|���2H�WKH� MF� EHFRPHV� ]HURHG� ZLWKLQ� WKH� PHDVXUH�PHQW�DFFXUDF\�

7KH�Q�+H[W��GHSHQGHQFH��)LJ�����LV�UDWKHUFRPSOH[��7KH��QRQOLQHDULW\�SDUDPHWHU��Q�LQ
WKH� +76&� ,9&� HTXDWLRQ� ���� GHFUHDVHV� IURP
YHU\�KLJK�YDOXHV��Q�|������DW�+H[W�o���GRZQ
WR� Q�|��� �EHLQJ� W\SLFDO� RI� RKPLF� UHVLVWDQFH
RI� LQWHUJUDLQ� FRQWDFWV�� DW� +H[W�t�|���2H�7ZR� SURQRXQFHG� GHHS�PLQLPD� DUH� REVHUYHG

)LJ�����$�UHSUHVHQWDWLYH�(ÜM�FKDUDFWHULVWLF�RI
FHUDPLF� <%D�&X�2����� +76&� VDPSOH� DW� 7� ����� .��+H[W� ������ 2H�� 7KH� SDUDPHWHUV� RI
(T������ $� ���������r��������� D�X��� MF� 
����r�����$�FP���Q� ���������r����������7KH
FRUUHODWLRQ�IDFWRU�U�� ����������

)LJ����� )LHOG� GHSHQGHQFH� RI� WKH� SDUDPHWHU�$
LQ� (T����� IRU� D� FHUDPLF� <%D�&X�2����� +76&VDPSOH� DW� 7� ������ .�� ,QVHW�� WKH� ILHOG� GH�
SHQGHQFH�RI�G$�e�G+H[W�+H[W��GHULYDWLYH�
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LQ� WKH� Q�+H[W�� FXUYH� �DW� +H[W�|��� DQG|����2H��
,W� IROORZV� IURP� WKH� DERYH� GDWD� WKDW� WKH

ILHOG� GHSHQGHQFHV� RI� DOO� WKUHH� SDUDPHWHUV
�$��MF��DQG�Q��RI�WKH�SRZHU�HTXDWLRQ�GHVFULE�LQJ� WKH� ,9&�RI�JUDLQHG�<%D�&X�2�����+76&VKRZ�D�VHULHV�RI�VLQJXODULWLHV��1DPHO\���L��DW
+H[W�|��Ü�� 2H�� PD[LPD� DUH� REVHUYHG� LQ$�+H[W�� DQG� � � G$�e�G +H[W�+H[W�� GHSHQGHQFHV
ZKLOH�PLQLPD�LQ�Q�+H[W��DQG�GMF�e�G+H[W�RQHV�
�LL�� DW� +H[W�|���� 2H�� MF� LV� ]HURHG�� D� PD[L�PXP�LV�REVHUYHG�LQ�G$�e�G+H[W�+H[W��GHSHQG�
HQFH�DQG�D�PLQLPXP�LQ�Q�+H[W��RQH���LLL��DW+H[W�|���� 2H�� WKH� SDUDPHWHU� $� LQFUHDVHVVWHSZLVH� DQG� DW� WKH� IXUWKHU�+H[W� LQFUHDVH�WKH�,9&�WDNHV�WKH�RKPLF�FKDUDFWHU��Q�o����

7KH� FKDUDFWHULVWLF� EHKDYLRU� IHDWXUHV� RI
WKH�SRZHU�HTXDWLRQ�����IRU�WKH�<%D�&X�2����+76&� FRQQHFWHG�ZLWK� VWUHQJWK� YDULDWLRQ� RI
WKH� H[WHUQDO� PDJQHWLF� ILHOG� +H[W� DQG� WKHLQWHUUHODWLRQ� WKHUHRI� DUH� UHIOHFWHG� DGH�
TXDWHO\� LQ�WKH�,9&�YDULDWLRQ�G\QDPLFV�ZLWK
WKH�WKUHH�GLPHQVLRQDO��VSDFH�RI�SDUDPHWHUV�
$�� MF�� DQG� Q� �)LJ������ 7KH� �PD[LPXP�� DW+H[W�|���2H���PLQLPXP���+H[W�|����2H��DQG�MXPS���+H[W�|����2H��DUH�FOHDUO\�VHHQ��7KHODWWHU�HIIHFW�LV�PRVW�SURQRXQFHG�LQ�WKH�SUR�
MHFWLRQ�RI�WKH�,9&�SDUDPHWHU�YDULDWLRQ�RQWR
WKH�MFÜ$�SODQH���:KHQ�GLVFXVVLQJ� WKH� UHVXOWV�REWDLQHG�� LW
LV�WR�QRWH�ILUVW�RI�DOO�WKDW�WKH�ILHOG�GHSHQG�
HQFH� RI� G$�e�G+H[W� �LQVHW� LQ� )LJ����� VKRZV
WZR�FKDUDFWHULVWLF�SHDNV��DW�+H[W�|���2H�DQG+H[W�|����2H��� VLPLODU� LQ� DSSHDUDQFH� WR� WKHO�DQRPDOLHV� RI� KHDW� FDSDFLW\� DW� WKH� �QG
RUGHU� SKDVH� WUDQVLWLRQV�� 1RWH� WKDW� WKH� SD�

UDPHWHU� $� GHVFULEHV� GH� IDFWR� WKH� HOHFWULF
UHVLVWDQFH�RI�LQWHUJUDLQ�ERXQGDULHV��7KH�EH�
KDYLRU�RI�WKH�HOHFWULF�UHVLVWDQFH�ZLWK�UHVSHFW
WR�WHPSHUDWXUH��DQG�SHUKDSV�ZLWK�UHVSHFW�WR
+H[W�� LV� NQRZQ� WR� EH� VLPLODU� �LQ� WKH� IUDPHRI� IOXFWXDWLRQ� WKHRU\� RI� SKDVH� WUDQVLWLRQV
>��@�� WR� WKH� EHKDYLRU� RI� VHFRQG� GHULYDWLYHV
RI� WKHUPRG\QDPLF� SRWHQWLDOV�� LQ�SDUWLFXODU�
RI� KHDW� FDSDFLW\�� 7ZR� SHDNV� LQ� WKH� �+H[W�FXUYH�WHVWLILHV�FRQVLGHUDEO\�WKH�WKH�REVHUYHG
DQRPDOLHV� DUH� FRQQHFWHG�ZLWK� WKH��QG� RUGHU
SKDVH� WUDQVLWLRQV� ZLWK� UHVSHFW� WR� PDJQHWLF
ILHOG�LQ�WKH�ZHDN�OLQNV�V\VWHP�RI�WKH�JUDQX�
ODU�<%D�&X�2�����+76&��7KLV�DVVXPSWLRQ� LVFRQILUPHG� E\� WKH� H[WUHPHV� LQ� WKH� Q�+H[W�GHSHQGHQFH��VHH�)LJ�����DQG�WKH�,9&��WUDMHF�
WRU\�� FKDQJH� LQ� WKH�$ÜMFÜQ� VSDFH� �VHH� )LJ�����7KH�UHDVRQV�IRU�WKH�FULWLFDO�FXUUHQW�GHQ�
VLW\�]HURLQJ�DW�+H[W�|����2H��VHH�)LJ�����DUHREYLRXV�� DV� PHQWLRQHG� DERYH�� WKLV� PHDQV� D

)LJ����� )LHOG� GHSHQGHQFH� RI� WKH� FULWLFDO� FXU�
UHQW� GHQVLW\� �SDUDPHWHU� MF� LQ� (T������ IRU� DFHUDPLF� <%D�&X�2����� +76&� VDPSOH� DW� 7� ����� .�� ,QVHW�� WKH� ILHOG� GHSHQGHQFH� RI
GMF�e�G+H[W�+H[W��GHULYDWLYH�

)LJ����� ,9&� YDULDWLRQ� G\QDPLFV� IRU
<%D�&X�2����� LQ� WKH� �SDUDPHWHU� VSDFH�� RI(T�����$��MF��DQG�Q��7� ������.��

)LJ�����)LHOG�GHSHQGHQFH�RI�WKH��QRQOLQHDULW\
SDUDPHWHU�� Q� LQ� (T����� IRU� D� FHUDPLF
<%D�&X�2�����+76&�VDPSOH�DW�7� ������.�
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�QG�RUGHU�6Ü1�SKDVH�WUDQVLWLRQ�LQ�WKH�ZHDN
OLQNV� V\VWHP�DW� WKH� H[WHUQDO�PDJQHWLF� ILHOG
VWUHQJWK�+H[W�� FORVH� WR� WKH� FULWLFDO� ILHOG� RIFRPSOHWH� -RVHSKVRQ� YRUWLFH� SHQHWUDWLRQ
+F�-�� DW� M� ����7KH�GHSHQGHQFH� RI� WKH� ILHOGYDOXH� +F�-� RQ� WKH� WUDQVSRUW� FXUUHQW� GHQ�VLW\��+F�-�M��� FDQ�EH�REWDLQHG�GLUHFWO\� IURPWKH� MF�+H[W�� FXUYH�VLPLODU� WR� WKDW�SUHVHQWHGLQ�)LJ����>��@�

7KH� UDWKHU� VWURQJ� VSUHDG�RXW� RI� DQRPD�
OLHV� LQ�$�+H[W���G$�e�G+H[W�+H[W�� DQG�Q�+H[W�
EHKDYLRU�ZLWK�UHVSHFW� WR� WKH�PDJQHWLF� ILHOG
VHHPV�WR�EH�FRQQHFWHG�ZLWK�GLIIHUHQW�RULHQ�
WDWLRQV� RI� WKH� H[WHUQDO� PDJQHWLF� ILHOG
VWUHQJWK� YDFWRU�+H[W� ZLWK� UHVSHFW� WR� LQWHU�JUDLQ� ERXQGDULHV� �ZHDN� OLQNV��� 7KLV� PHDQV
WKDW�WKH�WUDQVLWLRQ�RI�DOO�ZHDN�OLQNV�LQWR�WKH
UHVLVWLYH� VWDWH� RFFXUV� ZLWKLQ� D� UDWKHU� ZLGH
+H[W� UDQJH� DQG� LV� GHILQHG� E\� ORFDO� GHQVLW\YDOXHV�M/�RI�WKH�FXUUHQW�IORZLQJ�WKURXJK�WKH6Ü1Ü6�FRQWDFW�DQG�ORFDO�PDJQHWLF�ILHOG�YDO�
XHV� +/�� ERWK� SDUDPHWHUV� EHLQJ� GHSHQGHQWRQ�WKH�JUDLQ�ERXQGDU\�RULHQWDWLRQ�>�@�

7KH� IXOILOOPHQW� RI� MF� ��� FRQGLWLRQ� LV� WREH�DVVXPHG�WR�SRLQW�RQO\�RQ� WKH�6Ü1� WUDQ�
VLWLRQ� LQ� WKH� V\VWHP�RI�ZHDN� OLQNV� IRUPLQJ
WKH� FRQWLQXRXV� -RVHSKVRQ� FRQWDFWV�� L�H�� WKH
EUHDNGRZQ� RI� SHUFRODWLRQ� ZD\V� IRU� WKH� VX�
SHUFRQGXFWLQJ�WUDQVSRUW� FXUUHQW��:KLOH�WKH
�MXPS�� LQ� WKH� $�+H[W�� FXUYH� �VHH� )LJ�����L�H��� LQ�IDFW�DQ�HOHFWULF�FRQGXFWDQFH��MXPS�
LQ�WKH�ZHDN�OLQNV�V\VWHP�DVVRFLDWHG�ZLWK�WKH
6Ü1� WUDQVLWLRQ�� DV� ZHOO� DV� D� SURQRXQFHG
WUHQG�WR�WKH�RKPLF�,9&�EHKDYLRU��Q�o����VHH
)LJ����� DW� +H[W�!�+F�-� PXVW� HYLGHQFH� WKHFRPSOHWH� WUDQVLWLRQ� RI� DOO� WKH� ZHDN� OLQNV
LQWR� WKH� UHVLVWLYH� VWDWH�� 7KXV�� IRU� WKH
JUDQXODU�<%D�&X�2�����+76&��WKH�PD[LPXPXSSHU�FULWLFDO�ILHOG�LV�+F�MPD[�|����2H�

7R�FRQFOXGH��ZKHQ�VWXG\LQJ�WKH�YDULDWLRQ
G\QDPLFV�RI�,9&V�IRU�JUDQXODU��<%D�&X�2�±G+76&� LQ� PDJQHWLF� ILHOGV� RI� WKH� ��t�+H[W�!+F�-�UDQJH�DW�7� ������.��VRPH�QRYHO�PDJ�QHWRUHVLVWLYH� HIIHFWV� KDYH� EHHQ� UHYHDOHG
FDXVHG� E\� SKDVH� WUDQVLWLRQV� LQ� WKH� -RVHSK�
VRQ� ZHDN� OLQNV� V\VWHP�� 7KH� ,9&V� RI� WKH
VWXGLHG� VDPSOHV� DUH� VKRZQ� WR� EH� GHVFULEHG
DGHTXDWHO\�E\�WKH�SRZHU�IXQFWLRQ�(� �$�M�Ü
MF�Q� ZLWKLQ� WKH� ZKROH� PDJQHWLF� ILHOG� UDQJH�FRUUHODWLRQ�IDFWRU�U��t��������%DVLQJ�RQ�WKLV
IDFW�� WKH� IROORZLQJ� UHJXODULWLHV� LQ� WKH� ,9&V
YDULDWLRQ�KDYH�EHHQ�HVWDEOLVKHG�WKDW�DUH�FRQ�
QHFWHG� ZLWK� HYROXWLRQ� RI� JUDLQ� ERXQGDULHV
XQGHU�DFWLRQ�RI�PDJQHWLF�ILHOG�DQG�WUDQVSRUW
FXUUHQW�� $W� WKH� SHQHWUDWLRQ� RQVHW� RI� WKH
-RVHSKVRQ� YRUWLFHV� LQWR� WKH� ZHDN� OLQNV� V\V�
WHP�LQ�WKH�ILHOG�+F�-��PD[LPD�DSSHDU�LQ�WKH$�+H[W��DQG�G$�e�G+H[W�+H[W��GHSHQGHQFHV�DQG

PLQLPD� LQ� WKH� Q�+H[W�� DQG� GMF�e�G+H[W�+H[W�
RQHV��$V� WKH�SHUFRODWLRQ�SDWKV� RI� WUDQVSRUW
FXUUHQWV�DUH�EURNHQ�GRZQ�LQ�WKH�ILHOG�+F�-�MF� LV� ]HURHG�� D� PD[LPXP� DSSHDUV� LQ� WKHG$�e�G+H[W�+H[W��FXUYH�DQG�D�PLQLPXP�LQ�WKH
Q�+H[W��RQH��:KHQ�DOO�WKH�ZHDN�OLQNV�WUDQVLW
LQWR� UHVLVWLYH� VWDWH� LQ� WKH�+F�-PD[� ILHOG�� WKH
SDUDPHWHU� $� LQFUHDVHV� VWHSZLVH�� DQG� WKH
,9&V� EHFRPHV� RKPLF� DW� IXUWKHU� +H[W� LQ�FUHDVH�
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