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7DXULGD�1DWLRQDO�8QLYHUVLW\����9HUQDGVN\�$YH���

������6LPIHURSRO��8NUDLQH�
%DVLQJ� RQ� WKH� DQDO\VLV� RI� WKH� )H%2�� FU\VWDO� UHIUDFWLYH� LQGLFHV�� WKH� HOHFWURQ� GLSROHSRODUL]DELOLW\� �'(3�� LQ� WKH� FU\VWDO� VWUXFWXUH� KDV� EHHQ� FDOFXODWHG� DQG� WKH� HIIHFWLYH� LRQ

FKDUJHV�KDYH�EHHQ�HVWLPDWHG��:LWKLQ�WKH�IUDPH�RI�WKH�PRGHO�XVHG��WKH�IHUULF�ERUDWH�LRQLF
IRUPXOD� )H����%����2�±����� KDV� EHHQ� HVWDEOLVKHG� WR� EH� WKH� PRVW� SUHIHUDEOH�� 7KH� IROORZLQJFDWLRQ� '(3� YDOXHV� DQVZHU� WR� WKDW� IRUPXOD�� D)H|�������Ü���FP��� D%|�������Ü���FP��� 7KH
'(3�RI�R[\JHQ�DQLRQV�KDV�EHHQ�VKRZQ�WR�EH�DQLVRWURSLF��WKH�PDLQ�FRPSRQHQWV�RI�R[\JHQ
'(3�WHQVRU�EHLQJ�D��|�������Ü���FP��DQG�D��|�������Ü���FP��
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:HDN� IHUURPDJQHWLF� )H%2�� FU\VWDO� LV� DSURPLVLQJ� PDWHULDO� IRU� SUDFWLFDO� DSSOLFD�
WLRQV� LQ� YDULRXV� PDJQHWR�RSWLFDO� DQG� PDJ�
QHWR�DFRXVWLFDO� GHYLFHV� >�@�� 7KH� PDJQHWLF
DQG� DFRXVWLFDO� SURSHUWLHV� RI� WKLV� PDWHULDO
DUH� ZLGHO\� VWXGLHG� GXH� WR� LWV� SUDFWLFDO� LP�
SRUWDQFH�� &RPSXWHU� VLPXODWLRQV� RI� LRQLF� RU
SDUWLDOO\�LRQLF�V\VWHPV�DUH�ZLGHO\�XVHG�QRZ
LQ�VROLG�VWDWH�SK\VLFV�>�@��EXW�QR�DWWHPSWV�WR
LQYHVWLJDWH�WKH�SHFXOLDULWLHV�RI�)H%2��SK\VL�FDO�SURSHUWLHV�DQG�FU\VWDO� VWUXFWXUH�E\� WKLV
PHWKRG�ZHUH�GRQH��,Q�FRPSXWHU�VLPXODWLRQV�
HPSLULFDO��VHPL�HPSLULFDO�RU�DE� LQLWLR�PHWK�
RGV�DUH�XVHG�WR�DQDO\]H�WKH� LQWUDFU\VWDO� LQ�
WHUDFWLRQV��7KH�FRPPHUFLDOO\�DYDLODEOH�FRP�
SXWHU�SURJUDP�SDFNDJHV�IRU�WKH�DQDO\VLV�RI
VLQJOH� FU\VWDO� SURSHUWLHV� �*$866,$1�
&5<67$/��*$0(66��HWF���DUH�EDVHG�RQ�WKH
FOXVWHU�FDOFXODWLRQ�PHWKRGV��EXW�WKH�DSSOLFD�
WLRQ� WKHUHRI� UHVXOWV� LQ� VRPH� FDVHV� LQ� DP�
ELJXRXV� UHVXOWV� >�@��+RZHYHU�� LI� FRUUHFW� LQ�
IRUPDWLRQ� LV� DYDLODEOH� RQ� WKH� VR�FDOOHG� �HI�
IHFWLYH��FKDUJHV�RI�LRQV�THII��WKHLU�HOHFWURQLFSRODUL]DELOLW\� DQG� VKRUW�UDQJH� LQWHUDFWLRQ
SDUDPHWHUV�� WKH� FRPSXWHU� VLPXODWLRQ� XVLQJ

WKH� HPSLULFDO� DSSURDFK� FDQ� EH� SURGXFWLYH
HQRXJK�>����@��6R�WKH�PDLQ�DLP�RI�WKLV�VWXG\
LV� WR� FDOFXODWH� WKH� SRVVLEOH� VHWV� RI� GLSROH
HOHFWURQLF� SRODUL]DELOLW\� �'(3�� RI� LRQV� LQ
)H%2��VWUXFWXUH�DQG�WKH�HYDOXDWLRQ�RI�WKHLUHIIHFWLYH�FKDUJHV�

,W� LV� ZHOO�NQRZQ� WKDW� WKH� THII� DQG� '(3YDOXHV� RI� WKH� VDPH� LRQ� DUH� LQIOXHQFHG
VWURQJO\� E\� LWV� FKHPLFDO� HQYLURQPHQW� DQG
GLIIHU�VLJQLILFDQWO\�IRU�GLIIHUHQW�FRPSRXQGV
>����@�� WKHUHIRUH�� WKH� FKHPLFDO� ERQGV� LQ� WKH
FRPSRXQG�XQGHU�LQYHVWLJDWLRQ�DUH�WR�EH�FRQ�
VLGHUHG�SUHYLRXVO\��7KH�OHQJWK�RI�WKH�VKRUW�
HVW��)H±2��ERQGV�LQ�)H%2��VWUXFWXUH�LV�FRP�SDUDEOH� WR� WKH� VXP� RI� WKH� RI� )H��� DQG�2�±
LRQLF� UDGLL�� VR� WKDW� ERQG� LV� FORVH� WR� SXUH
LRQLF�RQH��7KHUHIRUH��WKH�HIIHFWLYH�FKDUJH�RI
)H� LRQV�� T)H�� PXVW� EH� FORVH� WR� LWV� IRUPDOFKDUJH���_H_�ZKHUH� _H_� LV� WKH�HOHFWURQ�FKDUJH
PRGXOXV��DQG�'(3�RI�WKLV�LRQ�D)H�VHHPV�WREH� FORVH� WR� WKH� FRUUHVSRQGLQJ� YDOXH� IRU� D
IUHH� )H��� LRQ�� D)H� ���������Ü���FP�� >�@�
7KH� VKRUWHVW� �%��±2�±�� GLVWDQFH� LQ� )H%2�FU\VWDO� LV� �������� QP� >�@� DQG� LW� LV� NQRZQ
>�@� WKDW� LI� WKLV� ERQG� OHQJWK� LV� OHVV� WKDQ

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

��� )XQFWLRQDO�PDWHULDOV�������������



������ QP�� WKH� ERQG�PXVW� EH� DQ� LRQLF�FRYD�
OHQW�RQH��,W�ZDV�VKRZQ�EHIRUH�WKDW�SDUWLDOO\
FRYDOHQW� ELQGLQJ�RI� DQ�2�±� LRQ� UHVXOWV� LQ�D
VLJQLILFDQW�DQLVRWURS\�RI� LWV�'(3�>���������@�
6R� LW� LV� UHDVRQDEOH� WR� EHOLHYH� WKDW� WKH� DQ�
LVRWURS\� RI� WKH� R[\JHQ� LRQ� '(3� PXVW� EH
SUHVHQWHG� LQ� )H%2��� WRR�� 3URFHHGLQJ� IURPV\PPHWU\�FRQVLGHUDWLRQV��ZH�EHOLHYH�WKDW�WKH
SULQFLSDO� ���� D[LV� RI� R[\JHQ� LRQ� '(3� WHQVRU
PXVW�EH�FRLQFLGH�ZLWK�WKH�VKRUWHVW��%±2��ERQG
GLUHFWLRQ� DQG� WKLV� WHQVRU� OLNHO\� KDV� DQ� D[LDO
V\PPHWU\��VR�WKDW�D��� �D��zD���7R�FDOFXODWH�WKH�SRVVLEOH�'(3�VHWV�RI�LRQV
LQ� )H%2��� D� PHWKRG� ZDV� XVHG� EDVHG� RQPRGLILHG�/RUHQ]�/RUHQW]�HTXDWLRQ�>��@�
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ZKHUH�QN� LV� WKH� H[SHULPHQWDO� UHIUDFWLYH� LQ�GLFHV�RI�WKH�FU\VWDO��QR� �������QH� ������IRUO� ������QP��DW�WKH�OLJKW�ZDYH�HOHFWULF�FRPSR�
QHQW�GLUHFWHG�DORQJ�WKH�N�GLUHFWLRQ��N� �[�\�]��
6�� WKH� QXPEHU� RI� VWUXFWXUDOO\� QRQ�HTXLYD�
OHQW�LRQV�LQ�WKH�FU\VWDO��1L��WKH�YROXPH�FRQ�
FHQWUDWLRQ� RI� WKH� L�WK� LRQ� VSHFLHV�� �DHII�LN�VR�FDOOHG� HIIHFWLYH� '(3� RI� L�WK� LRQ� VSHFLHV
>��@� LQIOXHQFHG�E\� WKH�QHDUHVW� �d���QP��GL�
SROH� VXUURXQGLQJ� RI� WKDW� LRQ�� ,I� (� LV� GL�
UHFWHG� DORQJ� WKH� [� FU\VWDO� D[LV�� �DHII�L[� LVH[SUHVVHG�DV���
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ZKHUH� �DOO�L� DUH� WKH�'(3�WHQVRU�FRPSRQHQWVRI� WKH� L�WK� LRQ� NLQG� LQ� LWV� RZQ� FRRUGLQDWH
V\VWHP�� TOIL�� WKH� DQJOHV� EHWZHHQ� O�WK� PDLQD[LV� RI� '(3� WHQVRU� DQG� I� GLUHFWLRQ�� ZKHUH
I� �[�� \�� ]�� 7KH� VWUXFWXUH� VXPV� �7LM[�[��7LM[�\�DQG��7LM[�]�DUH�GHILQHG�DV�
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ZKHUH� J� �[�� \�� ]�� 5LMP� LV� WKH� GLVWDQFH� EH�WZHHQ�WKH�VSHFLILHG�LRQ�RI�L�WK�VSHFLHV�WR�WKH
P�WK� LRQ� RI� M�WK� VSHFLHV��*LMP� DQG�)LMP� DUHWKH� SURMHFWLRQV� RI�5LMP� RQWR� J� DQG� I� GLUHF�
WLRQV��GJI� LV� WKH�.URQHFNHU� V\PERO��k�VLPL�
ODU�HTXDWLRQ�IRU��DHII�L]�FDQ�EH�GHULYHG�IURP
(T�����E\�UHODEHOOLQJ�WKH��[�]��LQGLFHV��

7KH� FDOFXODWLRQV� ZHUH� GRQH� XQGHU� YDUL�
DWLRQ�RI�D%�DQG�D)H�ZLWKLQ�UHDVRQDEOH�DUHDVRI� WKHLU� YDOXHV�� ,Q� VSLWH� RI� WKH� IDFW� WKDW
'(3�RI�LVRODWHG�%���LRQ�LV�YHU\�VPDOO��D%��#�������Ü���FP���� WKH� UHDO� WRWDO� FKDUJH� RI
ERURQ�LRQ�PXVW�EH�VPDOOHU�WKDQ���_H_�GXH�WR
WKH� SDUWLDOO\� FRYDOHQW� FKDUDFWHU� RI� �%±2�
ERQGV�� ,W� LV� WR� QRWH� WKDW� WKH� FRQILJXUDWLRQ
RI�WKH�RXWHU�HOHFWURQ�VKHOOV�DIIHFWV�VWURQJO\
WKH� LRQ�SRODUL]DELOLW\�� IRU� H[DPSOH��'(3�RI
/L�� LRQ� D/L�� LV� ��������Ü���FP��� EXW� LW� LQ�
FUHDVHV� E\� WZR� RUGHUV� IRU� QRQ�LRQL]HG� /L
DWRP� >��@�� 7KHUHIRUH�� WKH� FDOFXODWLRQV�ZHUH
GRQH� XQGHU� DVVXPSWLRQ� WKDW� ERURQ� '(3� LQ
)H%2�� D%� OLHV� ZLWKLQ� WKH� OLPLWV� RI� ���� WR�������Ü���FP��

7KH� GHSHQGHQFHV� RI� FDOFXODWHG� D��� DQGD��� SULQFLSDO� FRPSRQHQWV� RI� R[\JHQ� LRQ'(3� WHQVRU� LQ� )H%2�� � � FU\VWDO� RQ� WKH� D%YDOXH�DW�7� �����.�DQG�WKUHH�GLIIHUHQW�YDO�
XHV� RI�D)H� DUH� SUHVHQWHG� LQ�)LJ�����$FFRUG�LQJ�WR�>��@��ZH�FDQ�LQWURGXFH�LQWR�FRQVLGHUD�
WLRQ� WKH� DYHUDJH� SRODUL]DELOLW\�DBB� RI� R[\JHQ
LRQ� DBB� �����D�����D�����D����� WKH� FRUUH�
VSRQGLQJ�GHSHQGHQFHV� DUH�SUHVHQWHG� LQ�)LJ�
��� WRR�� 7KH� IDFW� RI� GHFUHDVHG� R[\JHQ� '(3
DBB�LQ�)H%2��DV�FRPSDUHG�WR�LWV�YDOXH�IRU�IUHH2�±� LRQ� �D2�±� ���������Ü���FP��� DJUHHV
ZHOO�ZLWK�RWKHU�UHVXOWV�REWDLQHG�IRU�R[\JHQ

)LJ����� 'HSHQGHQFHV� RI� R[\JHQ� LRQ�'(3� WHQ�
VRU� PDLQ� FRPSRQHQWV� RQ� D%� DW� D)H� YDOXHV
����Ü���FP���� ������ �VTXDUHV��� ������ �WULDQ�
JOHV����������FLUFOHV��

0�%�6WUXJDWVNLL�HW�DO����$QDO\VLV�RI�WKH�HOHFWURQLF����

)XQFWLRQDO�PDWHULDOV������������� ���



'(3� LQ� PL[HG� ERUDWH� R[LGH� �%2��� JODVVHV>��@�
,W� LV� SRVVLEOH� WR� EHOLHYH� DV� D� ILUVW� DS�

SUR[LPDWLRQ� WKDW� '(3� RI� DQ\� LRQ� PXVW� EH
SURSRUWLRQDO�WR�WKH�FKDUJH�RI�LWV�RXWHU�HOHF�
WURQ�VKHOOV�GHIRUPHG�E\�DQ�H[WHUQDO�HOHFWULF
ILHOG� >��@�� /HW� WKH� UHVXOWV� REWDLQHG� EH� FRQ�
VLGHUHG� XVLQJ� WKLV� SULQFLSOH�� ,W� LV� DVVXPHG
WKDW� WKH� FKDUJH� RI� WKH� RXWHU� HOHFWURQ� VKHOOV
�GLSROH� IRUPLQJ� FKDUJH�� ')&�� RI� 2�±� LRQ� LV
HTXDO� WR� Ü�����_H_� >��@�� WKXV�� WKH� HIIHFWLYH
FKDUJH�RI�R[\JHQ�LRQ�T2�FDQ�EH�H[SUHVVHG�DV�

T2� �����������D
BB

D2��
��������� ���

'HSHQGHQFHV� RI� T2� RQ� WKH� D%� YDOXH� RE�WDLQHG�XVLQJ�(T����� IRU� VRPH�IL[HG�D)H�YDO�XHV� DUH� VKRZQ� LQ� )LJ����� $FFRUGLQJ� WR� WKH
HOHFWURQHXWUDOLW\� FRQGLWLRQ� IRU� WKH� FU\VWDO
XQLW� FHOO�� WKH� HIIHFWLYH� FKDUJHV� RI� LRQV� DUH
FRQQHFWHG� DV� T)H����T%����� T2� ���� VR� DV�VXPLQJ�T)H� ���_H_��LW�LV�SRVVLEOH�WR�FDOFXODWHWKH� VDPH� GHSHQGHQFHV� IRU� WKH� HIIHFWLYH
FKDUJH�RI�ERURQ�T%��ZKLFK�DUH�VKRZQ�LQ�)LJ����WRR�

$� FHUWDLQ� FRQWUDGLFWLRQ� LV� FRQWDLQHG� LQ
WKHVH�UHVXOWV�Û�WKH�GLVFUHSDQF\�EHWZHHQ�T%YDOXH� DQG�'(3� RI� ERURQ� LRQ��ZKLFK� FDQ� EH
SDUWLDOO\� H[FOXGHG� E\� DVVXPLQJ� WKDW� WKH
T)H�  ��� ���� WR� ����_H_�� WKDW� LV�� WKH� �)H±2�ERQGV� DUH� WKH� PL[HG� LRQLF�FRYDOHQW� RQHV�� $
FHUWDLQ� FRPSURPLVH� EHWZHHQ� DOO� WKH� FRQVLG�
HUHG�FRQGLWLRQV�FDQ�EH�REWDLQHG�E\�LQWURGXFLQJ
WKH� IROORZLQJ� DSSUR[LPDWHG� LRQLF� IRUPXOD� IRU
LURQ� ERUDWH�� )H����%����2�±������ 7KH� IROORZLQJYDOXHV� RI� '(3� DUH� FRQVLVWHQW� ZLWK� WKLV� LRQLF
IRUPXOD�� D)H#��������Ü���FP��� D%#�������Ü���FP��� D��#���������Ü���FP��� D��#�������Ü���FP��

$OWKRXJK�WKH�YDOXHV�RI�HIIHFWLYH�FKDUJHV
DQG�'(3�RI�LRQV�LQ�)H%2��FU\VWDO�HVWLPDWHGE\� XV� DUH� UHVXOWV� RI� WKH� FDOFXODWLRQV� XQGHU
�ILUVW�DSSUR[LPDWLRQ���WKRVH�FDQ�EH�XVHG�IRU
WKH� VLPSOLILHG� FDOFXODWLRQV� RI� ORFDO� HOHFWULF
ILHOGV�LQ�WKLV�FU\VWDO��7KH�HOHFWULFDO�SDUDPH�
WHUV�RI�LRQV�FDQ�EH�FRUUHFWHG�E\�WDNLQJ�LQWR
DFFRXQW�WKH�SRVVLEOH�DQLVRWURS\�RI�ERURQ�LRQ
'(3� GXH� WR� SHFXOLDULWLHV� RI� %2�� FRPSOH[HOHFWURQ� FRQILJXUDWLRQ�� RU� E\� XVLQJ� RQH� RI
WKH� DERYH�PHQWLRQHG� SURJUDP� SDFNDJHV

EDVHG�RQ� WKH� ILUVW�SULQFLSOH�PHWKRGV�RI�FDO�
FXODWLRQV�

5HIHUHQFHV
� ���5�'LHKO�� :�-DQW]�� %�1RODQJ�� :�:HWWOLQJ�

&XUUHQW� 7RSLFV� LQ� 0DW��� 6FLHQFH�� (OVHYLHU
�������

� ���$�%RVHQLFN�� 0�7�'RYH�� &�$�*HLJHU�� 3K\V�
&KHP��0LQHUDOV�����������������

� ���7K�*RJ�� 3�6FKRWWHUV�� -�)DOWD� HW� DO��� -�
3K\V��&RQGHQV��0DWWHU������������������

� ���6�9�<HYGRNLPRY�� $�9�<DWVHQNR�� &U\VWDO�
ORJUDSK\�5HSRUWV�����������������

� ���$�9�<DWVHQNR�� &U\VWDOORJUDSK\� 5HSRUWV�� ���
������������

� ���3�:�)RZOHU�� 3�$�0DGGHQ��-��3K\V��&KHP������
������������

� ���5�.LUVFK�� $�*HUDUG�� 0�:DXWHOHW�� -��3K\V�
&��6ROLG�6WDWH�3K\V������������������

� ���3�:�)RZOHU�� $�-�6DGOHM�� 3K\V��5HY��%��� ���
������������

� ���$�7DNDGD��&�5�$�&DWORZ��*�'�3ULFH��&�/�+D\�
ZDUG��3K\V��&KHP��0LQHUDOV�����������������

����$�9�<DWVHQNR��3K\VLFD�%������������������
����$�$�<DWVHQNR��$�9�<DWVHQNR��)XQFWLRQDO�0D�

WHULDOV�����������������
����&�3RXFKDQ�� '�0�%LVKRS�� 3K\V��5HY��$�� ���� �

�������
����6�&DQXWR�� 0�&DVWUR�� 3�0XNKHUMHH�� 3K\V��5HY�

$������������������
����-�4L��'�;XH��+�5DWDMF]DN��*�1LQJ��3K\VLFD�%�

����������������
����+�&KDLE�� 7�2WWR�� /�0�(QJ�� 3K\V��5HY��%�� ���

��������������
����1�+�GH� /HHXY�� 6�&�3DUNHU�� &�5�$�&DWORZ�

3K\V��&KHP��0LQHUDOV�����������������

)LJ�����'HSHQGHQFH�RI�HIIHFWLYH�FKDUJHV�RI�R[\�
JHQ� �T2�� DQG� ERURQ� �T%�� RQ� D%� DW� D)H� YDOXHV
����Ü���FP������������������������������������

0�%�6WUXJDWVNLL�HW�DO����$QDO\VLV�RI�WKH�HOHFWURQLF����

��� )XQFWLRQDO�PDWHULDOV�������������
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