
0DWHULDOV�6FLHQFH��9RO������1R���������

/DUJH�PDJQHWRFDORULF�HIIHFW�LQ�SHURYVNLWH�PDQJDQLWHV�
FKDQJHV�RI�WKH�PDJQHWLF�HQWURS\�DERYH�����.

0$1+�+821*�3+$1 � � 6(21*�&+2�<8
��� ��$�1��8/<$129

����� ��+�.��/$&+2:,&=
�

� 'HSDUWPHQW�RI�3K\VLFV��&KXQJEXN�1DWLRQDO�8QLYHUVLW\��&KHRQJMX����������.RUHD
	 'RQHWVN�3K\VLFR�7HFKQLFDO�,QVWLWXWH�RI�1DWLRQDO�$FDGHP\�RI�6FLHQFHV��������'RQHWVN��8NUDLQH

 ,QVWLWXWH�RI�3K\VLFV��3ROLVK�$FDGHP\�RI�6FLHQFH��DO��/RWQLNyZ���������������:DUV]DZD��3RODQG

:H�SUHVHQW�UHVXOWV�RI�WKH�LQYHVWLJDWLRQ�RI�WKH�ODUJH�PDJQHWLF�HQWURS\�FKDQJH��D6� ��DERYH�����.��LQ�D�VHULHV
RI� /D ��
 ��� 6U ��
 
 � 0Q2 
 �� /D ��
 � 6U ��
 	 &D ��
 	 0Q2 
 �� /D ��
 � 6U ��
 	 %D ��
 	 0Q2 
 �� /D ��
 � %D ��
 
 0Q2 
 � DQG� /D ��
 � %D ��
 	 � &D ��
 � � 0Q2 

SHURYVNLWH�PDQJDQLWHV��2I� WKH� FRPSRVLWLRQV� VWXGLHG�� /D ��
 � 6U ��
 	 %D ��
 	 0Q2 
 � H[KLELWV� WKH� KLJKHVW� YDOXH� RI

��� ���� HTXDO� WR������-��NJ¢.��DW� WKH�&XULH� WHPSHUDWXUH�7 � � �����.�ZKHQ� WKH�PDJQHWLF� ILHOG� LV� FKDQJHG
IURP���WR����N2H��7KH�DGLDEDWLF� WHPSHUDWXUH�FKDQJH�D7 ��� �RI� WKLV� VDPSOH� LV�a����.�DQG�a�����.� LQ� WKH
ILHOGV�RI����N2H�DQG����N2H��UHVSHFWLYHO\��'XH�WR�D�VWURQJ�PDJQHWRFDORULF�HIIHFW�SURGXFHG�LQ�WKRVH�PDWH�
ULDOV�DERYH� WKH�&XULH� WHPSHUDWXUH�RI�����.�� WKH\�VHHP� WR�EH�DWWUDFWLYH� IRU� WKH�DERYH� URRP�WHPSHUDWXUH
PDJQHWLF�UHIULJHUDWLRQ�DSSOLFDWLRQV�

.H\�ZRUGV��HQWURS\��PDJQHWRFDORULF�HIIHFW��PDJQHWLF�UHIULJHUDWLRQ��SHURYVNLWH��GRXEOH�H[FKDQJH

���,QWURGXFWLRQ
$�PDJQHWRFDORULF�HIIHFW��0&(���FRQVLVWLQJ�LQ�WKH�FKDQJH�RI�PDJQHWLF�HQWURS\�FORVHO\

UHODWHG� WR� WKH� FKDQJH� RI� WHPSHUDWXUH� RI� D� PDJQHWLF� PDWHULDO� ZKHQ� LW� SDVVHV� WKURXJK
D�PDJQHWL]DWLRQ±GHPDJQHWL]DWLRQ�SURFHVV��ZDV�SULPDULO\�GLVFRYHUHG�E\�:DUEXUJ�>�@��7KH
0&(��EHLQJ�LQWULQVLF�WR�DOO�PDJQHWLF�PDWHULDOV��UHVXOWV�IURP�WKH�FRXSOLQJ�RI�WKH�PDJQHWLF
VXEODWWLFH�ZLWK�WKH�PDJQHWLF�ILHOG��ZKLFK�FKDQJHV�WKH�PDJQHWLF�SDUW�RI�WKH�HQWURS\�RI��VROLG
>����@��7KHUH�DUH�WZR�FUXFLDO�UHTXLUHPHQWV�IRU�D�PDJQHWLF�PDWHULDO�WR�SRVVHVV�D�ODUJH�0&(�
2QH�LV�D�ODUJH�HQRXJK�VSRQWDQHRXV�PDJQHWL]DWLRQ��VXFK�DV�LQ�WKH�FDVH�RI�D�KHDY\�UDUH�HDUWK
PHWDO��*G�� IRU� H[DPSOH�� DQG� WKH�RWKHU� LV� D� VKDUS�GURS� LQ�PDJQHWL]DWLRQ�ZLWK� LQFUHDVLQJ
WHPSHUDWXUH�� DVVRFLDWHG� ZLWK� IHUURPDJQHWLF±SDUDPDJQHWLF� WUDQVLWLRQV� DW� WKH� &XULH� WHP�
SHUDWXUH��DV�ZDV�IRXQG�LQ�SHURYVNLWH�PDQJDQLWHV��
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,Q� UHFHQW�\HDUV��3HFKDUVN\� DQG�*VFKQHLGQHU� >�@� GLVFRYHUHG� D� JLDQW�PDJQHWLF� HQ�
WURS\� FKDQJH� DVVRFLDWHG�ZLWK� D� ILUVW�RUGHU� SKDVH� WUDQVLWLRQ� LQ�*G � 6L � *H � � DOOR\�� 7KLV
FRPSRXQG�H[KLELWV�WKH�0&(�DERXW�WZLFH�DV�ODUJH�DV�WKDW�H[KLELWHG�E\�JDGROLQLXP��WKH
EHVW� NQRZQ� PDJQHWLF� UHIULJHUDQW� PDWHULDO� IRU� QHDU� URRP� WHPSHUDWXUH� DSSOLFDWLRQV�
+RZHYHU�� HIIRUWV� WR� VHDUFK� D� SURSHU�PDWHULDO� WKDW� H[KLELWV� D� ODUJH�PDJQHWLF� HQWURS\
FKDQJH�LQ�D�ZLGH�WHPSHUDWXUH�UHJLRQ�UHTXLUHG�IRU�DSSOLFDWLRQ�DUH�VWLOO�H[WUHPHO\�SUR�
PRWHG�� 7KHUHE\�� UHFHQWO\� UDUH�HDUWK� SHURYVNLWH� PDQJDQLWHV� RI� WKH� JHQHUDO� IRUPXOD
/D � 
�� 0� 0Q2 � � �0� �&D�� 6U�� %D�� HWF��� KDYLQJ� D� VXEVWDQWLDO�PDJQHWLF�HQWURS\� FKDQJH
DVVRFLDWHG�ZLWK� WKH� IHUURPDJQHWLF±SDUDPDJQHWLF� WUDQVLWLRQ� DW� WKH� &XULH� WHPSHUDWXUH
KDYH�JHQHUDWHG�FRQVLGHUDEOH�LQWHUHVW�RI�PDQ\�VFLHQWLVWV�EHFDXVH�RI�D�SUDFWLFDO�DVSHFW
RI�WKH�UHVHDUFK�>�±��@�

,Q�WKH�SUHVHQW�ZRUN��ZH�UHSRUW�RQ�WKH�PDJQHWRFDORULF�HIIHFW�LQ�SHURYVNLWH�PDQJDQLWHV
VXFK� DV� /D ��� ��� 6U ��� � � 0Q2 � �� /D ��� � 6U ��� � &D ��� � 0Q2 � �� /D ��� � 6U ��� � %D ��� � 0Q2 � �� /D ��� � %D ��� � 0Q2 � � DQG
/D ��� � %D ��� ��� &D ��� ��� 0Q2 � ��$�FRQVLGHUDEOH�PDJQHWLF�HQWURS\�FKDQJH�DVVRFLDWHG�ZLWK�IHUUR�
PDJQHWLF±SDUDPDJQHWLF� WUDQVLWLRQ� LV� LQWHUSUHWHG� LQ� WHUPV� RI� WKH� =HQHU� GRXEOH
�H[FKDQJH�PRGHO�

���([SHULPHQWDO�GHWDLOV
/D ��� ��� 6U ��� � � 0Q2 � � �/602��� /D ��� � 6U ��� � &D ��� � 0Q2 � � �/6&02��� /D ��� � 6U ��� � %D ��� � 0Q2 �

�/6%02���/D ��� � %D ��� � 0Q2 � ��/%02��DQG�/D ��� � %D ��� ��� &D ��� ��� 0Q2 � ��/%&02� VDPSOHV�ZHUH
SUHSDUHG�E\�WKH�FRQYHQWLRQDO�VROLG�VWDWH�UHDFWLRQ�WHFKQLTXH�IURP�D�VWRLFKLRPHWULF�PL[�
WXUH� RI� /D � 2 � �� 6U&2 � �� &D&2 � �� %D&2 � DQG�0Q2 � � DW� D� SUH�VLQWHULQJ� WHPSHUDWXUH� RI
����� �&� IRU� ��� KUV�� 7KH\� ZHUH� VLQWHUHG� DW� ����� �&� IRU� ��� K� DIWHU� UHJULQGLQJ� DQG
SUHVVLQJ� LQWR� SHOOHWV�� ;�UD\� GLIIUDFWLRQ� FRQILUPHG� WKH� VLQJOH�SKDVH� UKRPERKHGUDO
SHURYVNLWH� VWUXFWXUH� LQ� DOO� WKH� VDPSOHV�� 7KH�PDJQHWLF�PHDVXUHPHQWV�ZHUH� FDUULHG� RXW
ZLWK�D�YLEUDWLQJ�VDPSOH�PDJQHWRPHWHU��960��LQ�WKH�ILHOGV�XS�WR����N2H�

,Q�WHUPV�RI�WKH�WKHUPRG\QDPLF�WKHRU\��WKH�HQWURS\�FKDQJH�FDXVHG�E\�WKH�YDULDWLRQ
RI�WKH�PDJQHWLF�ILHOG�IURP���WR�+ �
� � �LV�JLYHQ�E\
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ZKHUH�&��� � � LV� WKH� KHDW� FDSDFLW\� DW� D� FRQVWDQW� SUHVVXUH� DQG� FRQVWDQW�PDJQHWLF� ILHOG�
&RQVLGHULQJ�D�UHYHUVLEOH�DGLDEDWLF�SURFHVV��G6� � ����DQG�FRPELQLQJ�(TV������DQG�����
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7KH�DGLDEDWLF�WHPSHUDWXUH�FKDQJH�FDQ�QRZ�EH�REWDLQHG�E\�LQWHJUDWLQJ�(T������RYHU�WKH
PDJQHWLF�ILHOG
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ZKHUH�+ � �LV�WKH�LQLWLDO�PDJQHWLF�ILHOG�DQG�+� �LV�WKH�ILQDO�PDJQHWLF�ILHOG�
)RU� VLPSOLILFDWLRQ�� QXPHULFDO� HYDOXDWLRQ� RI� WKH� FKDQJH� RI�PDJQHWLF� HQWURS\�ZDV

FDUULHG�RXW�EDVHG�RQ�(T�� �����ZKLFK� LV� HVWLPDWHG� IURP� WKH� LVRWKHUPDO�PDJQHWL]DWLRQ
PHDVXUHPHQWV��,Q�WKH�FDVH�RI�PDJQHWL]DWLRQ�PHDVXUHPHQWV�DW�VPDOO�GLVFUHWH�ILHOG�DQG
WHPSHUDWXUH�LQWHUYDOV��D6� �FDQ�EH�DSSUR[LPDWHG�XVLQJ�(T������E\
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ZKHUH�0 � �DQG�0 � � � �DUH� WKH�PDJQHWL]DWLRQ�PDJQLWXGHV�PHDVXUHG� LQ� WKH� ILHOG�+� DW� WKH
WHPSHUDWXUH�7 � �DQG�7 � � � ��UHVSHFWLYHO\��7KHUHE\��WKH�FKDQJHV�RI�PDJQHWLF�HQWURS\�DVVR�
FLDWHG�ZLWK�WKH�YDULDWLRQV�RI�WKH�ILHOG�DSSOLHG�FDQ�EH�FDOFXODWHG�IURP�(T������

���5HVXOWV�DQG�GLVFXVVLRQ
)LJXUH���VKRZV�WKH�WHPSHUDWXUH�GHSHQGHQFLHV�RI�PDJQHWL]DWLRQ�IRU�WZR�VHOHFWHG�VDP�

SOHV��/6%02�DQG�/6&02���IRU�ZKLFK�WKH�&XULH� WHPSHUDWXUHV�ZHUH�����.�DQG�����.�
UHVSHFWLYHO\�� 7KH�&XULH� WHPSHUDWXUH�7� �� GHILQHG� DV� WKH� WHPSHUDWXUH� DW� ZKLFK� WKH� FXUYH
�0��7±7�UHDFKHV�D�PLQLPXP��KDV�EHHQ�GHWHUPLQHG�IURP�WKH�0±7�FXUYHV��7KH�YDOXHV�RI�7�
RI�DOO� WKH�VDPSOHV�VWXGLHG�DUH�VXPPDUL]HG�LQ�WKH�WDEOH�� ,Q�)LJXUH���� WKH�GHSHQGHQFLHV�RI
PDJQHWL]DWLRQ� RI� /6%02�RQ�PDJQHWLF� ILHOG� DUH� SUHVHQWHG� DV� D�UHSUHVHQWDWLYH� H[DPSOH�
7KH\�VKRZ�D�VXEVWDQWLDO�YDULDWLRQ�RI�PDJQHWL]DWLRQ�DURXQG�WKH�&XULH�WHPSHUDWXUH��$V�ZLOO
EH�GLVFXVVHG�ODWHU�LQ�GHWDLO��D�FRQVLGHUDEOH�PDJQHWLF�HQWURS\�YDULDWLRQ�DVVRFLDWHG�ZLWK�WKH
IHUURPDJQHWLF±SDUDPDJQHWLF�WUDQVLWLRQ�WHPSHUDWXUH��7� ��FDQ�EH�REVHUYHG�
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)LJ�����7HPSHUDWXUH�GHSHQGHQFLHV�RI�PDJQHWL]DWLRQ�PHDVXUHG�IRU�ERWK�]HUR�ILHOG�FRROHG��=)&�
DQG�ILHOG�FRROHG��)&��/D ��
 � 6U ��
 	 %D ��
 	 0Q2 
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7DEOH��&XULH�WHPSHUDWXUH�7 � �DQG�WKH�PD[LPXP�PDJQHWLF�HQWURS\�FKDQJH
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8VLQJ�(T�������WKH�FKDQJHV�RI�PDJQHWLF�HQWURS\�XQGHU�WKH�LQIOXHQFH�RI�WKH�ILHOG�RI
���N2H�KDYH�EHHQ�FDOFXODWHG�IRU�DOO�WKH�VDPSOHV�DQG�SORWWHG�DV�D�IXQFWLRQ�RI�WHPSHUD�
WXUH��)LJ������:H�VXPPDUL]HG�WKH�FKDQJHV�RI�WKH�PD[LPXP�PDJQHWLF�HQWURS\� �����

�6D
IRU� DOO� WKH� VDPSOHV� LQ� WKH� WDEOH��$PRQJ� WKH� FRPSRVLWLRQV� LQYHVWLJDWHG��/6%02�H[�
KLELWV�WKH�KLJKHVW�YDOXH�RI� �����

�6D �������-��NJ¢.��DW�7 � � �����.��)LJ�����
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)LJ�����0DJQHWLF�ILHOG�GHSHQGHQFLHV
RI�WKH�PDJQHWL]DWLRQ�IRU�/D ��� � 6U ��� � %D ��� � 0Q2 �

DW�YDULRXV�WHPSHUDWXUHV�UDQJLQJ
IURP�����.�WR�����.

�D7� ����.�

)LJ�����0DJQHWLF�HQWURS\�FKDQJHV�LQGXFHG
E\�WKH�ILHOG�RI����N2H�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH
IRU�WKH�VDPSOHV�RI�/D ��� ��� 6U ��� ��� 0Q2 � ��/602��

/D ��� � 6U ��� � &D ��� � 0Q2 � ��/6&02��
DQG�/D ��� � 6U ��� � %D ��� � 0Q2 � ��/6%02�

,Q�RUGHU�WR�FRPSOHWH�WKH�DQDO\VLV��LQ�WHUPV�RI�(T�������ZH�DOVR�HVWLPDWHG�WKH�DGLD�
EDWLF�WHPSHUDWXUH�FKDQJH�D7 �
	 �IRU�WKH�/6%02�VDPSOH��7KH�HVWLPDWHG�YDOXH�RI�D7 �
	 �LV
a�����.�LQ�WKH�ILHOG�RI����N2H�DQG�a������.�LQ�WKH�ILHOG�RI����N2H��7KHVH�UHVXOWV�LQGL�
FDWH�WKDW�WKH�VDPSOHV�LQYHVWLJDWHG�DUH�SURPLVLQJ�PDWHULDOV�IRU�PDJQHWLF�UHIULJHUDWRUV�
7R�H[SODLQ� LQ�GHWDLO�VXFK�D� ODUJH�FKDQJH�RI�PDJQHWLF�HQWURS\�LQ�SHURYVNLWH�PDQJDQ�
LWHV��WKH�=HQHU�GRXEOH�H[FKDQJH�PRGHO�KDV�EHHQ�WDNHQ�LQWR�DFFRXQW�>��@��$FFRUGLQJ�WR
WKLV�PRGHO�� WKH�FKDQJHV�RI�PDJQHWLF�HQWURS\�FDXVHG�E\� WKH�SUHVHQFH�RI� WKH� H[WHUQDO
PDJQHWLF� ILHOG� UHODWH� FORVHO\� WR� WKH� PHFKDQLVP� RI� GRXEOH�H[FKDQJH� LQWHUDFWLRQ� EH�
WZHHQ�0Q �
� �DQG�0Q �
� � LRQV�DQG�YDU\�VXEVWDQWLDOO\�ZLWK� WKH�FKDQJH�LQ� WKH�0Q �
� �0Q �
�

UDWLR�GXH�WR�YDULRXV�GRSLQJ�SURFHVVHV�>�±��@�
,Q�WKH�FDVHV�ZKHUH�LQFUHDVH�RI�WKH�0Q �
� �0Q �
� �UDWLR�OHDGV�WR�DQ�HQKDQFHPHQW�LQ�WKH

GRXEOH�H[FKDQJH�LQWHUDFWLRQ�EHWZHHQ�0Q �
� DQG�0Q �
� � LRQV��D�VXEVWDQWLDO�PDJQHWLF�HQ�
WURS\�YDULDWLRQ�LV�REVHUYHG��)RU�RXU�VDPSOHV��WKH�SDUWLDO�UHSODFHPHQW�RI�/D�ZLWK�6U�RU
�%D��&D�� IDYRXUHG� WKH� GRXEOH�H[FKDQJH� LQWHUDFWLRQ� DULVLQJ� IURP� WKH� LQFUHDVH� RI� WKH
0Q �
� �0Q �
� � UDWLR�� DQG� WKDW�� LQ� WXUQ�� OHG� WR� D� VLJQLILFDQW� FKDQJH� RI�PDJQHWLF� HQWURS\�
$GGLWLRQDOO\��*XR�HW�DO�� >��@�SURSRVHG�WKDW� WKH�FRQVLGHUDEOH�FKDQJH�RI�PDJQHWLF�HQ�
WURS\� LQ�SHURYVNLWH�PDQJDQLWHV� FRXOG�RULJLQDWH� IURP� WKH� VSLQ�ODWWLFH� FRXSOLQJ� LQ� WKH
PDJQHWLF�RUGHULQJ�SURFHVV��%HFDXVH�RI� WKH�VWURQJ�FRXSOLQJ�EHWZHHQ�VSLQ�DQG�ODWWLFH�
VLJQLILFDQW� FKDQJHV� RI� WKH� ODWWLFH� DFFRPSDQ\LQJ� PDJQHWLF� WUDQVLWLRQ� LQ� SHURYVNLWH
PDQJDQLWHV� KDV� EHHQ� REVHUYHG� >��@�� 7KH� ODWWLFH� VWUXFWXUDO� FKDQJH� LQ� WKH� 20Q -
ERQG�GLVWDQFH�DV�ZHOO�DV�LQ�WKH� 0Q20Q -- �ERQG�DQJOH�ZRXOG��LQ�WXUQ��IDYRXU�WKH
VSLQ�RUGHULQJ��7KHUHIRUH��D�PRUH�DEUXSW�YDULDWLRQ�RI�PDJQHWL]DWLRQ�RFFXUULQJ�QHDU�7 �
DQG� UHVXOWLQJ� LQ�D�VXEVWDQWLDO�FKDQJH�RI� WKH�PDJQHWLF�HQWURS\�� L�H�� LQ� WKH� VWURQJ�0&
HIIHFW��FRXOG�EH�DWWULEXWHG�WR�WKLV�HIIHFW��)RU�FRPSDULVRQ��WKH�GDWD�RI�VHYHUDO�PDJQHWLF



0 ����� �+ �����
	 3 ����� HW�DO����

PDWHULDOV��ZKLFK�FRXOG�EH�XVHG�DV�DFWLYH�UHIULJHUDQWV��ZHUH�VXPPDUL]HG�LQ� WKH� WDEOH�
7KRXJK�WKH�YDOXHV�RI� �

��

�6D �IRU�PDQJDQLWHV�DUH�VPDOOHU�WKDQ�WKRVH�IRU�WKH�PRVW�FRQ�
VSLFXRXV�PDJQHWR�FDORULF�PDWHULDO�*G � �6L � *H � ���WKH�SHURYVNLWH�PDQJDQLWHV�DUH�HDV\�WR
IDEULFDWH�DQG�H[KLELW�D�KLJKHU�FKHPLFDO�VWDELOLW\�DV�ZHOO�DV�D�KLJKHU�UHVLVWLYLW\��ZKLFK
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