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LQ�$FHWRQLWULOH�DQG�0HWKDQRO
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�'HSDUWPHQW RI &KHPLVWU\� $QGRQJ 1DWLRQDO 8QLYHUVLW\� $QGRQJ �������� .RUHD

5HFHLYHG $SULO �� ����

6ROYRO\WLF DQG QXFOHRSKLOLF UHDFWLRQV RI EHQ]\O KDOLGHV ZLWK

D YDULHW\ RI DURPDWLF DQG DOLSKDWLF DPLQHV KDYH EHHQ VWXGLHG

E\ PDQ\ ZRUNHUV��a� 7KH\ KDYH DWWHPSWHG WR JDLQ DQ LQVLJKW

LQWR 61 UHDFWLRQ PHFKDQLVP IRU WKHVH UHDFWLRQV E\ FKHFNLQJ

PDLQO\ VXEVWLWXHQW HIIHFWV�

,Q WKLV FRQQHFWLRQ� ZH KDYH VWXGLHG WKH UHDFWLRQ RI VXEVWL�

WXWHG EHQ]\O EURPLGHV ZLWK VXEVWLWXWHG LPLGD]ROHV LQ DFHWR�

QLWULOH DQG PHWKDQRO �(T� �� LQ RUGHU WR LQYHVWLJDWH WKH

VROYHQW GHSHQGHQFH RI WKH UDWH DQG WKH VXEVWLWXHQW HIIHFW LQ

VXEVWUDWH DQG QXFOHRSKLOH� 7KLV \LHOGHG GHWDLOHG LQIRUPDWLRQ

RQ WKH WUDQVLWLRQ VWDWH�

7KH OLQHDU IUHH HQHUJ\ UHODWLRQVKLSV �/)(5V�� WKH QRWDEOH

+DPPHWW DQG %U|QVWHG W\SHV� KDYH EHHQ XVHG DV DQ HPSLULFDO

PHDQV RI FKDUDFWHUL]LQJ WUDQVLWLRQ VWDWH �76� VWUXFWXUHV��a��

7KH +DPPHWW DQG %U|QVWHG FRHIILFLHQWV �ρ DQG β� DUH ILUVW
GHULYDWLYHV RI ORJ N DV VKRZQ LQ (TV� ��� DQG ���� UHVSHF�

WLYHO\� DQG UHIOHFW 76 VWUXFWXUHV LQYROYHG LQ D VHULHV RI UHDF�

WLRQV ZLWK VWUXFWXUDO FKDQJHV DIIHFWLQJ WKH UHDFWLRQ FHQWHU�

ρ  ∂  ORJ N�∂σ ���

β  ∂  ORJ N�∂ S. ���

7KH PDJQLWXGHV RI WKH ρ DQG β YDOXHV LQ WKH QXFOHRSKLOH

FDQ PHDVXUH WKH GHJUHH RI ERQG IRUPDWLRQ�

,Q WKLV SDSHU� ZH UHSRUW WKH UHVXOWV RI WKH UHODWLRQVKLS RI

VXEVWLWXHQW DQG VROYHQW HIIHFW RQ WKH VXEVWUDWH �=� DQG

QXFOHRSKLOH �<�� 7KH SUHVVXUH HIIHFW DQG GHWDLOHG UHVXOWV ZLOO

EH UHSRUWHG LQ GXH FRXUVH�

=  ��&+�� +� ��%U� ��12� � <  +� ��&+�� ��&+�� ��&+�

5HVXOWV DQG 'LVFXVVLRQ

7KH SVHXGR ILUVW�RUGHU UDWH FRQVWDQWV DQG VHFRQG�RUGHU UDWH

FRQVWDQWV LQ DFHWRQLWULOH DUH VXPPDUL]HG LQ 7DEOH � DQG DOVR

WKH SVHXGR ILUVW�RUGHU UDWH FRQVWDQWV IRU WKLV UHDFWLRQ LQ

PHWKDQRO DUH OLVWHG LQ 7DEOH ��

7KH UHDFWLRQ UDWH LV LQFUHDVHG ZLWK WKH HOHFWURQ�GRQDWLQJ

DELOLW\ LQ VXEVWUDWH DQG QXFOHRSKLOH� ZKLOH HOHFWURQ�ZLWKGUDZ�

LQJ RQH UHYHUVHG HIIHFWV LQ WKH VXEVWUDWH RQ ERWK VROYHQWV LQ

7DEOHV � DQG �� $V VKRZQ LQ )LJXUH �� LQ DFHWRQLWULOH� WKH

SORWV RI NREV YDOXH YV� >LPLGD]ROH@ SDVVHG WKURXJK WKH RULJLQ

ZLWKLQ H[SHULPHQWDO XQFHUWDLQW\� LQGLFDWLQJ WKH DFFXUDWHO\

ILUVW�RUGHU UHDFWLRQ WR LPLGD]ROH FRQFHQWUDWLRQ� )RU DOO WKH

PRUH HOHFWURQ�ZLWKGUDZLQJ VXEVWLWXHQWV WKDQ = ��&+�� WKH

���

7DEOH �� 3VHXGR )LUVW�RUGHU 5DWH &RQVWDQWVD >��� ± NREV@�V
−�� DQG

6HFRQG�RUGHU 5DWH &RQVWDQWVE >��� ± N�@�O�PRO ± V� IRU WKH 5HDFWLRQV
RI �=��6XEVWLWXWHG %HQ]\O %URPLGHV ZLWK �<��6XEVWLWXWHG ,PLGD�
]ROHV LQ $FHWRQLWULOH DW �� R&
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&7KH VHFRQG�RUGHU UDWH FRQVWDQWV� N�������� ZDV FDOFXODWHG IURP (T� ���
DIWHU VXEVWLWXWLRQ WKH FRQFHQWUDWLRQ RI QXFOHRSKLOH� ����� ����� �������������
DQG WKH SVHXGR ILUVW��RUGHU UDWH FRQVWDQWV� ������ ������ �������������� 2WKHU
SVHXGR ILUVW�RUGHU UDWH FRQVWDQWV ZHUH RPLWWHG�

7DEOH �� 3VHXGR )LUVW�RUGHU 5DWH &RQVWDQWV >��� ± NREV@�V
−�� IRU WKH

5HDFWLRQV RI �=��6XEVWLWXWHG %HQ]\O %URPLGHV ZLWK �<��6XE�
VWLWXWHG ,PLGD]ROHV LQ 0HWKDQRO DW �� R&
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��� %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � 1RWHV

HQWLUH UHDFWLRQ SURFHHGHG DFFXUDWHO\ DFFRUGLQJ WR VHFRQG�

RUGHU SURFHVV� 7KH UHDFWLRQ IROORZV WKH VLPSOH NLQHWLF UDWH

ODZ RI (T� �� ,Q WKLV VWXG\� WKH VHFRQG�RUGHU UDWH FRQVWDQWV�

N�� DUH FDOFXODWHG IURP WKH VORSH RI NREV YV� >LPLGD]ROH@ SORWV

XVLQJ OHDVW�VTXDUHV PHWKRG�

NREV N�>LPLGD]ROH@ ���

,Q WKH PHWKDQRO� KRZHYHU� WKH SORWV RI NREV YV� >LPLGD]ROH@ IRU

W\SLFDO HOHFWURQ GRQDWLQJ ��&+�� VXEVWLWXWHG VXEVWUDWH ZLWK

<�VXEVWLWXWHG LPLGD]ROHV DUH D VLJQLILFDQW SRVLWLYH LQWHUFHSW

ZKLFK FRUUHVSRQGV WR D ]HURWK�RUGHU UHDFWLRQ WR LPLGD]ROH�

7KH FRQVWDQW SRVLWLYH LQWHUFHSW ZKLFK LV LQGHSHQGHQW RI WKH

QDWXUH RU FRQFHQWUDWLRQ RI WKH QXFOHRSKLOH LQGLFDWHV ILUVW�

RUGHU SURFHVV LQ WKH VXEVWUDWH DV GHPRQVWUDWHG E\ WKH FRQYHU�

JHQF\ DW WKH VDPH LQWHUFHSW LQ WKH NREV YV� >LPLGD]ROH@ SORWV

IRU WKH YDULRXV <�VXEVWLWXHQWV� 2Q WKH RWKHU KDQG� WKH VHFRQG�

RUGHU UDWH FRQVWDQW� N�� REWDLQHG IURP WKH VORSH RI WKH OLQHDU

SDUWV RI SORWV LQ )LJXUH �� LV YHU\ VPDOO DQG QRW VR ODUJHO\

GHSHQGHQW RI QDWXUH RI QXFOHRSKLOH� LQGLFDWLQJ WKURXJK D

FRPSHWLWLYH PHWKDQRO\VLV DQG QXFOHRSKLOLF GLVSODFHPHQW E\

<�LPLGD]ROHV� $ERYH UHVXOWV LQ PHWKDQRO UHYHDOHG D NLQHWLF

GHSHQGHQFH H[SHFWHG IRU D VLPXOWDQHRXV RFFXUUHQFH RI LQGH�

SHQGHQW XQLPROHFXODU DQG ELPROHFXODU SURFHVV������

7KH ILUVW�RUGHU UDWH FRQVWDQWV� N� YDOXHV DUH GHWHUPLQHG IURP

WKH LQWHUFHSWV RI WKH OLQHDU SDUW RI NREV YV� >LPLGD]ROH@ SORWV

DQG WKH VHFRQG�RUGHU UDWH FRQVWDQWV� N� YDOXHV DUH GHWHUPLQHG

IURP LWV VORSH� 5DWH GDWD DUH OLVWHG LQ 7DEOH � IRU N� DQG N��

7KH N� YDOXHV DUH LQGHSHQGHQW RQ WKH QXFOHRSKLOLFLW\ RI LPL�

GD]ROH ZKLOH WKH YDOXHV DUH LQFUHDVHG H[WHQVLYHO\ ZLWK WKH

HOHFWURQ�GRQDWLQJ =�VXEVWLWXHQW� WKDW LV� ZLWK GHORFDOL]HG VWD�

ELOL]DWLRQ RI SRVLWLYH FKDUJH RQ EHQ]\O FDUERQ E\ =�VXEVWLWX�

HQW DQG WKH N� YDOXHV REWDLQHG IURP WKH UHDFFWLRQ ZLWK YDULRXV

<�LPLGD]ROHV DUH PRVWO\ FRQVWDQW IRU HDFK =�VXEVWLWXHQW ZLWK

H[SHULPHQWDO XQFHUWDLQW\� 7KH FKDQJH RI N� YDOXH ZLWK WKH =�

VXEVWLWXHQW IURP ��12� WR ��0H SURGXFHV FD� �����IROG UDWH

HQKDQFHPHQW LQ WKH UHDFWLRQ ZLWK +�LPLGD]ROH� 2Q WKH RWKHU

KDQG� WKH FKDQJH RI N� YDOXH ZLWK WKH =�DU\O VXEVWLWXHQW IURP

��12� WR ��0H SURGXFHV FD� �����IROG UDWH HQKDQFHPHQW

ZKLFK LV IDU ODUJHU WKDQ WKH DERYH YDOXHV IRU ELPROHFXODU

UHDFWLRQ DQG WKH N� YDOXHV LQ WKH VDPH =�VXEVWLWXHQW DUH FRQ�

VWDQW LQGHSHQGHQW RI QXFOHRSKLOLF QDWXUH� 7KHUHIRUH� WKH N�
YDOXHV UHYHDO WKH UDWH FRQVWDQW RI 61� UHDFWLRQ PHFKDQLVP�

7KH � FRQWULEXWLRQ RI 61� SURFHVV DW ��� 0 FRQFHQWUDWLRQ

RI <�LPLGD]ROH DUH FDOFXODWHG IURP WKH (T� � DQG DUH OLVWHG LQ

WKH ODVW FROXPQ RI 7DEOH ��

61��  ��� N���N� � N� >LPLGD]ROH@� ���

7KH SHUFHQWDJH RI 61� LQ WKH UHDFWLRQ RI EHQ]\O EURPLGH

ZLWK <�VXEVWLWXWHG LPLGD]ROHV DUH JHQHUDOO\ LQFUHDVHG ZLWK

ZHDNHU QXFOHRSKLOH DQG WKDW RI WKH ODUJH VWHULF HIIHFWV VXFK

DV ��0H� LPLGD]ROH� *RLQJ WR WKH HOHFWURQ�GRQDWLQJ VXEVWLWX�

HQWV RI =�VXEVWLWXWHG EHQ]\O EURPLGHV� LWV SHUFHQWDJHV DUH

UHPDUNDEO\ ODUJH� ������ ����� ����� DQG ����� IRU = ��

0H� +� ��%U DQG ��12� LQ WKH FDVH RI < +� UHVSHFWLYHO\� ,W

LV LQGLFDWHG WKDW WKH OHVV QXFOHRSKLOLF LPLGD]ROH GHULYDWLYHV

EULQJV DERXW WKH KLJKHU DFWLYDWLRQ HQHUJ\ IRU ELPROHFXODU

SURFHVV DQG WKH PRUH DFWLYDWHG SKHQ\O VXEVWLWXHQW PDNH

ORZHU WKH DFWLYDWLRQ HQHUJ\ IRU OHDGLQJ WR SUHIHUHQWLDO XQL�

PROHFXODU RYHU FRQFHUWHG ELPROHFXODU SURFHVV�

,Q WKH FDVH RI W\SLFDO 61� UHDFWLRQ� UDWH FRQVWDQWV DUH GHWHU�

PLQHG XQGHU SVHXGR ILUVW�RUGHU FRQGLWLRQ DQG WKH UHDFWLRQ UDWHV

DUH JLYHQ E\ (T� �� 7KHUHIRUH� WKH N� YDOXH LV XVXDOO\ REWDLQHG

IURP GLYLGLQJ NREV E\ QXFOHRSKLOH FRQFHQWUDWLRQ EHFDXVH WKH

VHFRQG�RUGHU UDWH FRQVWDQW� DV OLVWHG LQ 7DEOH �D� VKRXOG EH

FRQVWDQW LQGHSHQGHQW RI QXFOHRSKLOH FRQFHQWUDWLRQ�

$V FOHDUO\ VKRZQ LQ 7DEOH �� KRZHYHU� WKH N� YDOXHV LQ

PHWKDQRO DUH QRW FRQVWDQW IRU WKH UHVVSHFWLYH FRQFHQWUDWLRQV

)LJXUH �� 3ORWV RI SVHXGR ILUVW�RUGHU UDWH FRQVWDQWV �NREV� YV�

QXFOHRSKLOH FRQFHQWUDWLRQ IRU WKH UHDFWLRQV RI ��0H�EHQ]\O
EURPLGH ZLWK �<��VXEVWLWXWHG LPLGD]ROHV LQ DFHWRQLWULOH DQG
PHWKDQRO DW �� R&�

7DEOH �� )LUVW�RUGHU �N�� DQG 6HFRQG�RUGHU �N�� 5DWH &RQVWDQWV IRU
WKH 5HDFWLRQV RI �=��6XEVWLWXWHG %HQ]\O %URPLGHV ZLWK �<��
6XEVWLWXWHG ,PLGD]ROHV LQ 0HWKDQRO DW �� R&

6XEVWLWXHQWV 6ORSH ,QWHUFHSW ��� × N�
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D3HUFHQW RI 61� SURFHVV LQ D ZKROH UHDFWLRQ DW ><�,PLGD]ROH@  ��� 0�



1RWHV %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � ���

RI QXFOHRSKLOH DQG LQFUHDVHG VLJQLILFDQWO\ ZLWK ORZ LPLGD�

]ROH FRQFHQWUDWLRQ LQ WKH UHDFWLRQ RI HOHFWURQ�GRQDWLQJ = ��

&+�� 7KLV LQGLFDWHV WKDW WKH UHDFWLRQ SURFHHGV WKURXJK D

FRPSHWLWLYH XQLPROHFXODU DQG ELPROHFXODU UHDFFWLRQ PHFKD�

QLVP DOUHDG\�GHVFULEHG�

*HQHUDOO\� 0HQVFKXWNLQ UHDFWLRQ DV VKRZQ (TXDWLRQ �� W\SL�

FDO 61� UHDFWLRQ� ZDV IRUPHG FKDUJH VHSDUDWHG DFWLYDWHG FRP�

SOH[ IURP QHXWUDO UHDFWDQWV� 6R WKH SRODU FRPSOH[�� LV HDVLHU

WR VROYDWH ZLWK D PRUH SRODU DFHWRQLWULOH DQG KHQFH LWV DFWLYD�

WLRQ HQHUJ\ ZLOO EH ORZHUHG ZKLFK LQ WXUQ WKH UHDFWLRQ ZLOO EH

SURPRWHG� ,Q PHWKDQRO� WKHUH LV� KRZHYHU� QRW IROORZHG WKH

WHQGHQFLHV REVHUYHG LQ WKH FDVH RI DFHWRQLWULOH� 7KLV PD\ EH

H[SODLQHG WKDW PHWKDQRO VROYDWHV PRVW UHDGLO\ ZLWK LPLGD�

]ROH� WKXV ORZHUV WKH IUHH HQHUJ\ RI LPLGD]ROH� ZKLFK LQFUHDVHV

WKH DFWLYDWLRQ HQHUJ\ DQG UHGXFHV WKH UHDFWLRQ UDWH� 7KH DFWL�

YDWHG FRPSOH[ DW WUDQVLWLRQ VWDWH ZLOO DOVR VROYDWH ZLWK PHWK�

DQRO EXW OHVV HIIHFWLYH WKDQ WKH VWDUWLQJ DPLQH GRHV DW JURXQG

VWDWH VLQFH WKH DFWLYDWHG FRPSOH[ KDV SHQWD FRRUGLQDWHG VWUXF�

WXUH DQG VWHULFDOO\ PRUH KLQGHUHG� 5HDFWLYLW\ E\ DQ 61� LV

IDYRUHG E\ VROYHQWV RI KLJK LRQL]LQJ SRZHU� WKDW LV� E\ SRODU

SURWLF PHWKDQRO VROYHQWV WKDW KHOSV WR SXOO WKH OHDYLQJ JURXS

RI �%U ZLWK K\GURJHQ ERQG� 7KLV IDFWV DUH LQ IDLU DJUHHPHQW

ZLWK WKH H[SHULPHQWDO GDWD DV VKRZQ LQ 7DEOH �� WKDW LV� WKH

UHDFWLRQ RI ��PHWK\O EHQ]\O EURPLGH ZLWK LPLGD]ROH UHDFWV

SUHGRPLQDQWO\ DQ 61� PHFKDQLVP WKDQ WKDW RI RWKHU HOHF�

WURQ�ZLWKGUDZLQJ EHQ]\O EURPLGHV� VR WKH UDWLR RI WKH UDWH

FRQVWDQWV RI DFHWRQLWULOH�PHWKDQRO DUH GHFUHDVHG ZLWK JRLQJ

WR ��&+� IURP ��12��

7KH N� YDOXHV LQ 7DEOH � VKRZ D OLQHDU FRUUHODWLRQ ZLWK ρ�

 −���� �5 ������� PHDQ WKDW WKH LQWHUFHSW LV UHODWHG ZLWK

61� FKDUDFWHU� 2Q WKH RWKHU KDQG� D SORW RI ORJ N� YV� σ � JLYHV

D VPRRWK FXUYHG FRUUHODWLRQ ZLWK QHJDWLYH ρ YDOXH LQ ERWK

VROYHQWV� 7KH FXUYHG +DPPHWW SORW PHDQV WKDW WKH FKDQJH RI

WKH FDUERFDWLRQLF FKDUDFWHU E\ WKH FRQWULEXWLRQ RI GHFUHDVHG

ERQG IRUPDWLRQ WR WKH QXFOHRSKLOH DQG�RU LQFUHDVHG ERQG

FOHDYDJH�

,Q 7DEOH �� WKH YDOXH RI β LQ DFHWRQLWULOH LV YHU\ ODUJHU WKDQ

WKDW LQ PHWKDQRO� 7KXV� IURP WKH VLJQ RI ρ DQG β YDOXH� WKLV

UHDFWLRQ OHDGV WR D GLVVRFLDWLYH 61� PHFKDQLVP LQ DFHWRQL�

WULOH� ZKLOH LQ PHWKDQRO� WKH UHDFWLRQ OHDGV WR DQ 61� RU PRUH

GLVVRFLDWLYH 61� PHFKDQLVP�

([SHULPHQWDO 6HFWLRQ

0DWHULDOV� $OO PDWHULDOV ZHUH SXUFKDVHG IURP :DNR

�-DSDQ� RU 0HUFN �*HUPDQ\�� $FHWRQLWULOH DQG PHWKDQRO ZDV

SXULILHG E\ GLVWLOODWLRQ DIWHU DGGLQJ DQK\GURXV SRWDVVLXP

FDUERQDWH IRU WKUHH GD\V DW URRP WHPSHUDWXUH� S�%URPREHQ�

]\O LPLGD]ROLXP EURPLGH� LPLGD]ROH ����� J� ����� PRO� ZDV

DGGHG WR D VROXWLRQ RI S�EURPREHQ]\O EURPLGH ����� J� �����

PRO� LQ DQK\GURXV DFHWRQLWULOH ��� P/�� 7KH PL[WXUH ZDV

KHDWHG XQGHU UHIOX[ IRU � K DQG WKHQ OHIW RYHUQLJKW DW URRP

WHPSHUDWXUH� 7KH SURGXFW ZDV VHSDUDWHG IURP WKH VROYHQW

DQG ZDVKHG ZLWK DQK\GURXV HWKHU�FRORUOHVV FU\VWDOV� PS ����

��� R& �UHFU\VWDOL]HG IURP DFHWRQH�KH[DQH�� δ+�&'&O�� ���
�&+�� �+� V�� ������� �3K�+� �+� P�� ������� �LPLGD]ROH�+�

�+� P�� ��� �1�+� �+� V��

.LQHWLFV� 7KH UHDFWLRQ NLQHWLFV ZHUH IROORZHG E\ D FRQ�

GXFWRPHWULF PHWKRG SUHYLRXVO\ UHSRUWHG������

$FNQRZOHGJPHQW� 7KLV ZRUN ZDV VXSSRUWHG E\ WKH

.26() WKURXJK WKH &HQWHU IRU WKH %LRIXQFWLRQDO 0ROHFXOHV

DQG WKH %DVLF 5HVHDUFK ,QVWLWXWH 3URJUDP� 0LQLVWU\ RI (GX�

FDWLRQ� .RUHD �%65,����������',������
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