
��� %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � 6XN�&KLQ /HH HW DO�

&RPSXWDWLRQDO�6WXG\�RQ�WKH�,VRPHUV�RI�&\DQRSRO\DFHW\OHQHV�+�&≡&�Q&≡1��Q ����

6XN�&KLQ /HH� 6XQJ�:RR 3DUN� DQG 6XQJ\XO /HH


'HSDUWPHQW RI &KHPLVWU\� .\XQJKHH 8QLYHUVLW\� .\XQJNL�'R �������� .RUHD

5HFHLYHG 0DUFK ��� ����

'HQVLW\ IXQFWLRQDO WKHRU\ FDOFXODWLRQV DUH SUHVHQWHG IRU WKH JHRPHWULFDO LVRPHUV RI WKH F\DQRSRO\DFHW\OHQHV

+�&≡&�Q&≡1 �Q  ����� 7KH VWUXFWXUHV� KDUPRQLF IUHTXHQFLHV DQG GLSROH PRPHQWV DUH FRPSXWHG� HPSOR\LQJ

WKH �����*

 EDVLV VHW� 7KH HQHUJLHV RI EDUULHU WR LVRPHUL]DWLRQ �H[FKDQJH RI FDUERQ DQG QLWURJHQ DWRPV� DUH

DOVR FRPSXWHG LQ RUGHU WR HVWLPDWH WKH VWDELOLW\ RI WKH LVRPHUV LQ LQWHUVWHOODU VSDFH�

,QWURGXFWLRQ

&DUERQ FOXVWHUV ZLWK ERQGV WR WKH QLWURJHQ DWRPV KDYH

EHHQ SDLG PXFK DWWHQWLRQ UHFHQWO\ GXH WR WKHLU DVWURSK\VLFDO

DEXQGDQFH� $ YDULHW\ RI QLWURJHQ�FRQWDLQLQJ FDUERQ FOXVWHUV

ZHUH REVHUYHG LQ LQWHUVWHOODU FORXGV DORQJ ZLWK WKRVH PL[HG

ZLWK RWKHU KHWHURDWRPV VXFK DV 2���� 6��� DQG 6L�� $PRQJ

WKHVH FDUERQ FOXVWHUV� F\DQRSRO\DFHW\OHQHV� +�&≡&�Q&≡1
ZLWK ORQJ FDUERQ FKDLQV� XS WR +&��1�

� ZHUH REVHUYHG LQ

LQWHUVWHOODU PHGLXP� 7KH VWUXFWXUHV DQG YLEUDWLRQDO IUHTXHQ�

FLHV ZHUH PHDVXUHG� DQG QXPHURXV DE LQLWLR FRPSXWDWLRQV����

ZHUH DOVR FDUULHG RXW�

,Q FRQWUDVW WR WKH F\DQRSRO\DFHW\OHQHV� VWXGLHV RQ WKHLU

JHRPHWULFDO LVRPHUV ZHUH UHODWLYHO\ VFDUFH� ,W LV ZHOO NQRZQ

WKDW WKH F\DQRSRO\DFHW\OHQHV DUH WKH ORZHVW�HQHUJ\ VWUXF�

WXUHV� DQG WKH DEXQGDQFH RI WKH JHRPHWULFDO LVRPHUV RI F\DQR�

SRO\DFHW\OHQHV LV FRQVLGHUHG WR EH VPDOOHU WKDQ WKH F\DQR�

SRO\DFHW\OHQHV LQ LQWHUVWHOODU PHGLXP� 7KH UHODWLYH DEXQGDQFH

RI +&1 DQG +1& LV D JRRG H[DPSOH� DQG WKH UDWLR >+&1@�

>+1&@ ZDV HVWLPDWHG�� WR EH ����� +RZHYHU� +&�1&
�� DQG

+1&��
�� ZKLFK DUH WKH LVRPHUV RI +&�1� GR H[LVW LQ LQWHU�

VWHOODU PHGLXP� )XUWKHU H[SHULPHQWDO VWXGLHV PD\ OHDG WR

REVHUYDWLRQ RI RWKHU LVRPHUV ZLWK ORQJHU FDUERQ FKDLQV� DQG

FRPSXWDWLRQDO VWXGLHV RQ WKHP ZLOO VXUHO\ KHOS HOXFLGDWH

WKHLU VWUXFWXUHV DQG VSHFWURVFRSLF SURSHUWLHV�

$QRWKHU PRWLYDWLRQ WR VWXG\ WKH JHRPHWULFDO LVRPHUV RI

F\DQRSRO\DFHW\OHQHV LV WKH IDFW WKDW WKH ERQGLQJ WR WKH QLWUR�

JHQ DWRPV PD\ FKDQJH WKH VWUXFWXUH DQG FKHPLFDO UHDFWLYLW\

RI WKH FDUERQ FOXVWHUV� ,W ZDV IRXQG WKDW ORZHVW�HQHUJ\ VWUXF�

WXUHV RI WKH SXUH FDUERQ FOXVWHUV XS WR &�� DUH OLQHDU� 7KH

F\DQRSRO\DFHW\OHQHV� ZLWK DOWHUQDWLQJ VLQJOH DQG WULSOH ERQGV�

DUH DOVR NQRZQ WR EH OLQHDU XS WR +&��1� 7KH FKHPLFDO

ERQGV RI WKH JHRPHWULFDO LVRPHUV RI +�&≡&�Q&≡1 DUH� KRZ�

HYHU� PXFK PRUH FRPSOLFDWHG� DQG QR VLPSOH FDQRQLFDO

VWUXFWXUHV PD\ EH DVVLJQHG IRU WKHVH PROHFXOHV� 3UHVXPDEO\�

VHYHUDO UHVRQDQFH VWUXFWXUHV GXH WR WKH XQSDLUHG HOHFWURQV RI

WKH QLWURJHQ DWRP PD\ FRQWULEXWH WR WKH RYHUDOO ERQGLQJ

FKDUDFWHU� DV LV WKH FDVH IRU +�&Q2 >5HI� ��@ �Q  ����� ,Q WKH

SUHVHQW DUWLFOH� ZH SUHGLFW WKH VWUXFWXUHV DQG WKH VSHFWURVFRSLF

SURSHUWLHV RI WKH JHRPHWULFDO LVRPHUV RI +�&≡&�Q&≡1 �Q  

���� HPSOR\LQJ WKH GHQVLW\ IXQFWLRQDO WKHRU\ �%/<3���

���*

� PHWKRG� ZKLFK ZH IRXQG YHU\ HFRQRPLFDO DQG DOVR

DFFXUDWH FRPSDUHG ZLWK RWKHU FRUUHODWHG PHWKRGV IRU WKH

FDUERQ FOXVWHUV LQ D QXPEHU RI SUHYLRXV ZRUNV������ 7KH UHOD�

WLYH VWDELOLW\ RI VRPH LVRPHUV LV DOVR VWXGLHG E\ FRPSXWLQJ

WKH HQHUJLHV RI WKH EDUULHUV WR LVRPHUL]DWLRQ�

&RPSXWDWLRQDO 0HWKRGV

,Q WKLV VWXG\ DOO WKH FDOFXODWLRQV ZHUH FDUULHG RXW XVLQJ WKH

*$866,$1 �� VHW RI SURJUDPV�� RQ '(& DOSKD ZRUN VWD�

WLRQV� 7KH GHQVLW\ IXQFWLRQDO WKHRU\ ZLWK WKH H[FKDQJH IXQF�

WLRQDO E\ %HFNH�� DQG FRUUHODWLRQ IXQFWLRQDO E\ /HH HW DO���

�%/<3� ZHUH HPSOR\HG ZLWK WKH �����*

 EDVLV VHWV� $OO

WKH PROHFXOHV VWXGLHG LQ WKLV ZRUN DUH SODQDU� H[FHSW IRU D

WUDQVLWLRQ VWDWH� 'LSROH PRPHQWV DQG URWDWLRQDO FRQVWDQWV

ZHUH FRPSXWHG DORQJ ZLWK WKH KDUPRQLF IUHTXHQFLHV� 7KH

VWUXFWXUHV RI WKH WUDQVLWLRQ VWDWHV ZHUH REWDLQHG E\ YHULI\LQJ

WKDW RQH RI WKH KDUPRQLF IUHTXHQFLHV EH LPDJLQDU\� (QHUJ\

EDUULHUV IRU WKH LVRPHUL]DWLRQ UHDFWLRQV �H[FKDQJH RI FDUERQ

DQG QLWURJHQ DWRPV� ZHUH FRPSXWHG E\ VXEWUDFWLQJ WKH HQHU�

JLHV RI WKH VWDWLRQDU\ VWUXFWXUHV IURP WKRVH RI WKH WUDQVLWLRQ

VWDWHV� LQFOXGLQJ WKH ]HUR�SRLQW HQHUJLHV�

5HVXOWV

7DEOH � SUHVHQWV WKH UHODWLYH HQHUJLHV RI WKH F\DQRSRO\�

DFHW\OHQHV +�&≡&�Q&≡1 �Q  ���� DQG WKHLU JHRPHWULFDO LVR�

PHUV� 7KH F\DQRSRO\DFHW\OHQHV +�&≡&�Q&≡1 DUH WKH PRVW

VWDEOH� DQG RWKHU LVRPHUV DUH ����� NFDO�PRO KLJKHU LQ HQHU�

JLHV� 7KH +&�Q1& �Q  ���� PROHFXOHV� ZKLFK DUH IRUPHG E\

WKH H[FKDQJH RI WKH WHUPLQDO FDUERQ DQG WKH QLWURJHQ DWRPV�

DUH WKH VHFRQG PRVW VWDEOH VWUXFWXUHV� O\LQJ DERXW �� NFDO�

PRO DERYH WKH FRUUHVSRQGLQJ F\DQRSRO\DFHW\OHQHV� 2Q WKH

RWKHU KDQG� +&1&�Q �Q  ���� PROHFXOHV DUH IRXQG WR EH WKH

OHDVW VWDEOH� ����� NFDO�PRO KLJKHU LQ HQHUJLHV WKDQ WKH FRUUH�

VSRQGLQJ F\DQRSRO\DFHW\OHQHV� ,VRPHUV ZLWK WKH +�1 ERQG�

LQJ� +1&�Q��� DUH SUHGLFWHG WR EH WKH WKLUG PRVW VWDEOH VWUXF�

WXUHV LQ HDFK VHULHV� 7KRVH ZLWK WKH JHQHULF VWUXFWXUHV RI

+&1&�Q DUH IRXQG WR EH WKH OHDVW VWDEOH� ZKHQ WKH ]HUR SRLQW

HQHUJLHV DUH FRQVLGHUHG� 7KHVH GLIIHUHQFHV LQ HQHUJLHV EHW�

ZHHQ WKH LVRPHUV ZRXOG� RI FRXUVH� GHWHUPLQH WKHLU UHODWLYH

DEXQGDQFH LQ LQWHUVWHOODU VSDFH� 7KH GLSROH PRPHQWV RI WKH

PROHFXOHV JLYHQ LQ 7DEOH � DUH UDWKHU ODUJH� XS WR PRUH WKDQ

�� 'HE\H IRU +1&� DQG +&1&�� LQGLFDWLQJ WKDW WKH\ PD\ EH

VWXGLHG E\ PLFURZDYH DQG LQIUDUHG VSHFWURVFRS\� 7KH FRP�

SXWHG URWDWLRQDO FRQVWDQWV DUH SUHVHQWHG LQ 7DEOH �� ,W FDQ EH

VHHQ WKDW WKH FRPSXWHG YDOXHV FRPSDUH YHU\ ZHOO ZLWK WKH



,VRPHUV RI &\DQRSRO\DFHW\OHQHV %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � ���

H[SHULPHQWDO REVHUYDWLRQV� WKH DJUHHPHQW EHLQJ EHWWHU WKDQ

WKH 03������*

 UHVXOWV E\ GD 6LOYD HW DO���6LQFH WKH VWUXF�

WXUHV RI PDQ\ PROHFXOHV OLVWHG LQ 7DEOH � DUH TXDVLOLQHDU� DV

GHVFULEHG EHORZ� WKHLU URWDWLRQDO FRQVWDQWV FRPSULVH WZR

YHU\ VLPLODU RQHV ZLWK WKH UHPDLQLQJ RQH YHU\ ODUJH� 7KHUH�

IRUH� ZH OLVW RQO\ RQH RI WKH URWDWLRQDO FRQVWDQWV IRU PRVW

PROHFXOHV LQ 7DEOH �� ZLWK WKH H[FHSWLRQ RI +1&�� IRU ZKLFK

WKH WZR URWDWLRQDO FRQVWDQWV DUH VRPHZKDW GLIIHUHQW GXH WR

WKH FOHDU QRQOLQHDULW\ RI WKH PROHFXOH�

7KH VWUXFWXUHV RI WKH JHRPHWULFDO LVRPHUV RI +�&≡&�Q&≡1
�Q  ���� DUH JLYHQ LQ 7DEOH ��7DEOH � �LW VKRXOG EH QRWHG WKDW

WKH WZR PROHFXOHV� +&�1& DQG +&�1&� DQG WKH F\DQRSRO\�

DFHW\OHQHV +�&≡&�Q&≡1 �Q  ���� ZHUH DOUHDG\ UHSRUWHG LQ

RXU SUHYLRXV SXEOLFDWLRQ���� 7KH LVRPHUV RI +&�1 DUH OLQHDU�

H[FHSW +1&�� 7KH ODWWHU PROHFXOH LV SUHGLFWHG WR EH KLJKO\

EHQW EXW SODQDU �&V V\PPHWU\�� ZLWK WKH +�1�& DQJOH RI

�����R� 2I WKH LVRPHUV RI +&�1� +&1&� DQG +1&� DUH SUH�

GLFWHG WR EH EHQW� 2QO\ +&1&� DQG +1&� DUH SUHGLFWHG WR

7DEOH �� 5HODWLYH HQHUJLHV RI +�&≡&�Q&≡1 �Q  ���� DQG WKHLU
LVRPHUV
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��� %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � 6XN�&KLQ /HH HW DO�

EH FRPSOHWHO\ EHQW LVRPHUV RI +&�1� ZLWK WKH +�&�1 DQG

+�1�& DQJOHV RI �����R DQG �����R� UHVSHFWLYHO\� 2WKHU LVR�

PHUV RI +&�1 DUH HLWKHU OLQHDU RU TXDVLOLQHDU� )RU H[DPSOH�

WKH ERQG DQJOHV RI +&�1&�� +&�1&� DQG +&�1&� DUH YHU\

FORVH WR ���R� DV UHSRUWHG LQ 7DEOH � DQG 7DEOH �� 7KXV� IRU

WKH VHULHV RI PROHFXOH VWXGLHG KHUH� WKRVH ZLWK WKH QLWURJHQ

DWRP HLWKHU ERQGHG WR WKH K\GURJHQ DWRP RU WR WKH +�& PRL�

HW\ DUH EHQW� ZKLOH RWKHUV DUH OLQHDU RU HVVHQWLDOO\ OLQHDU� 7KH

FDUERQ�FDUERQ DQG WKH FDUERQ�QLWURJHQ ERQG OHQJWKV IRU WKH

LVRPHUV RI +�&≡&�Q&≡1 �Q  ���� FOHDUO\ VKRZ WKH SHFXOLDU

FKDUDFWHU RI WKH FKHPLFDO ERQGV RI WKHVH PROHFXOHV� )RU

H[DPSOH� WKH GLVWDQFH EHWZHHQ WKH WZR WHUPLQDO FDUERQ

DWRPV LQ +&1&� JLYHQ LQ 7DEOH � LV ����� $� FRQVLGHUDEO\

ODUJHU WKDQ WKH &≡& ERQG OHQJWK ������ $� LQ +&�1� LQGLFDW�

LQJ WKDW WKH FDUERQ�FDUERQ ERQGLQJ LQ WKH IRUPHU PROHFXOH LV

QRW FDQRQLFDOO\ WULSOH� 6LPLODUO\� WKH QLWURJHQ�FDUERQ GLV�

WDQFH LQ +&�1& �7DEOH �� LV ����� $� ODUJHU WKDQ WKH &≡1
ERQG OHQJWK ������ $� LQ +&�1� VKRZLQJ WKDW WKH 1�& ERQG�

LQJ LQ +&�1& LV QRW SHUIHFWO\ WULSOH� 'D 6LOYD HW DO��� VXJ�

JHVWHG IRU WKH ERQGLQJ VWUXFWXUH LQ +&�−[1&[ W\SH RI

PROHFXOHV WKDW WKH QLWURJHQ DWRP PD\ EH UHJDUGHG DV GLYLG�

LQJ WKH FDUERQ FKDLQ LQ WZR SDUWV ZLWK GLIIHUHQW GHJUHH RI

HOHFWURQ GHORFDOL]DWLRQ� VXFK DV WKH FDQRQLFDO VWUXFWXUH +�

&≡&�&≡&�1 & & & IRU +&�1&�� +RZHYHU� WKLV VLPSOLIL�

FDWLRQ PD\ QRW ZRUN ZHOO IRU RWKHU PROHFXOHV VXFK DV

+&1&� UHSRUWHG LQ 7DEOH �� 1R FDQRQLFDO VWUXFWXUH FRXOG EH

GUDZQ IRU WKLV PROHFXOH� DQG LW VHHPV WKDW VHYHUDO UHVRQDQFH

VWUXFWXUHV PD\ FRQWULEXWH� 6LQFH WKH SXUH FDUERQ FOXVWHUV

DUH NQRZQ WR EH OLQHDU XS WR &��� LW FDQ EH VHHQ LQ 7DEOH �

7DEOH � WKDW ERQGLQJ WR WKH QLWURJHQ DWRP JLYHV VXEVWDQWLDO

FKDQJHV LQ WKH JHRPHWU\ RI WKH FDUERQ FKDLQV LQ WKH LVRPHUV

RI F\DQRSRO\DFHW\OHQHV�

7KH KDUPRQLF IUHTXHQFLHV DUH DOVR JLYHQ LQ 7DEOH ��7DEOH

�� 0RVW RI WKH IUHTXHQFLHV IRU WKHVH PROHFXOHV DUH UHSRUWHG

IRU WKH ILUVW WLPH KHUH� 7KH KLJK�IUHTXHQF\ PRGHV ν��σ� RI
WKH OLQHDU LVRPHUV DUH YHU\ VLPLODU WR WKRVH RI WKH FRUUH�

VSRQGLQJ F\DQRSRO\DFHW\OHQHV� )RU H[DPSOH� WKH ν��σ� IUH�
TXHQF\ ����� FP−�� RI +&�1& LV FORVH WR WKDW RI +&�1

����� FP−��� ZKLOH WKRVH RI +&�1&� +&�1&�� DQG +&�1&�

DUH ����� ���� DQG ���� FP−�� UHVSHFWLYHO\� VLPLODU WR WKDW RI

+&�1 ����� FP−��� /LNHZLVH� WKH ν��σ� PRGHV RI WKH OLQHDU
RU TXDVLOLQHDU +&�1&� +&�1&�� +&�1&� DQG +&�1&�PROH�

FXOHV KDYH WKH VLPLODU IUHTXHQFLHV RI ����� ����� ����� DQG

���� FP−�� UHVSHFWLYHO\� ZKLOH WKDW RI +&�1 LV ���� FP−��

7KLV REVHUYDWLRQ UHVXOWV IURP WKH IDFW WKDW WKH ν ��σ� PRGHV
RI WKHVH OLQHDU LVRPHUV DUH SUHGRPLQDQWO\ WKH VWUHWFKLQJ RI

WKH &�+ ERQG �VHH )LJXUH ��� WKDW DUH HVVHQWLDOO\ VLQJOH ERQG�

ZHOO LVRODWHG IURP WKH PRYHPHQWV RI RWKHU FKHPLFDO ERQGV

ZLWK PRUH FRPSOLFDWHG FKDUDFWHUV� 'LIIHUHQFHV LQ RWKHU

VWUHWFKLQJ PRGHV RI WKH OLQHDU LVRPHUV LQGLFDWH WKH FRPSOL�

FDWHG FKDQJHV LQ WKH FKDUDFWHU RI WKH FKHPLFDO ERQGLQJV LQ

WKHVH PROHFXOHV� )RU H[DPSOH� WKH ν ��σ� PRGH RI +&1&�

KDV WKH KDUPRQLF IUHTXHQF\ RI ���� FP−�� VPDOOHU WKDQ WKDW

RI +&�1 ����� FP−��� 7KH ν ��σ� PRGHV RI WKHVH WZR PROH�

7DEOH �� %RQG OHQJWKV �$�� ERQG DQJOHV DQG KDUPRQLF IUHTXHQFLHV �FP−�� RI +&�1&�� +&1&�� +1&� DQG +&�1&�

+&�1&� %/<3������*

 +&1&� %/<3������*

 +1&� %/<3������*

 +&�1&� %/<3������*
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,VRPHUV RI &\DQRSRO\DFHW\OHQHV %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � ���

FXOHV DUH DQWLV\PPHWULF VWUHWFKLQJ RI WKH WHUPLQDO &�&�1

DQG 1�&�& PRLHW\� UHVSHFWLYHO\� 7KH OHQJWK RI WKH 1�& ERQG

LQ +&1&� LV ����� $� DQG LV ODUJHU �WKDW LV� WKH ERQG LV

ZHDNHU� WKDQ WKH 1�& ERQG OHQJWK ������ $� LQ +&�1� ZKLOH

WKH &�& ERQG OHQJWK RI +&1&� LV ����� $� VPDOOHU �WKDW LV�

WKH ERQG LV VWURQJHU� WKDQ WKDW ������ $� LQ +&�1� 7KHUH�

IRUH� FRPSOLFDWHG EDODQFH RI WKH RSSRVLQJ FKDQJHV LQ WKH

WZR FKHPLFDO ERQGV JLYHV WKH RYHUDOO GHFUHDVH RI WKH ν ��σ�
IUHTXHQF\ LQ +&1&� FRPSDUHG ZLWK +&�1� 7KH ν ��$©� IUH�

TXHQFLHV RI WKH KLJKO\ EHQW LVRPHUV DUH SUHGLFWHG WR EH PXFK

KLJKHU WKDW WKH ν ��σ� PRGHV RI F\DQRSRO\DFHW\OHQHV� )RU
H[DPSOH� WKH ν � IUHTXHQFLHV RI +1&�� +1&�� DQG +1&� DUH

����� ����� DQG ���� FP−�� UHVSHFWLYHO\� PRUH WKDQ ���

FP−� KLJKHU WKDQ WKRVH RI +&�1� +&�1� DQG +&�1� )LJXUH �

VKRZV WKH RULJLQ RI WKHVH GLIIHUHQFHV LQ D VLPSOH IDVKLRQ� WKH

ν � PRGHV RI +1&�Q�� PROHFXOHV DUH WKH VWUHWFKLQJ RI +�1

ERQG PL[HG ZLWK VPDOO PRWLRQ RI 1�& ERQG� ZKLOH WKRVH RI

RWKHU LVRPHUV �H[FHSW +&1&�Q� DUH DOPRVW SXUH +�& VWUHWFK�

LQJ� /LNHZLVH� WKH ν �PRGHV RI +&1&�QPROHFXOHV DUH DERXW

��� FP−� ORZHU WKDQ WKRVH RI +&�Q��1� DQG WKLV GLIIHUHQFH LV

GXH WR WKH IDFW WKDW WKH ν �PRGHV RI +&1&�QPROHFXOHV FRP�

SULVH DQWLV\PPHWULF VWUHWFKLQJ RI WKH +�&�1 ERQGLQJ� 7KH

ORZHVW�IUHTXHQF\ EHQGLQJ PRGHV DOVR VKRZ LQWHUHVWLQJ

EHKDYLRU DV D IXQFWLRQ RI WKH FKDLQ OHQJWK� 7KH ν �� ν �� DQG

ν ��PRGHV RI +&�1&� +&�1& >5HI� ��@� DQG +&�1& DUH ����

���� �� FP−�� UHVSHFWLYHO\� ZKLOH WKH ν �� ν ��� DQG ν ��PRGHV

RI +1&�� +1&�� DQG +1&� KDYH WKH IUHTXHQFLHV RI ���� ���

DQG �� FP−�� UHVSHFWLYHO\� 7KLV LQGLFDWHV WKDW WKH PROHFXOHV

EHFRPH IORSSLHU DV WKH OHQJWK RI WKH FDUERQ FKDLQ LQFUHDVHV�

)RU WKH TXDVLOLQHDU PROHFXOHV OLVWHG LQ 7DEOH ��7DEOH �� WKH π
EHQGLQJ PRGHV DUH VSOLW LQWR WZR ZLWK $© DQG $§ V\PPHWU\

ZLWK YHU\ VLPLODU IUHTXHQFLHV� $OWKRXJK WKHUH H[LVWV OLWWOH

H[SHULPHQWDO LQIRUPDWLRQ WR FRPSDUH ZLWK WKH FRPSXWHG

YLEUDWLRQDO IUHTXHQFLHV RI WKHVH PROHFXOHV� RXU SUHYLRXV H[SH�

ULHQFH ZLWK WKH %/<3������*

 WKHRU\ DV DSSOLHG WR VLPLODU

FDUERQ FOXVWHUV VXJJHVWV WKDW WKH IUHTXHQFLHV UHSRUWHG KHUH

ZRXOG DJUHH ZLWK H[SHULPHQWDO YDOXHV WR ZLWKLQ �� FP−�

ZLWKRXW LQYRNLQJ WKH HPSLULFDO VFDOLQJ IDFWRUV� 6LQFH WKH

%�/<3 PHWKRG WHQGV WR JLYH LQDFFXUDWH KLJK�IUHTXHQF\

VWUHWFKLQJ PRGHV IRU FDUERQ FOXVWHUV������ ZH GLG QRW HPSOR\

WKH PHWKRG LQ WKLV UHSRUW�

7DEOH �� %RQG OHQJWKV �$�� ERQG DQJOHV DQG KDUPRQLF IUHTXHQFLHV
�FP−�� RI +&�1& DQG +&�1&�

+&�1&

&&6'�7�

FF�S97=

���� F*72V�D

%/<3�

�����*


+&�1&�

%/<3�

�����*
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��� %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � 6XN�&KLQ /HH HW DO�

6LQFH WKH VWDELOLW\ RI WKH LVRPHUV ZRXOG EH GHWHUPLQHG E\

WKH UHODWLYH HQHUJLHV DQG WKH EDUULHUV WR LVRPHUL]DWLRQ EHWZHHQ

WKH LVRPHUV� WKH ODWWHU TXDQWLW\ ZLOO EH LPSRUWDQW TXDQWLW\ WR

FRPSXWH� ,Q ODERUDWRU\ H[SHULPHQWV� WKHVH EDUULHUV ZLOO DOVR

DIIHFW WKH UDWHV RI LVRPHUL]DWLRQ UHDFWLRQV EHWZHHQ WKH JHR�

PHWULFDO LVRPHUV� ,Q RUGHU WR FRPSXWH WKH DFWXDO UDWHV RI

LVRPHUL]DWLRQ EHWZHHQ WKH PROHFXOHV VWXGLHG KHUH� GHWDLOHG

WRSRORJ\ RI WKH SRWHQWLDO VXUIDFHV QHDU WKH WUDQVLWLRQ VWDWHV

QHHGV WR EH NQRZQ DV IXQFWLRQV RI WKH UHDFWLRQ FRRUGLQDWHV�

6LQFH WKH UHODWLYH DEXQGDQFH RI WKH LVRF\DQRSRO\DFHW\OHQHV

+�&≡&�Q1≡& ZLWK UHVSHFW WR WKH FRUUHVSRQGLQJ F\DQRSRO\�

DFHW\OHQHV +�&≡&�Q&≡1 LV RI PXFK LQWHUHVW� ZH H[DPLQH WKH

VWUXFWXUHV RI WKH WUDQVLWLRQ VWDWHV DQG WKH HQHUJLHV RI WKH EDU�

ULHUV RI LVRPHUL]DWLRQ� 7KH REWDLQHG VWUXFWXUHV RI WKH WUDQVL�

WLRQ VWDWHV IRU WKH LVRPHUL]DWLRQ �H[FKDQJH RI WKH WHUPLQDO

QLWURJHQ DQG FDUERQ DWRPV� IURP WKH F\DQRSRO\DFHW\OHQHV

+&�1 DQG +&�1 DUH VKRZQ LQ )LJXUH �� $V H[SHFWHG� WKH

H[FKDQJLQJ FDUERQ DQG QLWURJHQ DWRPV� DQG WKH FDUERQ DWRP

DGMDFHQW WR WKH H[FKDQJLQJ FDUERQ DWRP IRUP WULDQJOHV LQ WKH

WUDQVLWLRQ VWDWHV� )URP WKH VWUXFWXUH RI WKH WUDQVLWLRQ VWDWH IRU

+&�1 → +&�1& LVRPHUL]DWLRQ� LW FDQ EH VHHQ WKDW GXULQJ

WKH UHDFWLRQ WKH WZR DGMDFHQW &1 DQG && ERQG GLVWDQFHV LQ

+&�1 VOLJKWO\ OHQJWKHQ IURP ����� WR ����� $� DQG IURP

����� WR ����� $� UHVSHFWLYHO\� ZKLOH WKH IRUPLQJ &1 ERQG

VKRUWHQV IURP ����� LQ WKH WUDQVLWLRQ VWDWH WR ����� $ LQ WKH

SURGXFW +&�1&� ,W VKRXOG DOVR EH QRWHG WKDW WKH FDUERQ VNHOH�

WRQV LQ WKH WUDQVLWLRQ VWDWHV GHSLFWHG LQ )LJXUH � DUH VRPH�

ZKDW EHQW� ZKLOH ERWK WKH F\DQRSRO\DFHW\OHQHV DQG WKH LVR�

F\DQRSRO\DFHW\OHQHV DUH OLQHDU� 7KH ERQG DQJOHV RI WKH FDU�

ERQ FKDLQ LQ WKH WUDQVLWLRQ VWDWH IRU +&�1 → +&�1& DUH

���R����R� 7KH EDUULHUV IRU +&�1 → +&�1&� +&�1 →
+&�1& LVRPHUL]DWLRQ UHDFWLRQV DUH FRPSXWHG WR EH ���� DQG

���� NFDO�PRO� UHVSHFWLYHO\� LQFOXGLQJ WKH ]HUR�SRLQW HQHU�

JLHV� 7KH EDUULHU IRU WKH UHDFWLRQ +&�1 → +&�1& FRXOG QRW

7DEOH �� %RQG OHQJWKV �$�� ERQG DQJOHV DQG KDUPRQLF IUHTXHQFLHV �FP−�� RI +&�1&�� +&1&� DQG +1&�

+&�1&� %/<3������*

 +&1&� %/<3������*

 +1&� %/<3������*
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,VRPHUV RI &\DQRSRO\DFHW\OHQHV %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � ���

EH GHWHUPLQHG GXH WR WKH VL]H RI WKH PROHFXOHV� EXW LW VHHPV

WR EH VLPLODU WR WKH EDUULHUV JLYHQ DERYH IRU VPDOOHU V\VWHPV�

6LQFH WKHVH WUDQVLWLRQ VWDWHV DUH DERXW �� NFDO DERYH WKH

HQHUJ\ RI WKH FRUUHVSRQGLQJ LVRF\DQRSRO\DFHW\OHQH� DQG

DERXW �� NFDO DERYH WKH HQHUJ\ RI WKH FRUUHVSRQGLQJ F\DQR�

SRO\DFHW\OHQH� WKH LVRPHUL]DWLRQ +&�Q1&→ +&�Q&1 PD\

QRW WDNH SODFH UHDGLO\ LQ LQWHUVWHOODU VSDFH� DQG WKH +&�Q1&

PROHFXOHV PD\ EH IRUPHG E\ RWKHU PHFKDQLVP� &RQVLGHULQJ

WKH IDFW WKDW +&�1& ZDV DOUHDG\ GHWHFWHG LQ LQWHUVWHOODU

)LJXUH �� 7KH ν �PRGHV RI WKH JHRPHWULFDO LVRPHUV RI F\DQRSRO\�
DFHW\OHQHV�

)LJXUH �� 7KH VWUXFWXUHV RI WKH WUDQVLWLRQ VWDWHV IRU WKH +&�1 →
+&�1& DQG +&�1 → +&�1&� %RQG OHQJWKV LQ DQJVWURP DQG ERQG
DQJOHV LQ GHJUHHV�

)LJXUH �� 7KH VWUXFWXUHV RI WKH VWDWLRQDU\ VWDWHV DQG WKH WUDQVLWLRQ
VWDWHV IRU WKH +&�1 → +&�1& LVRPHUL]DWLRQ UHDFWLRQV� (QHUJLHV LQ
NFDO�PRO� ERQG OHQJWKV LQ DQJVWURP DQG ERQG DQJOHV LQ GHJUHHV�



��� %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � 6XN�&KLQ /HH HW DO�

VSDFH �WKH UDWLR >+&�1@�>+&�1&@ ZDV HVWLPDWHG
�� WR EH ���

���� WKH PROHFXOHV +&�1& DQG +&�1& PD\ DOVR EH TXLWH

VWDEOH LQ LQWHUVWHOODU VSDFH� DQG WKH\ PD\ EH JRRG FDQGLGDWHV
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$FNQRZOHGJPHQW� 7KLV ZRUN ZDV VXSSRUWHG E\ .\XQJ�

KHH 8QLYHUVLW\ DQG WKH .26() �������������������

5HIHUHQFHV

�� 2KLVKL� 0�� 6X]XNL� +�� ,VKLNDZD� 6�� <DPDGD� &�� .DQ�
DPRUL� +�� ,UYLQH� :� 0�� %URZQ� 5� '�� *RGIUH\� 3� '��

.DLIX� 1� $VWURSK\V� -� ����� ���� /���

�� 0DWWKHZV� +� (�� ,UYLQH� :�� )UHLEHUJ� 3�� %URZQ� 5� '��
*RGIUH\� 3� '� 1DWXUH ����� ���� ����

�� )XHQWH� $�� &HUQLFKDUR� -�� %DUFLD� $�� *RPH]�*RQ]DORV�

$WURQ� $VWURSK\V� ����� ���� ����

�� 6DLWR� 6�� .DZDJXFKL� .�� <DPDPRWR� 6�� 2KLVKL� 0��
6X]XNL� +�� .DLIX� 1� $VWURSK\V� -� ����� ���� /����

�� %HOO� 0� %�� $YHU\� /� :�� )HOGPDQ� $� $VWURSK\V� -� �����

���� /���
�� <DPDPRWR� 6�� 6DLWR� 6�� .DZDJXFKL� .�� .DLIX� 1��

6X]XNL� +�� 2KLVKL� 0�� $VWURSK\V� -� ����� ���� /����

�� 2KLVKL� 0�� .DLIX� 1�� .DZDJXFKL� .�� 0XUDNDPL� $��
6DLWR� 6�� <DPDPRWR� 6�� ,VKLNDZD� 6��,�� )XMLWD� <�� 6KLUD�

WRUL� <�� ,UYLQH� :� 0� $VWURSK\V� -� ����� ���� /���

�� %HOO� 0� %�� )LHOGPDQ� 3� $�� 7UDYHUV� 0� -�� 0F&DUWK\� 0�

&�� *RWWOLHE� &� $�� 7KDGGHXV� 3� $VWURSK\V� -� ����� ����
���

�� GD 6LOYD� -� %� 3�� 5DPRV� 0� 1� -� ,QWO� -� 4XDQWXP &KHP�

����� ��� ����
��� )UDQFLVFR� -� $�� 5LFKDUGVRQ� 6� /� -� &KHP� 3K\V� �����

���� �����

��� %RWVFKZLQD� 3�� +RUQ� 0�� 6HHJHU� 6�� )OXJJH� -� 0RO�
3K\V� ����� ��� ����

��� %RWVFKZLQD� 3�� 6FKXOW]� %�� +RUQ� 0�� 0DWXVFKHZVNL� 0�

&KHP� 3K\V� ����� ���� ����
��� ,UYLQH� :� 0�� 6FKORHUE� )� 3� $VWURSK\V� -� ����� ���� ����

��� .DZDJXFKL� .�� 2KLVKL� 0�� ,VKLNDZD� 6��,�� .DLIX� 1�

$VWURSK\V� -� ����� ���� /���
��� .DZDJXFKL� .�� 7DNDQR� 6�� 2KLVKL� 0�� ,VKLNDZD� 6��,��

0L\D]DZD� .�� .DLIX� 1�� <DPDVKLWD� <�� <DPDPRWR� 6��

6DLWR� 6��2KLVKLPD� <�� (QGR� <� $VWURSK\V� -� ����� ����
/���

��� 3DUN� .�� /HH� 6�� /HH� <� %XOO� .RUHDQ &KHP� 6RF� �����

��� ����
��� /HH� 6� -� 0RO� 6WUXFW� �7KHRFKHP� ����� ���� ����

��� /HH� 6� -� 3K\V� &KHP� ����� ���� ������ &KHP� 3K\V�

/HWW� ����� ���� ���
��� /HH� %� /HH� 6� %XOO� .RUHDQ &KHP� 6RF� ����� ��� ����

&KHP� 3K\V� /HWW� ����� ���� ����

��� .LP� .�� /HH� %�� /HH� 6� %XOO� .RUHDQ &KHP� 6RF� �����
��� ���� &KHP� 3K\V� /HWW� ����� ���� ���

��� )ULVFK� 0� -� HW DO� *DXVVLDQ ��� *DXVVLDQ� ,QF�� 3LWWV�

EXUJK� 3$� �����
��� %HFNH� $� '� 3K\V� 5HY� $ ����� ��� �����

��� /HH� &�� <DQJ� :�� 3DUU� 5� 3� 3K\V� 5HY� % ����� ��� ����

��� GD 6LOYD� -� %� 3�� 1HWR� %� %�� 5DPRV� 0� 1� -� 0RO� 6WUXFW�
�7KHRFKHP� ����� ���� ����

��� $OH[DQGHU� $� -�� .URWR� +� :�� :DOWRQ� '� 5� 0� -� 0RO�

6SHFWURVF� ����� ��� ����
��� .LUE\� &�� .URWR� +� :�� :DOWRQ� '� 5� 0� -� 0RO� 6SHF�

WURVF� ����� ��� ����

��� %RWFKZLQD� 3�� +H\O� $�� &KHQ� :�� 0DF&DUWK\� 0� &��
*UDERZ� -��8�� 7UDYHUV� 0� -�� 7KDGGHXV� 3� -� &KHP� 3K\V�

����� ���� �����

��� 0DOOLVRQ� 3� '�� GH =DIUD� 5� /�0RO� 3K\V� ����� ��� ����
��� .UXJHU� 0�� 6WDKO� :�� 'UHL]OHU� +� -� 0RO� 6SHFWURVF�

����� ���� ����

��� %RWVFKZLQD� 3�� +RUQ� 0�� 6HHJHU� 6�� )OXJJH� -� &KHP�
3K\V� /HWW� ����� ���� ����


