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�OHYHO��ZH�FRPSDUH�WKH�HQHUJHWLF
DQG�PHFKDQLVWLF� IHDWXUHV�RI�D�PRGHO� UHDFWLRQ� IRU�FDWDO\WLF�DFWLRQ�RI�∆����NHWRVWHURLG� LVRPHUDVH� �.6,��(�&�
���������ZLWK�WKRVH�RI�D�FRUUHVSRQGLQJ�QRQHQ]\PDWLF�UHDFWLRQ�LQ�DTXHRXV�VROXWLRQ��7KH�UHVXOWV�VKRZ�WKDW�WKH
WZR�FDWDO\WLF�DFLG�UHVLGXHV��7\U���DQG�$VS����FDQ�ORZHU�WKH�IUHH�HQHUJ\�RI�DFWLYDWLRQ�E\�����NFDO�PRO��ZKLFK�LV
LQ�JRRG�DJUHHPHQW�ZLWK�WKH�H[SHULPHQWDOO\�SUHGLFWHG�a��NFDO�PRO�FRQWULEXWLRQ�RI�HOHFWURSKLOLF�FDWDO\VHV�WR�WKH
ZKROH�HQ]\PDWLF�UDWH�HQKDQFHPHQW��7KH�GLHQRODWH�LQWHUPHGLDWH�IRUPHG�E\�SURWRQ�WUDQVIHU�IURP�WKH�VXEVWUDWH
FDUERQ�DFLG�WR�WKH�FDWDO\WLF�EDVH�UHVLGXH��$VS����LV�SUHGLFWHG�WR�EH�VWDELOL]HG�E\������NFDO�PRO�LQ�WKH�HQ]\PDWLF
UHDFWLRQ��PDNLQJ�LWV�IRUPDWLRQ�WKHUPRG\QDPLFDOO\�IDYRUDEOH��,W�KDV�EHHQ�DUJXHG�WKDW�HQ]\PHV�FDWDO\]LQJ�WKH
UHDFWLRQV�RI�FDUERQ�DFLGV�VKRXOG�UHVROYH�WKH�WKHUPRG\QDPLF�SUREOHP�RI�VWDELOL]LQJ�WKH�HQRODWH�LQWHUPHGLDWH�DV
ZHOO�DV�WKH�NLQHWLF�SUREOHP�RI�ORZHULQJ�WKH�IUHH�HQHUJ\�RI�DFWLYDWLRQ�IRU�SURWRQ�DEVWUDFWLRQ��:H�ILQG�WKDW�.6,
FDQ�VXFFHVVIXOO\�RYHUFRPH�WKH�WKHUPRG\QDPLF�GLIILFXOW\�LQKHUHQW�LQ�WKH�QRQHQ]\PDWLF�UHDFWLRQ�WKURXJK�WKH
HOHFWURSKLOLF� FDWDO\VHV� RI� WKH� WZR� DFLG� UHVLGXHV�� 2ZLQJ� WR� WKH� VWDELOL]DWLRQ� RI� GLHQRODWH� LQWHUPHGLDWH�� WKH
UHNHWRQL]DWLRQ�VWHS�FRXOG�LQIOXHQFH�WKH�RYHUDOO�UHDFWLRQ�UDWH�PRUH�VLJQLILFDQWO\�LQ�WKH�.6,�FDWDO\]HG�UHDFWLRQ
WKDQ� LQ� WKH� QRQHQ]\PDWLF� UHDFWLRQ�� IXUWKHU� VXSSRUWLQJ� WKH� SUHYLRXV� H[SHULPHQWDO� ILQGLQJV�� +RZHYHU�� WKH
HOHFWURSKLOLF�FDWDO\VHV�DORQH�FDQQRW�DFFRXQW�IRU�WKH�ZKROH�FDWDO\WLF�FDSDELOLW\��������NFDO�PRO���FRQILUPLQJ�WKH
HDUOLHU� H[SHULPHQWDO� LPSOLFDWLRQV� IRU� WKH� LQYROYHPHQW� RI� DGGLWLRQDO� FDWDO\WLF� FRPSRQHQWV�� 7KH� SUHVHQW
FRPSXWDWLRQDO� VWXG\� LQGLFDWHV� FOHDUO\� KRZ� FDWDO\WLF� UHVLGXHV� RI� .6,� UHVROYH� WKH� IXQGDPHQWDO� SUREOHPV
DVVRFLDWHG�ZLWK�WKH�HQWURSLF�SHQDOW\�IRU�IRUPLQJ�WKH�UDWH�OLPLWLQJ�WUDQVLWLRQ�VWDWH�DQG�LWV�GHVWDELOL]DWLRQ�LQ�WKH
EXON�VROYDWLRQ�HQYLURQPHQW�

.H\ZRUGV � $E�LQLWLR�VWXG\�RI�HQ]\PH�UHDFWLYLW\��∆����.HWRVWHURLG�LVRPHUDVH�

,QWURGXFWLRQ

7KH�SURWRQ�DEVWUDFWLRQ�IURP�FDUERQ�DFLGV��ZKLFK�LV�D�NH\
VWHS� LQ� YDULRXV� HQ]\PH�FDWDO\]HG� UHDFWLRQV�� LV� LQKHUHQWO\
VORZ�FRPSDUHG�WR�WKDW�IURP�R[\JHQ�DQG�QLWURJHQ�DFLGV��)RU
H[DPSOH�� WKH� GHSURWRQDWLRQ� RI� FDUERQ\O� α�FDUERQV� ZLWK
S.D¶V�������E\�WKH�K\GUR[LGH�LRQ�RFFXUV�DW�D�UDWH�PRUH�WKDQ
����IROG�VORZHU�WKDQ�WKDW�IRU�R[\JHQ�RU�QLWURJHQ�DFLGV�ZLWK
WKH�VDPH�S.D���$Q�LPEDODQFH�LQ�WKH�WUDQVLWLRQ�VWDWH��FKDUDF�
WHUL]HG�E\�WLPH�ODJ�RI�UHVRQDQFH�VWDELOL]DWLRQ�RI�WKH�LQFLSLHQW
FDUEDQLRQLF� WUDQVLWLRQ� VWDWH� EHKLQG� WKH� SURWRQ� WUDQVIHU�� KDV
EHHQ�ZLGHO\� LQYRNHG� WR�H[SODLQ� VXFK�DQ�H[FHSWLRQDOO\� ORZ
UHDFWLRQ�UDWH���,QGHHG��WKH�WUDQVLWLRQ�VWDWH�LPEDODQFH�KDV�EHHQ
VKRZQ� WR� EH� D� JHQHUDO� SKHQRPHQRQ� IRU� SURWRQ� DEVWUDFWLRQ
IURP� FDUERQ� DFLGV� WKDW� LQYROYH� GHORFDOL]DWLRQ� RI� QHJDWLYH
FKDUJH�LQWR�D�π�DFFHSWRU�JURXS���
$�QXPEHU�RI�HQ]\PHV�VXFK�DV�LVRPHUDVH��UDFHPDVH��WDXWR�

PHUDVH�� DQG� V\QWKDVH� DUH� DEOH� WR� DFFHOHUDWH� WKH�SURWRQ� DE�
VWUDFWLRQ� IURP� WKH� α�FDUERQ� RI� D� FDUERQ\O� FRPSRXQG�� 2I
WKHVH����R[R�∆��VWHURLG�LVRPHUDVH��∆����NHWRVWHURLG�LVRPHUDVH�
.6,��(�&�����������KDV�VHUYHG�DV�D�SDUDGLJP�IRU�HQ]\PDWLF
HQROL]DWLRQV� VLQFH� LW� DFWV� RQ� LWV� VXEVWUDWH� DW� D� UDWH� WKDW

DSSURDFKHV�WKH�GLIIXVLRQ�FRQWUROOHG�OLPLW���7KLV�HQ]\PH�FDWD�
O\]HV� WKH� WDXWRPHULVP� RI� β�γ�� DQG� α�β�XQVDWXUDWHG� NHWR�
VWHURLGV�YLD�D�GLHQRODWH�LQWHUPHGLDWH��(DUOLHU�FU\VWDOORJUDSKLF
DQG�HQ]\PRORJLFDO�VWXGLHV�LQGLFDWHG�WKDW�WKH�FDWDO\VLV�SURFHHGV
WKURXJK�WKH�DEVWUDFWLRQ�RI�DQ�α�SURWRQ�IURP�WKH�VXEVWUDWH�E\
$VS���DQG�WKH�VLPXOWDQHRXV�VWDELOL]DWLRQ�RI�D�QHJDWLYH�FKDUJH
GHYHORSHG� RQ� WKH� FDUERQ\O� R[\JHQ� E\� WKH� K\GURJHQ� ERQG
IURP�7\U����IROORZHG�E\�WKH�UHNHWRQL]DWLRQ� RI�WKH�UHVXOWLQJ
GLHQRODWH�LQWHUPHGLDWH�E\�SURWRQDWHG�$VS�����7KXV��WKH�FRQFHUW�
HG�JHQHUDO�DFLG�EDVH�FDWDO\VLV�E\�7\U���DQG�$VS���ZDV� WKH
JHQHUDOO\�DFFHSWHG�PHFKDQLVWLF�PRGHO�IRU�WKH�.6,�DFWLRQ�
+RZHYHU�� WKHUH� LV� DOVR� VRPH� H[SHULPHQWDO� HYLGHQFH

VXJJHVWLQJ� WKDW� DQ� DGGLWLRQDO� XQNQRZQ� UHVLGXH�ZLWK�S.D� !
����VKRXOG�EH�LQYROYHG�LQ�WKH�FDWDO\WLF�PHFKDQLVP�RI�.6,� �

$�IHZ�\HDUV�DJR��:X�DQG�FRZRUNHUV�SRLQWHG�RXW�WKH�LPSRU�
WDQFH� RI� WKH� DFWLYH� VLWH� UHVLGXH�� $VS���� LQ� WKH� FDWDO\WLF
UHDFWLRQ���2Q� WKH� EDVLV� RI� WKH� VROXWLRQ� VWUXFWXUH� FRPELQHG
ZLWK�WKH�NLQHWLFV��PXWDJHQHVLV��DQG�LQKLELWRU�ELQGLQJ�VWXGLHV
WKH\�SURSRVHG�WKDW��DV�GHSLFWHG�LQ�6FKHPH����$VS���DV�ZHOO
DV� 7\U��� ZRXOG� GRQDWH� D� K\GURJHQ� ERQG� WR� WKH� VXEVWUDWH
FDUERQ\O� R[\JHQ�� WKHUHE\� VWDELOL]LQJ� WKH� QHJDWLYH� FKDUJH
GHYHORSHG�RQ�WKLV�DWRP�GXULQJ�WKH�FDWDO\WLF�F\FOH�
7KLV�PHFKDQLVWLF�DVSHFW�RI�.6,�KDV�EHHQ�IXUWKHU�FRQILUPHG

E\� VHYHUDO� VWXGLHV� EDVHG� RQ� PXOWLGLPHQVLRQDO� 105� DQG
;�UD\� FU\VWDOORJUDSKLF� PHWKRGV��� DOWKRXJK� DQ� DOWHUQDWLYH


7R�ZKRP�FRUUHVSRQGHQFH�VKRXOG�EH�DGGUHVVHG��3KRQH��������
����������)D[������������������(�PDLO��VDQJ\RXE#VQX�DF�NU
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PHFKDQLVP� �QDPHO\� WKH� K\GURJHQ�ERQGHG� FDWDO\WLF� GLDG
PHFKDQLVP�� LQ�ZKLFK�$VS��� IRUPV� D� K\GURJHQ�ERQG�ZLWK
SKHQROLF� R[\JHQ� RI� 7\U��� ZDV� DOVR� VXJJHVWHG��� 5HFHQWO\�
.LP�DQG�FRZRUNHUV�UHSRUWHG�WKH�SRWHQWLDO�HQHUJ\�SURILOHV�RI
HQ]\PDWLF�UHDFWLRQ�PRGHOV�IRU�ZLOG�W\SH�DQG�YDULRXV�PXWDQW
.6,� HQ]\PHV� E\� XVLQJ� DE� LQLWLR� FDOFXODWLRQV� DW� WKH�03��
�����*
��%�/<3������*
�OHYHO����2Q�WKH�EDVLV�RI�WKH�FDWD�
O\WLF�PHFKDQLVP�GHVFULEHG�LQ�6FKHPH����WKH\�FRXOG�VXFFHVV�
IXOO\� H[SODLQ� WKH� PXWDWLRQ� HIIHFWV� RQ� WKH� FDWDO\WLF� SHUIRU�
PDQFH�RI�.6,��
7KHUH�KDV�EHHQ�D�VWURQJ�GHEDWH�RQ�WKH�RULJLQ�RI�HQ]\PDWLF

FDWDO\VLV�IRU�D�UHDFWLRQ�LQYROYLQJ�DQ�HQROL]DWLRQ�VWHS����7KH
TXHVWLRQ�ZDV�ZKHWKHU� WKH� HOHFWURSKLOLF� FDWDO\VHV� FRXOG� H[�
SODLQ�WKH�H[WUDRUGLQDULO\�KLJK�UDWH�HQKDQFHPHQW��,Q�WKLV�ZRUN�
ZH� DGGUHVV� WKLV� SUREOHP� E\� HVWLPDWLQJ� WKH� H[WHQW� RI� WKH
GHFUHDVH�LQ�DFWLYDWLRQ�IUHH�HQHUJ\�GXH�WR�WKH�RSHUDWLRQ�RI�WZR
DFWLYH� VLWH� DFLG� UHVLGXHV�� 7\U��� DQG� $VS���� RI� .6,�� :H
HPSOR\� WKH� IRUPDWH�FDWDO\]HG� LVRPHUL]DWLRQ� RI� ��EXWHQDO�
WKH�VLPSOHVW�β�γ�XQVDWXUDWHG�FDUERQ\O�FRPSRXQG��DV�DQ�DS�
SUR[LPDWH� UHSUHVHQWDWLRQ� RI� DFHWDWH�FDWDO\]HG� LRPHUL]DWLRQ
RI���LQ�DTXHRXV�VROXWLRQ��6FKHPH�����ZKLFK�KDV�VHUYHG�DV�D
UHIHUHQFH� UHDFWLRQ� IRU�HYDOXDWLQJ� WKH�FDWDO\WLF�FDSDELOLW\�RI
.6,����

)RU�WKLV�PRGHO�V\VWHP��ZH�WDNH�LQWR�DFFRXQW�QRW�RQO\�WKH
GLHOHFWULF� PHGLXP� HIIHFW� WKURXJK� WKH� SRODUL]HG� FRQWLQXXP
PRGHO��3&0����EXW�DOVR�WKH�HOHFWURSKLOLF�FDWDO\VLV�E\�D�VRO�
YHQW�ZDWHU�PROHFXOH��ZKLFK�KDV�EHHQ�FRQVLGHUHG�DQ�LPSRU�
WDQW�DVSHFW�RI�WKH�QRQHQ]\PDWLF�UHDFWLRQ�LQ�DTXHRXV�VROXWLRQ�
,QGHHG�� LW�KDV�EHHQ� VXJJHVWHG� WKDW� WKH� WUDQVLWLRQ� VWDWHV�DQG
LQWHUPHGLDWHV�DUH�PRUH�VWDELOL]HG�LQ�D�QRQDTXHRXV�HQYLURQ�
PHQW�DV�LQ�DQ�HQ]\PDWLF�DFWLYH�VLWH�WKDQ�LQ�ZDWHU����
$V�DQ�HQ]\PDWLF�UHDFWLRQ�PRGHO��ZH�FRQVLGHU�6FKHPH���LQ

ZKLFK� WKH� UROHV� RI� JHQHUDO� DFLG� FDWDO\VWV� DUH� SOD\HG� E\
SKHQRO� DQG� IRUPLF� DFLG�� UHSUHVHQWLQJ� 7\U��� DQG� $VS���
UHVSHFWLYHO\��ZKLOH�IRUPDWH�VLPXODWHV�WKH�DFWLRQ�RI�$VS������
,Q�FRQWUDVW�WR�WKH�QRQHQ]\PDWLF�FDVH��VROYDWLRQ�HIIHFWV�DUH

LJQRUHG�LQ�WKLV�PRGHO��7KLV�LV�EDVHG�RQ�WKH�SUHYLRXV�H[SHUL�
PHQWDO�REVHUYDWLRQ�WKDW�WKH�OD\HU�RI�DSRODU�UHVLGXHV�DQG�WKH
NHWRVWHURLG� VXEVWUDWH�ZRXOG� SUHYHQW� WKH� EXON� VROYHQW� IURP
DFFHVVLQJ�WKH�DFWLYH�VLWH�RI�.6,�GXULQJ�LWV�FDWDO\WLF�DFWLRQ����F�
,Q�DGGLWLRQ�WR�WKH�SRWHQWLDO�HQHUJLHV��ZH�DOVR�HYDOXDWH�WKH

]HUR�SRLQW� YLEUDWLRQDO� HQHUJLHV� DQG� HQWURSLF� WHUPV� IRU
VWDWLRQDU\�VWDWH� VWUXFWXUHV� RI� ERWK� HQ]\PDWLF� DQG�QRQHQ]\�
PDWLF�UHDFWLRQ�PRGHOV�WR�FDOFXODWH�WKH�IUHH�HQHUJ\�SURILOHV�
%\� FRPSDULQJ� WKH� RYHUDOO� IUHH� HQHUJLHV� RI� DFWLYDWLRQ�� ZH
HVWLPDWH� WKH�H[WHQWV�RI� UDWH�HQKDQFHPHQW�RIIHUHG�E\�7\U��
DQG�$VS����:H� DOVR� H[DPLQH� WKH� YDULDWLRQ� RI� JHRPHWULFDO
IHDWXUHV�DORQJ�LQWULQVLF�UHDFWLRQ�FRRUGLQDWH��,5&���DQG�FRP�
SDUH� WKHP� ZLWK� WKRVH� RI� WKH� FRUUHVSRQGLQJ� QRQHQ]\PDWLF
UHDFWLRQ� WR� JDLQ� VRPH� LQVLJKW� LQWR� WKH� FDWDO\WLF� VWUDWHJ\� RI
.6,�
7KHUH� KDV� EHHQ� D� FRQWURYHUV\� RQ� WKH� PRGH� RI� FDWDO\WLF

DFWLRQV� RI� WKH� HQ]\PHV� WKDW� FDWDO\]H� UHDFWLRQV� RI� FDUERQ
DFLGV�� ,W�ZDV� SURSRVHG� WKDW� WKH� H[WUDRUGLQDU\� HIILFLHQF\� RI
HQ]\PDWLF�UHDFWLRQV�FRXOG�EH�DWWULEXWHG�WR�WKH�VWDELOL]DWLRQ�RI
WKH�WUDQVLWLRQ�VWDWH�IRU�SURWRQ�DEVWUDFWLRQ�E\�WKH�HOHFWURSKLOLF
FDWDO\VLV��ZKLFK�RYHUFRPHV�WKH�NLQHWLF�SUREOHP�RI�WKH�QRQ�
HQ]\PDWLF� UHDFWLRQ� ZLWK� DQ� LQKHUHQWO\� ORZ� UDWH���� 2Q� WKH
RWKHU�KDQG��WKHUH�LV�DOVR�DQ�DUJXPHQW�WKDW�D�WKHUPRG\QDPLF
GLIILFXOW\� LQ� IRUPLQJ� DQ� HQRODWH� LQWHUPHGLDWH� LV� WKH� IXQGD�
PHQWDO� SUREOHP� WKDW� VKRXOG� EH� VXUPRXQWHG� E\� HQ]\PHV���

6FKHPH �

6FKHPH �

6FKHPH �



∆����.HWRVWHURLG�,VRPHUDVH �%XOO��.RUHDQ�&KHP��6RF��������9RO������1R�����������

%\�FRPSDULQJ�WKH�IUHH�HQHUJ\�SURILOHV�IRU�WKH�HQ]\PDWLF�DQG
QRQHQ]\PDWLF�UHDFWLRQ�PRGHOV�XQGHU�FRQVLGHUDWLRQ��ZH�ZLOO
DGGUHVV� WKH� LVVXH� RI� ZKLFK� NLQG�V�� RI� SUREOHPV� FDQ� EH
UHVROYHG�E\�FDWDO\WLF�DFLG�UHVLGXHV�RI�.6,��

&RPSXWDWLRQDO�0HWKRGV

$OO� JHRPHWULHV� FRUUHVSRQGLQJ� WR� PLQLPD� DQG� WUDQVLWLRQ
VWDWHV� RQ� WKH� WZR�PRGHO� HQ]\PDWLF� UHDFWLRQ� SDWKZD\V� DUH
IXOO\� RSWLPL]HG� DW�5+)������*

� OHYHO� RI� WKHRU\�ZLWK� WKH
ODWHVW�YHUVLRQ�RI�*$0(66�FRGH����7KHVH�JHRPHWU\�RSWLPL�
]DWLRQV�DUH�SHUIRUPHG�ZLWK�WKH�DLG�RI�DQDO\WLFDOO\�GHWHUPLQHG
JUDGLHQWV� DQG� VHDUFK� DOJRULWKPV� RI� TXDVL�1HZWRQ�5DSKVRQ
SURFHGXUH���� 7KH� QDWXUH� RI� HDFK� 6&)� VWDWLRQDU\� SRLQW� LV
GHWHUPLQHG�E\�WKH�QXPEHU�RI�LPDJLQDU\�IUHTXHQFLHV�WKDW�DUH
HYDOXDWHG� E\� GLDJRQDOL]LQJ� WKH� DQDO\WLFDO� KHVVLDQ�� (DFK
WUDQVLWLRQ� VWDWH� VWUXFWXUH�SRVVHVVHV�D� VLQJOH�QHJDWLYH�HLJHQ�
YDOXH� RI� WKH� KHVVLDQ�PDWUL[�� DQG� WKH� FRUUHVSRQGLQJ� LPDJL�
QDU\�YLEUDWLRQDO�IUHTXHQF\�LV�UHODWHG�WR�WKH�WLPH�VFDOH�RI�WKH
PRWLRQ� WKDW� FDUULHV� WKH� UHDFWLRQ� V\VWHP� RYHU� WKH� HQHUJ\
EDUULHU��7KH�LQWULQVLF�UHDFWLRQ�FRRUGLQDWH��,5&��FRQQHFWLQJ�D
WUDQVLWLRQ�VWDWH�WR�WKH�QHLJKERULQJ�VWDEOH�VWUXFWXUHV�LV�GHWHU�
PLQHG�E\�XVLQJ�WKH�*RQ]DOH]�6FKOHJHO�VHFRQG�RUGHU��*6��
PHWKRG���DW� WKH�VDPH�OHYHO�RI�WKHRU\�XVHG�LQ�WKH�SUHFHGLQJ
JHRPHWU\�RSWLPL]DWLRQV��
,Q� RUGHU� WR� DFKLHYH� EHWWHU� SUHGLFWLRQ� RI� WKH� HQHUJHWLFV�

SRVW�+)� OHYHO� FDOFXODWLRQV� LQFOXGLQJ� WKH� HIIHFW� RI� HOHFWURQ
FRUUHODWLRQ�DUH�SHUIRUPHG�DW�WKH�RSWLPL]HG�JHRPHWULHV��7KHVH
VLQJOH�SRLQW�FDOFXODWLRQV�DUH�FDUULHG�RXW�ZLWK�WKH������*


EDVLV�VHW�XVLQJ�WKH�0�OOHU�3OHVVHW�VHFRQG�RUGHU�SHUWXUEDWLRQ
WKHRU\� �03������ 7KH� HOHFWURQLF� HQHUJLHV� FRPSXWHG� LQ� WKLV
ZD\�DUH� WKHQ�XVHG� WR�FDOFXODWH� WKH� UHODWLYH�IUHH�HQHUJLHV� LQ
WKH�JDV�SKDVH�� ��WKDW�DUH�JLYHQ�E\

���

+HUH�� � GHQRWHV� WKH� HQWKDOS\� FKDQJH� GXH� WR� WKHUPDO
PRWLRQV� RI� WKH� QXFOHL� LQFOXGLQJ� WKH� ]HUR�SRLQW� YLEUDWLRQDO
HQHUJLHV��DQG�∆6�LV�WKH�HQWURS\�FKDQJH��:KLOH�WKH�HOHFWURQLF
HQHUJLHV��(HOHF��DUH�HYDOXDWHG�DW�WKH�03�������*

�OHYHO��WKH
YLEUDWLRQDO� IUHTXHQFLHV� XVHG� WR� HVWLPDWH� � DQG�∆6� DUH
REWDLQHG�DW�WKH�WKHRUHWLFDO�OHYHO�DGRSWHG�LQ�JHRPHWU\�RSWLPL�
]DWLRQV�
,Q� REWDLQLQJ� WKH� IUHH� HQHUJ\� SURILOH� IRU� WKH�PRGHO� QRQ�

HQ]\PDWLF� UHDFWLRQ�� VROYDWLRQ� HIIHFWV� QHHG� WR� EH� LQFOXGHG�
VLQFH�WKH�UHIHUHQFH�UHDFWLRQ�IRU�HYDOXDWLQJ�WKH�FDWDO\WLF�FDSD�
ELOLW\�RI�.6,�KDV�EHHQ�D�EDVH�FDWDO\]HG�LVRPHUL]DWLRQ�RI���LQ
DTXHRXV�VROXWLRQ����7KHUHIRUH��ZH�SHUIRUP�D�3&0�VHOI�FRQ�
VLVWHQW�UHDFWLRQ�ILHOG��6&5)��FDOFXODWLRQ�IRU� WKH�VWDWLRQDU\�
VWDWH� VWUXFWXUHV� RQ� WKH� UHDFWLRQ� SDWK� WR� FRPSXWH� WKHLU� VRO�
YDWLRQ� IUHH� HQHUJLHV� �∆*VROYDWLRQ��� 7KHVH� VLQJOH� SRLQW� FDOFX�
ODWLRQV�DUH�SHUIRUPHG�DW�WKH�5+)�����*

�OHYHO�ZLWK�GLHOHF�
WULF� FRQVWDQW� ������� 7KH� UHVXOWV� DUH� WKHQ� XVHG� WR� HVWLPDWH
UHODWLYH�IUHH�HQHUJLHV�� ��RI�UHDFWDQW�VWDWH��LQWHUPHGLDWH�
WUDQVLWLRQ� VWDWHV�� DQG� SURGXFW�VWDWH� VWUXFWXUHV� RI� WKH
XQFDWDO\]HG�UHDFWLRQ�LQ�VROXWLRQ�DFFRUGLQJ�WR�WKH�IROORZLQJ
HTXDWLRQ�

� � ���∆∆*VROYDWLRQ� ���

5HVXOWV�DQG�'LVFXVVLRQ

1RQHQ]\PDWLF� UHDFWLRQ��:H� ILUVW� FRQVLGHU� WKH� IRUPDWH�
DVVLVWHG�LVRPHUL]DWLRQ�RI���EXWHQDO�LQ�DTXHRXV�VROXWLRQ�XQGHU
WKH�JHQHUDO�DFLG�FDWDO\VLV�E\�D�VROYHQW�ZDWHU�PROHFXOH��7KLV
LV� WKH� VLPSOHVW� UHOHYDQW� PRGHO� IRU� WKH� DFHWDWH�FDWDO\]HG
LVRPHUL]DWLRQ�RI���LQ�DTXHRXV�VROXWLRQ�WKDW�KDV�EHHQ�XVHG�DV
D�UHIHUHQFH�UHDFWLRQ�IRU�GLVFXVVLQJ�WKH�HQ]\PDWLF�DFWLYLW\�RI
.6,���� $� FRPSDUDWLYH� VWXG\� RI� WKH� PRGHO� QRQHQ]\PDWLF
UHDFWLRQ� �6FKHPH� ��� DQG� WKH� FRUUHVSRQGLQJ� HQ]\PDWLF
UHDFWLRQ��6FKHPH����ZLOO�KHOS�XV�WR�XQGHUVWDQG�WKH�HOHFWURQLF
DQG� JHRPHWULFDO� UHTXLUHPHQWV� IRU� WKH� H[FHSWLRQDO� FDWDO\WLF
DFWLYLW\�RI�.6,��
)LJXUH���LOOXVWUDWHV�WKH�YDULDWLRQ�RI�IUHH�HQHUJ\�DORQJ�WKH

QRQHQ]\PDWLF� UHDFWLRQ� SDWK� DV� FRPSXWHG� E\� (T�� ����� 7KH
HQHUJLHV�RI�WKH�VWDWLRQDU\�VWDWH�VWUXFWXUHV�DUH�PHDVXUHG�ZLWK
UHVSHFW�WR�WKH�UHDFWDQW�FRPSOH[��85���
$V�LQGLFDWHG�LQ�6FKHPH����WKH�ILUVW�VWHS�LQYROYHV�WKH�SURWRQ

WUDQVIHU�IURP�WKH�α�FDUERQ�RI���EXWHQDO�WR�IRUPDWH��OHDGLQJ
WR�WKH�IRUPDWLRQ�RI�D�GLHQRODWH�UHDFWLRQ�LQWHUPHGLDWH��8,17�
ZLWK� D� IUHH� HQHUJ\� RI� ����� NFDO�PRO� DERYH� WKH� UHDFWDQW
FRPSOH[��85���$�NLQHWLF�EDUULHU�RI������NFDO�PRO�VKRXOG�EH
RYHUFRPH�LQ�WKLV�VWHS��7KHQ��WKH�UHNHWRQL]DWLRQ�UHDFWLRQ�IURP
WKH�XQVWDEOH�GLHQRODWH�LQWHUPHGLDWH�JLYHV�D�SURGXFW�FRPSOH[
�83��WKDW�LV�����NFDO�PRO�ORZHU�LQ�IUHH�HQHUJ\�WKDQ�85��7KH
NLQHWLF�EDUULHU�LQ�WKLV�VWHS�LV�SUHGLFWHG�WR�EH�DERXW�����NFDO�
PRO�� 7KH� VHFRQG� WUDQVLWLRQ� VWDWH� �876��� KDV� KLJKHU� IUHH
HQHUJ\�WKDQ�WKH�ILUVW�WUDQVLWLRQ�VWDWH��876���E\�����NFDO�PRO�
7KLV�HQHUJHWLF�IHDWXUH�LV�LQ�JRRG�DJUHHPHQW�ZLWK�WKDW�REVHUY�
HG� IRU� DFHWDWH�FDWDO\]HG� LVRPHUL]DWLRQ� RI� �� LQ� DTXHRXV
VROXWLRQ���E�6LQFH� WKH� UDWH�FRQVWDQW� IRU� WKH�EDFNZDUG� WUDQV�
IRUPDWLRQ�IURP�8,17�WR�85�LV�PRUH�WKDQ�����WLPHV�ODUJHU
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)LJXUH����)UHH�HQHUJ\�SURILOH�GLDJUDP�DORQJ�WKH�LQWULQVLF�UHDFWLRQ
FRRUGLQDWH� RI� WKH�PRGHO� QRQHQ]\PDWLF� UHDFWLRQ�� IRUPDWH�DVVLVWHG
LVRPHUL]DWLRQ�RI���EXWHQDO��)RU�HDFK�VWDWLRQDU\�VWDWH�VWUXFWXUH��WKH
IUHH�HQHUJ\�PHDVXUHG�IURP�UHDFWDQW�FRPSOH[��85��LV�LQGLFDWHG�LQ
XQLWV�RI�NFDO�PRO��876���8,17��876���DQG�83�GHVLJQDWH�WKH�ILUVW
WUDQVLWLRQ�VWDWH�� UHDFWLRQ� LQWHUPHGLDWH��VHFRQG� WUDQVLWLRQ�VWDWH��DQG
SURGXFW�FRPSOH[��UHVSHFWLYHO\�
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WKDQ�WKDW�IRU�WKH�IRUZDUG�WUDQVIRUPDWLRQ�LQWR�83��WKH�RYHUDOO
UDWH�FRQVWDQW�IRU�WKH�FRQYHUVLRQ�RI�85�WR�83�FDQ�EH�DSSUR[L�
PDWHG�DV�WKH�SURGXFW�RI�WKH�HTXLOLEULXP�FRQVWDQW�IRU�WKH�ILUVW
VWHS� DQG� WKH� UDWH� FRQVWDQW� IRU� WKH� VHFRQG� VWHS�� 7KXV�� WKH
RYHUDOO� IUHH� HQHUJ\� RI� DFWLYDWLRQ� LV� JLYHQ� E\� WKH� HQHUJ\
GLIIHUHQFH�EHWZHHQ�876��DQG�85��WKDW�LV������NFDO�PRO�
7KH�ODUJH�HQHUJ\�GLIIHUHQFH�������NFDO�PRO��EHWZHHQ�8,17

DQG�85�LV�FRQVLVWHQW�ZLWK�SUHYLRXV�H[SHULPHQWDO�ILQGLQJV��

LQGLFDWLQJ�WKDW� WKH�GLIILFXOW\�LQ�IRUPLQJ�WKH�GLHQRODWH�LQWHU�
PHGLDWH� SRVHV� D� WKHUPRG\QDPLF� SUREOHP� WKDW� VKRXOG� EH
RYHUFRPH�E\�WKH�FDWDO\WLF�DFWLRQ�RI�.6,��)RU�HQ]\PHV�OLNH
PDQGHODWH� UHDFHPDVH� WKDW� FDWDO\]H� WKH� HQROL]DWLRQ� UHDFWLRQ
RI�FDUERQ�DFLGV��LW�LV�NQRZQ�WKDW�WKH�UHGXFWLRQ�RI�WKH�SRWHQWLDO
EDUULHU�LV�DFKLHYHG�E\�XWLOL]LQJ�VRPH�VWURQJ�LQWHUDFWLRQ�UDWKHU
WKDQ�E\�WKH�JHQHUDO�DFLG�EDVH�FDWDO\VLV���E�,Q�WKH�FDVH�RI�.6,�
KRZHYHU��LW�LV�OLNHO\�WKDW�K\GURJHQ�ERQG�VWDELOL]DWLRQ�RI�WKH
WUDQVLWLRQ�VWDWH�DQG�GLHQRODWH�LQWHUPHGLDWH�FRXOG�EH�D�VLJQLIL�
FDQW�FDWDO\WLF�IDFWRU�EHFDXVH�WKH�WKHUPRG\QDPLF�GLIILFXOW\�RI
IRUPLQJ�WKH�HQRODWH�LQWHUPHGLDWH�ZDV�IRXQG�WR�EH�OHVV�VHYHUH
IRU� VXEVWUDWHV� OLNH� DOGHK\GHV�� NHWRQHV�� DQG� WKLROHVWHUV� WKDQ
IRU�FDUER[\OLF�DFLG�DQG�HVWHU�VXEVWUDWHV���

:H�QRZ�GHWDLO� WKH�YDULDWLRQ�RI�JHRPHWULFDO�SURSHUWLHV�RI
WKH� UHDFWLRQ� V\VWHP� DORQJ� WKH� ,5&�� 7KH� VWDWLRQDU\�VWDWH
VWUXFWXUHV� ORFDWHG� DORQJ� WKH� UHDFWLRQ� SDWK� DUH� VKRZQ� LQ
)LJXUH����WRJHWKHU�ZLWK�VRPH�VHOHFWHG�LQWHUDWRPLF�GLVWDQFHV��
,Q� WKH� UHDFWDQW�VWDWH� VWUXFWXUH� �85�� D�QHJDWLYHO\�FKDUJHG

R[\JHQ� �2E�� RI� IRUPDWH� LV� GLUHFWHG� WR� WKH� K\GURJHQ� �+V�
DWWDFKHG� WR� WKH�α�FDUERQ� �&���� IRUPLQJ� D� ZHDN� K\GURJHQ
ERQG�ZLWK�DVVRFLDWHG�2E⋅⋅⋅+V�GLVWDQFH�RI�������c��)URP�WKLV
FRPSOH[�WKH�ILUVW�UHDFWLRQ�VWHS�LV�LQLWLDWHG�E\�WKH�WUDQVIHU�RI
+V� IURP�&�� WR�2E��:KHQ� WKH�&�⋅⋅⋅+V�GLVWDQFH� LV�HORQJDWHG
IURP�������c� WR�������c�� WKH� UHDFWLRQ� V\VWHP� UHDFKHV� WKH

ILUVW�WUDQVLWLRQ�VWDWH��876���ZKLFK�LV�ODWH�LQ�WHUPV�RI�2E�+V

ERQG�IRUPDWLRQ��7KH�2E�+V�GLVWDQFH�LV�VKRUWHQHG�E\�������c
LQ� JRLQJ� IURP� 85� WR�876��� ZKLFK� FRUUHVSRQGV� WR� ���
DGYDQFHPHQW� WRZDUG� WKH� IRUPDWLRQ� RI� WKH� UHDFWLRQ� LQWHU�
PHGLDWH� �8,17� LQ� )LJXUH� ���� ,Q� VSLWH� RI� WKLV� VLJQLILFDQW
SURJUHVV��&��2V� DQG�&��&�� ERQG� OHQJWKV� DUH� VWUHWFKHG� E\
RQO\�������c�DQG�������c��ZKLFK�FRUUHVSRQG� WR�����DQG
���� SURJUHVV� RI� WKH� ILUVW� UHDFWLRQ� VWHS�� UHVSHFWLYHO\�� 7KLV
LPSOLHV�WKDW�WKH�GHORFDOL]DWLRQ�RI�QHJDWLYH�FKDUJH�RQ�&��ODJV
EHKLQG�WKH�SURWRQ�WUDQVIHU��LQGLFDWLQJ�DQ�LPEDODQFHG�QDWXUH
RI�876���7KXV��WKH�JHRPHWULFDO�IHDWXUHV�DUH�FRQVLVWHQW�ZLWK
WKH� H[SHULPHQWDOO\� SUHGLFWHG� FDUEDQLRQLF� FKDUDFWHU� RI� WKH
WUDQVLWLRQ�VWDWHV�RI�HQROL]DWLRQ�UHDFWLRQV�����
$�FRPSOHWH�WUDQVIHU�RI�WKH�+V�WR�2E�OHDGV�WR�WKH�IRUPDWLRQ

RI�WKH�VHFRQG�HQHUJ\�PLQLPXP�RQ�WKH�UHDFWLRQ�SDWK��8,17�
ZKLFK�LQFOXGHV�WKH�GLHQRODWH�LQWHUPHGLDWH��,W�LV�QRWHG�WKDW�D
K\GURJHQ�ERQG�EHWZHHQ�WKH�ZDWHU�PROHFXOH�DQG�WKH�2V�DWRP
LV�PDWXUHG�LQ�JRLQJ�IURP�85� WR�8,17��FRQWULEXWLQJ�WR�WKH
VWDELOL]DWLRQ� RI� WKH� GLHQRODWH� LQWHUPHGLDWH�� +RZHYHU�� WKH
VROYHQW�FDWDO\VLV�DORQH�LV�LQVXIILFLHQW�WR�RYHUFRPH�WKH�LQKHU�
HQW�WKHUPRG\QDPLF�EDUULHU��
)URP�WKH�FRPSOH[�8,17�� WKH�VHFRQG�UHDFWLRQ�VWHS�VWDUWV

ZLWK�WKH�DSSURDFK�RI�IRUPDWH��LQ�LWV�SURWRQDWHG�IRUP��WR�WKH
&��DWRP��OHDGLQJ�WR�IRUPDWLRQ�RI�WKH�VHFRQG�WUDQVLWLRQ�VWDWH
�876����,Q�WKLV�VWUXFWXUH��+V�DWRP�LV�SDUWLDOO\�WUDQVIHUUHG�WR
WKH�&��DWRP�ZLWK�WKH�DVVRFLDWHG�&�⋅⋅⋅+V�GLVWDQFH�RI�������c�
7KH� UHDFWLRQ�V\VWHP�WKHQ� WUDQVIRUPV� WR� WKH� ILQDO�PLQLPXP
HQHUJ\� VWUXFWXUH� �83��� DQG� WKH�PRGHO� VXEVWUDWH� FRPSOHWHV
WKH� LVRPHUL]DWLRQ� IURP� β�γ�XQVDWXUDWHG� WR� α�β�XQVDWXUDWHG
FDUERQ\O�
(Q]\PDWLF�UHDFWLRQ��7R�HVWLPDWH�WKH�FRQWULEXWLRQ�RI�HOHF�

WURSKLOLF�FDWDO\VLV�WR�WKH�HQ]\PDWLF�UDWH�HQKDQFHPHQW�RI�.6,�

)LJXUH����$�SLFWRULDO�GHVFULSWLRQ�RI� WKH�UHDFWLRQ�SDWKZD\�IRU� WKH�PRGHO�QRQHQ]\PDWLF�UHDFWLRQ��6RPH�VHOHFWHG�LQWHUDWRPLF�GLVWDQFHV�DUH
JLYHQ�LQ�c�
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ZH� KDYH� FDUULHG� RXW� FDOFXODWLRQV� RQ� WKH� IRUPDWH�FDWDO\]HG
LVRPHUL]DWLRQ�UHDFWLRQ�RI���EXWHQDO�LQ�WKH�SUHVHQFH�RI�SKHQRO
DQG� IRUPLF� DFLG� �VHH� 6FKHPH� ���� ,Q� WKLV� UHDFWLRQ� PRGHO�
IRUPDWH�� SKHQRO�� DQG� IRUPLF� DFLG� FRUUHVSRQG� WR� $VS���
7\U����DQG�$VS���RI�.6,��UHVSHFWLYHO\��)LJXUH���GLVSOD\V�WKH
YDULDWLRQ�RI�IUHH�HQHUJ\�DORQJ�WKH�UHDFWLRQ�FRRUGLQDWH�
)LUVW�� LW� LV� VHHQ� WKDW� WKH� GLHQRODWH� LQWHUPHGLDWH� FDQ� EH

GUDPDWLFDOO\�VWDELOL]HG�ZKHQ�FRPSOH[HG�ZLWK� WZR�FDWDO\WLF
DFLG�UHVLGXHV��7KH�VWDELOL]DWLRQ�HQHUJ\�IRU� WKH� LQWHUPHGLDWH
�(,17�� UHODWLYH� WR� WKH� QRQHQ]\PDWLF� UHDFWLRQ� DPRXQWV� WR
����� NFDO�PRO��PDNLQJ� WKH� IRUPDWLRQ�RI� XQVWDEOH� GLHQRODWH
LQWHUPHGLDWH� WKHUPRG\QDPLFDOO\� IDYRUDEOH�� 7KLV� LQGLFDWHV
WKDW�RZLQJ�WR�WKH�K\GURJHQ�ERQG�VWDELOL]DWLRQ�RI�WKH�GLHQR�
ODWH�LQWHUPHGLDWH�E\�WZR�DFLG�UHVLGXHV��.6,�FDQ�DFKLHYH�WKH
UHGXFWLRQ�RI� WKH� WKHUPRG\QDPLF�SRWHQWLDO�E\�a���NFDO�PRO
DV�UHTXLUHG�IRU�WKH�XQH[SHFWHG�DFLGLW\�REVHUYHG�LQ�HQ]\PDWLF
HQROL]DWLRQ�RI�D�VXEVWUDWH�FDUERQ�DFLG���E�
7KH� VXEVWDQWLDO� VWDELOL]DWLRQ� RI� WKH� UHDFWLRQ� LQWHUPHGLDWH

UHQGHUV�WKH�VHFRQG�DFWLYDWLRQ�EDUULHU�KLJKHU�WKDQ�WKH�ILUVW�RQH
E\�����NFDO�PRO�LQ�WKH�PRGHO�HQ]\PDWLF�UHDFWLRQ��ZKLFK�LV�DQ
HQHUJHWLF� IHDWXUH� FRQVLVWHQW� ZLWK� DYDLODEOH� H[SHULPHQWDO
GDWD���E� 6LQFH� WKH� UDWH� FRQVWDQW� IRU� WKH� EDFNZDUG� WUDQVIRU�
PDWLRQ�IURP�(,17�WR�(5�LV�PRUH�WKDQ�����WLPHV�ODUJHU�WKDQ
WKDW�IRU�WKH�IRUZDUG�WUDQVIRUPDWLRQ�LQWR�(3��WKH�RYHUDOO�UDWH
FRQVWDQW� IRU� WKH�FRQYHUVLRQ�RI�(5� WR�(3� LV� DSSUR[LPDWHO\
JLYHQ�E\�WKH�SURGXFW�RI�WKH�HTXLOLEULXP�FRQVWDQW�IRU�WKH�ILUVW
VWHS� DQG� WKH� UDWH� FRQVWDQW� IRU� WKH� VHFRQG� VWHS�� 7KHQ�� WKH
RYHUDOO�IUHH�HQHUJ\�RI�DFWLYDWLRQ�LV�WKH�IUHH�HQHUJ\�GLIIHUHQFH
EHWZHHQ� WKH� UHDFWDQW�FRPSOH[� �(5�� DQG� WKH� VHFRQG� WUDQVL�
WLRQ� VWDWH� �(76���� ZKLFK� LV� SUHGLFWHG� WR� EH� ���� NFDO�PRO�
7KLV�YDOXH�LV�ORZHU�WKDQ�WKDW�IRU�WKH�QRQHQ]\PDWLF�UHDFWLRQ
E\�����NFDO�PRO��EXW�WKH�UHGXFWLRQ�LV�LQVXIILFLHQW�WR�H[SODLQ
WKH� H[SHULPHQWDO� ILQGLQJ��7KH�.6,�FDWDO\]HG� LVRPHUL]DWLRQ
UHDFWLRQ�RI���→���LV�DERXW�����WLPHV�IDVWHU�WKDQ�WKH�UHIHUHQFH
XQFDWDO\]HG�UHDFWLRQ����DQG�WKLV�UDWH�HQKDQFHPHQW�FRUUHVSRQGV
WR� WKH� UHGXFWLRQ�RI� WKH�RYHUDOO� IUHH�HQHUJ\�RI�DFWLYDWLRQ�E\
������NFDO�PRO��$SSDUHQWO\��WKH�HOHFWURSKLOLF�FDWDO\VHV�RIIHUHG

)LJXUH����)UHH�HQHUJ\�SURILOH�GLDJUDP�DORQJ�WKH�LQWULQVLF�UHDFWLRQ
FRRUGLQDWH� RI� WKH� PRGHO� HQ]\PDWLF� UHDFWLRQ�� IRUPDWH�DVVLVWHG
LVRPHUL]DWLRQ� RI� ��EXWHQDO� ZLWK� WKH� HOHFWURSKLOLF� FDWDO\VLV� E\
SKHQRO�DQG�IRUPLF�DFLG��)RU�HDFK�VWDWLRQDU\�VWDWH�VWUXFWXUH��WKH�IUHH
HQHUJ\�PHDVXUHG�IURP�UHDFWDQW�FRPSOH[��(5��LV�LQGLFDWHG�LQ�XQLWV
RI� NFDO�PRO�� (76��� (,17�� (76��� DQG� (3� GHVLJQDWH� WKH� ILUVW
WUDQVLWLRQ�VWDWH�� UHDFWLRQ� LQWHUPHGLDWH��VHFRQG� WUDQVLWLRQ�VWDWH��DQG
SURGXFW�FRPSOH[��UHVSHFWLYHO\�

)LJXUH����$�SLFWRULDO�GHVFULSWLRQ�RI�WKH�UHDFWLRQ�SDWKZD\�IRU�WKH�IRUPDWH�DVVLVWHG�LVRPHUL]DWLRQ�RI���EXWHQDO�LQ�WKH�SUHVHQFH�RI�SKHQRO�DQG
IRUPLF�DFLG��ZKLFK�VLPXODWHV�WKH�FRQFHUWHG�JHQHUDO�DFLG�EDVH�FDWDO\VLV�E\�WKH�WKUHH�HVVHQWLDO�UHVLGXHV�RI�.6,��6RPH�VHOHFWHG�LQWHUDWRPLF
GLVWDQFHV�DUH�JLYHQ�LQ�c�
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E\� WKH� WZR� DFLG� UHVLGXHV�PDNH� VLJQLILFDQW� FRQWULEXWLRQV� WR
WKH�.6,�FDWDO\VLV��EXW� WKH\�DUH� LQVXIILFLHQW� WR� IXOO\�H[SODLQ
WKH�H[FHSWLRQDO�FDWDO\WLF�SRZHU��7KLV�VXJJHVWV�WKDW�DGGLWLRQDO
FDWDO\WLF�IDFWRUV�VKRXOG�EH�LQYROYHG�LQ�WKH�.6,�DFWLRQ��,Q�WKLV
UHJDUG�� WKHUH� LV� H[SHULPHQWDO� HYLGHQFH� WKDW� 3KH���� FRXOG
DOVR�SOD\�D�VLJQLILFDQW�UROH�LQ�WKH�HQ]\PDWLF�FDWDO\VLV�DOWKRXJK
WKH�GHWDLOHG�UROH�KDV�QRW�EHHQ�H[SODLQHG�VDWLVIDFWRULO\����
:H�QRZ�GLVFXVV� WKH� JHRPHWULFDO� IHDWXUHV� UHOHYDQW� WR� WKH

HOHFWURSKLOLF�FDWDO\VLV�RI�.6,��)LJXUH���GLVSOD\V�WKH�VWUXFWXUHV
RI�HQHUJ\�PLQLPD�DQG�WUDQVLWLRQ�VWDWHV�DORQJ�WKH�,5&�RI�WKH
HQ]\PDWLF�UHDFWLRQ�PRGHO��
7KH� ILUVW� PLQLPXP� HQHUJ\� VWUXFWXUH� �(5� LQ� )LJXUH� ��

FRUUHVSRQGV�WR�WKH�VXEVWUDWH�FRPSOH[HG�ZLWK�WKH�WKUHH�FDWD�
O\WLF�UHVLGXHV��,Q�WKLV�VWUXFWXUH�WKH�K\GURJHQ�DWRPV��+W�DQG
+D��EHORQJLQJ�WR�WKH�SKHQROLF�DQG�FDUER[\OLF�DFLG�JURXSV�RI
7\U���DQG�$VS���DUH�GLUHFWHG�WR�WKH�R[\JHQ��2V��DWRP�RI�WKH
VXEVWUDWH��IRUPLQJ�UHODWLYHO\�ZHDN�K\GURJHQ�ERQGV�DW�GLVWDQFHV
RI�������c�DQG�������c��UHVSHFWLYHO\��2ZLQJ�WR�WKH�SUHVHQFH
RI� WZR� DGGLWLRQDO� FDWDO\WLF� UHVLGXHV�� LQWHUHVWLQJO\�� WKH� &�±
+V⋅⋅⋅2E�K\GURJHQ�ERQG�EHFRPHV�ZHDNHU�FRPSDUHG�WR�WKDW�LQ
85��WKH�2E⋅⋅⋅+V�GLVWDQFH�LV�������c�LQ�(5��DV�FRPSDUHG�WR
������c�LQ�85��
)URP�WKH�FRPSOH[�(5�WKH�UHDFWLRQ�VWDUWV�ZLWK�WKH�WUDQVIHU

RI� DQ�α�SURWRQ� �+V�� IURP� WKH� VXEVWUDWH� WR� WKH� FDUER[\ODWH
JURXS� RI� $VS��� DQG� WKH� VLPXOWDQHRXV� DSSURDFK� RI� DFLG
UHVLGXHV��7\U���DQG�$VS����WR�WKH�2V�DWRP��7KH�OHQJWKHQLQJ
RI� WKH� &��+V� ERQG� IURP� ������c� WR� ������c� OHDGV� WR� WKH
IRUPDWLRQ�RI�WKH�ILUVW�WUDQVLWLRQ�VWDWH��(76���LQ�ZKLFK�ERWK
+W�DQG�+D�DUH�SDUWLDOO\�WUDQVIHUUHG�WR�2V��,Q�JRLQJ�IURP�(5�WR
(76��� WKH� WZR� K\GURJHQ� ERQGV� EHWZHHQ� 2V� DQG� FDWDO\WLF
DFLG� UHVLGXHV� PDWXUH� LQWR� D� VWURQJHU� IRUP�� WKH� DVVRFLDWHG
2⋅⋅⋅+�GLVWDQFHV�VKRUWHQ�IURP�������c�DQG�������c�LQ�(5�WR
������c�DQG�������c�LQ�(76���UHVSHFWLYHO\��7KLV�JHRPHWULFDO
IHDWXUH� VDWLVILHV� WKH� OLELGR� UXOH� RI� -HQFNV��� VLQFH� WKH� IXOO
SURWRQDWLRQ�RI�2V�LV�OLNHO\�WR�EH�XQIDYRUDEOH�LQ�WKH�WUDQVLWLRQ
VWDWH��
/LNH�876���WKH�WUDQVLWLRQ�VWDWH�(76��LV�ODWH�LQ�WHUPV�RI�WKH

SURWRQ�WUDQVIHU�IURP�WKH�VXEVWUDWH�FDUERQ�DFLG�WR�WKH�FDUER[�
\ODWH� JURXS� RI� $VS���� 7KH� 2E�+V� GLVWDQFH� FRQWUDFWV� IURP
������c�LQ�(5� WR�������c�LQ�(76���ZKLFK�FRUUHVSRQGV�WR
���� DGYDQFHPHQW� WRZDUG� WKH� IRUPDWLRQ� RI� WKH� UHDFWLRQ
LQWHUPHGLDWH��7KLV� UHVXOW� LV� LQ�DJUHHPHQW�ZLWK� WKH�SUHYLRXV
H[SHULPHQWDO�ILQGLQJ�WKDW�SURWRQ�WUDQVIHU�IURP�WKH�VXEVWUDWH
WR�$VS���ZRXOG�EH�ZHOO�DGYDQFHG�LQ�WKH�ILUVW�WUDQVLWLRQ�VWDWH
RI�D�.6,�FDWDO\]HG�UHDFWLRQ����2Q�WKH�RWKHU�KDQG��WKH�OHQJWK�
HQLQJ�RI�&��2V�DQG�&��&��ERQGV�PDNH�����DQG�����SUR�
JUHVV��UHVSHFWLYHO\��WRZDUG�WKH�IRUPDWLRQ�RI�GLHQRODWH�LQWHU�
PHGLDWH��LPSO\LQJ�WKDW�WKH�GHORFDOL]DWLRQ�RI�QHJDWLYH�FKDUJH
RQ� &�� ODJV� EHKLQG� WKH� SURWRQ� WUDQVIHU� LQ� WKH�(76��� 7KLV
VWUXFWXUDO� IHDWXUH�PD\�EH�YLHZHG�DV� VXSSRUW� IRU� WKH�HDUOLHU
SURSRVDO�IRU�WKH�WUDQVLWLRQ�VWDWH�VWUXFWXUH�LQ�WKH�HQROL]DWLRQ�RI
�� E\� .6,�� QDPHO\� WKDW� WKH� FDUEDQLRQLF� FKDUDFWHU� ZRXOG
SUHYDLO� RYHU� WKH� HQRODWH� RQH���� 7KXV�� LW� LV� OLNHO\� WKDW� WKH
WUDQVLWLRQ�VWDWH�LPEDODQFH�PLJKW�DOVR�EH�LQYROYHG�LQ�WKH�.6,�
FDWDO\]HG�LVRPHUL]DWLRQ�RI����$V�FDQ�EH�LQIHUUHG�IURP�WKH����
NFDO�PRO�GHFUHDVH�LQ�WKH�DFWLYDWLRQ�EDUULHU�IRU�WKH�ILUVW�VWHS�
KRZHYHU�� WKH� EDUULHU� HQKDQFLQJ� HIIHFW� RI� GHOD\HG� FKDUJH

GHORFDOL]DWLRQ� FDQ� EH� QHJDWHG� VLJQLILFDQWO\� E\� WKH� HOHFWUR�
SKLOLF�FDWDO\VHV�RI�WKH�WZR�DFLG�UHVLGXHV��
$� FRPSOHWH� WUDQVIHU� RI� WKH� α�SURWRQ� IURP� WKH� PRGHO

VXEVWUDWH�WR�WKH�IRUPDWH�LRQ�FDUULHV�WKH�UHDFWLQJ�V\VWHP�WR�WKH
VHFRQG�HQHUJ\�PLQLPXP��(,17�LQ�)LJXUH�����ZKLFK�FRUUH�
VSRQGV�WR�WKH�GLHQRODWH�LQWHUPHGLDWH�ERXQG�WR�WKH�DFWLYH�VLWH
UHVLGXHV�RI�.6,��:H�QRWH� WKDW�SURWRQV�RI�DFLG� UHVLGXHV�DUH
QRW�IXOO\�WUDQVIHUUHG�WR�WKH�VXEVWUDWH�R[\JHQ�LQ�(,17��7KLV�LV
LQ�DFFRUGDQFH�ZLWK� WKH�HDUOLHU�SURSRVDO�RI�*HUOW� DQG�*DVV�
PDQ��%DVHG�RQ� WKH�0DUFXV� WKHRU\�� WKH\�DUJXHG� WKDW�SDUWLDO
SURWRQ� WUDQVIHU� IURP� WKH� DFLG� FDWDO\VWV� WR� WKH� VXEVWUDWH
FDUERQ\O�JURXS�ZRXOG�EH�VXIILFLHQW�WR�H[SODLQ�WKH�HQ]\PDWLF
VWDELOL]DWLRQ�RI� WKH� UHDFWLRQ� LQWHUPHGLDWH����7KXV�� WKH� UHDF�
WLRQ� LQWHUPHGLDWH� LQ� WKH� .6,�FDWDO\]HG� UHDFWLRQ� KDV� WKH
HQRODWH�FKDUDFWHU�UDWKHU�WKDQ�WKH�HQROLF�RQH��DV�DOVR�SURSRVHG
H[SHULPHQWDOO\�E\�:X�DQG�FRZRUNHUV���
,W� LV�QRWHZRUWK\� WKDW�+W⋅⋅⋅2V� DQG�+D⋅⋅⋅2V�K\GURJHQ�ERQGV

PDWXUH�LQWR�D�PXFK�VWURQJHU�IRUP�LQ�JRLQJ�IURP�(5�WR�(,17�
0RUHRYHU�� WKH�PDJQLWXGH�RI�WKH�VWUHQJWKHQLQJ�H[FHHGV�WKDW
RI�WKH�+Z⋅⋅⋅2V�K\GURJHQ�ERQG�LQ�WKH�QRQHQ]\PDWLF�FDVH��FI�
)LJXUHV���DQG�����ZKLFK�LV�UHVSRQVLEOH�IRU�WKH�SUHGLFWHG�����
NFDO�PRO�VWDELOL]DWLRQ�RI�GLHQRODWH�LQWHUPHGLDWH�LQ�WKH�HQ]\�
PDWLF�UHDFWLRQ��,QGHHG��LW�LV�ZHOO�DSSUHFLDWHG�WKDW�WKH�VWUHQJ�
WKHQLQJ�RI�WKH�K\GURJHQ�ERQG�LQ�HQ]\PDWLF�UHDFWLRQV�VKRXOG
EH� JUHDWHU� WKDQ� WKDW� LQ� WKH� UHIHUHQFH� XQFDWDO\]HG� UHDFWLRQ�
7KH� HQHUJHWLF� DQG� VWUXFWXUDO� IHDWXUHV� IRXQG� LQ� WKLV� VWXG\
VKRZ�WKDW�VXFK�D�FDWDO\WLF�IDFWRU�LV�HQRXJK�WR�DFFRXQW�IRU�WKH
H[SHULPHQWDOO\�REVHUYHG�HQ]\PDWLF�VWDELOL]DWLRQ�RI�GLHQRODWH
LQWHUPHGLDWH��+RZHYHU��WKH�SUHGLFWHG�����NFDO�PRO�UHGXFWLRQ
RI�WKH�ILUVW�DFWLYDWLRQ�EDUULHU�LV�XQDEOH�WR�H[SODLQ�WKH�H[SHUL�
PHQWDO� GDWD�� DFFRUGLQJ� WR� ZKLFK� WKH� WZR� WUDQVLWLRQ� VWDWHV
VKRXOG�EH�VWDELOL]HG�DW�OHDVW�E\����NFDO�PRO�LQ�WKH�HQ]\PDWLF
UHDFWLRQ���� 7KLV� GLVDJUHHPHQW� DOVR� VXJJHVWV� WKH� SRVVLEOH
LQYROYHPHQW�RI�DGGLWLRQDO�FDWDO\WLF�VRXUFHV�LQ�WKH�RSHUDWLRQ
RI�.6,�
7KH�VHFRQG�UHDFWLRQ�VWHS�SURFHHGV�LQ�D�VLPLODU�ZD\�DV�LQ

WKH� QRQHQ]\PDWLF� UHDFWLRQ� H[FHSW� WKDW� WZR� DFLG� UHVLGXHV
VWDELOL]H�ERWK�WKH�VHFRQG�WUDQVLWLRQ�VWDWH��(76���DQG�WKH�SUR�
GXFW�FRPSOH[��(3��WKURXJK�K\GURJHQ�ERQGV��7KH�PHFKDQLVWLF
IHDWXUHV� RI� WKH� UHNHWRQL]DWLRQ� VWHS� LQ� WKH� UHDO� HQ]\PDWLF
UHDFWLRQ�DUH�ZHOO�UHIOHFWHG�LQ�WKH�PRGHO�UHDFWLRQ��$VS����LQ
LWV�SURWRQDWHG�IRUP��GHOLYHUV�WKH�SURWRQ�+V�WR�WKH�&��DWRP�
DQG�WKH�LQWHUDFWLRQV�EHWZHHQ�2V�DQG�DFLG�UHVLGXHV�DUH�ZHDN�
HQHG� LQ� JRLQJ� IURP�(,17� WR�(76��� 3DVVLQJ� WKURXJK� WKH
VHFRQG�WUDQVLWLRQ�VWDWH��WKH�UHDFWLRQ�V\VWHP�IDOOV�LQWR�WKH�ILQDO
PLQLPXP�HQHUJ\�VWUXFWXUH� �(3���ZKLFK�FRUUHVSRQGV� WR� WKH
UHDFWLRQ� SURGXFW� FRPSOH[HG�ZLWK� WKH� FDWDO\WLF� UHVLGXHV�� ,Q
WKLV� VWUXFWXUH�� WKH� K\GURJHQ� ERQGV� EHWZHHQ� 2V� DQG� DFLG
UHVLGXHV� EHFRPH� ZHDNHU� DJDLQ� DV� FRPSDUHG� WR� WKRVH� LQ
(76���
)LQDOO\��ZH�HVWLPDWH� WKH� UHODWLYH� LPSRUWDQFH�RI� HQHUJHWLF

DQG�HQWURSLF�FRQWULEXWLRQV�WR�WKH�H[FHSWLRQDO�FDWDO\WLF�SRZHU
RI�.6,��7DEOH���OLVWV�WKH�FKDQJHV�LQ�HOHFWURQLF�HQHUJ\��∆(HOHF��
WKHUPDO� HQHUJ\� LQFOXGLQJ� WKH� ]HUR�SRLQW� YLEUDWLRQDO� HQHUJ\
� ���DQG�HQWURSLF�WHUP���7∆6��DORQJ�WKH�,5&�RI�WKH�PRGHO
HQ]\PDWLF�DQG�QRQHQ]\PDWLF�UHDFWLRQV�
,W�LV�QRWHG�WKDW�D�KLJK�YDOXH�RI�∆*VROYDWLRQ�IRU�876��UHODWLYH

∆+′
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WR�85�LV�WKH�PRVW�VLJQLILFDQW�FRQWULEXWRU�WR�WKH�SUHGLFWHG����
NFDO�PRO� GLIIHUHQFH� LQ� WKH� IUHH� HQHUJLHV� RI� DFWLYDWLRQ� EHW�
ZHHQ� HQ]\PDWLF� DQG� QRQHQ]\PDWLF� UHDFWLRQV�� 7KLV� ILQGLQJ
FOHDUO\�LQGLFDWHV�WKDW�WKH�LQFOXVLRQ�RI�VROYDWLRQ�HIIHFWV�VKRXOG
EH� LQGLVSHQVDEOH� IRU� GLVFXVVLQJ� WKH� HQ]\PDWLF� UDWH� DFFHOH�
UDWLRQ�LQ�FRPSDULVRQ� WR� WKH�UHIHUHQFH�XQFDWDO\]HG�UHDFWLRQ�
,QWHUHVWLQJO\�� WKH� SRWHQWLDO� HQHUJ\� GLIIHUHQFH� EHWZHHQ�(5
DQG�(76�� LV�DOPRVW�HTXDO� WR� WKDW�EHWZHHQ�85� DQG�876��
LPSO\LQJ�WKDW�WKH�HOHFWURSKLOLF�FDWDO\VHV�KDYH�OLWWOH�HIIHFW�RQ
ORZHULQJ� WKH� HQWKDOS\� RI� DFWLYDWLRQ� IRU� WKH� QRQHQ]\PDWLF
UHDFWLRQ��2Q�WKH�RWKHU�KDQG��WKH�RYHUDOO�IUHH�HQHUJ\�RI�DFWL�
YDWLRQ�FDQ�EH� ORZHUHG�E\�����NFDO�PRO�GXH� WR� WKH�HQWURSLF
FRQWULEXWLRQ��7KLV�LV�FRQVLVWHQW�ZLWK�WKH�IDFW�WKDW�WKH�FDWDO\WLF
UHVLGXHV� RI� .6,� FDQ� SOD\� D� UROH� LQ� UHGXFLQJ� WKH� HQWURSLF
SHQDOW\� IRU� IRUPLQJ� WKH� UDWH�OLPLWLQJ� WUDQVLWLRQ� VWDWH�� $
VLPLODU� PHFKDQLVWLF� IHDWXUH� KDV� EHHQ� REVHUYHG� DOVR� LQ� WKH
FDWDO\WLF�DFWLRQ�RI�VHULQH�SURWHDVHV���DQG�DVSDUWLF�SURWHLQDVHV���

&RQFOXVLRQV

:H� KDYH� HVWLPDWHG� WKH� FDWDO\WLF� FRQWULEXWLRQ� IURP� WZR
HVVHQWLDO� DFWLYH� VLWH� UHVLGXHV�RI�.6,��7\U���DQG�$VS����E\
FRPSDULQJ� WKH�HQHUJHWLF�DQG�VWUXFWXUDO� IHDWXUHV�RI�D�PRGHO
HQ]\PDWLF�UHDFWLRQ�ZLWK�WKRVH�RI�D�FRUUHVSRQGLQJ�QRQHQ]\�
PDWLF�UHDFWLRQ��2ZLQJ�WR�WKH�HOHFWURSKLOLF�FDWDO\WLF�FRPSR�
QHQWV��WKH�IUHH�HQHUJ\�RI�DFWLYDWLRQ�DQG�WKH�WKHUPRG\QDPLF
SRWHQWLDO� RI� GLHQRODWH� LQWHUPHGLDWH� DUH� ORZHUHG�E\����� DQG
�����NFDO�PRO��UHVSHFWLYHO\��LQ�WKH�HQ]\PDWLF�UHDFWLRQ�PRGHO
XQGHU� FRQVLGHUDWLRQ�� &RPSDULVRQ� RI� WKHVH� HQHUJ\� YDOXHV
ZLWK�DYDLODEOH�H[SHULPHQWDO�GDWD�VKRZV�WKDW�WKH�HOHFWURSKLOLF
FDWDO\VHV� FDQQRW� H[SODLQ� WKH� H[FHSWLRQDO� UDWH� HQKDQFHPHQW
RI�.6,�FRPSOHWHO\��DOWKRXJK�WKH\�FDQ�DFFRXQW�IRU�WKH�HQ]\�
PDWLF� VWDELOL]DWLRQ�RI� WKH�GLHQRODWH� LQWHUPHGLDWH��7KXV�� WKH
UHVXOWV�RI�WKH�SUHVHQW�VWXG\�VXJJHVW�WKDW��WR�IXOO\�UHVROYH�WKH
NLQHWLF�SUREOHP�LQKHUHQW�LQ�WKH�UHIHUHQFH�XQFDWDO\]HG�UHDF�
WLRQ�� DGGLWLRQDO� FDWDO\WLF� VRXUFHV�PD\� KDYH� WR� EH� LQYRNHG�

7KH�VWDELOL]DWLRQ�RI�WKH�GLHQRODWH�LQWHUPHGLDWH�LV�DFKLHYHG�WR
VXFK�DQ�H[WHQW�WKDW�WKH�IRUPDWLRQ�RI�WKH�LQWHUPHGLDWH�EHFRPHV
WKHUPRG\QDPLFDOO\� IDYRUDEOH� DQG� WKH� UHDFWLRQ� UDWH� LV� FRQ�
WUROOHG� E\� WKH� VHFRQG� VWHS�� &RQVLGHULQJ� WKDW� WKH� GRPLQDQW
IDFWRU� GHVWDELOL]LQJ� WKH� UDWH�OLPLWLQJ� WUDQVLWLRQ� VWDWH� LV� WKH
VROYDWLRQ� HIIHFW� LQ� WKH� UHIHUHQFH� XQFDWDO\]HG� UHDFWLRQ�� WKH
FDWDO\WLF�DFWLYLW\�RI�.6,�LV�DWWDLQHG�E\�SURYLGLQJ�D�QRQDTXH�
RXV� UHDFWLRQ� HQYLURQPHQW� DV� ZHOO� DV� HIILFLHQW� FDWDO\WLF
UHVLGXHV��$ORQJ�WKH�LQWULQVLF�UHDFWLRQ�FRRUGLQDWH�WKH�FDWDO\WLF
UHVLGXHV� DUH� SRVLWLRQHG� VXFK� WKDW� WKH� HQWURSLF� SHQDOW\� IRU
IRUPLQJ�WKH�UDWH�OLPLWLQJ�WUDQVLWLRQ�VWDWH�FDQ�EH�PLQLPL]HG�
)XUWKHU�VWXG\�LV�QHHGHG�WR�XQGHUVWDQG�WKH�IXOO�GHWDLOV�RI�WKH
FDWDO\WLF�VWUDWHJ\�RI�WKLV�SURILFLHQW�HQ]\PH�
$FNQRZOHGJPHQW�� 7KLV�ZRUN�ZDV� VXSSRUWHG� E\� D� JUDQW

IURP� WKH� &HQWHU� IRU� 0ROHFXODU� &DWDO\VLV� RI� WKH� .RUHD
6FLHQFH�DQG�(QJLQHHULQJ�)RXQGDWLRQ�

5HIHUHQFHV�DQG�1RWHV
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3URWHLQ�6FL�����������������E��$XVWLQ��-��&���=KDR��4���-RUGDQ��7��
7DODOD\��3���0LOGYDQ��$��6���6SLUR��7��*�� %LRFKHPLVWU\����������
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$EH\JXQDZDUGDQD��&���*LWWLV��$��*���0LOGYDQ��$��6��%LRFKHPLVWU\

7DEOH����5HODWLYH� FRQWULEXWLRQV�RI�YDULRXV� HQHUJHWLF� IDFWRU� WR� WKH
FKDQJHV� LQ� IUHH� HQHUJ\� DORQJ� WKH� WZR� UHDFWLRQ� SDWKV� XQGHU
FRQVLGHUDWLRQ��5HODWLYH�IUHH�HQHUJLHV��∆*���IRU�VWUXFWXUHV�LQYROYHG
LQ� HQ]\PDWLF� DQG� QRQHQ]\PDWLF� UHDFWLRQ� SDWKV� DUH� FDOFXODWHG� E\
XVLQJ�(T�� ���� DQG�(T�� ����� UHVSHFWLYHO\��$OO� HQHUJLHV�DUH�JLYHQ� LQ
NFDO�PRO

(QHUJ\�PLQLPD�DQG�
WUDQVLWLRQ�VWDWHV

∆(HOHF ∆+
 −7∆6 ∆∆*VROYDWLRQ ∆*�

1RQHQ]\PDWLF�UHDFWLRQ
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