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.H\ZRUGV � &R�,,,��FRPSOH[��&KLUDO�OLJDQG��6WHUHRVHOHFWLYLW\��&RQILJXUDWLRQ�

'XULQJ� WKH� SDVW� WKUHH� GHFDGHV�� WKH� VWXGLHV� RI� RSWLFDOO\
DFWLYH�PHWDO�FRPSOH[HV�ZLWK�QLWURJHQ�RU�R[\JHQ�GRQRU�DWRPV
KDYH� DWWUDFWHG� PXFK� DWWHQWLRQ��� 0DQ\� VWXGLHV� KDYH� EHHQ
LQYHVWLJDWHG� RQ� WKH� VWHUHRVHOHFWLYLW\� LQ� LQHUW� FREDOW�,,,�
FRPSOH[HV�ZLWK�IOH[LEOH�WHWUDGHQWDWH�OLJDQGV�VXFK�DV�+�HGGS
�HWK\OHQHGLDPLQH�1�1
�GLSURSLRQLF�DFLG��DQG�HGGD��HWK\OHQH�
GLDPLQH�1�1
�GLDFHWDWH����,Q�WKLV�VHULHV��LW�ZDV�GHPRQVWUDWHG
WKDW�FLV�β�WHUQDU\�&R�,,,��FRPSOH[HV�FRXOG�EH�XWLOL]HG�IRU�WKH
RSWLFDO�UHVROXWLRQ�RU�DV\PPHWULF�V\QWKHVLV�RI�α�DPLQR�DFLGV
LQ� KLJK� HQDQWLRPHULF� H[FHVV� �� (VSHFLDOO\�� WKH� FKHPLVWU\� RI
PHWDO�FRPSOH[HV�ZLWK�1�6�GRQRU�FKHODWHV�KDYH�EHHQ� LQWHU�
HVWLQJ� RZLQJ� WR� WKHLU� GLYHUVH� UROHV� LQ�PHWDOORHQ]\PHV� DQG
WKHLU� YDULHG� FDWDO\WLF� SURSHUWLHV���5HFHQWO\�� 7RVFDQR� HW� DO��

KDYH�DOVR�UHSRUWHG�WKH�VWHUHRVHOHFWLYLW\�RI�&R�,,,��FRPSOH[HV
ZLWK�OLQHDU�WHWUDGHQWDWH�OLJDQGV�JHH+�� 1�^��>���DPLQRHWK\O��
WKLR@HWK\O`���DPLQRDFHWDPLGH��� HJH+� � 1����DQLPR�HWK\O��
��>���DPLQRHWK\O�WKLR@DFHWDPLGH��DQG�S\JH+�� 1�>���S\ULG�
\O�PHWK\O@���>���DPLQRHWK\O�WKLR@DFHWDPLGH�� FRQWDLQLQJ� VXOIXU
DWRP�LQ�GRQRU�VHW�DV�ZHOO�DV�DQ�DPLGH�JURXS��7KHUH�DUH�WKUHH
SRVVLEOH�JHRPHWULFDO�LVRPHUV��FLV�α��FLV�β�DQG�WUDQV�EXW�WKH\
ZHUH� FRRUGLQDWHG� WR� &R�,,,�� LRQ� ZLWK� RQO\� FLV�β� FRQILJX�
UDWLRQ���:H�SUHSDUHG�DQRWKHU�QRYHO�OLJDQG�WKDW�FDQ�DGRSW�WKH
FLV�β�FRQILJXUDWLRQ�LQ�RFWDKHGUDO�WUDQVLWLRQ�FRPSOH[�

:H�QRZ�SUHVHQW�WKH�SUHSDUDWLRQ�DQG�VWUXFWXUDO�FKDUDFWHUL�
]DWLRQ�RI�>&R�6�PHWDPS��DPS�@�&O2���������ZKHUH�6�PHWDPS
 � ��6�������S\ULG\O����R[R���D]D���WKLDRFWDQH� DQG� DPS�  
���DPLQRPHWK\O�S\ULGLQH��7KH� 6�PHWDPS+� LV� D� QRYHO� QRQ�
OLQHDU� WHWUDGHQWDWH� FKLUDO� OLJDQG�ZKLFK� KDV� QRW� RQO\� DPLGH
JURXS�EXW�DOVR�D�VXOIXU�DWRP�LQ�6�PHWKLRQLQH�PRLHW\��7KXV�
6�PHWDPS+�PD\�VWHUHRVSHFLILFDOO\�ELQG�WR�&R�,,,��LRQ�ZLWK
WKH�FLV�β�JHRPHWU\��,Q�WKLV�SDSHU�ZH�KDYH�XVHG�WKH�IROORZLQJ
OLJDQG� DEEUHYLDWLRQV�� 6�PHWDPS+� IRU� WKH� IUHH� OLJDQG�
6�PHWDPS�IRU�WKH�GHSURWRQDWHG�OLJDQG�

([SHULPHQWDO�6HFWLRQ

$OO�PDWHULDOV�ZHUH�RI�UHDJHQW�JUDGH�DQG�ZHUH�XVHG�ZLWKRXW
IXUWKHU�SXULILFDWLRQ��(OHPHQWDO�DQDO\VHV�ZHUH�GHWHUPLQHG�E\
SHUNLQ� (OPHU� ����&� LQVWUXPHQW�� ��&�105� VSHFWUD� ZHUH
PHDVXUHG�RQ�D�%UXNHU�$5;����0+]��LQ�'�2��89�YLV�DQG
&'� �FLUFXODU� GLFKURLVP�� VSHFWUD� ZHUH� PHDVXUHG� E\� D� +3
����� VSHFWURSKRWRPHWHU� DQG� D� -DVFR� -����� VSHFWURSRODUL�
PHWHU��UHSHFWLYHO\�
3UHSDUDWLRQ�RI�6�PHWDPS+�OLJDQG��6�SKWKDOR\OPHWKLRLQH

ZDV� SUHSDUHG� IURP� 6�PHWKLRQLQH� ������ J�� ���� PRO�� DQG
SKWKDOLF�DQK\GULGH�������J�������PRO��DFFRUGLQJ�WR�WKH�PHWKRG
RI�$VSHUJHU�HW�DO���1��6�SKWKDOR\OPHWKLRQLQH�����DPLQRPHWK\O��
S\ULGLQH�ZDV�SUHSDUHG�IURP�WKH�6�SKWKDOR\OPHWKLRQLQH������
J�������PRO��DQG�DPS�������J�������PRO��E\�XVLQJ�GLF\FOR�
KH[\OFDUERGLLPLGH� �'&&��DV� FRXSOLQJ� UHDJHQW� LQ�GLFKORUR�
PHWKDQH��� 7KH� DPLQR� SURWHFWLQJ� JURXS�ZDV� UHPRYHG�ZLWK
K\GUD]LQH� LQ� HWKDQRO��ZKLFK�ZDV� WUHDWHG�ZLWK� ��1�+&O� WR
\LHOG� WKH� 6�PHWDPS+Â�+&O��<LHOG�� ����� ��&�105� ������
0+]��'�2������.���δ� ������� �&+���� ������� ������� �����
�WKUHH�&+��� LQ�RUGHU� RI� FORVH� WR� VXOIXU� DWRP��� ������ �&+��
���������������S\ULG\O�ULQJ�����������& 2��
3UHSDUDWLRQ�RI����7R�D� VROXWLRQ�RI� WUDQV�>&R�S\��&O�@&O

�����J�������PRO��LQ�HWKDQRO������P/��ZDV�VORZO\�DGGHG�DQ
DTXHRXV�VROXWLRQ������P/��RI�6�PHWDPS+������J�������PRO�
DW�URRP�WHPSHUDWXUH�IRU����PLQ�DQG�WKH�PL[WXUH�ZDV�VWLUUHG
IRU����K�DW�����&��'XULQJ�WKH�UHDFWLRQ��S+�ZDV�PDLQWDLQHG�DW
���� DQG� WKHQ� WKH� VROXWLRQ� ZDV� GLOXWHG� WR� ���� P/� DQG
DGVRUEHG�RQWR�D�FDWLRQ�H[FKDQJH�UHVLQ��63�6HSKDGH[�&����
FROXPQ��:DVKLQJ�FROXPQ�ZLWK�ZDWHU�VXIILFLHQWO\�DQG�HOXWHG
���� 0� 1D&O2�� DTXHRXV� VROXWLRQ�� $GVRUSWLRQ� EDQG� ZDV
VHSDUDWHG�DQG�HYDSRUDWHG�WR�D�VPDOO�YROXPH�XQGHU�UHGXFHG
SUHVVXUH��$IWHU�IHZ�GD\V��EURZQ�FU\VWDOV�RI���VXLWDEOH�IRU�;�
UD\� FU\VWDOORJUDSK\�ZHUH� REWDLQHG� E\� VORZ� HYDSRUDWLRQ� RI
VDWXUDWHG� DTXHRXV� VROXWLRQ��7KH� FU\VWDOV�ZHUH� FROOHFWHG�E\
ILOWUDWLRQ� DQG� DLU�GULHG��<LHOG� �����&DOF�� IRU�&R&��+��1��
2�6&O���&�� �������+�� ������1�� ������� )RXQG��&�� �������+�
������1�� ������� ��&�105� �'�2���δ�  � ������ �&+���� ������
���������������������IRXU�&+�����������&+����������������
�S\ULG\O�ULQJ�����������& 2��
6DIHW\�QRWH��$OWKRXJK�ZH�KDYH�H[SHULHQFHG�QR�SUREOHP

ZLWK�WKH�FRPSRXQGV�UHSRUWHG�LQ�WKLV�ZRUN��SHUFKORUDWH�VDOWV
RI�PHWDO�FRPSOH[HV�ZLWK�RUJDQLF�OLJDQGV�DUH�RIWHQ�H[SORVLYH
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DQG�VKRXOG�EH�KDQGOHG�ZLWK�JUHDW�FDXWLRQ�
;�5D\�GDWD�FROOHFWLRQ��$�EURZQ�FU\VWDO�ZLWK�WKH�GLPHQ�

VLRQV�RI������×������×������ZDV�PRXQWHG�RQ�D�672(�67$',��
IRXU� FLUFOH� ;�UD\� GLIIUDFWRPHWHU�� 7KH� XQLW� FHOO� SDUDPHWHUV
ZHUH� UHILQHG� IRU���� UHIOHFWLRQV�ZLWK� D��θ� UDQJH�RI� ����� WR
����R�� XVLQJ� JUDSKLWH� PRQRFKURPDWL]HG� 0R�.α� UDGLDWLRQ�
ZDYHOHQJWK���������c��7KH�GDWD� LQFOXGLQJ�)ULHGHO�SDLU�IRU
GHWHUPLQDWLRQ� RI� WKH� DEVROXWH� VWUXFWXUH� ZHUH� FROOHFWHG�� $
VXPPDU\�RI�FU\VWDO�GDWD��WRJHWKHU�ZLWK�WKH�GHWDLOV�FRQFHUQ�
LQJ�LQWHQVLW\�PHDVXUHPHQWV�DQG�WKH�UHVXOWV�RI�UHILQHPHQW�DUH
VKRZQ� LQ� 7DEOH� ��� /RUHQW]� DQG� SRODUL]DWLRQ� IDFWRUV� ZHUH
DSSOLHG�DQG�WKH�HPSLULFDO�DEVRUSWLRQ�FRUUHFWLRQ�RI�SVL�VFDQ�

ZDV�PDGH��WKH�WUDQVPLVVLRQ�IDFWRUV�ZHUH���������PLQ���DQG
������� �PD[���� 7KH� VWUXFWXUH� ZDV� VROYHG� E\� WKH� GLUHFW
PHWKRG� DQG� UHILQHG� E\� WKH� IXOO�PDWUL[� OHDVW�VTXDUHV� IRU
REVHUYHG�UHIOHFWLRQV�ZLWK�,�!��σ�,�������7KH�DEVROXWH�VWUXFWXUH
ZDV�GHWHUPLQHG�IURP�WKH�)ORFN�SDUDPHWHU����$OO�QRQ�K\GUR�
JHQ�DWRPV�ZHUH�UHILQHG�DQLVRWURSLFDOO\��7KH�K\GURJHQ�DWRPV
LQ�WKH�OLJDQG�ZHUH�JHQHUDWHG�LQ�LGHDO�SRVLWLRQ�DQG�UHILQHG�LQ�D
ULGLQJ�PRGHO��$OO�RI�WKH�FDOFXODWLRQV�ZHUH�PDGH�XVLQJ�WKH�;�
67(3� VRIWZDUH�SDFNDJH���7ZR�&O2�

−� LRQV�ZHUH� UHILQHG�E\
WKH�URWDWLRQ�GLVRUGHU��7KH�URWDWLRQ�D[HV�ZHUH�&O����2����DQG
&O����2����� UHVSHFWLYHO\�� $OO� R[\JHQ� DWRPV� H[FHSW� RI� WKH
2����DQG�2����LQ�WKH�&O2�

−�LRQV�FDUULHG�RXW�RFFXSDQF\�DV����
LQ�WKH�UHILQHPHQW�
&U\VWDOORJUDSKLF�GDWD�IRU�WKH�VWUXFWXUH�UHSRUWHG�KHUH�KDYH

EHHQ� GHSRVLWHG�ZLWK� WKH�&DPEULGJH�&U\VWDOORJUDSKLF�'DWD
&HQWHU� �'HSRVLWLRQ� 1R�� &&'&���������� 7KH� GDWD� FDQ� EH
REWDLQHG� IUHH� RI� FKDUJH� YLD� ZZZ�FFGF�FDP�DF�XN�FRQWV�
UHWULHYLQJ�KWPO��RU�IURP�WKH�&&'&�����8QLRQ�5RDG��&DPEULGJH
&%�� �(=�� 8.�� ID[�� ���� ����� �������� H�PDLO�� GHSRVLW#
FFGF�FDP�DF�XN��

5HVXOWV�DQG�'LVFXVVLRQ

7KH� FRPSOH[� �� ZDV� REWDLQHG� E\� WKH� UHDFWLRQ� RI� WUDQV�

>&R�S\��&O�@&O�DQG��6��PHWDPS+�LQ�VOLJKWO\�EDVLF�DTXHRXV
VROXWLRQ�XQGHU�PLOG�FRQGLWLRQV��(OHPHQWDO�DQDO\VLV�DQG���&
105� VSHFWUXP� LQGLFDWH� WKDW� WKH� EURZQ� SURGXFW� LV� >&R�6�
PHWDPS��DPS�@�&O2�����7KH�DEVRUSWLRQ�DQG�&'�VSHFWUD�RI��
DUH�VKRZQ�LQ�)LJXUH����7KH�HOHFWURQLF�DEVRUSWLRQ�VSHFWUXP�RI
��LQ�DTXHRXV�VROXWLRQ�VKRZV�RQH�EURDG�SHDN�DW�����QP��ε� 
������� FP−��PRO−�� /�� DQG� GRHV� QRW� H[KLELW� DQ\� VKRXOGHU
SHDN�� -XQ� HW� DO���� KDYH� UHSRUWHG� WKDW� WKH� FLV�β�>&R�656�
SKFK[Q�&O�@�� �SKFK[Q  1�1�ELV���6�S\UUROLG\O�PHWK\O��WUDQV�
5�����F\FOR�KH[DQHGLDPLQH��FRPSOH[�KDV�D�EURDG�DEVRUSWLRQ
EDQG�DW�����QP�EXW�FLV�α�FRPSOH[HV�VXFK�DV�>&R�WULHQ�&O�@�
�WULHQ� �WULHWK\OHQHWHWUDDPLQH��DQG�>&R�66�S\KQ�&O�@���S\KQ
 � ����ELV���6�S\UUROLG\O������GLD]DKH[DQH�� KDYH� D� VKRXOGHU
SHDN�DW�WKH�KLJK�HQHUJ\�UHJLRQ�GLIIHU�IURP�WKHLU�FLV�β��%DVHG
XSRQ�WKHVH�UHVXOWV��ZH�VXJJHVW�WKH���FDQ�EH�DVVLJQHG�WR�WKH
LVRPHU�RI�FLV�β��7KH�&LUFXODU�'LFKURLVP��&'��VSHFWUXP�RI��
VKRZV�WZR�VHSDUDWHG�PD[LPXP�EDQGV�IRU�WKH��$�J�→��7�J��λ
 �����QP��∆εPD[� �������GP��PRO−���DQG��$�J�→��7�J��λ� 
����QP��∆εPD[� �������GP��PRO−��� WUDQVLWLRQ� LQ�G�G� UHJLRQ�
7KLV� VSOLW� LQ� RFWDKHGUDO� SDUHQWDJH� LQGLFDWHV� WKH� ORVV�RI� GH�
JHQHUDF\�LQ�WKH�H[FLWHG�VWDWHV�H[SHFWHG�IRU�D�ORZ�V\PPHWU\
VSHFLHV�� 7KLV� PHDQV� FRPSOH[� �� FDQ� WDNH� WZR� SRVVLEOH
DEVROXWH� FRQILJXUDWLRQV� �∆� RU�Λ��� ,Q���� DV\PPHWULF� FDUERQ
DWRP�KDV�D�IL[HG�VWHUHRFKHPLVWU\�DV�D�FRQVHTXHQFH�RI�WKH�6
FKLUDO� FDUERQ� LQ� PHWKLRQLQH� PRLHW\�� 7KLV� LV� DVVXPHG� WR
GRPLQDWH�WKH�YLVLEOH�&'�VSHFWUXP��,Q�WKH�SUHYLRXV�UHSRUWV�
WKH� DEVROXWH� FRQILJXUDWLRQ� RI� WKH� FLV�β� LVRPHUV�ZLWK� WHWUD�
GHQWDWH� OLJDQGV�ZHUH�DVVLJQHG�DFFRUGLQJ� WR� WKH� VLJQ�RI� WKH
&'�FRPSRQHQW�DW�WKH�ILUVW�DEVRUSWLRQ�EDQG�UHJLRQ��WKDW�LV��WKH
SOXV�VLJQ�WR�WKH�Λ�FRQILJXUDWLRQ����,Q�WKLV�FRPSOH[��DOWKRXJK

7DEOH� ��� 6XPPDU\� RI� FU\VWDOORJUDSKLF� GDWD� RI� >&R�6�PHWDPS�
�DPS�@�&O2���

(PSLULFDO�IRUPXOD
)RUPXOD�ZHLJKW
&U\VWDO�V\VWHP��VSDFH�JURXS
8QLW�FHOO�GLPHQVLRQV�
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=��&DOFXODWHG�GHQVLW\��0J�P��
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LW� LV� GLIILFXOW� WR� DVVLJQ� WKH� FRUUHFW� DEVROXWH� FRQILJXUDWLRQ
IURP�RQO\�WKH�&'�DQG�DEVRUSWLRQ�VSHFWUXP�EXW�ZH�WKRXJKW
Λ�FLV�β�FRQILJXUDWLRQ�WDNH�LQWR�DFFRXQW�RI�WKH�VWHUHRVSHFLILW\
RI�6�PHWDPS�OLJDQG��,Q�WKH�FDVH�RI�D�FLV�β�RFWDKHGUDO�FRP�
SOH[HV� FRQWDLQLQJ� DQ� XQV\PPHWULFDO� ELGHQWDWH� OLJDQG�� WZR
JHRPHWULFDO� LVRPHUV� DUH� SRVVLEOH�ZLWK� UHVSHFW� WR� WKH� WHWUD�
GHQWDWH� OLJDQG��7KHVH� FRQILJXUDWLRQV� KDYH� EHHQ� GHVLJQDWHG
DV�FLV�β��DQG�FLV�β���)LJXUH����E\�OLWHUDWXUH�FRQYHQWLRQ����,Q
RUGHU� WR� HVWDEOLVK� XQHTXLYRFDOO\� WKH� RULHQWDWLRQ� RI� WKH
ELGHQWDWH�OLJDQG��DPS��ZLWK�UHVSHFW�WR�WKH�6�PHWDPS��LW�ZDV
PHDVXUHG�E\�VLQJOH�FU\VWDO�;�UD\�GLIIUDFWLRQ��,Q�DGGLWLRQ��ZH
FRQILUPHG� WKDW� WKH���KDV�Λ�FLV�β�� FRQILJXUDWLRQ�E\�FKHODWH
ULQJ�PHWKRG���DQG�;�UD\�VWUXFWXUDO�DQDO\VLV�
)LJXUH���VKRZV�D�SHUVSHFWLYH�YLHZ�RI�WKH���WRJHWKHU�ZLWK

WKH�DWRPLF�ODEHOLQJ�VFKHPH��7KH�VHOHFWHG�ERQG�OHQJWKV�DQG
DQJOHV� DUH� OLVWHG� LQ� 7DEOH� ���$V� VKRZQ� LQ� ILJXUH� ��� WKH�6�

PHWDPS�OLJDQG�DGRSWV�WKH�FLV�β��FRQILJXUDWLRQ�DURXQG�FREDOW
DWRP�LQ�ZKLFK�RQH�RI�WKH�D[LDO�SRVLWLRQ�LV�RFFXSLHG�E\�VXOIXU
DWRP��7KLV�H[SHFWHG�VWHUHRFKHPLVWU\�GHULYHV�IURP�WKH�QDWXUH
RI� WKH� LQWHUQDO� GRQRU� DWRPV� RI� WKH� OLJDQG� VXFK� DV� WUHQ
� �WULV���DPLQRHWK\O�DPLQH��������DPLQRSURS\O��������WUL�
D]DF\FORGRGHFDQH����2Q�WKH�RWKHU�KDQG��WKH�&R�1����GLVWDQFH
LV� VLJQLILFDQWO\� VKRUWHU� WKDQ� WKRVH� RI� WKH�&R�1�VS��� ERQGV�
7KLV� VKRUWQHVV� LV�SUREDEO\�GXH� WR� WKH� LQFUHDVHG�EDVLFLW\�RI
GHSURWRQDWHG�QLWURJHQ�LQ�DPLGH�PRLHW\��7KH�ERQG�OHQJWKV�RI
DQ�DPLGH�PRLHW\�LQ���DUH�&����1��������������c�DQG�&����
2��������������c��UHVSHFWLYHO\��,W�VKRXOG�EH�QRWHG�WKDW�WKH�&�
1�GLVWDQFH�LV�VKRUWHU�DQG�& 2�LV�ORQJHU�FRPSDUHG�WR�WKRVH
IRXQG� IURP� IUHH� DPLGH� �&�1�� ������� & 2�� ���������� 7KLV
UHVXOW� DJUHHV� ZLWK� PDQ\� LQYHVWLJDWLRQV� ZKLFK� UHYHDO� WKDW
FRPSOH[DWLRQ� RI� WKH� GHSURWRQDWHG� DPLGH� QLWURJHQ� VKRUWHQV
WKH�SHSWLGH�&�1�DQG�OHQJWKHQV�WKH�&�2�ERQG����7KHVH�REVHU�
YDWLRQV� KDYH� EHHQ� DWWULEXWHG� WR� WKDW� WKH� VXEVWLWXWLRQ� RI� DQ
DPLGH� SURWRQ� E\� D� PHWDO� LRQ� UHVXOWV� LQ� WKH� ERQG� OHQJWK
FKDQJH�WR�WKH�GLUHFWLRQ�RI�GRXEOH�ERQG�FKDUDFWHU�LQ�WKH�&�1
DQG�VLQJOH�ERQG�FKDUDFWHU�LQ�WKH�&�2�HT��������

&RQFOXVLRQV

$� QRYHO� FKLUDO� QRQOLQHDU� WHWUDGHQWDWH� OLJDQG�� ��6�������
S\ULG\O����R[R���D]D���WKLDRFWDQH� �6�PHWDPS+�� KDV� EHHQ
V\QWKHVL]HG� IURP� WKH� UHDFWLRQ�RI�DPS�DQG�6�PHWKLRLQH��$V
VKRZQ�E\�VSHFWURVFRSLF�PHWKRGV�DQG�SURYHQ�E\�VLQJOH�FU\VWDO
;�UD\�GLIIUDFWLRQ�VWXG\��WKH�OLJDQG�VHUYHV�DV�D�PRQRDQLRQLF
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