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&V,� DQG� 0,� �0� �$J�� &X�� FRPSRXQGV� GR
QRW� IRUP� VROLG� VROXWLRQV� EHFDXVH� RI� VWUXF�
WXUDO� GLIIHUHQFHV� RI� WKHLU� FU\VWDO� ODWWLFHV�
%XW�DW�FHUWDLQ�PRODU�FRQFHQWUDWLRQV��WHUQDU\
FRPSOH[� FRPSRXQGV� &V$J�,��� &V�$J,��&V&X�,�� DQG� &V�&X�,�� >����@� DUH� IRUPHG� LQWKH�&V,±0,� V\VWHP�� 7KH�&V0�,�� FU\VWDO� ODW�WLFH� LV� RUWKRUKRPELF� �VSDFH� JURXS� '�K���ZLWK� �� PROHFXOHV� SHU� RQH� XQLW� FHOO� >����@�
&V�$J,�� KDV� D� VLPLODU� ODWWLFH� �VSDFH� JURXS'�K��� LQFOXGLQJ� �� PROHFXOHV� SHU� RQH� XQLWFHOO��>�@��%HFDXVH�RI�D�ODUJH�GLIIHUHQFH�LQ�WKH
XQLW� FHOO� SDUDPHWHUV�� WKHVH� FU\VWDOV� H[KLELW
SURSHUWLHV� RI� TXDVL�RQH�GLPHQVLRQDO� VWUXF�
WXUHV�� 6WUXFWXUDO� HOHPHQWV�� ZKLFK� LQ� FU\V�

WDOV� &V0�,�� UHSUHVHQW� GRXEOH� FKDLQV� �LQ&V�$J,��VLQJOH�FKDLQV��FRQVLVWLQJ�RI�0,��WHW�UDKHGURQV� DQG� VHSDUDWHG� E\� &V�� LRQV� DW� D
ODUJH� VSDFLQJ�� WHVWLI\� IRU� WKH� TXDVL��'
FKDUDFWHU�
7KH�VWUXFWXUH�RI�HOHFWURQ�EDQGV�DQG�RSWL�

FDO� VSHFWUD� LQ� WKHVH� FRPSRXQGV� DUH� LQYHVWL�
JDWHG� LQVXIILFLHQWO\�� 5HVHDUFK� RI� LQWULQVLF
DEVRUSWLRQ�EDQGV�LQ�WKLQ�&V0�,��ILOPV�>�Ü�@WHVWLILHV�WR�ORFDOL]DWLRQ�RI�ORZ�IUHTXHQF\�H[�
FLWRQV� DQG� HOHFWURQ� H[FLWDWLRQV� WKHUHLQ� RQ
WKH� � GRXEOH� FKDLQV�� $Q� DGGLWLRQDO� LQIRUPD�
WLRQ� RQ� ORFDOL]DWLRQ� RI� H[FLWRQV� LV� SURYLGHG
E\�DEVRUSWLRQ� VSHFWUD� RI� ODWWLFHV� FRQWDLQLQJ
H[WULQVLF� FHQWHUV�� 6R� LQ� >�����@�� LW� LV� HVWDE�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
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OLVKHG�WKDW�VXEVWLWXWLRQ�RI�5E��LRQV�IRU�&V�
LQIOXHQFHV�RQO\�VOLJKWO\�WKH�VSHFWUDO�SRVLWLRQ
DQG�KDOI�ZLGWK�RI�ORZ�IUHTXHQF\�H[FLWRQ�DE�
VRUSWLRQ�EDQGV��7KLV�LV�D�VXSSOHPHQWDU\�DU�
JXPHQW� IRU� H[FLWRQ� ORFDOL]DWLRQ� RQ� GRXEOH
FKDLQV�
,Q� WKLV� ZRUN�� ZH� KDYH� LQYHVWLJDWHG� WKH

DEVRUSWLRQ� VSHFWUD� LQ� WKLQ� ILOPV� RI
&V�$J�±[&X[��,�� VROLG� VROXWLRQV� DW��d²d��� ,QWKLV� FDVH�� VXEVWLWXWLRQ�&X�� LRQV� IRU�$J�� LQ
GRXEOH�FKDLQV�LV�H[SHFWHG�DV�ZHOO�DV�FKDQJHG
FKDUDFWHU� RI� FRQFHQWUDWLRQ� GHSHQGHQFH� RI
H[FLWRQ� EDQG� SDUDPHWHUV�� VLQFH� &X�� LRQV
DOVR� IRUP� WHWUDKHGUDO� LRQ�FRYDOHQW� ERQG
ZLWK� ,±�LRQV��
7KLQ� ILOPV� RI� &V�$J�±[&X[��,�� ZHUH� SUH�SDUHG�E\�HYDSRUDWLQJ�PHOW�RI�PL[HG�SXUH�&V,�

$J,��&X,�SRZGHUV�DW�WKH�LQLWLDO�PL[WXUH�PRODU
FRPSRVLWLRQ� FRUUHVSRQGLQJ� WR� WKH� PROHFXOH
IRUPXOD��7KH�PL[WXUHV�SUHSDUHG�LQFOXGHG�WKH
ZKROH� UDQJH�RI�²�ZLWK� VWHS�'²|����� 7KH� YD�
SRUV�ZHUH�GHSRVLWHG�RQWR��TXDUW]�VXEVWUDWHV
WUDQVSDUHQW� LQ� 89� UHJLRQ�� WKH� VXEVWUDWH
WHPSHUDWXUH�EHLQJ����&��7R�PHDVXUH�WKH�DE�
VRUSWLRQ� VSHFWUD�� WKH� RSWLPXP� ILOP� WKLFN�
QHVV� �K|����QP��ZDV�VHOHFWHG��VR� WKDW�RSWL�
FDO� GHQVLW\�'� GLG� QRW� H[FHHG� �� ZLWKLQ� WKH
PHDVXUHG� VSHFWUDO� UDQJH� ��� WR� �� H9��� 7KH
ILOP� WKLFNQHVV� ZDV� VHW� E\� WKH� PL[WXUH
ZHLJKW� DQG�PRQLWRUHG� E\� D� TXDUW]�PHDVXU�
LQJ�LQVWUXPHQW�
:KHQ�HYDSRUDWLQJ�D�PL[WXUH��RWKHU�ELQDU\

DQG� WHUQDU\� FRPSRXQGV�PLJKW� EH� IRUPHG�� ,Q
WKH�&V,±$J,±&X,�V\VWHP�XQGHU�VWXG\��FRPSOH[
FRPSRXQGV�&V�$J,���&V�&X�,�� DQG� WKHLU� VROLGVROXWLRQV�DV�ZHOO�DV�$J�±[&X[,��RQHV�PD\�DULVHEHVLGHV�&V�$J�±[&X[��,��ILOPV��$OO�WKHVH�FRP�SRXQGV� H[KLELW�QDUURZ�DQG� LQWHQVH� ORZ�IUH�
TXHQF\� H[FLWRQ� EDQGV� ZLWK� VSHFWUDO� SRVL�
WLRQV�HVVHQWLDOO\�GLIIHUHQW�IURP�WKRVH�RI�H[�
FLWRQ� EDQGV� LQ�&V$J�,�� ������ H9�� >����@� DQG&V&X�,�� ������ H9�� >�@�� 7KLV� GLIIHUHQFH� DO�ORZV�WR�FRQWURO�WKH�SKDVH�VWUXFWXUH�RI�ILOPV
EHLQJ� VWXGLHG� GLUHFWO\� E\� DEVRUSWLRQ� VSHF�
WUD��(YDSRUDWLRQ� RI� D�PL[WXUH� RI� D� GHILQHG
VWRLFKLRPHWULF� FRPSRVLWLRQ�� WKH� DEVRUSWLRQ
VSHFWUD�KDYH�EHHQ�IRXQG�WR�EH�VWDEOH��DQG�QR
LPSXULW\�RI�RWKHU�SKDVHV�KDV�EHHQ�UHYHDOHG�
7KH�DEVRUSWLRQ�VSHFWUD�ZHUH�PHDVXUHG�DW

�� ����� DQG� ��� z� XVLQJ� D� 6)���� VSHFWUR�
SKRWRPHWHU�� 7R�PHDVXUH� WKH� VSHFWUD� DW� OLT�
XLG�QLWURJHQ�WHPSHUDWXUH��WKH�VDPSOHV�ZHUH
SODFHG� LQ� D� YDFXXP� FU\RVWDW� ZLWK� TXDUW]
ZLQGRZV�� 7UDQVPLVVLRQ� RI� EDQGV�ZDV�PHDV�
XUHG� ZLWK� UHVSHFW� WR� FOHDQ� TXDUW]� VXE�
VWUDWHV�� $W� WKH� GDWD� FRPSXWHU� SURFHVVLQJ�
WKH�PDLQ�DWWHQWLRQ�ZDV�JLYHQ�WR�GHWHUPLQD�
WLRQ�RI� ORZ�IUHTXHQF\�H[FLWRQ�EDQG�SDUDPH�
WHUV�� ,Q� WKH� VWXGLHG� FRPSRXQGV�� WKHUH� DUH

WZR� VXFK� EDQGV� �k�� DQG� k���� 7KH� PHWKRG>��@� ZDV� XVHG� WR� SURFHVV� WKH� H[SHULPHQWDO
'�(�� GHSHQGHQFH�� (DFK� EDQG� ZDV� DSSUR[L�
PDWHG�E\�D�V\PPHWULF�FRQWRXU�UHSUHVHQWLQJ
D� OLQHDU� FRPELQDWLRQ� RI� /RUHQ]� DQG� *DXVV
FRQWRXUV��7KH�EDQG�SDUDPHWHUV��VSHFWUDO�SR�
VLWLRQ� (P�� KDOI�ZLGWK� *�� RSWLFDO� FRQVWDQWV�ZHUH� IRXQG� E\� WKH� EHVW� ILWWLQJ� RI� H[SHUL�
PHQWDO�DQG�FDOFXODWHG�FRQWRXUV�
7KH� DEVRUSWLRQ� VSHFWUD� RI� VRPH� VDPSOHV

DUH� VKRZQ� LQ� )LJ����� 7KH� VLPLODULW\� RI
&V$J�,�� �²� ���� DQG�&V&X�,�� �²� ���� VSHFWUDLV� ZHOO� YLVLEOH�� ,Q� HDFK� RI� FRPSRXQGV�� QDU�
URZ�k�� DQG�k�� EDQGV� VHSDUDWHG� E\� D� VPDOOLQWHUYDO�� ZHDN� EDQG� k�� DQG� PRUH� LQWHQVHEDQG�{�DUH�DOORFDWHG��7KH�ODVW�WZR�EDQGV�DUH
LPSRVHG�RQ� WKH�FRQWLQXRXV� VSHFWUXP�UHDFK�
LQJ� D� PD[LPXP� DW� ���� H9�� 7KH� DEVRUSWLRQ
VSHFWUXP�RI�&V&X�,�� LV�VKLIWHG�D�OLWWOH�ZLWKUHVSHFW� WR� WKDW� RI� &V$J�,�� WRZDUGV� KLJKHUIUHTXHQFLHV� �E\� ����� H9��� 7KH� QRQ�PRQRWR�
QRXV� WUHQG� RI�'�(�� DW�(�($�� LV� FRQQHFWHGZLWK�OLJKW�LQWHUIHUHQFH�LQ�WKH�ILOP�WUDQVSDU�
HQF\�ILHOG�RI�WZR�FRPSRXQGV��$W�URRP�WHP�
SHUDWXUH��k���k��DQG�%�EDQGV�DUH�EURDGHQHG

)LJ����� $EVRUSWLRQ� VSHFWUD� RI� WKLQ
&V�$J�±[&X[��,�� ILOPV� DW� �� ���� z� DQG� �� ���� z� �GRWWHG� OLQH��� 6KLIW� RI� WKH� FRRUGLQDWH
RULJLQ�LV�PDUNHG�E\�VKRUW�KRUL]RQWDO�D[LV�

9�.�0LORVODYVN\�HW�DO����3HFXOLDULWLHV�RI�DEVRUSWLRQ����

��� )XQFWLRQDO�PDWHULDOV�������������



DQG� GLVSODFHG� WR� ORZ�p� GXH� WR� H[FLWRQ�SKR�
QRQ�LQWHUDFWLRQ��7KH�FRQWLQXRXV�EDFNJURXQG
LV�QRW�VXEMHFWHG�WR�DQ\�DSSUHFLDEOH�FKDQJH�
$Q� DSSUHFLDEOH� EURDGHQLQJ� RI�k�� DQG�k�EDQGV� UHVXOWLQJ� LQ� WKHLU� DSSDUHQW� IXVLRQ�

GLVDSSHDUDQFH�RI�k��EDQG�DQG�EURDGHQLQJ�RI{�EDQG� LV�REVHUYHG�DV� WKH�PRODU�FRQFHQWUD�
WLRQ� LQFUHDVHV� LQ�&V�$J�±[&X[��,�� VROLG� VROX�WLRQV��+RZHYHU��WKH�FRPSXWHU�SURFHVVLQJ�RI
k�� DQG�k�� EDQGV�XVLQJ� WKH�PHWKRG� >��@� DO�ORZV�WR�GHWHUPLQH�PRUH�SUHFLVHO\�WKHLU�VSHF�
WUDO� SRVLWLRQ� (P� XVLQJ� WKH� PD[LPXP� RILPDJLQDU\� SDUW� RI� GLHOHFWULF� SHUPHDELOLW\
H�P{��QN�PD[�� ZKHUH� Q� DQG� N� DUH� RSWLFDOFRQVWDQWV�� $V� D� UHVXOW�� LW� KDV� EHHQ� HVWDE�
OLVKHG� WKDW� GHSHQGHQFH� (P�²�� LV� QRQOLQHDU�)LJ�����DQG�DQVZHUV�WR�WKH�ODZ
(P�²�� �(P���²���(P��������²����E²�����²��������
ZKHUH� (P���� ������� (P���� ������ DQG� E� Ü����� H9� IRU�k�� EDQG�� DQG� (P���� �������(P���� ������ DQG� E� ������ H9� IRU�k�� EDQG�DFFRUGLQJO\��7KH�EHQG�RI�(P�²��IRU�k��EDQGWRZDUGV� ORZHU� HQHUJ\� LV� W\SLFDO� RI� H[FLWRQ
EDQGV� LQ� VROLG� VROXWLRQV� RI� ELQDU\� FRP�
SRXQGV�� WKLV� SKHQRPHQRQ� ZDV� UHSHDWHGO\
GLVFXVVHG� WKHRUHWLFDOO\� DQG� LV� DVVRFLDWHG
ZLWK� VPDOO�VFDOH� VWUXFWXUH� IOXFWXDWLRQV� LQ

GLVRUGHUHG� VROLG� VROXWLRQV�� +RZHYHU�� WKH
FRQFHQWUDWLRQ�GHSHQGHQW� EHQG� RI� WKH� k�EDQG� WR� KLJKHU� HQHUJ\� LV� XQXVXDO� DQG� GH�
PDQGV� VSHFLDO� GLVFXVVLRQ�� 7KH� JUHDWHVW� GL�
YHUJHQFH�RI�k��DQG�k��EDQGV�LV�REVHUYHG�DW²� �����
7KH� FRQFHQWUDWLRQ�GHSHQGHQW� FKDQJH� RI

KDOI�ZLGWK�*� IRU�k�� DQG�k�� EDQGV� �)LJ���E�VKRZ� WR� VWURQJ� GLVRUGHU� RI� VROLG� VROXWLRQV�
7KH� GHSHQGHQFH� *�²�� IRU� WZR� EDQGV� LV� GH�
VFULEHG�E\�WKH�IRUPXOD

*�²�� �*��������²����*���²���E²�����²�� ���
ZKHUH� E� ������� ����� H9�� *���� ������
������H9�HQG�*���� ������������H9�IRU�EDQGV
k�� DQG�k��� UHVSHFWLYHO\��7KH� FRQFHQWUDWLRQ�GHSHQGHQW�EURDGHQLQJ�RI�WKH�EDQGV�PLJKW�EH
FDXVHG� E\� ODUJH�VFDOH� IOXFWXDWLRQV� RI� VWUXF�
WXUH��DORQJ�ZLWK�VPDOO�VFDOH�RQHV��7KH�TXDQ�
WLW\�E�LQ�WZR�FDVHV�LV�E� �D�G(P�G[��7KH�FRPSXWHU�SURFHVVLQJ�DOORZV�WR�GHWHU�
PLQH�DOVR� WKH�RVFLOODWRU� VWUHQJWK�RI�H[FLWRQ
EDQGV��)RU�WKH�PL[HG�FRQWRXU�

I� � PY
�SH�K�H�P(P*ª¬����D������SOQ���

�e���º¼�
���

ZKHUH�D�LV�WKH�IUDFWLRQ�RI�WKH�*DXVV�FRPSR�
QHQW� RI� D� FRQWRXU��Y� LV� WKH�YROXPH�SHU� RQH
DWRP�0��$J���&X����H�P{H��(P���7KH�TXDQWLW\Y�ZDV�FDOFXODWHG�EDVLQJ�RQ�WKH�NQRZQ�YDOXHV
RI� &V$J�,�� ODWWLFH� SDUDPHWHUV� �È� �������E�  � ������� °� ������� QP�� >�@� DQG� &V&X�,�RQHV��È� �������E� ��������°� �������QP��>�@
WDNLQJ� LQWR� FRQVLGHUDWLRQ� WKH� QXPEHU� RI
LRQV�LQ�D�FHOO��DQG�DVVXPLQJ�WKH�9HJDUG�UXOH

)LJ�����&RQFHQWUDWLRQ�GHSHQGHQFHV�RI�VSHFWUDO
SRVLWLRQ�(P�²�� �È���DQG�KDOI�ZLGWK�*�²��RI�k����� DQG� k�� ���� H[FLWRQ� EDQGV� �E�� �SRLQWV� ÛH[SHULPHQW��VROLG�FXUYHV�Û�FDOFXODWLRQ�XVLQJ
����DQG������

)LJ����� &RQFHQWUDWLRQ� GHSHQGHQFHV� RI� RVFLOOD�
WRU� VWUHQJWK� RI� k�� EDQG� ���� DQG� k�� RQH� ���IXQFWLRQ� I�[�� �Ik��[��Ik��[�� ����� SRLQWV� ÛH[SHULPHQW�� VROLG� FXUYHV��� DQG���Û�FDOFXOD�
WLRQ�XVLQJ�����
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EHLQJ�YDOLG�IRU�VROLG�VROXWLRQV��:KHQ�FDOFX�
ODWLQJ� I�� WKH� FRQWULEXWLRQ� IURP� WKH� *DXVV
FRPSRQHQW� WR� WKH� WRWDO� FRQWRXU� ZDV� WDNHQ
LQWR�DFFRXQW�� LQ�VROLG�VROXWLRQV��D|���)LJ���
VKRZV� I�²�� IRU�k�� DQG�k�� EDQGV�� ,W� LV� VHHQWKDW� DW�²� ��� DQG�²� ���� Ik��Ik��� KRZHYHU�DV� WKH� FRQFHQWUDWLRQ� LQFUHDVHV�� Ik�� ULVHV�
UHDFKLQJ�D�PD[LPXP�DW�²|�����$W�WKH�VDPH
WLPH��ZLWK�FKDQJH�RI�²�UHGXFWLRQ� �RI�Ik�� LV
REVHUYHG��$W�²|�����WKH�RVFLOODWRU�VWUHQJWKV
IRU� WZR� EDQGV� DUH� DOPRVW� OHYHOHG�� $W� WKH
VDPH� WLPH�� WKH� WRWDO� RVFLOODWRU� VWUHQJWK� RI
WZR� EDQGV� �WDNLQJ� LQWR� DFFRXQW� WKH� H[SHUL�
PHQWDO� HUURUV�� GHSHQGV� OLQHDUO\� RQ� ²� DQG
YDULHV�IURP�������Ü��DW�²� ���XS�WR�������Ü�
DW�²� ���

7R� LQWHUSUHW� WKH� DEVRUSWLRQ� VSHFWUD� RI
&V�$J�±[&X[��,�� LW� LV� QHFHVVDU\� WR� WDNH� LQWRFRQVLGHUDWLRQ� WKH� IROORZLQJ�IDFWV��D� VLJQLIL�
FDQW� QRQOLQHDU� FRQFHQWUDWLRQ�GHSHQGHQW
JURZWK� RI� KDOI�ZLGWK� RI� k�� DQG� k�� EDQGV�GHILQHG� E\� SDUDPHWHU� E�� WKH� FRQFHQWUDWLRQ
GHSHQGHQW� �UHSXOVLRQ�� RI� k�� DQG� k�� EDQGV�LQ� &V$J�,��� 'p� �pk�Üpk�� ������ H9�� LQ&V&X�,���'p� �������H9��EXW�DW�²|����'p� ����� H9��� ORZ� RVFLOODWRU� VWUHQJWK� IRU� k�EDQG�LQ�FRPSDULVRQ�WR�k��EDQG�DW�²� ���DQG��DQG�OHYHOLQJ�RI�WKHLU�YDOXHV�DW�²|����
:KHQ�GLVFXVVLQJ� WKH� WUHQG� RI�*�²��� LW� LV

UHDVRQDEOH�WR�FRPSDUH�WKHVH�GHSHQGHQFHV�IRU
5E[&V�±[$J�,�� VROLG� VROXWLRQV� >��@� DQG� LQ&V�$J�±[&X[��,��� :KLOH� IRU� WKH� ILUVW� VROX�
WLRQV��WKH�GHYLDWLRQ�IURP�OLQHDU�GHSHQGHQFH
RI�'*�GRHV�QRW�H[FHHG�������H9��'*�UHDFKHV
�����H9�LQ�WKH�ODWWHU�FDVH��DV�LV�VHHQ�LQ�)LJ�
�E��7KLV�UHVXOW�VKRZV�QR�GRXEW�WKDW�k��DQGk��EDQGV�DUH�EHORQJLQJ�WR�GRXEOH�FKDLQV�DQGWKDW� GLVRUGHUHG� VROLG� VROXWLRQV� DUH� IRUPHG
ZKHQ� $J� DWRPV� EHFRPH� VXEVWLWXWHG� E\� &X
WKHUHLQ��$W� WKH�VDPH�WLPH��WKH�VXEVWLWXWLRQ
E\� 5E�� LRQV� IRU� &V�� GRHV� QRW� EULQJ� DQ\
DSSUHFLDEOH� GLVWXUEDQFH� WR� WKH� GRXEOH
FKDLQV�
7KH�XQLW�FHOO�RI�&V$J�,��DQG�&V&X�,��FRQ�WDLQV�WZR�QRQHTXLYDOHQW�GRXEOH�FKDLQV�VHSD�

UDWHG� E\� LRQV�&V�� DW� WKH� VSDFLQJ� E��� HTXDO
������ DQG� ������ QP�� UHVSHFWLYHO\�� 7KH
ORZHU�FRQGXFWLYLW\�EDQG�LQ�WKHVH�FRPSRXQGV
LV� IRUPHG� E\� �V� DQG� �V� RUELWDOV� RI�$J� DQG
&X�>�Ü�@��$VVXPLQJ�RQ�WKH�EDVLV�RI�D�WLJKW�
ELQGLQJ� PHWKRG� WKH� HTXDOLW\� RI� WKHLU� UDGLL
U��WR�DWRPLF�UDGLL��������DQG�������QP���ZHREWDLQ� VPDOO� YDOXHV� RI� WKH� UHVRQDQFH� LQWH�
JUDOV� FRQVWUXFWHG� RQ� DWRPLF� V�RUELWDOV� RI
QRQHTXLYDOHQW�GRXEOH�FKDLQV�^-fH[S�ÜE��U�� ������`� DV� FRPSDUHG� WR� LQWHJUDOV� LQ� VLQJOH

FKDLQV� ^-fH[S�Ü°��U��� ������`�� ,W� IROORZVWKHUHIURP� WKDW� WKH� H[FLWRQV� DUH�GLVWULEXWHG
RYHU� RQH� GRXEOH� FKDLQ� RQO\� ��'� H[FLWRQV�
DQG� WKDW� H[FLWRQ� WUDQVLWLRQ� EHWZHHQ� QRQ�
HTXLYDOHQW�FKDLQV�LV�KDUGO\�SUREDEOH�
7KLV� FRQFOXVLRQ� DOORZV� WR� VWXG\� HOHFWURQ

FRQGLWLRQV� LQ� FRPSRXQGV� XVLQJ� LUUHGXFLEOH
UHSUHVHQWDWLRQV� RI� WKH� ZDYH� YHFWRU� VLWH
JURXS�ZKLFK�JRYHUQV�WKH�GRXEOH�FKDLQV��OLNH
WKH�VWXG\�RI�ODWWLFH�IOXFWXDWLRQV�LQ�FRPSOH[
FU\VWDOV� >��@��� LQVWHDG� RI� LUUHGXFLEOH� UHSUH�
VHQWDWLRQV� RI� WKH�ZDYH� YHFWRU� JURXS� RI� WKH
FU\VWDO� �FU\VWDO� FODVV� '�K��� $V� WKH� GRXEOHFKDLQV� LQ�&V$J�,�� DQG�&V&X�,�� ZLOO� FRQVLVWRI� 0,�� WHWUDKHGURQV�� WKH� GRXEOH� FKDLQ� VLWHJURXS� LV� D� VXEJURXS� RI� WKH� WHWUDKHGURQ
JURXS� 7G� ���P��� ,Q� ELQDU\� FRPSRXQGV�JÜ$J,� DQG� &X,��� WKH� VLWH� JURXS� FRLQFLGHV
ZLWK�FU\VWDO�FODVV�7G�>��@��+RZHYHU��LQ�GRX�EOH� FKDLQV� �)LJ������ WKH� VLWH�JURXS�ZLOO� FRQ�
VLVW� RI� HOHPHQWV� p� DQG� V]� �D[LV� ]__F��� 7KHRQH�GLPHQVLRQDO� LUUHGXFLEOH� UHSUHVHQWDWLRQV
kc�DQG�$cc�DQG�UHVSHFWLYH�EDVLV�IXQFWLRQV��²�
��� ²��� ²�Ü���� HWF��� DQG� �]�� \]�� []�� HWF���
UHVSHFWLYHO\�� FRUUHVSRQG� WR� WKLV� JURXS
&V�P��� 7KH� NLQG� RI� IXQFWLRQV� SHUPLWV� PL[�LQJ�RI�,�LRQ��¯�RUELWDOV�ZLWK��G���G��RUELWDOV
RI�$J��&X��LRQ�LQ�WKH�XSSHU�YDOHQFH�EDQG�
6LPLODU� WR� ELQDU\� FRPSRXQGV� �JÜ$J,� DQG

&X,��� WKH� ORZHU� FRQGXFWLYLW\� EDQG� KDV� DQ
HQHUJ\� PLQLPXP� LQ� WKH� FHQWHU� RI� RQH�GL�
PHQVLRQDO� %ULOORXLQ� ]RQH� �N]� ����� :H� DV�
VXPH� WKDW� WKH� XSSHU� YDOHQFH� EDQG� KDV� D
PD[LPXP� DOVR� DW� WKH� SRLQW� N]� ���� 7KLV� LV

)LJ����� 6WUXFWXUH� RI� GRXEOH� FKDLQ� LQ� &V0�,�FU\VWDO�ODWWLFH��0� �$J��&X��
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VSHFLILHG� E\� DEVHQFH� RI� DSSUHFLDEOH� WDLOV� DW
p�($�� LQ� WKH� DEVRUSWLRQ� VSHFWUXP� DSSHDU�LQJ�DW� LQGLUHFW� WUDQVLWLRQV��$V�QRWHG�DERYH�
GLIIHUHQFH� RI�'� IURP��� DW�p�($�� LV� FDXVHGE\� LQWHUIHUHQFH� LQ�D�WKLQ�ILOP��([LVWHQFH�RI
WZR� H[FLWRQ� EDQGV� VHSDUDWHG� E\� D� VPDOO
VSDFLQJ� WHVWLILHV� WKDW� WKH� XSSHU� YDOHQFH
EDQG� ZLOO� FRQVLVW� RI� WZR� FORVH� VXEEDQGV
ZKLFK� WKH� H[FLWRQ� DEVRUSWLRQ� EDQGV�k�� DQGk�� DUH� JHQHWLFDOO\� FRQQHFWHG� WR�� 'LIIHUHQFHLQ� RVFLOODWRU� VWUHQJWK� RI� k�� DQG� k�� EDQGV�Ik���,Ik��¹¯Ò�²� ������VSHFLILHV�D�FRQVLGHU�DEOH� DGPL[WXUH� RI� G�RUELWDOV� LQ� WKH� XSSHU
VXEEDQG�
)ROORZLQJ� >������@�� OHW� WKH� QRUPDOL]HG

ZDYH� IXQFWLRQV� LQ� VXEEDQGV� DW� N]� ��� EHZULWWHQ�DV
\� �°�M¯���°�MG����°�����°��� ��� ���

)RU� $c� UHSUHVHQWDWLRQV�� M¯{¯²f²�MG{G[�\f²\��VLPLODU�IXQFWLRQV�FDQ�EH�ZULWWHQIRU� $cc� UHSUHVHQWDWLRQV�� 7KH� VROXWLRQ� RI
6FKURGLQJHU� HTXDWLRQ� ZLWK� WKH� RQH�HOHF�
WURQLF� +DPLOWRQ� RSHUDWRU�s�� �ZLWKRXW� WDN�LQJ� LQWR� DFFRXQW� VSLQ�RUELWDO� LQWHUDFWLRQ�
JLYHV�WKH�IROORZLQJ�V\VWHP�RI�HTXDWLRQV�IRU
FRHIILFLHQWV�°��DQG�°��

°��s¯���p����°�sSG� ���
°�sSG���°��sG���p�� ���

���

ZKHUH� WKH� PDWUL[� HOHPHQWV� FRQVWUXFWHG� RQ
¯��DQG�G�RUELWDOV�DUH�DV�IROORZV�

+S� ��MS_+�_MS!���+G� ��MG_+�_MG!�
sSG� �sG¯� ��M¯_s�_MG!�

1RQ�WULYLDO� VROXWLRQ� RI� WKH� V\VWHP� RI
HTXDWLRQV� ����JLYHV� �XVLQJ�WKH�VHFXODU�HTXD�
WLRQ�� WKH� HQHUJ\� OHYHOV� LQ� XSSHU� �p��� DQGORZHU��p���VXEEDQGV�DW�N]� ���

(���� ���>+S���+G�r��CCCCCCCCCCCCCCCCCC�+G���+S������+SG� ������

6XEVWLWXWLRQ�RI�p��DQG�p��LQWR�����DOORZVWR� FDOFXODWH� WKH� FRQWULEXWLRQ� IURP� ¯�� DQG
G�RUELWDOV�WR�ZDYH�IXQFWLRQ�\��$W�VPDOO�PD�
WUL[� HOHPHQW�sSG� �sSG���_sGÜs¯_�� ZH� GHDO�XQGHU� DFFRXQW� IRU�°���°��� ��� LQ� WKH�XSSHUVXEEDQG�

F�� �
+SG

ª¬�+G���+S�����+SG� º¼
��e����

F�� �
+G���+S

ª¬�+G���+S�����+SG� º¼
��e���

���

7KH� SUHYDOHQFH� RI� WKH� FRQWULEXWLRQ� IURP
G�RUELWDOV� LQ� WKH� XSSHU� VXEEDQG� RI� WKH� YD�
OHQFH�EDQG�LV�VHHQ�IURP������6XEVWLWXWLRQ�RI
p�� LQ� ���� JLYHV� RSSRVLWH� UHVXOW� �°�!F��� °�DQG�F��DUH�H[FKDQJHG���7KLV�FRQFOXVLRQ�LV�LQDFFRUGDQFH� ZLWK� WKH� H[SHULPHQWDO� GDWD�
VLQFH� WKH� RSWLFDO� LQWHUEDQG� WUDQVLWLRQ� EH�
WZHHQ�HYHQ�G�DQG�V�VWDWHV�LV�IRUELGGHQ��WKXV
GHILQLQJ� WKH�VPDOO�RVFLOODWRU�VWUHQJWK�RI�k�EDQG�� 2Q� WKH� FRQWUDU\�� VLQFH� WKH� FRQWULEX�
WLRQ�IURP�¯�VWDWHV�SUHYDLOV�LQ�WKH�ORZHU�VXE�
EDQG��RVFLOODWRU�VWUHQJWK�RI�k��EDQG�H[FHHGVDOPRVW�E\�RQH�RUGHU�WKDW�IRU�k��EDQG��ERWKLQ�&V$J�,���DQG�LQ�&V&X�,��$V� IROORZV� IURP� )LJV����� ��� ��� WKH� SD�
UDPHWHUV� RI� H[FLWRQ� EDQGV� FKDQJH� LQ� VROLG
VROXWLRQV��$V�LW�ZDV�PHQWLRQHG��WKH�VSDFLQJ
'p� �pk�Üpk�� LQFUHDVHV� ZLWK� ²�� DQG� DW²|����� 'p� DWWDLQV� LWV� PD[LPDO� YDOXH�� DS�
SUR[LPDWHO\����� WLPHV�DV�PXFK�WKDQ�DW�²� 
��� ��� $VVXPLQJ� GHSHQGHQFH� RI� 'p� RQ� WKH
FRQFHQWUDWLRQ� GLYHUJHQFH� RI� OHYHOV� IRU� WZR
VXEEDQGV� p�� DQG� p�� DW� N]� ���� ZH� KDYH�EDVLQJ�RQ������'p� �>�+GÜ+S�������+SG�@����7KXV��WKH�PDWUL[�HOHPHQWV�+G��+S�DQG�+SGGHSHQG�RQ�²��,W�IROORZV�IURP�WKH�FRQFHQWUD�
WLRQ� GHSHQGHQFH� RI� WKH� RVFLOODWRU� VWUHQJWK
IRU� WZR�H[FLWRQ�EDQGV� �)LJ����� WKDW�WKH�PD�
WUL[�HOHPHQW�+SG�GHILQLQJ� WKH�PL[LQJ�RI�¯�DQG�G�VWDWHV�GHSHQGV�RQ�²�PRVW�KHDYLO\��DQG
LQHTXDOLW\� _sSÜsG_!!+SG�� EHLQJ� YDOLG� DW²�  � �� DQG� ��� LV� EURNHQ� GXH� WR� LQFUHDVH� RI
+SG��)RU�GLUHFW� DOORZHG� WUDQVLWLRQV�� WKH�RV�FLOODWRU�VWUHQJWK�RI�H[FLWRQ�EDQGV�LV�SURSRU�
WLRQDO� WR� VTXDUHG� PDWUL[� HOHPHQW� RI� GLSROH
PRPHQW� FRQVWUXFWHG� RQ� ZDYH� IXQFWLRQV� \
DQG�MV� DW� N]� ���� ,W� IROORZV� WKHUHIURP� WKDWI�[�fF���[���)URP�����DQG������LW�IROORZV�WKDWWKH� LQFUHDVH� RI�+SG� DW� VPDOO� ²� GHILQHV� WKHLQFUHDVH� RI� RVFLOODWRU� VWUHQJWK� IRU�k�� EDQGDQG� VLPXOWDQHRXV� GHFUHDVH� RI� WKH�k�� EDQG�)RU�WKH� ORZHU�VXEEDQG��DV�IROORZV�IURP�WKH
FDOFXODWLRQ� RI� °�� DW� p� �p��� °�� GHFUHDVHVZLWK� ULVLQJ� +SG�� 7KHVH� FRQFOXVLRQV� DUH� LQDJUHHPHQW�ZLWK�WKH�GDWD�RI�)LJ�����$SSUR[L�
PDWLRQ� RI� GHSHQGHQFHV� I�[�� E\� IRUPXOD� RI
W\SH�����LQ�WKH�ZKROH�²�UDQJH�DJUHHV�SRRUO\
ZLWK� H[SHULPHQW�� 7KH� HPSLULFDO� IRUPXOD
JLYHV�D�VRPHZKDW�EHWWHU�DJUHHPHQW��
I�[�� �I��������[P����I���[P���E[P�����[P��� ���
ZKHUH� IRU� k�� EDQG� I���� �I���� �������Ü��
E�  ������ IRU� k�� EDQG�� I���� �����Ü��� I���� 
�������Ü��� E� �Ü����� 7KH� GHWHUPLQDWLRQ� DF�
FXUDF\� RI� RVFLOODWRU� VWUHQJWK� IRU�k�� DQG�k�EDQGV� LQ�VROLG�VROXWLRQV� LQ�WKH�UDQJH�ZKHUH
²�SURYLGHV�WKH�JUHDWHVW�¯ÜG�K\EULGL]DWLRQ�RI
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VWDWHV� �²|���Ü������ 'I� �r��Ü�� LV� DOPRVW
WKUHH� WLPHV� VPDOOHU� WKDQ� DW� ²� ���� �� �'I� 
r������Ü���� )RU� WZR� EDQGV�� ZH� KDYH� GHWHU�
PLQHG� WKH� H[SRQHQW� P� ����� E\� ILWWLQJ� RI
WKH�FDOFXODWHG�FXUYH�WR�H[SHULPHQWDO�RQH�DW
²������ 7KH� IRUPXOD� ���� DJUHHV� ZHOO� ZLWK
FRQFHQWUDWLRQ� GHSHQGHQFH� I�[�� IRU� k�� EDQGLQ�WKH�ZKROH�²�UDQJH�ZLWKLQ�WKH�HUURU�OLPLWV
RI� WKH� TXDQWLW\� GHWHUPLQDWLRQ� �)LJ����� DQG
JLYHV�DOPRVW�OLQHDU�FRXUVH�RI�WRWDO�RVFLOODWRU
VWUHQJWK� I�[�� �Ik��[��Ik��[��� +RZHYHU�� WKHFDOFXODWHG� Ik��[�� LV� QRW� LQ� DJUHHPHQW� ZLWKH[SHULPHQW�DW�²!����

7KH� UHDVRQ� IRU� P� GHYLDWLRQ� IURP� �� WR�
ZDUGV� VPDOOHU� YDOXHV� DQG� WKH� LQFRPSOHWH
DJUHHPHQW�EHWZHHQ�RI�FDOFXODWHG�DQG�H[SHUL�
PHQWDO�I�[��DW�²!����FRQVLVWV�LQ�RXU�RSLQLRQ
LQ� WKH� ILOP� SUHSDUDWLRQ� WHFKQRORJ\��'XULQJ
WKH� &V�$J�±[&X[��,�� HYDSRUDWLRQ� IURP� WKHPHOW��D�SDUWLDO�GHFRPSRVLWLRQ�RI�$J,� LV�SRV�
VLEOH� >��@�� L�H�� WKH� PRODU� ²c� SHUFHQWDJH� LQ
ILOPV�LV�H[SHFWHG�WR�EH�KLJKHU�WKDQ�²�LQ�WKH
LQLWLDO� PL[WXUH� �²c� �²������ $V� WKH� PHOWLQJ
WHPSHUDWXUH� RI� FRSSHU�FRQWDLQLQJ� WHUQDU\
FRPSRXQGV�LV�KLJKHU�WKDQ�IRU�WKRVH�FRQWDLQ�
LQJ� $J,� >�@�� HYDSRUDWLRQ� WHPSHUDWXUH� ULVHV
DW� ²!����� WKDW� UHVXOWV� LQ� UHGXFWLRQ� RI� $J
FRQWHQW� GXH� WR� PRUH� LQWHQVH� GHFRPSRVLWLRQ
RI�$J,�
7KH�PL[LQJ� RI� ¯�� DQG�G�VWDWHV� LV� W\SLFDO

RI�$J�DQG�&X�KDOLGHV�ZLWK�WHWUDKHGUDO�ELQG�
LQJ� EHWZHHQ� PHWDO� DQG� KDORJHQ� DWRPV�� ,Q
FRQWUDVW� WR� WKH� ,,,Ü9� DQG� ,,Ü9,� FRPSRXQGV
ZLWK� WKH� VDPH� ELQGLQJ� W\SH�� VWURQJ�PL[LQJ
RI�¯��DQG�G�VWDWHV�LQ�$J,�DQG�&X,�LV�GHILQHG
E\�FORVHQHVV�RI�G�OHYHOV�LQ�$J��DQG�&X��LRQV
WR� ¯�OHYHOV� RI� ,±�� 6LQFH� LQ� WKH� VWXGLHG� FRP�
SRXQGV�WKH�ORZ�IUHTXHQF\�DUHD�RI�WKH�IXQGD�
PHQWDO�EDQG�LV�FRQQHFWHG�ZLWK�H[FLWDWLRQ�LQ
WKH�GRXEOH�FKDLQV�FRQVLVWLQJ�RI�0,��WHWUDKH�GURQV��WKH�PL[LQJ�RI�¯��DQG�G�VWDWHV�WKHUHLQ
LV�LQHYLWDEOH�
,Q� GLVRUGHUHG�&V�$J�±[&X[��,�� VROLG� VROX�WLRQV�� WKH� K\EULGL]DWLRQ� RI� ¯�� DQG� G�VWDWHV

LQFUHDVHV�� WKXV� DIIHFWLQJ� WKH� QRQOLQHDU
WUHQG�RI�'p�²��DQG�I�[��IRU�k��DQG�k��EDQGV�7KH� UHDVRQ� LV� WKH� DSSHDUDQFH� RI� WDLOV� LQ
VWDWH� GHQVLW\� J�(�� LQ� WKH� YDOHQFH� EDQG� RI
VROXWLRQV�� 7KH� TXDQWLW\� J�(�fH[S>Ü�(PÜ(��(�@� GHFUHDVHV� H[SRQHQWLDOO\� ZLWK� UHGXF�WLRQ� p� DV� ZHOO� DV� (�f>²��Ü²�@Q�� Q� ���� ������>��@��$W�D�VPDOO�VSDFLQJ�EHWZHHQ�OHYHOV
LQ�WZR�VXEEDQGV�'p�DW�²� �������WKH�DSSHDU�
DQFH�RI�D� WDLO� LQ�J�(�� LQ� WKH� ORZHU�VXEEDQG
UHVXOWV�LQ�RYHUODSSLQJ�DOORZHG�VWDWHV�LQ�WZR
VXEEDQGV�� WKDW�� LQ� WXUQ�� SURPRWHV� LQFUHDVH
RI�WKH�PDWUL[�HOHPHQW�+SG�²�f>²��Ü²�@Q�DQG

SRVVLEOH� UHGXFWLRQ� RI�+S�²�� DQG�+G�²�� GXHWR� ORZHU�GHQVLW\�RI� VWDWHV� LQ� WKH�FHQWHUV�RI
VXEEDQGV�
7R� FRQFOXGH�� WKH� FRPSOH[� FRPSRXQGV

&V$J�,�� DQG�&V&X�,�� DUH� XQLTXH� GXH� WR� WKHFU\VWDO� ODWWLFH� VWUXFWXUH� �GRXEOH� FKDLQV� RI
0,�� WHWUDKHGURQV��� WKH� IRUPDWLRQ�SRVVLELOLW\RI� VROLG� VROXWLRQV� DQG� WKH� ORFDOL]DWLRQ� RI
TXDVL�RQH�GLPHQVLRQDO� H[FLWRQV� LQ� GRXEOH
FKDLQV�� 7KHVH� H[FLWRQV� JHQHUDWH� DW� k�� DQGk�� H[FLWRQ� EDQGV� DW� WKH� IXQGDPHQWDO� EDQGHGJH��WKH�SDUDPHWHUV�RI�WKRVH�EDQGV�GHSHQG�
LQJ� RQ� LPSXULW\� FRQFHQWUDWLRQ� RU� WHPSHUD�
WXUH� DUH� HDV\� WR� VWXG\�� 7KH� UHVXOWV� SUH�
VHQWHG� LQ� WKLV�ZRUN�SURYLGH�D�EDVH� IRU� IXU�
WKHU� WKHRUHWLFDO� DQG� DQ� H[SHULPHQWDO
LQYHVWLJDWLRQV�LQ�HQHUJ\�VSHFWUD�RI�HOHFWURQV
DQG� H[FLWRQV� LQ� WKRVH� FRPSRXQGV� E\� LP�
SURYHPHQW� RI� WKH� VDPSOH� SUHSDUDWLRQ� WHFK�
QLTXH� DQG� GHYHORSPHQW� RI�PHWKRGV� IRU� FDO�
FXODWLRQ�RI�&V$J�,��DQG�&V&X�,��EDQG�VWUXF�WXUH��
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