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$EVWUDFW

4XDVL�HTXLOLEULXP WKHUPRJUDYLPHWU\ �YDULDQW RI &57$� LV SXW WR XVH DV DQ H[SUHVV PHWKRG RI

WKHUPRDQDO\WLFDO VFUHHQLQJ IRU YRODWLOH FRPSRXQGV� 'XULQJ WKH H[SHULPHQWV IRU 3−7 UHODWLRQVKLS

FDOFXODWLRQV �UXQQLQJ ZLWK VHYHUDO FDOLEUDWHG VWDQGDUG VDPSOH KROGHUV� WKH QRQ�YRODWLOH �SRO\PHU�

L]HG� UHVLGXH LV IRUPHG �DQG LV GHFRPSRVHG ZLWK IXUWKHU WHPSHUDWXUH ULVLQJ�� 7KHUPRJUDYLPHWULF

GDWD DUH XVHG IRU WKH FDOFXODWLRQ RI WKH NLQHWLF SDUDPHWHUV IRU WKH SRO\PHUL]DWLRQ UHDFWLRQ� WDNLQJ

SODFH �FRQFXUUHQWO\ ZLWK WKH HYDSRUDWLRQ� LQ WKH PHOW RI WKH VWXGLHG YRODWLOH FRPSRXQG�

.H\ZRUGV� FRRUGLQDWLRQ FRPSRXQGV� &57$� NLQHWLFV� SRO\PHUL]DWLRQ� S\URO\VLV� TXDVL�HTXLOLE�
ULXP� 7*� WKHUPRO\VLV� YRODWLOLW\

,QWURGXFWLRQ

,W LV NQRZQ WKDW VXFK YRODWLOH FRRUGLQDWLRQ FRPSRXQGV DV DFHW\ODFHWRQDWHV RI GLI�
IHUHQW PHWDOV XVXDOO\ GR QRW HYDSRUDWH IXOO\ XQGHU KHDWLQJ� 7KH UHVLGXH LV QRW YRODWLOH
DQG GHFRPSRVHV GXULQJ WKH S\URO\VLV SURFHVV DW KLJK WHPSHUDWXUHV� 6XFK D UHVLGXH LV
SHUFHLYHG WR EH WKH UHVXOW RI WKH SRO\PHUL]DWLRQ SURFHVV ZLWK WKH VWLWFKLQJ WRJHWKHU RI
PRQRPHU PROHFXOHV� 7KH SUREOHP RI WKH SRO\PHUL]DWLRQ RI β�GLNHWRQDWHV LQ VROLG
VWDWH� VROXWLRQV� PHOWV KDV QRW EHHQ DGHTXDWHO\ LQYHVWLJDWHG� DQG WKHVH GDWD DUH LP�
SRUWDQW IRU WKH XQGHUVWDQGLQJ RI WKH YRODWLOLW\ DQG WKHUPDO VWDELOLW\ RI β�GLNHWRQDWHV�

4XDVL�HTXLOLEULXP WKHUPRJUDYLPHWU\ >�−�@ LV WKH XQLTXH PHWKRG IRU WKH VWXG\ RI
DQ\ PDVV ORVV SURFHVVHV ZLWK JRRG UHYHUVLELOLW\� VXFK DV WKHUPDO GLVVRFLDWLRQ RI FR�
RUGLQDWLRQ FRPSRXQGV �ZLWK QHXWUDO PROHFXOHV DV OLJDQGV�� LQFOXVLRQ FRPSRXQGV �RI
YHU\ GLIIHUHQW W\SHV� >�@ DQG VXEOLPDWLRQ DQG HYDSRUDWLRQ SURFHVVHV�

4XDVL�HTXLOLEULXP WKHUPRJUDYLPHWU\ LV UDWKHU KDQG\ PHWKRG IRU WKH IDVW VWXG\ RI
PHWDO β�GLNHWRQDWHV¶ YRODWLOLW\� ZKLFK DUH VWDEOH LQ DLU� LW JLYHV GLUHFW 3−7 UHODWLRQ�
VKLS� HYHQ LI DV D URXJK DSSUR[LPDWLRQ >�−�@� 7KH FRPPRQO\ XVHG VDPSOH KROGHUV
�SODWH�OLNH� RSHQ FUXFLEOH� FUXFLEOH ZLWK OLG DQG FRQLFDO� PXVW EH FDOLEUDWHG SUHYLRXVO\
XSRQ WKH YDSRU SUHVVXUH� 7KLV FDOLEUDWLRQ LV HIIHFWHG E\ H[SHULPHQWV ZLWK ZHOO FKDUDF�
WHUL]HG YRODWLOH VXEVWDQFHV �ZLWK NQRZQ 3−7 UHODWLRQVKLS IRU VXEOLPDWLRQ DQG�RU
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HYDSRUDWLRQ�� EXW RQO\ ZLWK ELJ HQRXJK PROHFXODU PDVVHV 0 �0≥��� J PRO−�� VR DV
IRU VXFK 0 WKH SDUWLDO YDSRU SUHVVXUH LQ WKH VDPSOH KROGHU QR ORQJHU GHSHQGV RQ WKH
FRHIILFLHQWV RI JDVHV PXWXDO GLIIXVLRQ� >�@� 7KH GHFRPSRVLWLRQ UDWH ��� PJ PLQ−� LV
TXLWH HQRXJK IRU WKH VKDUS VWDELOL]DWLRQ RI WKH VXEOLPDWLRQ �HYDSRUDWLRQ� WHPSHUDWXUH
GXULQJ RQH RU WZR KRXUV RI WKH H[SHULPHQW �ZLWK WKH UHSURGXFLELOLW\ ±�R& IURP RQH
UXQ WR DQRWKHU�� ,W WXUQV RXW WKDW IRU WKH DERYH OLVWHG VHW RI VDPSOH KROGHUV �DQG VXFK
KHDY\ RUJDQLF PROHFXOHV� WKH YDSRU SDUWLDO SUHVVXUH IDOOV ZLWKLQ WKH UDQJH EHWZHHQ
������ DQG ���� EDU �±����� ZKLFK LV GLVWLQFW IURP WKH REWDLQHG JDV SDUWLDO SUHVVXUH
IRU GHK\GUDWLRQ RU GHFDUERQDWLRQ SURFHVVHV �����−��� EDU� ZLWK YHU\ VPDOO PROH�
FXOHV RI +�2 DQG &2� �DQG ZLWK ELJ PXWXDO GLIIXVLRQ FRHIILFLHQWV LQ WKH µDLU−JDV¶
V\VWHP��

([SHULPHQWDO�DQG�GLVFXVVLRQ

7KH DFHW\ODFHWRQDWH RI FKURPLXP &U�$$�� �0 ��� J PRO−�� ZDV FKRVHQ DV D
JRRG PRGHO VXEVWDQFH� ,W ZDV V\QWKHVL]HG E\ NQRZQ PHWKRG DQG SXULILHG E\ VXEOL�
PDWLRQ LQ YDFXXP�

)LJXUH � VKRZV 7*�FXUYHV RI WKH HYDSRUDWLRQ �'HULYDWRJUDSK 4������'� VDPSOH
PDVV �� PJ� 7* VHQVLWLYLW\ �� PJ� DWPRVSKHUH� DLU� UHDO H[SHULPHQWDO HYDSRUDWLRQ
UDWH ��� PJ PLQ−�� >�@ LQ WKUHH GLIIHUHQW VDPSOH KROGHUV� )URP WKLV )LJ� � ZH QRWLFH
WKDW WKH JUHDWHU WKH YDSRU SDUWLDO SUHVVXUH� WKH JUHDWHU LV WKH HYDSRUDWLRQ WHPSHUDWXUH�
7KH JUHDWHU WKH HYDSRUDWLRQ WHPSHUDWXUH� WKH VPDOOHU LV WKH HYDSRUDWHG VXEVWDQFH
PDVV� VR DV WKH SRO\PHUL]DWLRQ UDWH LV ODUJHU DW KLJKHU WHPSHUDWXUHV �ZKHUHDV WKH
HYDSRUDWLRQ UDWH LV FRQVWDQW IRU DOO H[SHULPHQWV�� ,W LV SRVVLEOH WR FDOFXODWH WKH DFFX�
PXODWHG QRQ�YRODWLOH UHVLGXH DW HYHU\ WHPSHUDWXUH DQG WR FDOFXODWH WKH UDWH RI WKH
UHVLGXH IRUPDWLRQ �7DEOH ��� :KLOH FDOFXODWLQJ WKLV UDWH� ZH WRRN LQWR DFFRXQW WKH
FRQWLQXRXV GHFUHDVH RI WKH HYDSRUDWLQJ �DQG SRO\PHUL]LQJ� PDVV RI WKH VDPSOH�
ZKLFK PDGH XV WR GRXEOH WKH SRO\PHUL]DWLRQ UDWH�

)LJ� � 7KHUPRDQDO\WLFDO FXUYHV IRU &U�$$�� XQGHU TXDVL�HTXLOLEULXP FRQGLWLRQV �P �� PJ�
T ��� PJ PLQ

−�
�� VDPSOH KROGHUV� � − RSHQ FUXFLEOH� � − FUXFLEOH ZLWK OLG� � − FRQLFDO

FUXFLEOH
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:H H[FOXGH IURP FRQVLGHUDWLRQ WKH WLPH RI OLQHDU KHDWLQJ EHIRUH WKH VWDELOL]DWLRQ
RI WKH WHPSHUDWXUH� EHOLHYLQJ WKDW WKH LQWURGXFHG HUURU FRXQWV YHU\ OLWWOH LQ WKH FDOFX�
ODWLRQV� 3DUWLDOO\ WKH SUH�KHDWLQJ SURFHHGV EHIRUH WKH PHOWLQJ WHPSHUDWXUH �DQ HVWL�
PDWHG UDWH RI SRO\PHUL]DWLRQ LQ VROLG VWDWH LV RQH RUGHU RI PDJQLWXGH VPDOOHU WKDQ LQ
WKH PHOW� ZKHUHDV WKH HQVXLQJ OLQHDU ZDUPLQJ�XS SHULRG RI WKH PHOW LV QRW ORQJ�

7KH GDWD IURP 7DEOH � ZDV XVHG IRU WKH FDOFXODWLRQ RI WKH DFWLYDWLRQ HQHUJ\ IRU
SRO\PHUL]DWLRQ SURFHVV �)LJ� ��� (D ���� N- PRO

−��

&RQFOXVLRQV

(DUOLHU ZH VWXGLHG WKH WKHUPDO FKDUDFWHULVWLFV �YRODWLOLW\ DQG WKHUPDO VWDELOLW\� RI
β�GLNHWRQDWHV RI ODQWKDQLGHV �WULV�FKHODWHV� DQK\GURXV /Q/� DQG K\GUDWHG /Q/�⋅
Q+�2 DQG DQK\GURXV WHWUDNLV�FKHODWHV� 1D>/Q/�@ ZLWK EUDQFKHG DQG IOXRULQDWHG OL�
JDQGV �GLSLYDOR\OPHWKDQH−'30� WULIORXURDFHW\ODFHWRQH−7)$� KH[DIORXURDFHW\ODFH�
WRQH−+)$� SLYDOR\OWULIORXURDFHWRQH−37$� GLPHWK\OKHSWDIORXURDFHWRQH�GLRQH−
)2'� >�@� 7KH QRQ�YRODWLOH UHVLGXH IHOO ZLWKLQ WKH UDQJH EHWZHHQ � DQG ���� ZLWK
KLJK UHVLGXH ���−���� IRU K\GUDWHG FRPSRXQGV DQG ORZ UHVLGXH ��−���� IRU DQK\�
GURXV RQHV� :H EHOLHYHG WKDW WKH IRUPDWLRQ RI WKH QRQ�YRODWLOH UHVLGXH IRU K\GUDWHV
ZDV FRQQHFWHG ZLWK SURFHVV RI K\GURO\VLV� VXFK DV�

7DEOH � ([SHULPHQWDO DQG FDOFXODWHG GDWD RQ WKH UHVLGXH IRUPDWLRQ GXULQJ WKH HYDSRUDWLRQ RI
&U�$$�

�
�VWDUWLQJ VDPSOH PDVV �� PJ�

6DPSOH KROGHU
4XDVL�HTXLOLEULXP

WHPSHUDWXUH�.

5HVLGXH�

PJ

(VWLPDWHG WLPH

RI HYDSRUDWLRQ�V

3RO\PHUL]DWLRQ

UDWH�PRO V
±�

2SHQ FUXFLEOH ���±� ���� ���� ����⋅��−�

&UXFLEOH ZLWK OLG ���±� ���� ���� ����⋅��−�

&RQLFDO KROGHU ��� ����� ���� �����⋅��−�

)LJ� � 3ORW OQ9 YV� �����7 IRU WKH FDOFXODWLRQ RI DFWLYDWLRQ HQHUJ\ (
D

/2*9,1(1.2� 0,.+((9� 92/$7,/( &203281'6 ���

-� 7KHUP� $QDO� &DO�� ��� ����



/Q�37$��⋅Q+�2 → /Q�37$��2+⋅�Q−��+�2 � +37$

7KH QHZO\ IRUPHG K\GUR[R�FRPSOH[HV DUH WKHUPDOO\ XQVWDEOH DQG UHDGLO\ SRO\�
PHUL]H� OLEHUDWLQJ JDVHRXV SURGXFW DQG OHDYLQJ KLJK SHUFHQWDJH RI QRQ�YRODWLOH UHVL�
GXH�

7KH IRUPDWLRQ RI WKH QRQ�YRODWLOH UHVLGXH IRU DQK\GURXV FKHODWHV FDQ EH FRQ�
QHFWHG ZLWK RWKHU URXWH RI SRO\PHUL]DWLRQ�

,W LV DJUHHG WKDW WKH FKHODWH &U�$$�� LV YHU\ VWDEOH� WKH SRO\PHUL]DWLRQ RI WKLV
FRPSRXQG FDQ EH H[SODLQHG E\ WKH ORQJ SHULRG RI KHDWLQJ RI WKH PHOW LQ WKH SUHVHQFH
RI DLU� :H FDQQRW SURSRVH QRZ WKH SRVVLEOH PHFKDQLVP RI WKH SURFHVV� ,W LV ZRUWK WR
QRWH WKDW WKH KLJK VWDELOLW\ RI WKH VXEOLPDWLRQ WHPSHUDWXUH LV WKH FOHDU HYLGHQFH RI WKH
DEVHQFH RI DQ\ QRQ�HTXLOLEULXP SURFHVV RI RWKHU JDV HYROXWLRQ �RZLQJ WR FHUWDLQ S\�
URO\VLV SURFHVV��

4XDVL�HTXLOLEULXP WKHUPRJUDYLPHWU\ JLYHV WKH UDUH SRVVLELOLW\ WR VWXG\ WKH
HYDSRUDWLRQ DQG SRO\PHUL]DWLRQ SURFHVVHV IRU YRODWLOH FRPSRXQGV VLPXOWDQHRXVO\
DQG LQGHSHQGHQWO\ RI RQH DQRWKHU� VWDELOL]HG WHPSHUDWXUHV RI WKH VXEOLPDWLRQ LQ GLI�
IHUHQW VDPSOH KROGHUV DOORZ WR REWDLQH 3−7 UHODWLRQVKLS� GLIIHUHQW UDWHV RI WKH DFFX�
PXODWLRQ RI WKH QRQ�YRODWLOH UHVLGXH LQ WKHVH FRQGLWLRQV DOORZ WR FDOFXODWH NLQHWLF SD�
UDPHWHUV RI WKH SRO\PHUL]DWLRQ�
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