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� IRUPHG GXULQJ WKH S\URO\VLV DUH LVRPHULF ZLWK ���¶�ELS\ DQG ���¶�ELS\ FRPSOH[HV�

.H\ZRUGV� ,5 VSHFWUD� PDQJDQHVH�,,� FRPSOH[HV� WKHUPDO GHFRPSRVLWLRQ� ���¶�ELS\ULG\O FRPSOH[HV

,QWURGXFWLRQ

&RRUGLQDWLRQ FRPSRXQGV RI 0Q�,,� VDOWV ZLWK ���¶�ELS\ULG\O ����¶�ELS\� DQG
���¶�ELS\ULG\O ����¶�ELS\� KDYH EHHQ H[WHQVLYHO\ LQYHVWLJDWHG GXULQJ PDQ\ \HDUV
>�−�@� +RZHYHU� FRPSOH[HV RI 0Q�,,� VDOWV ZLWK ���¶�ELS\ULG\O ����¶�ELS\ RU /� GR
QRW DSSHDU WR KDYH QRW EHHQ SUHSDUHG DQG VWXGLHG� 7KLV SDSHU LV D FRQWLQXDWLRQ RI RXU
HDUOLHU VWXGLHV RQ FRRUGLQDWLRQ FRPSRXQGV RI WUDQVLWLRQ PHWDO VDOWV ZLWK ���¶�ELS\ >�−�@�
7KH SUHVHQW VWXG\ UHSRUWV WKH FRRUGLQDWLRQ FRPSRXQGV IRUPHG E\ WKH LQWHUDFWLRQV RI
0Q�,,� FKORULGH� EURPLGH� WKLRF\DQDWH� QLWUDWH DQG VXOSKDWH ZLWK WKH WLWOH OLJDQG� ,W ZDV
RI LQWHUHVW WR H[DPLQH WKH LQIOXHQFH RI DQLRQV ZLWK GLIIHUHQW FRRUGLQDWLRQ DELOLWLHV RQ WKH
WKHUPDO GHFRPSRVLWLRQV RI WKH FRPSOH[HV ZLWK ELS\ULG\O LVRPHUV� 7KH FRPSRXQGV RE�
WDLQHG ZHUH FKDUDFWHUL]HG E\ HOHPHQWDO DQG WKHUPDO DQDO\VLV� DQG E\ ,5 VSHFWURVFRSLF�
DQG PDJQHWLF DQG PRODU FRQGXFWLYLW\ LQYHVWLJDWLRQV� 7KH WKHUPDO GHFRPSRVLWLRQV RI
WKHVH FRPSOH[HV �LQ WKH WHPSHUDWXUH UDQJH ��−����R&� DUH UHSRUWHG DQG GLVFXVVHG�

([SHULPHQWDO

3UHSDUDWLRQ RI FRPSRXQGV

$OO WKH ���¶�ELS\ FRPSOH[HV ZLWK WKH YDULRXV 0Q�,,� VDOWV ZHUH SUHSDUHG DV GH�
VFULEHG SUHYLRXVO\ >�@�

����±�������� � ����

 ���� $NDGpPLDL .LDGy� %XGDSHVW

$NDGpPLDL .LDGy� %XGDSHVW

.OXZHU $FDGHPLF 3XEOLVKHUV� 'RUGUHFKW

 $XWKRU WR ZKRP DOO FRUUHVSRQGHQFH VKRXOG EH DGGUHVVHG�



$QDO\VHV

7KH FRPSRXQGV REWDLQHG ZHUH DQDO\VHG DIWHU GHFRPSRVLWLRQ ZLWK GLOXWH +12��
0DQJDQHVH ZDV GHWHUPLQHG FKHODWRPHWULFDOO\� FKORULGH� EURPLGH DQG WKLRF\DQDWH E\
WKH 9ROKDUG PHWKRG DQG SHUFKORUDWH E\ VROYHQW H[WUDFWLRQ ZLWK IHUURLQ� 6XOSKDWH ZDV
HVWLPDWHG JUDYLPHWULFDOO\ DV %D62�� &� + DQG 1 FRQWHQWV ZHUH GHWHUPLQHG E\ HOH�
PHQWDO DQDO\VLV� ZLWK 9�2� DV R[LGL]LQJ DJHQW� $QDO\VLV DQG LGHQWLILFDWLRQ RI WKH
VROLG LQWHUPHGLDWHV RI GHFRPSRVLWLRQ ZHUH SHUIRUPHG E\ FKHPLFDO DQDO\VLV DQG ;�
UD\ GLIIUDFWLRQ� 7KH LQWHUPHGLDWHV �VLQWHUV� ZHUH SUHSDUHG XQGHU FRQGLWLRQV VLPLODU WR
WKRVH XVHG LQ WKH WKHUPDO DQDO\VLV� $ VDPSOH RI ��� PJ ZDV KHDWHG LQ D VLOLWH IXUQDFH
DW D KHDWLQJ UDWH RI DERXW �R& PLQ−� XS WR DQ DSSURSULDWH WHPSHUDWXUH GHWHUPLQHG
IURP WKH 7* FXUYHV�

0DWHULDOV DQG SK\VLFDO PHDVXUHPHQWV

7KLRF\DQDWHV RI 0Q�,,� DV K\GUDWHG SURGXFWV ZHUH SUHSDUHG E\ WKH PHWKRG GH�
VFULEHG LQ WKH OLWHUDWXUH >�@� ���¶�%LS\ �P�S� ��R&� DQG 0Q�&O2���⋅+�2 ZHUH RE�
WDLQHG IURP $OGULFK� PHWKDQRO �DQK\GURVFDQ� IURP /DE�6FDQ� RWKHU FKHPLFDOV ZHUH
S�D� SURGXFWV IURP 32&K�*OLZLFH� ,5 VSHFWUD LQ WKH UHJLRQ ���−���� FP−� ZHUH RE�
WDLQHG RQ D 6KLPDG]X PRGHO VSHFWURSKRWRPHWHU �.%U SHOOHWV�� &RQGXFWLYLW\ PHDV�
XUHPHQWV ZHUH SHUIRUPHG RQ DQ 2.������ FRQGXFWLYLW\ PHWHU HTXLSSHG ZLWK DQ
2.��� HOHFWURGH DW ��±����R&� 7KH FHOO FRQVWDQW ZDV GHWHUPLQHG E\ XVH RI D VWDQG�
DUG DTXHRXV VROXWLRQ RI .&O� 7KH PRODU FRQGXFWLYLWLHV �Λ0� RI WKH FRPSOH[HV ZHUH
PHDVXUHG RQ ���⋅��−� PRO GP−� VROXWLRQV LQ PHWKDQRO� 7KHUPDO GDWD �7*� '7$ DQG
'7*� DQG URRP�WHPSHUDWXUH PDJQHWLF PRPHQWV ZHUH UHFRUGHG DV GHVFULEHG HDUOLHU
>�� �@�

5HVXOWV�DQG�GLVFXVVLRQ

7KH DQDO\WLFDO UHVXOWV RQ WKH FRPSRXQGV REWDLQHG DUH SUHVHQWHG LQ 7DEOH �� WR�
JHWKHU ZLWK RWKHU FKDUDFWHULVWLF GDWD� 7KH UHDFWLRQV EHWZHHQ ���¶�ELS\ DQG 0Q;�

�H[FHSW 0Q�&O2���� DIIRUGHG FRPSRXQGV RI JHQHUDO IRUPXOD 0Q/�;�⋅�+�2� 7KH
LVRODWHG FRPSRXQG 0Q/��1&6��⋅�+�2 ZDV LVRPHULF ZLWK WKH ���¶�ELS\ FRPSOH[
>�@� 7KH FRPSOH[HV RI ���¶�ELS\ ZLWK 0Q62� DQG 0Q�&O2���ZHUH REWDLQHG DW D PHW�
DO WR OLJDQG UDWLR RI ��� RU ���� UHVSHFWLYHO\� 'LIIUDFWRJUDP DQDO\VLV LQGLFDWHG WKDW WKH
FRPSRXQGV LVRODWHG ZHUH FU\VWDOOLQH VROLGV� 7KH\ ZHUH DLU�VWDEOH DW URRP WHPSHUD�
WXUH� $OO WKH FRPSOH[HV GLVVROYHG IDLUO\ ZHOO LQ ZDWHU DQG PHWKDQRO� GHFRPSRVHG LQ
DTXHRXV DFLG DQG DONDOL DQG ZHUH LQVROXEOH LQ PRVW RUJDQLF VROYHQWV� 7KH PDJQHWLF
PRPHQWV OD\ LQ WKH UDQJH ����−���� %0� LQGLFDWLQJ ILYH XQSDLUHG HOHFWURQV� KHQFH�
HOHFWURQ SDLULQJ RU VLJQLILFDQW GRXEOH SDLULQJ RU VLJQLILFDQW GRXEOH ERQGLQJ GRHV QRW
RFFXU �VLPLODUO\ DV IRU 0Q���ELS\��%U� >�@�� 7KH KLJK PRODU FRQGXFWLYLW\ RI
0Q/��&O2���⋅�+�2 LQ 0H2+ FRUUHVSRQGHG WR WKDW RI D ��� HOHFWURO\WH� ZKLOH
0Q/62�⋅�+�2 ZDV FKDUDFWHUL]HG DV D QRQ�HOHFWURO\WH >��@� 7KH FRPSOH[HV
0Q/�&O�⋅�+�2 DQG 0Q/�%U�⋅�+�2 EHKDYHG DV ��� HOHFWURO\WHV �Λ0 YDOXHV RI ���
DQG ��� 6 FP� PRO−�� UHVSHFWLYHO\�� %URPLGHV DUH XVXDOO\ PRUH FRQGXFWLQJ WKDQ
FKORULGH GHULYDWLYHV� EURPLGH EHLQJ PRUH ODELOH >��� ��@� 7KH RWKHU QHZ FRPSOH[HV
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GLVSOD\HG EHKDYLRXU LQWHUPHGLDWH EHWZHHQ WKRVH RI QRQ�HOHFWURO\WHV DQG ��� HOHFWUR�
O\WHV� +LJKHU WKDQ DQWLFLSDWHG Λ0 YDOXHV �YLGH LQIUD ,5� DUH XVXDOO\ GXH WR WKH GLV�
SODFHPHQW RI LVRWKLRF\DQDWR RU QLWUDWR OLJDQGV E\ VROYHQW PROHFXOHV� 6LPLODU EHKDYLRXU
KDV SUHYLRXVO\ EHHQ REVHUYHG LQ PHWDO FRPSOH[HV ZLWK RWKHU DURPDWLF DPLQHV >��@�

,QIUDUHG VSHFWUD

7KH SULQFLSDO IHDWXUHV RI WKH ,5 VSHFWUD RI ���¶�ELS\ DQG LWV FRPSOH[HV DUH SUH�
VHQWHG LQ 7DEOH �� 7KH ,5 VSHFWUD RI WKH ���¶�ELS\ FRPSOH[HV ZLWK 0Q�,,� H[KLELWHG
VHYHUDO DEVRUSWLRQ EDQGV FKDUDFWHULVWLF RI &&� &1� &+ DQG EUHDWKLQJ IUHTXHQFLHV RI
�� DQG ��VXEVWLWXWHG S\ULGLQH DQG ZHUH LQ JRRG DFFRUG ZLWK SUHYLRXV REVHUYDWLRQV RQ
WKH FRPSOH[HV RI ���¶�ELS\ ZLWK RWKHU PHWDO VDOWV >�� ��@� $V D UHVXOW RI WKH IRUPDWLRQ
RI FRPSRXQGV ZLWK 0Q�,,�� WKH ,5 VSHFWUXP RI ���¶�ELS\ XQGHUZHQW D FOHDU FKDQJH
RQO\ LQ WKH UHJLRQ RI ULQJ YLEUDWLRQ PRGHV IRU ��VXEVWLWXWHG S\ULGLQH� 7KH FKDUDF�
WHULVWLF ULQJ YLEUDWLRQ PRGHV IRU ��VXEVWLWXWHG S\ULGLQH >��@� L�H� ν�& 1� DQG νULQJ DS�
SHDULQJ DW ���� DQG ���� FP−� IRU WKH IUHH OLJDQG� ZHUH REVHUYHG IRU WKHVH FRP�
SRXQGV DW ����−���� FP−� DQG ����−���� FP−�� UHVSHFWLYHO\� 7KH EUHDWKLQJ IUH�
TXHQFLHV IRU ��VXEVWLWXWHG S\ULGLQH� REVHUYHG DV D VKRXOGHU DW ��� FP−� IRU IUHH ���¶�
ELS\� ZHUH VKLIWHG E\ ��−�� FP−� WRZDUGV KLJKHU YDOXHV IRU WKH FRPSOH[HV �EDQGV
ZLWK VWURQJ LQWHQVLW\�� 7KH ,5 VSHFWUD RI WKH LQYHVWLJDWHG FRPSOH[HV VKRZHG WKDW
���¶�ELS\ LV ERQGHG WR D PHWDO LRQ YLD WKH OHDVW KLQGHUHG 1��¶� DWRP DFWLQJ DV D
PRQRGHQWDWH OLJDQG >��@�

7KH ,5 VSHFWUD RI 0Q/��1&6��⋅�+�2 UHYHDOHG WKH DEVRUSWLRQ EDQG ν�&1� RI WKH
1&6 JURXS DV D YHU\ VWURQJ� SRRUO\ UHVROYHG GRXEOHW DW ���� DQG ���� FP−�� 7KH
δ�1&6� DQG ν�&6� EDQGV ZHUH LGHQWLILHG DW �FP−��� ��� V DQG ��� YY� UHVSHFWLYHO\�

7DEOH � $QDO\WLFDO GDWD� HIIHFWLYH PDJQHWLF PRPHQWV �µ
HII�
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7KH 1&6
− JURXS LV DQ DPELGHQWDWH OLJDQG� 7KH ν&1�1&6� YLEUDWLRQV VKRZHG WKH

0Q±WKLRF\DQDWH ERQGLQJ WR EH DWWDLQHG WKURXJK WKH 1�DWRP DV LQ JHQHUDO IRU �G WUDQ�
VLWLRQ HOHPHQWV >�� ��� ��@� 7KH YHU\ VPDOO VSOLWWLQJ RI WKH &1 VWUHWFKLQJ DEVRUSWLRQ
EDQG LQ WKH VROLG VWDWH VXJJHVWV WKH RFWDKHGUDO FRQILJXUDWLRQ RI WKH 0Q FRPSOH[ >��@�
0Q/��1&6��⋅�+�2 ZDV SUHVXPDEO\ QHXWUDO� DV VXJJHVWHG E\ LWV ,5 VSHFWUXP� EXW H[�
KLELWHG DQ XQH[SHFWHGO\ KLJK Λ0 DQG ZDV DSSDUHQWO\ SDUWLDOO\ GLVVRFLDWHG LQ 0H2+�
6LPLODU EHKDYLRXU XSRQ GLVVROXWLRQ KDV EHHQ QRWHG IRU QHXWUDO FRPSOH[HV RI WKH W\SH
1L<�;� �ZKHUH < ���¶�ELS\ RU SKHQ DQG ; &O� %U� , RU 1&6� DQG RWKHU FRPSOH[HV
>��� ��@�

7KH ,5 VSHFWUXP RI 0Q/��12���⋅�+�2 \LHOGHG DEVRUSWLRQ EDQGV DW �FP−���
���� V� ���� YZ �ν�+ν�� ∆(ν�+ν�)=�� FP

−��� ��� V �ν��� ��� V �ν��� ���� Z� ���� YV
�ν�� DQG ��� P� GXH WR PRQRGHQWDWH QLWUDWR JURXSV >��� ��−��@� &RRUGLQDWLRQ RI WKLV
W\SH LV DOVR REVHUYHG LQ FRPSOH[HV RI 0Q�,,� QLWUDWH ZLWK RWKHU OLJDQGV >��−��@�

7KH ORFDWLRQV �FP−�� RI WKH ν� ���� P�� ν� ���� P�� ν� ����� YV� EU� DQG ν�
���� P� EDQGV LQ WKH ,5 VSHFWUXP RI 0Q/62�⋅�+�2 DUH JHQHUDOO\ GLDJQRVWLF RI WKH
PRGH RI FRRUGLQDWLRQ RI WKH VXOSKDWH JURXS >��� ��@� &RRUGLQDWLRQ RI WKLV W\SH LV RE�
VHUYHG LQ PDQ\ VXOSKDWR�0Q�,,� FRPSOH[HV ZLWK RWKHU 1�GRQRUV >��−��@� ,Q WKH
VSHFWUXP RI 0Q/��&O2���⋅�+�2� WKH SUHVHQFH RI D VWURQJ EDQG DW ���� FP

−�� D ZHDN
SHDN DW ��� FP−� DQG D PHGLXP SHDN DW ��� FP−� ZDV REVHUYHG� 6LQFH VXFK EDQGV GR
QRW RFFXU LQ WKH VSHFWUXP RI IUHH ���¶�ELS\� WKH\ ZHUH LGHQWLILHG DV WKH ν�� ν� DQG ν�
PRGHV �UHVSHFWLYHO\�� FRQVLVWHQW ZLWK 7G V\PPHWU\ RI WKH LRQLF SHUFKORUDWH >��@� $
VWURQJ� EURDG EDQG LQ WKH ZDWHU VWUHWFKLQJ UHJLRQ �FD� ����−���� FP−�� DQG D PH�
GLXP �RU ZHDN� SHDN LQ WKH ZDWHU EHQGLQJ UHJLRQ �DW FD� ���� FP−�� ZHUH SUHVHQW LQ
WKH ,5 VSHFWUD RI DOO WKH QHZ FRPSOH[HV�

0RUHRYHU� +�2 ZDJJLQJ YLEUDWLRQV IRU FRRUGLQDWHG ZDWHU ZHUH REVHUYHG DW �FP−���
��� V ���� ��� V ���� ��� P ���� ��� Z ���� ��� P ��� DQG ��� Z ���� 7KH 0Q−2
VWUHWFKLQJ PRGH IRU FRRUGLQDWHG ZDWHU ZDV PDVNHG E\ ���¶�ELS\�

7KHUPDO DQDO\VHV

7KH GDWD REWDLQHG IURP WKH 7*� '7*� '7$ DQG '7$ FXUYHV� VXSSRUWHG E\
FKHPLFDO DQDO\VLV DQG WKH ;�UD\ GLIIUDFWLRQ SDWWHUQ LQYHVWLJDWLRQV� DUH JLYHQ LQ 7D�

7DEOH � 3ULQFLSDO ,5 EDQGV �FP
−�
� DQG WKHLU DVVLJQPHQWV LQ ���¶�ELS\ DQG LWV FRPSOH[HV
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2 ���� YV ���� YV ���� V ���� P

Y� P� V� VK ± YHU\� PHGLXP� VWURQJ� VKRXOGHU
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EOH �� 7KH FRXUVH RI WKHUPDO GHFRPSRVLWLRQ GHSHQGHG VWURQJO\ RQ WKH DQLRQ SUHVHQW�
6LQFH DOO RI WKH FRPSOH[HV DUH K\GUDWHG� WKH ILUVW PDVV ORVVHV FDQ EH DVVLJQHG WR
ZDWHU HYROXWLRQ� 7KH UHOHDVH RI +�2 PROHFXOHV WDNHV SODFH LQ ZHOO�GHILQHG VWHSV�
ZKLFK FDQ EH FOHDUO\ REVHUYHG LQ WKH WKHUPDO FXUYHV �)LJV �−��� 7KH WKHUPDO DQDO\VLV

7DEOH � 7KHUPDO DQDO\VLV UHVXOWV RQ ���¶�ELS\ FRPSOH[HV RI 0Q�,,� VDOWV LQ DLU

7UDQJH�
R
&

7SHDN RI '7$�
R
&

0DVV ORVV��
,QWHUPHGLDWHV DQG SURGXFWV

IRXQG FDOFG�

0Q/�&O�⋅�+�2

��±��� �� HQGR ��� ���� 0Q/�&O�

���±��� ��� HQGR ���� ����� 0Q/&O�

���±��� ��� HQGR ���� ����� 0Q/���&O�

���±��� ��� HQGR ���� ����� 0Q&O�

���±��� a��� HQGR EU ���� ���� 0Q�2�

!��� ��� HQGR ���� 0Q�2�

0Q/�%U�⋅�+�2

��±��� ��� HQGR ��� ���� 0Q/�%U�

���±��� ���� ��� HQGR ���� ����� 0Q/���%U�
D

���±��� ��� HQGR ���� ����� 0Q%U�

���±��� ��� H[R ���� ����� 0Q�2�

!��� ��� HQGR ���� 0Q�2�

0Q/��1&6��⋅�+�2

���±��� ��� HQGR ��� ���� 0Q/��1&6��

���±���
��� HQGR

��� H[R
���� ���� 0Q/����1&6��

���±��� ��� H[R ���� ����� 0Q�1&6���0Q6 �����
E

���±��� ��� H[R ���

PL[WXUH RI 0Q62��

β�0Q62�� WUDFHV RI 0Q6

DQG PDQJDQHVH R[LGHV

���±��� ��� HQGR ��� ����� SXUH 0Q�2�

0Q/��12���⋅�+�2

��±��� ��� HQGR ��� ���� 0Q/��12���⋅+�2

���±��� ��� HQGR ��� ���� 0Q/��12���

���±��� ��� H[R ���� ����� 0Q�12����0Q2� �����
E

���±���
��� H[R

��� H[R
��� ����

γ�0Q2��

γ�0Q2�→β�0Q2�

���±��� ��� HQGR EU ��� ���� 0Q�2�

!��� ���� 0Q�2�
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UHVXOWV GHPRQVWUDWH WKDW WKH UHOHDVH RI +�2 PROHFXOHV LV D RQH�VWHS SURFHVV IRU FRP�
SOH[HV �,�−�,,,�� D WZR�VWHS SURFHVV IRU �9,� DQG D WKUHH�VWHS SURFHVV IRU �9�� 'HK\�
GUDWLRQ LV FKDUDFWHUL]HG E\ HQGRWKHUPLF HIIHFWV� 7KH PD[LPXP UDWH RI +�2 HYROXWLRQ
�WKH WHPSHUDWXUH RI WKH ILUVW SHDN LQ WKH '7$ FXUYH� GHFUHDVHV LQ WKH VHTXHQFH

1&6!%U≈ 12�!62�≈ &O

7KH DQK\GURXV FRPSOH[HV GHFRPSRVHG LQ YDULRXV ZD\V� +RZHYHU� FKHPLFDO DQG
;�UD\ DQDO\VLV RI WKH GHFRPSRVLWLRQ UHVLGXHV GHPRQVWUDWHG WKDW 0Q�2� ZDV IRUPHG
DV WKH ILQDO SURGXFW RI GHFRPSRVLWLRQ RI FRPSOH[HV �,�−�9�� �)LJ� �D�� 0Q�2� ZDV

7DEOH � &RQWLQXHG

7 UDQJH�
R
&

7SHDN RI '7$�
R
&

0DVV ORVV��
,QWHUPHGLDWHV DQG SURGXFWV

IRXQG FDOFG�

0Q/62�⋅�+�2

��±�� �� HQGR ��� ���� 0Q/62�⋅�+�2

���±��� ��� HQGR ��� ���� 0Q/62�⋅+�2

���±��� ��� HQGR ��� ���� 0Q/62�

���±��� ��� HQGR ���� ���� 0Q/����62�

���±��� ��� HQGR ���� ����� 0Q62�

���±��� ��� HQGR ���� ����� 0Q�2�
F

D

E\ SURMHFWLQJ PLQLPXP RI '7* FXUYH RQ R 7* FXUYH�
E
PROH UDWLR�

F
YLD PL[WXUH RI 0Q62

�
DQG

0Q
�
2
�
� EU − EURDG

)LJ� � 7KHUPDO DQDO\VLV FXUYHV RI D ± 0Q/
�
&O

�
⋅�+

�
2 DQG E ± 0Q/

�
%U

�
⋅�+

�
2
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)LJ� � 7KHUPDO FXUYHV RI 0Q/62
�
⋅�+

�
2

)LJ� � 7KHUPDO FXUYHV RI D ± 0Q/
�
�1&6�

�
⋅�+

�
2 DQG E ± 0Q/

�
�12

�
�
�
⋅�+

�
2
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REWDLQHG YLD SXUH 0Q�2� IRU FRPSRXQGV �,�� �,,� DQG �,9� �)LJ� �E� RU ZLWK DQ DG�
PL[WXUH RI 0Q62� IRU WKH UHPDLQLQJ FRPSOH[HV� 0RVW VWDEOH ZDV 0Q/��1&6���
ZKLFK VWDUWHG WR ORVH ���¶�ELS\ DW ���R&� ZKLOH OHDVW VWDEOH ZDV 0Q/��12���
����R&�� 7KH ���¶�ELS\ PROHFXOHV ZHUH UHOHDVHG LQ WKUHH VWHSV IRU FRPSOH[ �,�� DQG
WZR VWHSV IRU FRPSOH[HV �,,�� �,,,� DQG �9�� 'XULQJ WKH SDUWLDO GHDPLQDWLRQ RI WKHVH
FRPSRXQGV� WKH IROORZLQJ XQVWDEOH FRPSRXQGV ZHUH GHWHFWHG IURP WKH WKHUPRO\VLV
FXUYHV� 0Q/&O�� 0Q/���&O�� 0Q/���%U� DQG 0Q/����62�� 7KH UHOHDVH RI WKH ODVW SRU�
WLRQ RI ���¶�ELS\ ZDV DFFRPSDQLHG E\ WKH IRUPDWLRQ RI 0Q�,,� VDOWV� 0Q&O� IRUPV DW
���R& �IRXQG� ������ FDOFG�� ������� DQG 0Q%U� DW ���

R& �IRXQG� ������ FDOFG��
�������� 2Q LQFUHDVH RI WKH WHPSHUDWXUH� WKHVH VDOWV ZHUH R[LGL]HG WR SXUH 0Q�2�

�)LJ� �E�� 7KH GLKDORJHQDWR FRPSOH[HV RI 0Q�,,� ZLWK �����SKHQDQWKUROLQH DOVR GH�
FRPSRVHG WR 0Q�2�� EXW DW KLJKHU WHPSHUDWXUH >��@�

,Q WKH '7$ FXUYH RI FRPSOH[ �,�� WKH H[RWKHUPLF HIIHFW FKDUDFWHULVWLF RI WKH R[L�
GDWLRQ SURFHVV ZDV QRW REVHUYHG� )RUPDWLRQ RI 0Q�2� EHJDQ DW ���R& �WKLV UHVXOW
DJUHHV ZLWK WKH WUDQVIRUPDWLRQ WHPSHUDWXUHV UHSRUWHG E\ RWKHU DXWKRUV >��� ��@��

)LJ� � ;�UD\ GLIIUDFWLRQ SDWWHUQV RI GHFRPSRVLWLRQ SURGXFWV RI FRPSOH[HV D − �,�−�9� KHDWHG
XS WR ���

R
&� E − 0Q/�;�⋅�+�2 �; &O� %U� 12�� KHDWHG XS WR ���

R
&� × − 0Q�2��

∆ − 0Q�2� �7KH UHVXOWV ZHUH DQDO\VHG E\ XVLQJ WKH 3RZGHU 'LIIUDFWLRQ )LOH� ,QWHUQD�
WLRQDO &HQWHU RI 'LIIUDFWLRQ 'DWD� ,&3'6�,&''� �����
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7KH LQWHUPHGLDWH FRPSRXQG 0Q/����62� EHJDQ WR GHFRPSRVH DW DERXW ���
R&� $

KRUL]RQWDO PDVV OHYHO ZDV REVHUYHG EHWZHHQ ��� DQG ���R&� ZKLFK FRUUHVSRQGHG WR
0Q62�� 2Q WHPSHUDWXUH HOHYDWLRQ� 0Q62� GHFRPSRVHG YLD 0Q�2� WR 0Q�2�� $W
���R&� WKH RQO\ SKDVH LGHQWLILHG ZDV 0Q�2�� $FFRUGLQJ WR (UGH\ DQG /LSWD\ >��@�
0Q62� DOVR EHJLQV WR GHFRPSRVH DERYH ���

R&� ZKHUHDV RWKHU DXWKRUV >��@ UHSRUW D
WHPSHUDWXUH RI ���R&�

7KH DQK\GURXV FRPSOH[ 0Q/��1&6�� HOLPLQDWHG ��� PROHV RI ���¶�ELS\
����−���R&� DQG 0Q/����1&6�� ZDV IRUPHG� 8SRQ IXUWKHU KHDWLQJ LQ WKH WHPSHUD�
WXUH UDQJH ���−���R&� WKH LQWHUPHGLDWH FRPSOH[ GHFRPSRVHG WR D PL[WXUH RI
0Q�1&6�� DQG 0Q6 �PRODU UDWLR ����� 2Q LQFUHDVH RI WKH WHPSHUDWXUH� VLPXOWDQHRXV
UHDFWLRQV SURFHHGHG� $W ���R&� D PL[WXUH RI 0Q62� �ZLWK WUDFHV RI 0Q6� DQG PDQ�
JDQHVH R[LGHV ZDV IRUPHG� 7KLV LV FRQVLVWHQW ZLWK WKH FRQFOXVLRQV RI RWKHU DXWKRUV
>��� ��@� 7KH KRUL]RQWDO OHYHO EHJDQ DERYH ���R&� 7KH GLIIUDFWLRQ SDWWHUQ RI WKH VLQ�
WHU �SUHSDUHG GXULQJ WKH KHDWLQJ RI FRPSRXQG �,,,� XS WR ���R&� LQGLFDWHG WKH SUHV�
HQFH RQO\ RI 0Q62�� β�0Q62� DQG 0Q�2�� $ERYH ���

R&� 0Q�,,� VXOSKDWH GHFRP�
SRVHG WR 0Q�2� DW ���−���R&� YLD D PL[WXUH FRQWDLQLQJ 0Q�2� �WKH HQGRWKHUPLF
SHDN DW ���R&�� 7KH ILQDO SURGXFW RI GHFRPSRVLWLRQ RI 0Q/��1&6��⋅�+�2 DW ���R&
ZDV SXUH 0Q�2� �IRXQG ������ FDOFG�� ��������

'HDPLQDWLRQ RI 0Q/��12��� DFFRPSDQLHG E\ SDUWLDO GHFRPSRVLWLRQ RI
0Q�12��� WR 0Q2� WRRN SODFH �WKH H[RWKHUPLF SHDN DW ���

R&�� $W ���R& WZR GLIIHU�
HQW SKDVHV H[LVWHG� 0Q�12��� DQG 0Q2�� 4XDQWLWDWLYH DQDO\VLV GDWD RQ WKH VDPSOH
REWDLQHG LQ WKH WKHUPDO GHFRPSRVLWLRQ RI 0Q/��12���⋅�+�2 KHDWHG XS WR ���R&
VKRZHG D PRODU UDWLR 0Q�12����0Q2� ���� 6RPH OLWHUDWXUH GDWD >��� ��@ UHSRUW WKDW
D PL[WXUH RI 0Q2� DQG 0Q�12��� LV IRUPHG LQ WKH GHFRPSRVLWLRQ RI
0Q�12���⋅�+�2� 7KH FRPSRVLWLRQ RI WKLV PL[WXUH GHSHQGV RQ WKH LQLWLDO VDPSOH
PDVV >��@� 2Q WHPSHUDWXUH HOHYDWLRQ� WKH UHPDLQLQJ 0Q�12��� SUREDEO\ GHFRP�
SRVHG WR γ�0Q2�� 7KH FRUUHVSRQGLQJ H[RWKHUPLF SHDN LQ WKH '7$ FXUYH ZDV YHU\
KLJK ����R&�� $FFRUGLQJ WR +DVVDQ HW DO� >��@� WKH SKDVH WUDQVLWLRQ γ�0Q2� WR β�
0Q2� LV REVHUYHG DW FD ���

R&� 7KH H[RWKHUPLF SHDN DW ���R& ZDV DVVLJQHG WR WKH
SKDVH WUDQVLWLRQ γ�0Q2� WR β�0Q2�� %HWZHHQ ��� DQG ���

R&� β�0Q2� ZDV WUDQV�
IRUPHG WR SXUH 0Q�2�� $ERYH ���

R&� RQO\ GLIIUDFWLRQ OLQHV FKDUDFWHULVWLF RI 0Q�2�

ZHUH GHWHFWHG �)LJ� �D��
7KH LQWHUPHGLDWHV 0Q/�&O�� 0Q/&O�� 0Q/�%U�� 0Q/��1&6��� 0Q/��12��� DQG

0Q/62� IRUPHG GXULQJ WKH WKHUPDO GHFRPSRVLWLRQ DUH LVRPHULF ZLWK WKH ���¶�ELS\
>�� ��@ RU ���¶�ELS\ >�� ��@ FRPSOH[HV�

:KHQ KHDWHG LQ DLU� 0Q/��&O2���⋅�+�2 LV H[SORVLYH�

  

7KLV ZRUN ZDV VXSSRUWHG E\ WKH .%1� SURMHFW QR� �7��$ ��� ���

5HIHUHQFHV

� ,� 6� $KXMD� 5DJKXYLU 6LQJK DQG &� /� <DGDZD� -� 0RO� 6WUXFW�� �� ������ ��� DQG UHIHU�
HQFHV WKHUHLQ�

� 5DJKXYLU 6LQJK� ,� 6� $KXMD DQG &� /� <DGDZD� ,QGLDQ -� &KHP� 6HFW� $� ��$ ������ �����
� 5DJKXYLU 6LQJK� ,� 6� $KXMD DQG &� /� <DGDZD� 3RO\KHGURQ� � ������ ����
� *� $QGHUHJJ� +HOY� &KLP� $FWD� �� ������ �����
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� :� :� %UDQG� )� 3� 'Z\HU DQG (� &� *\DUIDV� &KHP� 5HY�� �� ������ ��� DQG UHIHUHQFHV
WKHUHLQ�

� )� +� %XUVWDOO DQG 5� 6� 1\KROP� -� &KHP� 6RF�� ������ �����
� '� &]DNLV�6XOLNRZVND DQG -� .DhX�QD� -� 7KHUPDO $QDO�� �� ������ �����
� '� &]DNLV�6XOLNRZVND� -� 5DGZDýVND�'RF]HNDOVND� %� .X�QLN DQG $� 0DOLQRZVND� 7UDQVLW�

0HW� &KHP�� �� ������ ���� LELG�� �� ������ ���
� -� 5DGZDýVND�'RF]HNDOVND� '� &]DNLV�6XOLNRZVND DQG 0� 0DUNLHZLF]� -� 7KHUPDO $QDO��

�� ������ ����
�� :� -� *HDU\� &RRUG� &KHP� 5HY�� � ������ ���
�� 3� 7VLYHULRWLV� *� 9DUYRXQLV� &� 3DSDGLPLWULRX DQG 1� +DGMLOLDGLV� 7UDQVLW� 0HW� &KHP�� ��

������ ����
�� 1� 0 .DUD\DQQLV� $� 1� 6SHFD� '� (� &KDVHQ DQG /� /� 3\WOHZVNL� &RRUG� &KHP� 5HY�� ��

������ ���
�� 3� &DVWDQ� )� 'DKDQ� 6� :LPPHU DQG )� /� :LPPHU� -� &KHP� 6RF�� 'DOWRQ 7UDQV�� ������

�����
�� &� .� 3HDUFH� '� :� *URVVH DQG :� +HVVHO� &KHP� (QJ� 'DWD� �� ������ ����
�� .� 1DNDPRWR� ,QIUDUHG DQG 5DPDQ 6SHFWUD RI ,QRUJDQLF DQG &RRUGLQDWLRQ &RPSRXQGV�

:LOH\� 1HZ <RUN �����
�� 3� 3� 6LQJK DQG 8� 3� 6KXNOD� -� ,QRUJ� 1XFO� &KHP�� �� ������ ����
�� &� 0� +DUULV DQG (� '� 0F.HQ]LH� LELG�� �� ������ ����
�� $� 1� 6SHFD� 1� 0� .DUD\DQQLV DQG /� /� 3\WOHZVNL� ,QRUJ� &KLP� $FWD� �� ������ ���
�� 1� 0� .DUD\DQQLV� &� 0� 0LNXOVNL� /� /� 3\WOHZVNL DQG 0� 0� /DEHV� ,QRUJ� &KHP�� ��

������ ����� -� ,QRUJ� 1XFO� &KHP�� �� ������ �����
�� ,� 6� $KXMD� 5DJKXYLU 6LQJK DQG 5DMLQGDU 6LQJK� 6SHFWURFK� $FWD� ��$ ������ ����
�� $� %� 3� /HYHU� (� 0DQWRYDQL DQG %� 6� 5DPDVZDP\� &DQ� -� &KHP�� �� ������ �����
�� -� 'UXPPRQG DQG -� 6� :RRG� -� &KHP� 6RF� '� ������ ����
�� 6� ,DQHOOL� 0� 1DUGHOOL� &� 3HOL]]L DQG *� 3HOL]]L� $VVRF� ,WDO� &ULVW� $EVWU�� �� ������ ���
�� 0� $� 3RUDL�.RVKLWV� 9� 3� 1LNRODHY� /� $� %XWPDQ DQG *� 9� 7VLQWVDG]H� .RRUG� .KLP�� �

������ ����
�� ,� 0� 3URFWHU� %� -� +DWKDZD\ DQG 3� 1LFKROOV� -� &KHP� 6RF� $� ������ �����
�� $� *RUWHU DQG '� :� (QJHOIULHW� $FWD &U\VWDOORJU� 6HFW� %� �� ������ �����
�� $� 'H 0XQQR� 5� 5XL]� )� /ORUHW� -� )DXV� 5� 6HVVROL DQG 0� -XOYH� ,QRUJ� &KHP�� ��

������ ����
�� $� :RMWF]DN DQG 0� -DVNROVNL� $FWD &U\VW� &� �� ������ ���
�� &� )� %HOO DQG 5� (� 0RUFRP� -� ,QRUJ� 1XFO� &KHP�� �� ������ �����
�� (� $� +DVVDQ� 6� 0� $� .DWLE� 0� $� 0� (O�4XDUVKL DQG .� 0� $EG (O�6DODDP� -� 7KHUPDO

$QDO�� �� ������ ����
�� )� 7HGMDU DQG -� *XLWWRQ� 7KHUPRFKLP� $FWD� ��� ������ ���
�� /� (UGH\ DQG *� /LSWD\� 3HULRGLFD 3RO\WHFKQLFD �%XGDSHVW�� � ������ ����
�� 7� 1DJDLVKL� 6� ,VKL\DPD� 0� 0DWVXPRWR DQG 6� <RVKLQDJD� -� 7KHUPDO $QDO�� �� ������

����
�� &� )� %HOO DQG 5� (� 0RUFRP� LELG� �� ������ ��
�� 0� 0DQHYD DQG 1� 3HWURII� LELG�� �� ������ �����
�� 7� -� :� GH %UXLMQ� $� 1� ,SHNRJOX� :� $� GH -RQJ DQG S� -� 9DQ GHQ %HUJ� 7KHUPRFKLP�

$FWD� �� ������ ���� LELG�� �� ������ ����
�� &� &� $GGLVRQ DQG 0� -� .LOQHU� -� &KHP� 6RF� $� ������ �����
�� $� $QDJQRVWRSRXORV� -� ,QRUJ� 1XFO� &KHP�� �� ������ �����

�� &=$.,6�68/,.2:6.$� .$â8�1$� 0Q�,,� &203/(;(6

-� 7KHUP� $QDO� &DO�� ��� ����


