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&HQWUH IRU 6ROLG�6WDWH 3K\VLFV� 3XQMDE 8QLYHUVLW\� /DKRUH������� 3DNLVWDQ

�5HFHLYHG $XJXVW �� ����� LQ UHYLVHG IRUP 'HFHPEHU �� �����

$EVWUDFW

%LV�SLSHULGLQH FRPSOH[HV RI EHQ]R\ODFHWRQDWHV RI 0Q�,,�� &R�,,�� &G�,,� DQG 1L�,,� ZHUH SUH�

SDUHG� 7KHUPRJUDYLPHWULF DQDO\VLV �7*� GHPRQVWUDWHG WKDW 0Q�,,� ELV�SLSHULGLQH EHQ]R\ODFH�

WRQDWH ZDV VWDEOH XS WR ��
R
&� ZKLOH &R�,,� ELV�SLSHULGLQH EHQ]R\ODFHWRQDWH ZDV VWDEOH XS WR

���
R
&� ZKHUHDV &G�,,� ELV�SLSHULGLQH EHQ]R\ODFHWRQDWH ZDV VWDEOH XS WR RQO\ ��

R
&� ,WV ILUVW GH�

FRPSRVLWLRQ VWHS ZDV FRPSOHWHG DW ���
R
&� 1L�,,� ELV�SLSHULGLQH EHQ]R\ODFHWRQDWH IRXQG WR EH VWD�

EOH XS WR ���
R
&� 7KH VWDELOLWLHV RI WKH FRPSOH[HV RI WKHVH PHWDOV WKHUHIRUH IROORZ WKH VHTXHQFH

&G
��
�0Q

��
�&R

��
�1L

��
� 7KH FRPSOH[ RI &G�,,� ZDV WKH OHDVW VWDEOH RI DOO WKH FRPSRXQGV VWXGLHG�

.H\ZRUGV� ELV�SLSHULGLQH EHQ]R\ODFHWRQDWH� WKHUPDO VWDELOLW\� WUDQVLWLRQ PHWDOV

,QWURGXFWLRQ

7KH FKHODWHG FRPSRXQGV RI D PHWDO ZLWK ELV�SLSHULGLQH EHQ]R\ODFHWRQDWH
�0�,,�&��+��2�1�� PD\ EH UHSUHVHQWHG LQ WKH IROORZLQJ IRUP�
ZKHUH0 PHWDO� 5� &+�� 5� &�+� DQG 5� &�+��1� 3LSHULGLQH LV DQ DQDORJ RI F\�

FORKH[DQH� LQ ZKLFK RQH RI WKH &+� XQLWV LV UHSODFHG E\ 1+� 7KH FKDUJH UHVRQDQFH
VWUXFWXUH DQG GLSROH PRPHQW VKRZ WKDW WKH SLSHULGLQH ULQJ KDV VXUSOXV QHJDWLYH
FKDUJH RQ WKH QLWURJHQ� 7KXV� SLSHULGLQH LV D VWURQJ ILHOG OLJDQG DQG LW IRUPV LQQHU G�
RUELWDO FRPSOH[HV�

1XPHURXV VWXGLHV KDYH EHHQ UHSRUWHG RQ WKH WKHUPDO GHFRPSRVLWLRQV RI PHWDO
FRPSOH[HV RI ����β�GLNHWRQHV� 6RPH RI WKH PRVW XVHIXO VWXGLHV DUH WR EH IRXQG LQ UHI�
HUHQFHV >�−�@� 0DQ\ RI WKHVH PHWDOOLF GHULYDWLYHV GHFRPSRVHV RQ VWURQJ KHDWLQJ� DQG
LW LV RI LQWHUHVW WR ILQG D ����β�GLNHWRQH WKDW ZLOO JLYH PRUH VWDEOH GHULYDWLYHV�

����±�������� � ����

 ���� $NDGpPLDL .LDGy� %XGDSHVW

$NDGpPLDL .LDGy� %XGDSHVW

.OXZHU $FDGHPLF 3XEOLVKHUV� 'RUGUHFKW

 )RUPHUO\ ZRUNHG DW ,QVWLWXWH RI &KHPLVWU\� 3XQMDE 8QLYHUVLW\� /DKRUH� 3DNLVWDQ



7KH DLP RI WKLV ZRUN LV WR SUHSDUH ELV�SLSHULGLQH EHQ]R\ODFHWRQDWH RI 0Q�,,��
&R�,,�� &G�,,� DQG 1L�,,� DQG WR VWXG\ WKHLU VWUXFWXUHV E\ XVLQJ ;�UD\ GLIIUDFWLRQ DQG
WKHLU WKHUPDO GHFRPSRVLWLRQV E\ XVLQJ WKHUPRJUDYLPHWULF WHFKQLTXHV�

([SHULPHQWDO

$ VWRLFKLRPHWULF PHWKRG RI SUHSDUDWLRQ RI WKH ELV�SLSHULGLQH FRPSOH[HV RI %$&V
>EHQ]R\ODFHWRQDWH DEEUHYLDWHG DV %$&@ RI 0Q�,,�� &R�,,�� &G�,,� DQG 1L�,,� ZDV
DGRSWHG� ,Q WKLV PHWKRG� D ��� UDWLR E\ PDVV RI PHWDO DQG OLJDQG ZDV WDNHQ� 7KH
%$&V RI WKH PHWDOV ZHUH SUHSDUHG ILUVW� )RU WKLV SXUSRVH� WKH FDOFXODWHG DPRXQWV RI
0Q62�⋅+�2� &R&O�⋅�+�2� &G�12���⋅�+�2 DQG 1L&O�⋅�+�2 ZHUH GLVVROYHG LQ
�� PO RI GLVWLOOHG ZDWHU LQ VHSDUDWH EHDNHUV� $ VROXWLRQ RI EHQ]R\ODFHWRQH �� J LQ
�� PO RI PHWKDQRO� ZDV SUHSDUHG IRU HDFK RI WKH VDOW VROXWLRQV� 7KH WZR VROXWLRQV
ZHUH PL[HG WRJHWKHU� &RQFHQWUDWHG DPPRQLD ZDV DGGHG GURSZLVH XQWLO D SUHFLSLWDWH
ZDV IRUPHG� 7KLV ZDV ILOWHUHG WKURXJK D %XFNQHU IXQQHO� ZDVKHG ZLWK GHLRQL]HG
ZDWHU DQG GULHG� $IWHU FU\VWDOOL]DWLRQ IURP LWV VROXWLRQ LQ PHWKDQRO� FU\VWDOV RI
0�,,�%$& �ZKHUH 0 0Q� &R� &G� 1L� ZHUH REWDLQHG� ,Q WKH QH[W VWHS� ELV�SLSHULG�
LQH FRPSOH[HV RI 0�,,�%$& ZHUH REWDLQHG E\ GLVVROYLQJ � J RI 0�,,�%$& LQ �� PO
RI PHWKDQRO DQG WKHQ DGGLQJ LQ LW D VROXWLRQ RI ��� PO RI SLSHULGLQH LQ �� PO RI
PHWKDQRO� 7KH WZR VROXWLRQV ZHUH PL[HG DQG UHIOX[HG IRU � K� 7KH GULHG SURGXFWV
ZHUH UHFU\VWDOOL]HG IURP PHWKDQRO� 7KH \LHOGV DQG PHOWLQJ SRLQWV RI WKH FRPSOH[HV
ZHUH QRWHG�

7KH PHWDO FRQWHQWV ZHUH HVWLPDWHG E\ DWRPLF DEVRUSWLRQ VSHFWURVFRS\� )RU WKLV
SXUSRVH� NQRZQ DPRXQWV RI WKH ELV�SLSHULGLQH FRPSOH[HV RI WKH PHWDO %$&V ZHUH
DGGHG WR �� PO RI � PRO O±� +&O� 7KLV OHG WR GHFRPSRVLWLRQ RI WKH FRPSOH[HV� 7KLV
SURFHVV ZDV UHSHDWHG �−� WLPHV� 7KH UHVLGXH ZDV GLVVROYHG LQ ��� PO RI GLVWLOOHG ZDWHU�
7KH PHWDO FKORULGH ZDV IRUPHG LQ VROXWLRQ DQG EHQ]R\ODFHWRQH ZDV ILOWHUHG RII� 6WDQG�
DUG VROXWLRQV ZHUH SUHSDUHG IURP � J RI PHWDO JUDQXOHV GLVVROYHG LQ �� PO RI
� PRO O

−� +12�� 7KH VROXWLRQV ZHUH GLOXWHG XS WR WKH GHVLUHG PDUN ZLWK GHLRQL]HG
ZDWHU�

5HVXOWV

;�UD\ SRZGHU GLIIUDFWLRQ UHVXOWV FRQFHUQLQJ WKH FU\VWDO FODVV DQG WKH ODWWLFH SD�
UDPHWHUV RI WKHVH FRPSRXQGV DUH OLVWHG LQ 7DEOH �� 7KH VWDQGDUG -&3'6 SRZGHU GLI�
IUDFWLRQ ILOHV GR QRW FRQWDLQ OLVWLQJV RI WKH ELV�SLSHULGLQH PHWDO FRPSOH[HV RI %$&�
DQG FRQILUPDWLRQ RI RXU UHVXOWV ZDV WKHUHIRUH QRW SRVVLEOH� +RZHYHU� WKH FULWHULRQ RI
GH :ROII >�@ IRU WKH UHOLDELOLW\ RI WKH LQGH[LQJ ZDV XVHG� $ ILJXUH RI PHULW 0≥�� LQ�
GLFDWHV WKDW WKH LQGH[LQJ LV VDWLVIDFWRU\� 7KH GH :ROII ILJXUH RI PHULW RI HDFK FRPSOH[
LV JLYHQ LQ 7DEOH ��

7KH PHWDO FRQWHQWV GHWHUPLQHG LQ WKH ELV�SLSHULGLQH PHWDO %$&V ZHUH 0Q
������� �FDOFG� ��������� &R ����� �FDOFG� ������ &G ������ �FDOFG� ������ DQG
1L ����� �FDOFG� �������

7*�'7$ FXUYHV RI ELV�SLSHULGLQH 0Q�,,�%$& DUH VKRZQ LQ )LJ� �� 0Q�,,�%$&
ORVHV ����� RI WKH WRWDO PDVV LQ WKH IRUP RI WKH WULPHWK\O HWKHU &��+��2 ZKLOH GH�
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FRPSRVLQJ EHWZHHQ �� DQG ���R&� 7KH QH[W GHFRPSRVLWLRQ WDNHV SODFH LQ WKH LQWHU�
YDO ���−���R&� ZLWK D ORVV RI ������ LQ PDVV LQ WKH IRUP RI �(��1�1�GLPHWK\O���
SURSHQ\ODPLQH� &�+��1� 7KH UHVLGXH UHPDLQV VWDEOH XS WR ���

R&� )LQDO GHFRPSRVL�
WLRQ WDNHV SODFH EHWZHHQ ��� DQG ����R&� JLYLQJ ������ RI 0Q2�

7KH 7*�'7$ FXUYHV RI ELV�SLSHULGLQH &R�,,�%$& LQGLFDWHG WKDW WKH FRPSOH[ LV
VWDEOH XS WR ���R&� DQG LW ORVHV ������ RI WKH WRWDO PDVV EHWZHHQ ��� DQG ���R&�

7KH 7*�'7$ FXUYHV RI ELV�SLSHULGLQH &G�,,�%$& VKRZHG WKDW WKH FRPSOH[ LV VWD�
EOH XS WR ��R&� LW ORVHV ����� RI WKH WRWDO PDVV EHWZHHQ �� DQG ���R&� ,Q WKLV VWHS�
RQH SLSHULGLQH PROHFXOH LV ORVW� ,Q WKH QH[W VWHS� ������ RI WKH WRWDO PDVV LV ORVW GXH
WR WKH HOLPLQDWLRQ RI RQH %$& JURXS DQG RQH DFHW\O JURXS EHWZHHQ ��� DQG ���R&�
,Q WKH ODVW VWHS� EHWZHHQ ��� DQG ���R&� ������ RI WKH WRWDO PDVV LV ORVW LQ WKH IRUP
RI SKHQ\ODFHW\OHQH� 7KH UHVLGXH RI &G2 LV VWDEOH DIWHU ���R&�

7KH 7*�'7$ FXUYHV RI ELV�SLSHULGLQH 1L�,,�%$& LQGLFDWHG WKDW WKH FRPSOH[ LV
VWDEOH XS WR ���R&� ,W GHFRPSRVHV EHWZHHQ ��� DQG ���R&� ORVLQJ ������ RI WKH WR�
WDO PDVV� ZKLFK PD\ EH SLSHULGLQH� ,Q WKH QH[W VWHS� WKH UHVLGXH GHFRPSRVHV EHWZHHQ
��� DQG ���R&� ORVLQJ ������ RI WKH WRWDO PDVV� DQRWKHU PROHFXOH RI SLSHULGLQH� D
EHQ]R\O JURXS DQG DOO\OHQH R[LGH� ,Q WKH WKLUG VWHS� GHFRPSRVLWLRQ EHWZHHQ ��� DQG
���R& UHVXOWV LQ WKH ORVV RI ����� RI WKH WRWDO PDVV� D &�+�2 �DFHW\O JURXS� EHLQJ
HOLPLQDWHG�

7KH 7* UHVXOWV RQ WKH IRXU ELV�SLSHULGLQH FRPSRXQGV DUH FRPSDUHG LQ 7DEOH �� ,W
PD\ EH QRWHG WKDW ELV�SLSHULGLQH &G�,,�%$& KDV WKH ORZHVW LQLWLDO GHFRPSRVLWLRQ
WHPSHUDWXUH ���R&�� ZKLOH ELV�SLSHULGLQH 1L�,,�%$& KDV WKH KLJKHVW ILUVW�VWDJH GH�
FRPSRVLWLRQ WHPSHUDWXUH ����R&��

,W LV ZHOO NQRZQ WKDW WUDQVLWLRQ HOHPHQW FDWLRQV UHDGLO\ IRUP FKHODWH FRPSRXQGV�
L�H� WKH\ KDYH ORZ�O\LQJ YDFDQW RUELWDOV ZKLFK DUH FDSDEOH RI DFFHSWLQJ HOHFWURQ SDLUV

)LJ� � 7*�'7$ FXUYHV RI ELV�SLSHULGLQH 0Q�,,� EHQ]R\ODFHWRQDWH
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WR IRUP KRPRSRODU ERQGV� 0DQJDQHVH� FREDOW DQG QLFNHO KDYH HOHFWURQ FRQILJXUD�
WLRQV RI �$U FRUH� �G[�V�� ZKHUH [ �� � DQG �� DQG &G�� KDV WKH FRQILJXUDWLRQ �.U
FRUH� �G���V�� 7KH IRUFHV KROGLQJ WKH PHWDO LRQV LQ WKH FRPSRXQGV DUH LRQLF RU FRX�
ORPELF LQ QDWXUH� LQYROYLQJ WKH HIIHFWV RI FKDUJH� WKH FKDUJH GLVWULEXWLRQ RI WKH DQLRQ
DQG WKH LRQLF UDGLXV� 7KH VWDELOLWLHV RI WKH ELV�SLSHULGLQH %$&V RI WKH IRXU WUDQVLWLRQ
PHWDOV �KDYLQJ LRQLF UDGLL &G�� ����  � 0Q�� ���  � &R�� ����  � 1L�� ����  �
IROORZ WKH VHULHV &G���0Q���&R���1L��� ,W LV ZHOO NQRZQ WKDW� DV WKH LRQLF UDGLXV GH�
FUHDVHV� WKH SRODUL]LQJ SRZHU RI WKH LRQ LQFUHDVHV� UHVXOWLQJ LQ DQ LQFUHDVH LQ VWDELOLW\
RI WKH ERQGLQJ EHWZHHQ WKH PHWDO LRQ DQG WKH OLJDQG� &DGPLXP KDSSHQV WR EH DW WKH
HQG RI WKH VHFRQG WUDQVLWLRQ VHULHV DQG LWV G RUELWDOV SURMHFW IXUWKHU LQWR VSDFH WR�
ZDUGV WKH OLJDQGV� VR WKDW WKH HOHFWURVWDWLF UHSXOVLRQ EHWZHHQ WKH OLJDQGV DQG WKH G
HOHFWURQV LV LQFUHDVHG� UHVXOWLQJ LQ D GHFUHDVH LQ VWDELOLW\�

7KH VWDELOLW\ RI D FRPSOH[ FDQ EH H[SODLQHG LQ WHUPV RI LWV PRODU YROXPH� 7DEOH �
VKRZV WKH YROXPH RI WKH XQLW FHOO RI HDFK FRPSOH[� 7KH PRODU YROXPH RI D FRPSOH[
FDQ EH GHWHUPLQHG IURP WKH YROXPH RI WKH XQLW FHOO DQG WKH QXPEHU RI IRUPXOD XQLWV
�=� LW FRQWDLQV� 7KH ODWWHU LV IRXQG WR EH HTXDO WR � IRU DOO WKH FRPSOH[HV VWXGLHG LQ
WKLV ZRUN� ,I WKH PRODU YROXPH RI D FRPSOH[ LV ODUJH� WKH LQWHUDFWLRQV EHWZHHQ WKH
FKHODWLQJ OLJDQGV DQG WKH PHWDO DWRPV DUH VPDOO� 7KXV� 1L�,,� ELV�SLSHULGLQH %$& LV
WKH PRVW VWDEOH RI WKHVH FKHODWHV DV LWV PRODU YROXPH LV WKH ODUJHVW RI WKRVH IRU WKH
IRXU FRPSOH[HV�

7DEOH � 7* UHVXOWV RQ ELV�SLSHULGLQH EHQ]R\ODFHWRQDWHV �%$&V� RI 0Q�,,�� &R�,,�� &G�,,� DQG
1L�,,�

&RPSRXQG 7HPSHUDWXUH�
R

& 7RWDO PDVV ORVV�� 1DWXUH

ELV�SLSHULGLQH �±�� VWDEOH

0Q�,,�%$& ��±��� ���� GHFRPSRVLWLRQ

���±��� ����� GHFRPSRVLWLRQ

���±���� ����� GHFRPSRVLWLRQ

ELV�SLSHULGLQH �±��� VWDEOH

&R�,,�%$& ���±��� ����� GHFRPSRVLWLRQ

ELV�SLSHULGLQH �±�� VWDEOH

&G�,,�%$& ��±��� ����� GHFRPSRVLWLRQ

���±��� ����� GHFRPSRVLWLRQ

���±��� ����� GHFRPSRVLWLRQ

ELV�SLSHULGLQH �±��� VWDEOH

1L�,,�%$& ���±��� ����� GHFRPSRVLWLRQ

���±��� ����� GHFRPSRVLWLRQ

���±��� ���� GHFRPSRVLWLRQ
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&RQFOXVLRQV

7KH VWDELOLWLHV RI IRXU FKHODWH FRPSRXQGV �ELV�SLSHULGLQH %$&V RI WKH ILUVW DQG
VHFRQG WUDQVLWLRQ VHULHV� KDYH EHHQ VWXGLHG RQ WKH EDVLV RI WKHUPRJUDYLPHWULF DQDO\�
VLV� 7KH FRPSRXQGV GLVSOD\ LQLWLDO GHFRPSRVLWLRQ WHPSHUDWXUHV LQ WKH VHTXHQFH
&G���0Q���&R���1L��� &DGPLXP KDSSHQV WR EH DW WKH HQG RI WKH VHFRQG WUDQVLWLRQ
VHULHV� DQG WKH &G�� FKHODWH LV WKH OHDVW VWDEOH RI DOO WKH FRPSRXQGV VWXGLHG LQ WKLV
ZRUN�

5HIHUHQFHV

� )� -DVLP� -� 7KHUQDO $QDO�� �� ������ ����
� 6� 5� 'UDNH� $� 6� 0LOOHU� 0� %� +XUVWKRXVH DQG .� 0� $� 0DOLOR� 3RO\KHGURQ� ��−� ������

�����
� )� 0� &K\UDJRY� ,� <� *DVDQRY DQG '� 6� *DPEDQRY� ,QRUJ� 0DWHU�� ��−� ������ ����
� $� 6� $OLNKDQ\DQ� ,� 3� 0DONHURD DQG ,� /� .D\DQVND\D� =� 1HRUJ� .KLP�� �� ������ �����
� '� 7� 7HLFD� (� 6HJDO DQG 0� $QGLXK� 7KHUPRFKLP� $FWD� ��� ������ �����
� (� -RQD� ,� +RUYDWK� 0� .XEUDQRYD DQG 0� .RPDQ� LELG� ��� ������ ����
� 0� &DOYLQ DQG .� :� :LOVRQ� -� $PHU� &KPH� 6RF�� �� ������ �����
� 3� 0� GH :ROII� -� $FWD &U\VW�� � ������ ����
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