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'HSDUWPHQW RI 0DWKHPDWLFDO DQG 6WDWLVWLFDO 6FLHQFHV� DQG

,QVWLWXWH RI *HRSK\VLFDO 5HVHDUFK

8QLYHUVLW\ RI $OEHUWD

(GPRQWRQ� $%� 7�* �*� &DQDGD

�� ,QWURGXFWLRQ

7KH GHHS ZHVWHUQ XQGHUFXUUHQW �':8&� LQ WKH $WODQWLF RFHDQ KDV� DV RQH
RI LWV VRXUFHV� WKH 'HQPDUN 6WUDLW 2YHUcRZ �'62�� 7KH '62 LV DQ H[DP�
SOH RI D VLOO�FRQWUROOHG DE\VVDO JUDYLW\ FXUUHQW� *UHDWO\ VLPSOLzHG� RYHUcRZV
RI WKLV NLQG LQLWLDOO\ H[KLELW SURQRXQFHG GRZQ VORSH PRWLRQ ZKLFK VXE�
VHTXHQWO\ HYROYHV LQWR PRUH RU OHVV DORQJ VORSH PRWLRQ� ZKLFK LV EDQNHG
DJDLQVW VORSLQJ WRSRJUDSK\� 7KLV SLFWXUH LV� RI FRXUVH� IDU IURP FRPSOHWH�
%DURFOLQLF LQWHUDFWLRQV ZLWK WKH RYHUO\LQJ ZDWHU FROXPQ DQG QRQ�FRQVHUYDWLYH
SURFHVVHV VXFK DV HQWUDLQPHQW DQG IULFWLRQ DUH SUHVHQW� ,Q DGGLWLRQ� WKHUH
LV FRQVLGHUDEOH VSDWLDO DQG WHPSRUDO YDULDELOLW\ DVVRFLDWHG ZLWK WKHVH cRZV
LQ ERWK WKH QHDU�VLOO DQG GRZQ VWUHDP UHJLRQV�
%UXFH ������� H[DPLQLQJ VDWHOOLWH LPDJHU\� DQG .UDXVH ������� H[DP�

LQLQJ EXR\ WUDMHFWRULHV� VKRZHG WKH GHYHORSPHQW RI GRZQ VWUHDP F\FORQLF
HGGLHV DVVRFLDWHG ZLWK WKH '62� 5HFHQWO\ DQDO\]HG REVHUYDWLRQV DQG QXPHU�
LFDO VLPXODWLRQV �.UDXVV DQG .bDVH� ����� .bDVH DQG 2VFKOLHV� ����� *LUWRQ
DQG 6DQIRUG� ����� ����� .bDVH HW DO�� ����� VXJJHVW WKDW NH\ DVSHFWV RI WKH
GRZQ VWUHDP PHVRVFDOH YDULDELOLW\ FDQ EH XQGHUVWRRG LQ WKH FRQWH[W RI WKH
�QRQ�TXDVLJHRVWURSKLF� EDURFOLQLF LQVWDELOLW\ PHFKDQLVP GHVFULEHG E\ 6ZD�
WHUV ������ IRU DE\VVDO FXUUHQWV� LQWHUSUHWHG� RI FRXUVH� LQ WKH FRQWH[W RI
UHDOLVWLF SK\VLFDO RFHDQRJUDSKLF SURSHUWLHV �H�J�� -LDQJ DQG *DUZRRG� �����
-XQJFODXV HW DO�� ������
.bDVH HW DO� ������� DQDO\]LQJ RFHDQRJUDSKLF GDWD IRU WKH '62 UHJLRQ�

IURP IRXU GLhHUHQW FUXLVHV RYHU D WKUHH \HDU SHULRG� DQG H[DPLQLQJ KLJK
UHVROXWLRQ QXPHULFDO VLPXODWLRQV� GHVFULEH WKH GLhHULQJ G\QDPLFDO UHJLPHV
EHWZHHQ WKH QHDU�VLOO DQG GRZQ VWUHDP RYHUcRZ� ,Q FRQWUDVW WR WKH GRZQ
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VWUHDP cRZ� WKH QHDU�VLOO RYHUcRZ LV SUHGRPLQDWHO\ GRZQ VORSH� VWURQJO\
LQcXHQFHG E\ ERWWRP IULFWLRQ DQG LV QHDU� DQG HYHQ SRVVLEO\ VXSHU� FULWLFDO
�ZLWK UHVSHFW WR ORQJ LQWHUQDO JUDYLW\ ZDYHV�� *LUWRQ DQG 6DQIRUG �������
XVLQJ HVWLPDWHV GHULYHG IURP WKH DIRUHPHQWLRQHG FUXLVH GDWD� DUJXH� SHU�
KDSV QRW VXUSULVLQJO\� WKDW WKH QHDU�VLOO PRPHQWXP EDODQFH IRU WKH RYHUcRZ
LV SULQFLSDOO\ EHWZHHQ URWDWLRQ� GRZQ VORSH JUDYLWDWLRQDO DFFHOHUDWLRQ DQG
ERWWRP IULFWLRQ�

)LJ� �� *HRPHWU\ RI WKH PRGHO XVHG LQ WKLV SDSHU�

7KHVH G\QDPLFDO EDODQFHV VXJJHVW DQRWKHU VRXUFH IRU RYHUcRZ YDULDELO�
LW\� SDUWLFXODUO\ LQ WKH QHDU�VLOO UHJLRQ� DQG RQH ZKLFK KDV QRW EHHQ H[�
SORUHG EHIRUH LQ WKLV FRQWH[W� )ULFWLRQDO GRZQ VORSH cRZV ZKLFK DUH VXSHU
FULWLFDO FDQ EH XQVWDEOH� ,Q WKH DEVHQFH RI URWDWLRQ DQG EDURFOLQLFLW\� WKH
LQVWDELOLWLHV DUH FODVVLFDO UROO ZDYHV �-HhUH\V� ����� :KLWKDP� ������ )RU
RFHDQRJUDSKLFDOO\ UHOHYDQW VFDOHV� WKH LQVWDELOLWLHV ZLOO� DV ZH VKRZ� PDQL�
IHVW WKHPVHOYHV LQ WKH RYHUO\LQJ RFHDQ DV DPSOLI\LQJ ORQJ LQWHUQDO JUDYLW\
ZDYHV� :LWKLQ WKH RYHUcRZ LWVHOI� WKH LQVWDELOLWLHV WDNH WKH IRUP RI GRZQ
VORSH SURSDJDWLQJ� JURZLQJ SHULRGLF ERUHV RU SXOVHV�

$ VXPPDU\ LV SUHVHQWHG KHUH RI D VLPSOH WKHRU\ IRU WKH IULFWLRQDO GHVWD�
ELOL]DWLRQ RI DE\VVDO RYHUcRZV� ZLWK URWDWLRQ DQG EDURFOLQLFLW\ SUHVHQW� DQG
RI WKH FKDUDFWHULVWLFV RI WKH LQWHUQDO JUDYLW\ zHOG� LQ WKH RYHUO\LQJ RFHDQ�
DVVRFLDWHG ZLWK WKH LQVWDELOLW\� )XOO GHWDLOV FDQ EH IRXQG LQ 6ZDWHUV �������
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�� 0RGHO (TXDWLRQV

7KH XQGHUO\LQJ JHRPHWU\ LV VNHWFKHG LQ )LJ� �� :H DVVXPH IrSODQH G\QDP�
LFV IRU D VWDEO\ DQG FRQWLQXRXVO\ VWUDWLzHG cXLG RI zQLWH GHSWK RYHUO\LQJ D
ZHOO PL[HG DE\VVDO FXUUHQW OD\HU ZLWK YDULDEOH ERWWRP WRSRJUDSK\� 7KH
XSSHU� L�H�� WKH FRQWLQXRXVO\ VWUDWLzHG� OD\HU LV GHQRWHG DV OD\HU RQH� 7KH
DE\VVDO FXUUHQW� L�H�� WKH ORZHU OD\HU� LV GHQRWHG DV OD\HU WZR� 7KH XSSHU
DQG DE\VVDO OD\HU G\QDPLFDO TXDQWLWLHV ZLOO EH GHQRWHG� XQOHVV RWKHUZLVH
VSHFLzHG� ZLWK D � DQG � VXEVFULSW� UHVSHFWLYHO\�
7KH WKHRUHWLFDO PRGHO LV EDVHG RQ WKH LQFRPSUHVVLEOH DGLDEDWLF HTXD�

WLRQV XQGHU D %RXVVLQHVT DSSUR[LPDWLRQ IRU D FRQWLQXRXVO\ VWUDWLzHG cXLG
IRU WKH XSSHU OD\HU DQG WKH VKDOORZ ZDWHU HTXDWLRQV IRU WKH DE\VVDO OD\HU�
:H DVVXPH D ULJLG RFHDQ VXUIDFH ZKLFK ZLOO zOWHU RXW WKH H[WHUQDO JUDYLW\
ZDYH PRGHV LQ WKH PRGHO DQG IRFXV DWWHQWLRQ RQ WKH EDURFOLQLF DVSHFWV RI
WKH G\QDPLFV�
$VVXPLQJ WKDW 2 �K +� LV VPDOO� WKH QRQGLPHQVLRQDOPRGHO FDQ EH ZULW�

WHQ LQ WKH IRUP �VHH 6ZDWHUV� ���� IRU IXOO GHWDLOV�
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VFDOH ERWWRP VORSH SDUDPHWHU� UHVSHFWLYHO\� 7KH %UXQW�9bDLVbDObD IUHTXHQF\�
1 �]�� DQG WKH UHGXFHG JUDYLW\� J�� DUH JLYHQ E\
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WR WKH VROXWLRQV IRXQG IRU ?VWUHDP WXEH� PRGHOV� ZLWKRXW DORQJ�VWUHDP
YDULDWLRQ� ZKLFK KDYH EHHQ XVHG WR H[DPLQH DVSHFWV RI WKH G\QDPLFV RI
URWDWLQJ WXUELGLW\ DQG DE\VVDO FXUUHQWV �H�J�� 6PLWK� ����� .LOOZRUWK� �����
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)LJ� � LV D VWLFN SORW RI WKH VWHDG\ XQLIRUP YHORFLW\ �8� 9 �� GHWHUPLQHG
E\ ��� DQG ���� DV D IXQFWLRQ RI WKH ERWWRP IULFWLRQ FRHlFLHQW F( DQG WKH
QRQGLPHQVLRQDO &RULROLV SDUDPHWHU I IRU WKH UDQJH ��� � F( � ��� DQG
��� � I � ���� ,Q RUGHU WR HQVXUH WKDW WKH YHFWRUV UHPDLQ ZLWKLQ WKH SORW
ERXQGDULHV� WKH YHORFLW\ YHFWRUV KDYH EHHQ VFDOHG VR WKDW WKH PD[LPXP
VSHHG� ZKLFK RFFXUV IRU WKH YHORFLW\ YHFWRU ORFDWHG DW F(  I  ��� LQ )LJ�
� �WKH YHORFLW\ YHFWRU ORFDWHG DW WKH ORZHU OHIW KDQG FRUQHU�� KDV OHQJWK ����
,Q DGGLWLRQ� WKH YHFWRUV DUH RULHQWHG VR WKDW GRZQ VORSH PRWLRQ LV LQGLFDWHG
E\ WKH YHFWRU SRLQWLQJ LQ WKH GLUHFWLRQ RI LQFUHDVLQJ I � 5LJKWZDUG GHcHFWHG
�ZKLFK RFFXUV IRU SRVLWLYH I� DORQJ VORSH PRWLRQ LV LQGLFDWHG E\ WKH YHFWRU
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SRLQWLQJ LQ WKH GLUHFWLRQ RI LQFUHDVLQJ F(� 7KH RULHQWDWLRQ LV VKRZQ LQ WKH
ORZHU ULJKW FRUQHU LQ )LJ� � E\ D �8� 9 � FRRUGLQDWH D[HV� :H VHH WKH JHQHUDO
WUHQG IURP GRZQ �DORQJ� VORSH PRWLRQ WR DORQJ �GRZQ� VORSH PRWLRQ DV
I �F(� LQFUHDVHV IRU D JLYHQ F( �I�� ZLWKLQ WKH FRQWH[W WKDW WKH VSHHG
PRQRWRQLFDOO\ GHFUHDVHV DV F( DQG I LQGLYLGXDOO\ LQFUHDVH�

)LJ� �� �8� 9 � LQ WKH �F(� I�r SODQH�

7KH JHQHUDO QRUPDO PRGH VWDELOLW\ SUREOHP LV GHWHUPLQHG E\ VXEVWLWXW�
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ZKHUH ZH KDYH DVVXPHG� IRU FRQYHQLHQFH� D FRQVWDQW %XUJHU QXPEHU� GURSSHG
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�� 6WDELOLW\ &KDUDFWHULVWLFV

)LJ� � LV D FRQWRXU SORW RI WKH JURZWK UDWH RI WKH PRVW XQVWDEOH PRGH
�GHQRWHG DV 5H ��4@ �� LQ WKH �F(� I�r SODQH DVVXPLQJ 5e  ������ 7KH
PRVW XQVWDEOH PRGH� GHQRWHG DV �4@ � LV WKDW QRUPDO PRGH ZLWK WKH ODUJHVW
YDOXH RI 5H ��� FRQVLGHUHG DV D IXQFWLRQ RI WKH ZDYH QXPEHUV �N� O� IRU D
JLYHQ YDOXH RI WKH SDUDPHWHUV �F(� I� 5e�� :H GHQRWH WKH ZDYH QXPEHU RI
WKH PRVW XQVWDEOH PRGH E\ �N4@ � O4@ ��

)LJ� �� 5H ��4@ � LQ WKH �F(� I�r SODQH�

,Q )LJ� � ZH FDQ VHH WKDW WKH VKDUS FXWRh YDOXH IRU LQVWDELOLW\ DVVRFLDWHG
ZLWK WKH ERWWRP IULFWLRQ FRHlFLHQW FRQWLQXHV WR H[LVW �EXW GHFUHDVHV� DV I
LQFUHDVHV IURP ]HUR� ,QVWDELOLW\ FRQWLQXHV WR RFFXU IRU I ! �� EXW GRHV VR IRU
D VPDOOHU UDQJH RI F( YDOXHV� ,Q WKH QRQ�URWDWLQJ OLPLW� WKH ERWWRP IULFWLRQ
FRHlFLHQW FXWRh YDOXH LV JLYHQ H[DFWO\ E\ F(  �����

$OWKRXJK LW LV GLlFXOW WR GLVFHUQ FOHDUO\ LQ )LJ� �� WKHUH LV D VKDUS
ERXQGDU\ ZLWK UHVSHFW WR I � L�H�� WKHUH LV D GLVWLQFW PDUJLQDO VWDELOLW\ FXUYH�
EHWZHHQ WKH UHJLRQ RI LQVWDELOLW\ �ZKHUH WKH JURZWK UDWH LV SRVLWLYH� DQG
WKH UHJLRQ RI VWDELOLW\ �ZKHUH WKH PRVW XQVWDEOH PRGH KDV ]HUR JURZWK
UDWH� L�H�� WKH DE\VVDO cRZ LV QHXWUDOO\ VWDEOH�� 7KH FRQWRXU ODEHOOHG ����� LV
YHU\ FORVH WR WKLV ERXQGDU\� �:KHQ ZH WULHG WR FRQWRXU WKH �rJURZWK UDWH
LVROLQH H[DFWO\ WKH FRQWRXU SDFNDJH LQWURGXFHG D KLJKO\ LUUHJXODU PXOWLSO\
FRQQHFWHG SDWWHUQ��
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$V I LQFUHDVHV� )LJ� � VKRZV WKDW WKH JURZWK UDWH RI WKH PRVW XQVWD�
EOH PRGH GHFUHDVHV PRQRWRQLFDOO\� 1HYHUWKHOHVV� )LJ� � VXJJHVWV WKDW WKH
IULFWLRQDO GHVWDELOL]DWLRQ RI DE\VVDO RYHUcRZV LV SRVVLEOH IRU SK\VLFDOO\ UHDO�
L]DEOH YDOXHV RI I RU� HTXLYDOHQWO\� WKH LQYHUVH 5RVVE\ QXPEHU� )RU H[DPSOH�
IRU F(  ��� DQG I  ���� �L�H�� D 5RVVE\ QXPEHU RI DERXW ����� WKH PRVW
XQVWDEOH PRGH KDV D �QRQGLPHQVLRQDO� JURZWK UDWH RI DERXW ���� ZKLFK
FRUUHVSRQGV WR D �GLPHQVLRQDO� Hr IROGLQJ WLPH RI DERXW �� KRXUV �WKH
WLPH VFDOH LV DERXW ��� KRXUV�� )RU F(  ��� DQG I  ����� 8  ���� DQG
9  ���� ZKLFK LPSO\ D GLPHQVLRQDO DORQJ DQG FURVV VORSH YHORFLW\ IRU WKH
PHDQ RYHUcRZ RI DERXW ��� FP V DQG ��� FP V� UHVSHFWLYHO\ �WKH DE\VVDO
YHORFLW\ VFDOH LV DERXW �� FP V��

)LJ� �� �N4@ � O4@ � LQ WKH �F(� I�r SODQH�

)LJ� � LV D VWLFN SORW RI WKH ZDYH QXPEHU YHFWRU �N4@ � O4@ � DV D IXQF�
WLRQ RI WKH ERWWRP IULFWLRQ FRHlFLHQW F( DQG WKH QRQGLPHQVLRQDO &RULROLV
SDUDPHWHU I IRU WKH UDQJH � � F( � ��� DQG � � I � ���� ,Q RUGHU WR HQVXUH
WKDW WKH YHFWRUV UHPDLQ ZLWKLQ WKH SORW ERXQGDULHV� WKH YHORFLW\ YHFWRUV
KDYH EHHQ VFDOHG VR WKDW WKH OHQJWK RI WKH ZDYH QXPEHU YHFWRU ORFDWHG DW
F(  I  � LQ )LJ� � �ORFDWHG DW WKH ORZHU OHIW KDQG FRUQHU�� KDV OHQJWK
���� �LWV DFWXDO OHQJWK LV DERXW ������
7KH ZDYH QXPEHU YHFWRUV DUH RULHQWHG VR WKDW SRVLWLYH O4@ LV LQGLFDWHG

E\ WKH YHFWRU SRLQWLQJ LQ WKH GLUHFWLRQ RI LQFUHDVLQJ I � 3RVLWLYH N4@ LV
LQGLFDWHG E\ WKH YHFWRU SRLQWLQJ LQ WKH GLUHFWLRQ RI LQFUHDVLQJ F(� 7KH
RULHQWDWLRQ LV VKRZQ LQ WKH XSSHU ULJKW FRUQHU LQ )LJ� � E\ D �N4@ � O4@ �
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FRRUGLQDWH D[HV� 7KH UHJLRQ RI VWDELOLW\ LQ WKH �F(� I�r SODQH KDV QR ZDYH
QXPEHU YHFWRU VKRZQ EHFDXVH �N4@ � O4@ �  � WKHUH� 7KH UHDVRQ WKDW ERWK

O4@ DQG N4@ ZLOO EH ]HUR LQ WKH UHJLRQ RI VWDELOLW\� DZD\ IURP WKH PDUJLQDO
VWDELOLW\ ERXQGDU\� LV D FRQVHTXHQFH RI WKH SUHVHQFH RI KRUL]RQWDO IULFWLRQ
LQ WKH OLQHDU VWDELOLW\ SUREOHP� 7KH PRVW XQVWDEOH PRGH LQ WKH UHJLRQ RI
VWDELOLW\� ZKHQ KRUL]RQWDO IULFWLRQ LV SUHVHQW �ZKLFK LV SURSRUWLRQDO WR WKH
/DSODFLDQ RSHUDWRU�� RFFXUV ZKHQ WKH PDJQLWXGH RI WKH ZDYH QXPEHU YHFWRU
LV ]HUR VLQFH DQ\ RWKHU ZDYH QXPEHU SDLU ZLOO QHFHVVDULO\ UHVXOW LQ D PRUH
QHJDWLYH JURZWK UDWH� ZKHQ DOO RWKHU SDUDPHWHUV DUH KHOG FRQVWDQW� 2QH
FDQ DOVR VHH WKH JHQHUDO WUHQG IRU WKH LQFUHDVLQJ RULHQWDWLRQ WRZDUG DORQJ
VORSH SURSDJDWLRQ DV I LQFUHDVHV IRU D JLYHQ F(� ,Q DGGLWLRQ� RQH FDQ VHH
WKH JHQHUDO WUHQG RI GLPLQLVKLQJ N4@ DV F( LQFUHDVHV IRU D JLYHQ I DV ZHOO
DV DQ RYHUDOO GHFUHDVH LQ WKH PDJQLWXGH RI WKH ZDYH QXPEHU YHFWRU �L�H�� D
WUHQG WR ORQJHU ZDYHV��

)LJ� �� �}eJ
4@ LQ WKH �F(� I�r SODQH�

,W LV XVHIXO WR JLYH D GLPHQVLRQDO HVWLPDWH RI �N4@ � O4@ �� ,I ZH FRQVLGHU
F(  ��� DQG I  ����� ZH zQG WKDW N4@ � ���� DQG O4@ � ����� ZKLFK
LPSOLHV D GLPHQVLRQDO DORQJ VORSH ZDYH OHQJWK RI DERXW �� NP DQG D FURVV
VORSH ZDYH OHQJWK RI DERXW �� NP IRU D WRWDO ZDYH OHQJWK RI DERXW �� NP
IRU WKH PRVW XQVWDEOH PRGH DVVRFLDWHG ZLWK F(  ��� DQG I  ���� �WKH
OHQJWK VFDOH LV DERXW � NP��
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)LJ� � LV D FRQWRXU SORW RI WKH JHRVWDWLRQDU\ IUHTXHQF\ RI WKH PRVW XQ�
VWDEOH PRGH� JLYHQ E\

�}eJ
4@  8N4@ � 9 O4@ r ,P ��4@ � �

LQ WKH �F(� I�r SODQH IRU 5e  ������ 7KH JHRVWDWLRQDU\ IUHTXHQF\ LV
WKH IUHTXHQF\ RQH ZRXOG PHDVXUH XVLQJ ERWWRP PRRUHG LQVWUXPHQWV� $V I
LQFUHDVHV� DZD\ IURP F(  � �WKH IrD[LV�� ZH VHH WKH JHQHUDO WUHQG WR ORZHU�
\HW QRW VXE�LQHUWLDO� IUHTXHQFLHV� ,I ZH FRQVLGHU F(  ��� DQG I  ����� ZH
zQG WKDW �}eJ

4@ � ����� ZKLFK LPSOLHV D GLPHQVLRQDO JHRVWDWLRQDU\ SHULRG RI
DERXW � KRXUV�

)LJ� �� Z �[� \� r �� �� LQ WKH �[� \�r SODQH�

)LJ� � LV D FRQWRXU SORW RI D KRUL]RQWDO VHFWLRQ RI WKH WRWDO YHUWLFDO YHORFLW\
LQ WKH RYHUO\LQJ RFHDQ� JLYHQ E\�

Z �[� \� ]� W�  5H I HZ �]� H[S >LN[� LO\ � �� r LN8 r LO9 � W@J �

IRU ]  r� �LPPHGLDWHO\ DERYH WKH DE\VVDO RYHUcRZ�� W  �� %  � DQG
K  � �IRU FRQYHQLHQFH� IRU WKH PRVW XQVWDEOH PRGH

�4@ � ����r ����L� N4@ � ����� O4@ � �����

8 � ����� 9 � �����
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IRU F(  ��� DQG I  ����� :H UHFDOO WKDW WKH ERWWRP WRSRJUDSK\ LV JLYHQ
E\ K�  r\ VR WKDW WKH GHSWK LQFUHDVHV ZLWK LQFUHDVLQJ \� 7KH ZDYH zHOG
SURSDJDWHV IURP WKH ORZHU OHIW FRUQHU WRZDUG WKH XSSHU ULJKW FRUQHU�
7KH XSSHU OD\HU YHUWLFDO YHORFLW\ VFDOH LV DERXW ��� FP V� 7KXV� DVVXPLQJ

D QRQGLPHQVLRQDO SHUWXUEDWLRQ WKLFNQHVV LQ WKH DE\VVDO FXUUHQW RI DERXW ���
�FRUUHVSRQGLQJ WR DERXW D GLPHQVLRQDO DE\VVDO FXUUHQW KHLJKW DQRPDO\ RI
DERXW ��P�� )LJ� � VXJJHVWV D GLPHQVLRQDO YHUWLFDO YHORFLW\ LQ WKH RYHUO\LQJ
ZDWHU FROXPQ� LPPHGLDWHO\ DERYH WKH DE\VVDO FXUUHQW� DVVRFLDWHG ZLWK WKH
JHQHUDWHG LQWHUQDO JUDYLW\ ZDYH zHOG RI DERXW ���� FP V� :H QRWH DJDLQ
WKDW )LJ� � DVVXPHV WKDW K  �� VR WKDW K  ��� ZRXOG UHGXFH WKH Z YDOXHV
E\ D IDFWRU RI ���

)LJ� �� Z ��� \� ]� �� LQ WKH �\� ]�r SODQH�

)LJ� � LV D FRQWRXU SORW RI D YHUWLFDO VHFWLRQ RI WKH WRWDO YHUWLFDO YHORFLW\
LQ WKH RYHUO\LQJ RFHDQ DORQJ \  � ZLWK W  � DQG K  � �DJDLQ� IRU
FRQYHQLHQFH� IRU WKH PRVW XQVWDEOH PRGH IRU F(  ��� DQG I  ����� 2QH
FDQ VHH WKH ERWWRP LQWHQVLzFDWLRQ LQ WKH LQWHUQDO ZDYH zHOG DQG� IRU %  ��
WKH DSSUR[LPDWH OLQHDU GHFUHDVH LQ WKH PDJQLWXGH RI Z ZLWK GHFUHDVLQJ
GHSWK� )RU ODUJHU YDOXHV RI %� WKH LQWHUQDO JUDYLW\ ZDYH zHOG LV LQFUHDVLQJO\
ERWWRP LQWHQVLzHG�
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$FNQRZOHGJPHQWV

3UHSDUDWLRQ RI WKLV PDQXVFULSW ZDV VXSSRUWHG LQ SDUW E\ 5HVHDUFK *UDQWV
DZDUGHG E\ WKH 1DWXUDO 6FLHQFHV DQG (QJLQHHULQJ 5HVHDUFK &RXQFLO �16(5&�
RI &DQDGD� (PDLO� JRUGRQ�VZDWHUV#XDOEHUWD�FD�
85/� SDFLzF�PDWK�XDOEHUWD�FD�JRUGRQ�
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