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����%LV�WKLRSKHQH�RU�SKHQ\OHQH�EXWD�����GL\QH

-RQJ <RXQ %DH� <RQJ�5RN .LP�� DQG <RXQJ 7DH 3DUN

'HSDUWPHQW RI &KHPLVWU\� .HLP\XQJ 8QLYHUVLW\� 7DHJX �������� .RUHD
�'HSDUWPHQW RI &KHPLVWU\� <RQVHL 8QLYHUVLW\� 6HRXO �������� .RUHD

5HFHLYHG 0DUFK �� ����

&RQMXJDWHG SRO\PHUV KDYH UHFHLYHG FRQVLGHUDEOH DWWHQWLRQ

IRU WKH SRWHQWLDO DSSOLFDWLRQV RI HOHFWULFDO DQG RSWLFDO PDWHUL�

DOV LQ UHFHQW \HDUV�� 3RO\>�VLO\OHQH�GLHWK\Q\OHQHV@ GRSHG

ZLWK IHUULF FKORULGH VKRZ VOLJKWO\ KLJKHU YDOXHV RI HOHFWULFDO

FRQGXFWLYLW\ WKDQ WKRVH RI WKH FRUUHVSRQGLQJ SRO\>�JHUP\O�

HQH�GLHWK\Q\OHQHV@ XQGHU WKH VDPH FRQGLWLRQV���� 7KH FRQ�

GXFWLYLWLHV RI DOO VLOLFRQ� DQG JHUPDQLXP�FRQWDLQLQJ SRO\�

PHUV WUHDWHG ZLWK VWURQJ R[LGL]LQJ DJHQWV DUH WKH OHYHO RI

VHPLFRQGXFWRUV� 0HDQZKLOH� H[SHULPHQWDO DQG WKHRUHWLFDO

LQYHVWLJDWLRQV RQ SRO\FDUERVLODQHV FRQWDLQLQJ GLVLODQ\OHQH

XQLW DQG FDUERQ π�FRQMXJDWHG PRLHWLHV LQ WKHLU PDLQ FKDLQ

KDYH UHYHDOHG σ�π FRQMXJDWLRQ SKHQRPHQD DORQJ WKH SRO\�

FDUERVLODQHV EDFNERQH���� 6LOLFRQ�FRQWDLQLQJ SRO\�S�SKHQ\O�

HQHYLQ\OHQH� DQG SRO\�F\DQRWHUHSKWKDO\OLGHQH� FRSRO\PHUV

VKRZHG WXQDEOH HOHFWUROXPLQHVFHQFH IRU WKH SRVVLEOH DSSOL�

FDWLRQ WR EOXH OLJKW�HPLWWLQJ GLRGHV���� 3RO\PHUV FRPSRVHG

RI UHJXODUO\ DOWHUQDWLQJ RUJDQRVLOLFRQ DQG FRQMXJDWHG FDUERQ

JURXSV KDYH EHHQ UHYLHZHG��� +RZHYHU� OLWWOH LQWHUHVW KDV

EHHQ VKRZQ LQ WKH SRO\FDUERJHUPDQHV�

5HFHQWO\� ZH KDYH UHSRUWHG WKH V\QWKHVLV DQG SURSHUWLHV RI

QHZ FRQMXJDWHG SRO\FDUERVLODQHV ZLWK ����ELV�WKLRSKHQH RU

SKHQ\OHQH�EXWD�����GL\QH DORQJ WKH SRO\PHU PDLQ FKDLQ���

DV ZHOO DV H[FLWHG�VWDWH G\QDPLFV RI WKH SRO\PHUV��� 7KXV� DV

DQ H[WHQVLRQ WR RXU SUHYLRXV ZRUN� ZH QRZ UHSRUW WKH V\Q�

WKHVLV RI QHZ SRO\FDUERJHUPDQHV FRQWDLQLQJ ����ELV�WKLR�

SKHQH RU SKHQ\OHQH�EXWD�����GL\QH DORQJ WKH SRO\PHU PDLQ

FKDLQ DQG WKH HOHFWURQLF DQG WKHUPDO SURSHUWLHV RI WKH SRO\�

PHUV�

5HVXOWV DQG 'LVFXVVLRQ

0RQRPHU DQG 3RO\PHU 6\QWKHVLV� 7KH PRQRPHUV RI

����ELV���FKORURWKLRSKHQ\O�EXWD�����GL\QH ��� DQG ����ELV���

FKORURSKHQ\O�EXWD�����GL\QH ��� ZHUH SUHSDUHG LQ WKUHH VWHSV

IURP FRPPHUFLDOO\ DYDLODEOH ��EURPR���FKORURWKLRSKHQH

DQG EURPRFKORUREHQ]HQH� UHVSHFWLYHO\� DFFRUGLQJ WR WKH SUH�

YLRXVO\ UHSRUWHG PHWKRG �6FKHPH �����

7KH V\QWKHWLF URXWH IRU WKH SRO\FDUERJHUPDQHV FRQWDLQLQJ

����ELV�WKLRSKHQ\O�EXWD�����GL\QH LV RXWOLQHG LQ 6FKHPH ��

7KH PRQRPHU � ZDV WUHDWHG ZLWK Q�EXW\OOLWKLXP DW ��� R& WR

JLYH WKH GLOLWKLDWHG LQWHUPHGLDWH� IROORZHG E\ FR�SRO\PHUL�

]DWLRQV ZLWK 5�*H&O� �5 0H� 3K� LQ VLWX WR \LHOG WKH SRO\�

FDUERJHUPDQHV RI SRO\>>����ELV�WKLRSKHQ\O�EXWD�����GL\QH@�

DOW��GLPHWK\OJHUPDQH�@ ��� DQG SRO\>>����ELV�WKLRSKHQ\O��

EXWD�����GL\QH@�DOW��GLSKHQ\OJHUPDQH�@ ���� 7KH PDWHULDO �

ZDV REWDLQHG LQ UHDVRQDEOH \LHOG DV D GDUN EURZQLVK SRZGHU

ZLWK D QXPEHU�DYHUDJH PROHFXODU ZHLJKW �0Q� RI ���� × ���

DQG D SRO\GLVSHUVLW\ �0Z�0Q� RI ����� �ZDV DOVR REWDLQHG DV

D EURZQ SRZGHU ZLWK 0Q RI ���� × ��� DQG D SRO\GLVSHUVLW\

RI �����

7KH FR�SRO\PHUL]DWLRQV RI WKH OLWKLDWHG � ZLWK 5�*H&O� �5

 0H� 3K� ZHUH FDUULHG RXW LQ DQ LGHQWLFDO ZD\ IRU WKH V\QWKH�

VHV RI � DQG � WR \LHOG WKH SRO\FDUERJHUPDQHV RI SRO\>>����

ELV�SKHQ\O�EXWD�����GL\QH@�DOW��GLPHWK\OJHUPDQH�@ ��� DQG

SRO\>>����ELV�SKHQ\O�EXWD�����GL\QH@�DOW��GLSKHQ\OJHUPDQH�@

���� UHVSHFWLYHO\ �6FKHPH ��� � ZDV REWDLQHG LQ UHDVRQDEOH

\LHOG DV D EURZQ SRZGHU ZLWK 0Q RI ���� × ��� DQG D SRO\�

GLVSHUVLW\ RI ����� � ZDV REWDLQHG DV D GDUN \HOORZLVK SRZ�

GHU ZLWK0Q RI ���� × ��� DQG D SRO\GLVSHUVLW\ RI �����

$OO WKH PDWHULDOV KDYH EHHQ DOVR FKDUDFWHUL]HG E\ �+ 105

DQG ,5 VSHFWUD� 7KH VHOHFWHG VSHFWUDO GDWD RI �� �� �� DQG � DUH

VXPPDUL]HG LQ 7DEOH �� ,Q SDUWLFXODU� WKH FKDUDFWHULVWLF &≡&
VWUHWFKLQJ IUHTXHQFLHV DUH REVHUYHG DW ��������� FP−� LQ WKH

,5 VSHFWUD RI ���� LQGLFDWLQJ WKDW WKH GLDFHW\OHQH JURXSV

UHPDLQ LQWDFW GXULQJ SRO\PHUL]DWLRQ UHDFWLRQV�

3URSHUWLHV RI 3RO\PHUV� 7KH VROXELOLW\ RI DOO WKH SRO\�

PHUV �� �� �� DQG � LQ 7+) DQG FKORURIRUP DOORZV XV WR SHU�

IRUP VWXGLHV RQ WKH SURSHUWLHV LQ VROXWLRQ� 7KH 89�YLVLEOH

DEVRUSWLRQ VSHFWUXP RI � LQ 7+) LV VKRZQ LQ )LJXUH �� 7KH

7R ZKRP FRUUHVSRQGHQFH VKRXOG EH DGGUHVVHG� (�PDLO� \WSDUN
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DEVRUEDQFH EDQG FHQWHUHG DW WKH λPD[ RI ��� QP DSSHDUV ZLWK

D PRODU DEVRUSWLYLW\ RI ���� × ��� 0−�FP−�� 7KH DEVRUEDQFH

EDQG FHQWHUHG DW WKH λPD[ RI ��� QP LQ WKH 89�YLVLEOH VSHF�

WUXP RI � DSSHDUV DOVR ZLWK D PRODU DEVRUSWLYLW\ RI ���� ×
��� 0−�FP−� DV VKRZQ LQ )LJXUH �� 7KH VWURQJ DEVRUEDQFH

EDQGV ZLWK WKH KLJK DEVRUSWLYLWLHV RI � DQG � PLJKW EH DWWUL�

EXWHG WR WKH FKURPRSKRUHV VXFK DV WKLRSKHQH� GLDFHW\OHQH�

DQG RUJDQRJHUPDQH JURXSV DORQJ WKH SRO\PHU EDFNERQH�

7KH IOXRUHVFHQFH HPLVVLRQ VSHFWUD RI � DQG � DW WKH H[FLWD�

WLRQ ZDYHOHQJWK RI ��� QP LQ 7+) DUH VKRZQ DV WKH GRWWHG

OLQHV LQ )LJXUH � DQG �� UHVSHFWLYHO\� 7KH IOXRUHVFHQFH VSHF�

WUD RI � DQG � VKRZ WKH VWURQJ HPLVVLRQ SHDNV DW WKH λPD[ RI

��� QP ZLWK WKH HPLVVLRQ EDQG RI ������� QP DQG DW WKH

λPD[ RI ��� QP ZLWK WKH HPLVVLRQ EDQG RI ������� QP�

UHVSHFWLYHO\� 7KHVH VWURQJ HPLVVLRQ SHDNV PLJKW EH GXH WR

WKH FKURPRSKRUHV RI π�FRQMXJDWHG V\VWHP LQ WKH SRO\PHUV �

DQG � DORQJ WKH SRO\PHU PDLQ FKDLQ�

)XUWKHUPRUH� WKH REVHUYHG EURDGQHVV RI WKH DEVRUSWLRQ DQG

HPLVVLRQ VSHFWUD LQFOXGHV DQ LPSRUWDQW DSSOLFDWLRQ UHVSHFW LQ

HOHFWUR�RSWLF ILHOG DV ZKLWH OLJKW FRQWLQXXP JHQHUDWLRQ� 6XFK

SKHQRPHQRQ XVXDOO\ GHSHQGV RQ WKH VHYHUDO IDFWRUV WKDW ZRXOG

EH WKH LQKRPRJHQLHWLHV LQ WKH QXPEHU RI UHSHDWLQJ XQLWV RI

WKH SUHSDUHG SRO\PHUV� HOHFWURQLF HQHUJ\ G\QDPLFV RI π�
FRQMXJDWLRQ DORQJ WKH SRO\PHU EDFNERQH FRQWDLQLQJ *H

DWRPV� DQG JHRPHWULFDO PROHFXODU VWUXFWXUHV LQ WKHLU HOHF�

WURQLF JURXQG DQG�RU H[FLWHG VWDWHV�

7KH 89�YLVLEOH VSHFWUXP RI � LQ 7+) VKRZV WKDW WKH VWURQJ

DEVRUEDQFH EDQG FHQWHUHG DW WKH λPD[ RI ��� QP DSSHDUV ZLWK

D PRODU DEVRUSWLYLW\ RI ���� × ��� 0−�FP−�� 7KH IOXRUHV�

FHQFH VSHFWUXP RI � DW WKH H[FLWDWLRQ ZDYHOHQJWK RI ��� QP

LQ 7+) VKRZV D VWURQJ HPLVVLRQ SHDN DW WKH λPD[ RI ��� QP

ZLWK WKH HPLVVLRQ EDQG RI ������� QP� %RWK WKH VWURQJ

DEVRUSWLRQ DQG HPLVVLRQ SHDNV PLJKW EH DOVR DWWULEXWHG WR

WKH π�FRQMXJDWHG V\VWHP LQ SRO\PHU � WKURXJK WKH SRO\PHU

PDLQ FKDLQ�

7KH WKHUPDO VWDELOLWLHV RI SRO\PHUV �� �� �� DQG � LQ QLWUR�

JHQ DWPRVSKHUH ZHUH GHWHUPLQHG E\ WKHUPRJUDYLPHWULF DQDO�

\VLV �7*$�� 7\SLFDO 7*$ WKHUPRJUDP RI � LQ QLWURJHQ LV

VKRZQ LQ )LJXUH �� 3RO\PHU � LV WKHUPDOO\ VWDEOH XS WR ���
R&� 5DSLG ZHLJKW ORVV RI ��� RFFXUV EHWZHHQ ��� DQG ���
R&� :KHQ � LV KHDWHG WR ��� R&� D UHVLGXH RI ��� UHPDLQV�

3RO\PHU � LV WKHUPDOO\ VWDEOH WR ��� R&� 5DSLG ZHLJKW ORVV RI

7DEOH �� 6RPH 3URSHUWLHV RI WKH 3RO\PHUV �� �� �� DQG �

SRO\PHU 0Q
D

0Z �0Q
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D'HWHUPLQHG E\ *3& LQ 7+) UHODWLYH WR SRO\VW\UHQH VWDQGDUGV� E,Q 7+)� F([FLWHG DW ��� QP� G�:HLJKW UHPDLQLQJ DW ��� R& LQ QLWURJHQ�

)LJXUH �� 89�YLV DEVRUSWLRQ � BBB � DQG IOXRUHVFHQFH HPLVVLRQ
� ����� � VSHFWUD RI � LQ 7+)�

)LJXUH �� 89�YLV DEVRUSWLRQ � BBB � DQG IOXRUHVFHQFH HPLVVLRQ
� ����� � VSHFWUD RI � LQ 7+)�

)LJXUH �� 7*$ WKHUPRJUDP RI � LQ QLWURJHQ�
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��� RFFXUV EHWZHHQ ��� DQG ��� R&� $W ��� R&� ��� RI WKH

LQLWLDO VDPSOH ZHLJKW RI � UHPDLQV� 3RO\PHU � ZDV WKHUPDOO\

VWDEOH WR ��� R&� 5DSLG ZHLJKW ORVV RI ��� RFFXUV EHWZHHQ

��� DQG ��� R&� %\ ��� R&� ��� RI WKH LQLWLDO VDPSOH ZHLJKW

RI � LV VWLOO SUHVHQW� 2OLJRPHU � LV WKHUPDOO\ VWDEOH WR ��� R&�

5DSLG ZHLJKW ORVV RI ��� RFFXUV EHWZHHQ ��� DQG ��� R&�

$W ��� R&� ��� RI WKH LQLWLDO VDPSOH ZHLJKW RI � LV ORVW� $OO

RI WKH SUHSDUHG PDWHULDOV ��� DUH WKHUPDOO\ VWDEOH XS WR ���
R& XQGHU QLWURJHQ DWPRVSKHUH� 7KH SHUFHQW ZHLJKW UHPDLQ�

LQJ DW ��� R& LQ QLWURJHQ IRU HDFK SRO\PHU LV DOVR LQGLFDWHG

LQ 7DEOH ��

2Q WKH GLIIHUHQWLDO VFDQQLQJ FDORULPHWU\ �'6&� FXUYHV RI

WKH REWDLQHG SRO\PHUV� WKH DQWLFLSDWHG H[RWKHUPLF SHDNV GXH

WR WKH FURVV�OLQNLQJ RI GLDFHW\OHQH JURXS ZHUH QRW REVHUYHG�

ZKLOH WKH H[RWKHUPLF RQHV ZHUH UHSRUWHG LQ WKH GLDFHW\OHQH�

FRQWDLQLQJ RUJDQLF SRO\PHUV VXFK DV SRO\�����GLHWK\Q\O�

WKLRSKHQH��� DV ZHOO DV WKH FR�SRO\PHU RI ����ELV���IOXRUR�

SKHQ\O�EXWD�����GL\QH DQG KH[DIOXRURELVSKHQRO�$��� +RZ�

HYHU� VRPH JODVV�WUDQVLWLRQ WHPSHUDWXUHV �7J� ZHUH REVHUYHG

RQ WKH '6& FXUYHV RI WKH SRO\PHUV LQ QLWURJHQ DWPRVSKHUH�

7KH SRO\PHUV � DQG � GHPRQVWUDWH WKH 7J YDOXHV DW ��� DQG

��� R&� UHVSHFWLYHO\�

,Q FRQFOXVLRQ� SRO\FDUERJHUPDQHV FRQWDLQLQJ ����ELV�WKLR�

SKHQH RU SKHQ\OHQH�EXWD�����GL\QH LQ WKH SRO\PHU EDFNERQH

KDYH EHHQ SUHSDUHG� $OO RI WKHVH PDWHULDOV DUH VROXEOH LQ

7+) DORQJ ZLWK FKORURIRUP DQG DUH WKHUPDOO\ VWDEOH XS WR

��� R& XQGHU QLWURJHQ� 89�YLVLEOH VSHFWUD H[KLELW WKH DE�

VRUSWLRQ λPD[ YDOXHV LQ WKH UDQJH RI ������� QP� )OXRUHV�

FHQFH VSHFWUD VKRZ WKH HPLVVLRQ λPD[ YDOXHV LQ WKH UDQJH RI

������� QP� %RWK VWURQJ DEVRUSWLRQ DQG HPLVVLRQ VSHFWUD

LQGLFDWH WKDW WKH REWDLQHG SRO\FDUERJHUPDQHV PD\ EH FRQMX�

JDWHG DORQJ WKH SRO\PHU PDLQ FKDLQ� %\ XVLQJ DQ XOWUDIDVW

IOXRUHVFHQFH VSHFWURVFRS\� WKH SRO\PHUV DUH EHLQJ LQYHVWL�

JDWHG WR XQGHUVWDQG WKH PROHFXODU HQHUJ\ G\QDPLFV�

([SHULPHQWDO 6HFWLRQ

*HQHUDO 3URFHGXUHV� $OO FKHPLFDOV ZHUH SXUFKDVHG IURP

$OGULFK &KHPLFDOV &R� 6ROYHQWV ZHUH SXULILHG E\ FRQYHQ�

WLRQDO PHWKRGV DQG ZHUH IUHVKO\ GLVWLOOHG XQGHU DUJRQ SULRU

WR XVH� $OO UHDFWLRQV ZHUH FDUULHG RXW XQGHU DUJRQ DWPR�

VSKHUH� �+ DQG ��& 105 VSHFWUD ZHUH UHFRUGHG RQ D -(2/

-10�(;��$� &KHPLFDO VKLIWV ZHUH PHDVXUHG XVLQJ WHWUD�

PHWK\OVLODQH RU WKH VROYHQW DV LQWHUQDO VWDQGDUGV� ,5 VSHFWUD

ZHUH UHFRUGHG D %UXNHU ,)6��� )7�,5 VSHFWURPHWHU� 89�YLV�

LEOH VSHFWUD ZHUH UXQ RQ D +HZOHWW 3DFNDUG ����$ VSHFWUR�

SKRWRPHWHU� )OXRUHVFHQFH HPLVVLRQ VSHFWUD ZHUH REWDLQHG RQ

D +LWDFKL )����� VSHFWURIOXRURPHWHU� *HO SHUPHDWLRQ FKUR�

PDWRJUDSK\ �*3&� DQDO\VHV ZHUH SHUIRUPHG RQ D :DWHUV

PRGHO ��� V\VWHP ZLWK D :DWHUV 6W\UDJHO +5 � FROXPQ DQG

UHIUDFWLYH LQGH[ GHWHFWRU DW �� R&� 7KH HOXWDQW ZDV 7+) DW D

IORZ UDWH RI ��� P/�PLQ� 7KH FDOLEUDWLRQ ZDV PDGH ZLWK D

VHULHV RI PRQRGLVSHUVHG SRO\VW\UHQH VWDQGDUGV� 7KHUPR�

JUDYLPHWULF DQDO\VHV �7*$� ZHUH SHUIRUPHG RQ D 6KLPDG]X

7*$��� LQVWUXPHQW� 7KH WHPSHUDWXUH ZDV LQFUHDVHG DW WKH

UDWH RI �� R&�PLQ IURP �� R& WR ��� R& ZLWK QLWURJHQ IORZ

UDWH RI �� P/�PLQ� 7J ZDV PHDVXUHG E\ GLIIHUHQWLDO VFDQQLQJ

FDORULPHWU\ LQ QLWURJHQ RQ D 3HUNLQ�(OPHU '6&��� (OHPHQWDO

DQDO\VHV ZHUH SHUIRUPHG E\ D )LVRQV ($ ���� HOHPHQWDO

DQDO\]HU�

����%LV���FKORURWKLRSKHQ\O�EXWD�����GL\QH ��� DQG ����

ELV���FKORURSKHQ\O�EXWD�����GL\QH ��� ZHUH SUHSDUHG IURP

��EURPR���FKORURWKLRSKHQH DQG ��EURPRFKORUREHQ]HQH� UH�

VSHFWLYHO\� DFFRUGLQJ WR WKH SUHYLRXVO\ UHSRUWHG PHWKRG���

3RO\>>��� �ELV �WKLRSKHQ\O�EXWD�����GL\QH@�DOW��GLPHWK\O�

JHUPDQH�@ ���� $ IODPH GULHG ��� P/ WKUHH�QHFNHG URXQG

ERWWRP IODVN HTXLSSHG ZLWK UHIOX[ FRQGHQVHU� SUHVVXUH HTXDO�

L]LQJ DGGLWLRQ IXQQHO� DQG D 7HIORQ FRYHUHG PDJQHWLF VWLUULQJ

EDU ZDV FRROHG WR ��� R& XVLQJ D GU\�LFH�DFHWRQH EDWK XQGHU

DUJRQ DWPRVSKHUH DQG WKHQ Q�%X/L ���� 0�KH[DQH� ��� P/�

��� PPRO� DQG 7+) ��� P/� ZHUH DGGHG� � ����� J� ���

PPRO� DQG 7+) ��� P/� ZHUH SODFHG LQ WKH DGGLWLRQ IXQQHO�

7KLV VROXWLRQ ZDV VORZO\ DGGHG WR WKH IODVN ZLWK YLJRURXV

VWLUULQJ� 7KH UHDFWLRQ PL[WXUH ZDV DJDLQ FRROHG WR ��� R& DQG

0H�*H&O� ����� J� ��� PPRO� ZDV DGGHG ZLWK ZHOO VWLUULQJ DW

��� R& IRU � K� 7KH UHDFWLRQ PL[WXUH ZDV DOORZHG WR ZDUP WR

URRP WHPSHUDWXUH ZLWK VWLUULQJ IRU � K� 7KH FUXGH SURGXFW

ZDV SUHFLSLWDWHG E\ WKH DGGLWLRQ RI PHWKDQRO DQG ��� DTXH�

RXV +&O ������ P/� DQG LVRODWHG E\ GHFDQWDWLRQ� 7KH FUXGH

SRO\PHU ZDV UHGLVVROYHG LQ 7+) ������ P/�� ZDVKHG ZLWK

��� DTXHRXV +&O� GHLRQL]HG ZDWHU� DQG FRQFHQWUDWHG DW UH�

GXFHG SUHVVXUH� 7KH SRO\PHU ZDV UHSUHFLSLWDWHG E\ DGGLWLRQ

RI PHWKDQRO ������� P/� DQG GULHG XQGHU UHGXFHG SUHVVXUH�

3RO\PHU �� ���� J� ��� ZDV REWDLQHG DV D GDUN EURZQLVK

SRZGHU ZLWK ������������ �0Z�0Q��
�+ 105 �&'&O�� ��
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������ +� ����� 6� ������ )RXQG� &� ������ +� ����� 6� ������

3RO\>>����ELV�WKLRSKHQ\O�EXWD�����GL\QH@�DOW��GLSKHQ\O�

JHUPDQH�@ ���� � ZDV SUHSDUHG LQ DQ LGHQWLFDO PDQQHU DV ��

XVLQJ � ����� J� ��� PPRO� DQG 3K�*H&O� ����� J� ��� PPRO��

$ EURZQ SRZGHU� ���� J� ��� ZDV REWDLQHG� 0Z�0Q ������

������ �+ 105 �7+)�G�� �� 0+]�� δ ������� �P�� ,5 �.%U
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����� ����� ���� ���� ��� FP−�� 89�YLV �7+)� λPD[� QP �ε��
��� ����� × ����� $QDO� &DOFG IRU �&��+��6�*H�Q� &� ������

+� ����� 6� ������ )RXQG� &� ������ +� ����� 6� ������

3RO\>>����ELV�SKHQ\O�EXWD�����GL\QH@�DOW��GLPHWK\OJHU�
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