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$EVWUDFW
&RPHWV LQ WKH 2RUW FORXG HYROYH XQGHU WKH LQIOXHQFH RI LQWHUQDO DQG
H[WHUQDO SHUWXUEDWLRQV� VXFK DV JLDQW SODQHWV� VWHOODU SDVVDJHV� DQG
WKH *DODFWLF JUDYLWDWLRQDO WLGDO ILHOG� :H DLP WR VWXG\ WKH G\QDP�
LFDO HYROXWLRQ RI WKH FRPHWV LQ WKH 2RUW FORXG� DFFRXQWLQJ IRU WKH
SHUWXUEDWLRQ RI WKH *DODFWLF WLGDO ILHOG DQG SDVVLQJ VWDUV� :H EDVH
RXU VWXG\ RQ WKUHH PDLQ DSSURDFKHV� DQDO\WLF� REVHUYDWLRQDO� DQG
QXPHULFDO� :H ILUVW FRQVWUXFW DQ DQDO\WLFDO PRGHO RI VWHOODU HQFRXQ�
WHUV� :H ILQG WKDW LQGLYLGXDO SHUWXUEDWLRQV GR QRW PRGLI\ WKH G\�
QDPLFV RI WKH FRPHWV LQ WKH FORXG XQOHVV YHU\ FORVH �< ��� SF� HQ�
FRXQWHUV RFFXU� 8VLQJ SURSHU PRWLRQV� SDUDOOD[HV� DQG UDGLDO YHORF�
LWLHV IURP *DLD '5� DQG FRPELQLQJ WKHP ZLWK WKH UDGLDO YHORFLWLHV
IURP RWKHU VXUYH\V� ZH WKHQ FRQVWUXFW DQ DVWURPHWULF FDWDORJXH RI
WKH 14 659 VWDUV WKDW DUH ZLWKLQ 50 SF RI WKH 6XQ� )RU DOO WKHVH VWDUV
ZH FDOFXODWH WKH WLPH DQG GLVWDQFH RI FORVHVW DSSURDFK WR WKH 6XQ�
:H ILQG WKDW WKH FXPXODWLYH HIIHFW RI UHODWLYHO\ GLVWDQW �! 1 SF� SDVV�
LQJ VWDUV FDQ SHUWXUE WKH FRPHWV LQ WKH 2RUW FORXG� )LQDOO\� ZH VWXG\
WKH G\QDPLFDO HYROXWLRQ RI WKH FRPHWV LQ WKH 2RUW FORXG XQGHU WKH
LQIOXHQFH RI PXOWLSOH VWHOODU HQFRXQWHUV IURP VWDUV WKDW SDVV ZLWKLQ
2.5 SF RI WKH 6XQ DQG WKH *DODFWLF WLGDO ILHOG RYHU ±100\U� :H XVH
WKH $VWURSK\VLFDO 0XOWLSXUSRVH 6RIWZDUH (QYLURQPHQW ��Jla1��
DQG WKH *38�DFFHOHUDWHG GLUHFW 1�ERG\ FRGH �"A1� :H FRQVLGHUHG
WZR PRGHOV IRU WKH 2RUW FORXG� FRPSDFW �a ! 0.25 SF� DQG H[WHQGHG
�a ! 0.5 SF�� :H ILQG WKDW WKH FXPXODWLYH HIIHFW RI VWHOODU HQFRXQWHUV
LV WKH PDMRU SHUWXUEHU RI WKH 2RUW FORXG IRU D FRPSDFW FRQILJXUDWLRQ
ZKLOH IRU WKH H[WHQGHG FRQILJXUDWLRQ WKH *DODFWLF WLGDO ILHOG LV WKH
PDMRU SHUWXUEHU� ,Q ERWK FDVHV WKH FXPXODWLYH HIIHFW RI GLVWDQW VWHO�
ODU HQFRXQWHUV WRJHWKHU ZLWK WKH *DODFWLF WLGDO ILHOG UDLVHV WKH VHPL�
PDMRU D[LV RI ∼ 1.1� RI WKH FRPHWV DW WKH HGJH RI WKH 2RUW FORXG XS
WR LQWHUVWHOODU UHJLRQV �a > 0.5 SF� RYHU WKH 20 0\U SHULRG FRQVLG�
HUHG� 7KLV OHDGV WR WKH FUHDWLRQ RI WUDQVLWLRQDO LQWHUVWHOODU FRPHWV
�7,&V�� ZKLFK PLJKW EHFRPH LQWHUVWHOODU REMHFWV GXH WR H[WHUQDO SHU�
WXUEDWLRQV� 7KLV UDLVHV WKH TXHVWLRQ RI WKH IRUPDWLRQ� HYROXWLRQ� DQG
FXUUHQW VWDWXV RI WKH 2RUW FORXG DV ZHOO DV WKH H[LVWHQFH RI D ³FORXG´
RI REMHFWV LQ WKH LQWHUVWHOODU VSDFH WKDW PLJKW RYHUODS ZLWK RXU 2RUW
FORXG� ZKHQ FRQVLGHULQJ WKDW RWKHU SODQHWDU\ V\VWHPV VKRXOG XQ�
GHUJR VLPLODU SURFHVVHV OHDGLQJ WR WKH HMHFWLRQ RI FRPHWV�



��� ,QWURGXFWLRQ

6HFWLRQ ���

,QWURGXFWLRQ

7KH RXWHU UHJLRQ RI WKH VRODU V\VWHP LV SRSXODWHG E\ D ODUJH QXPEHU RI SODQ�
HWHVLPDOV� )XUWKHU DZD\� PRUH WKDQ 1 000 DX IURP WKH 6XQ� DQG DOPRVW H[�
WHQGLQJ WR WKH QHDUHVW VWDUV� LV WKH 2RUW FORXG� ,WV H[LVWHQFH ZDV SURSRVHG
LQ WKH ODWH ����V E\ WKH 'XWFK DVWURQRPHU -DQ +HQGULN 2RUW� ZKR UHDOLVHG
WKDW ORQJ�WHUP FRPHWV �ZLWK RUELWDO VHPL�PDMRU D[HV a > 40 DX� ERXQG WR
WKH 6XQPXVW FRPH IURPDQ DUHDZHOO EH\RQG1HSWXQH� 2RUW ������ SRLQWHG
RXW WKDW D VSLNH LQ WKH GLVWULEXWLRQ RI 1/a RI WKH ORQJ�SHULRG FRPHWV ZLWK
a > 104 DX� DQG LVRWURSLF LQFOLQDWLRQV LQ FRV i� ω� DQGΩ� ZRXOG DUJXH IRU WKH
H[LVWHQFH RI D UHVHUYRLU RI REMHFWV LQ TXDVL�VSKHULFDO V\PPHWU\ VXUURXQGLQJ
WKH VRODU V\VWHP� 7KH 2RUW FORXG KDV UHPDLQHG XQREVHUYHG WR GDWH�

7KHUH KDYH EHHQQXPHURXV VWXGLHV DLPHG DW WU\LQJ WR H[SODLQ WKH IRUPD�
WLRQ� HYROXWLRQ� DQG VWUXFWXUH RI WKH 2RUW FORXG� PRVWO\ WKURXJK QXPHULFDO
VLPXODWLRQ �H�J� +LOOV ����� +HLVOHU 	 7UHPDLQH ����� 'XQFDQ HW DO� �����
:HLVVPDQ �����:LHJHUW 	 7UHPDLQH ����� *DUFtD�6iQFKH] HW DO� �����'\�
EF]\ĔVNL ����� /HYLVRQ HW DO� ����� 'RQHV HW DO� ����� 0RUELGHOOL �����
'XQFDQ ����� %UDVVHU HW DO� ����� )RXFKDUG HW DO� ����� .DLE 	 4XLQQ
����� %UDVVHU 	 0RUELGHOOL ����� 6KDQQRQ HW DO� ����� 'RQHV HW DO� ������
7KHUH LV JHQHUDO DJUHHPHQW RQ VRPH SURSHUWLHV RI WKH 2RUW FORXG� LQ SDUWLF�
XODU WKDW LW LV FRPSRVHG RI WKH UHVLGXDO SODQHWHVLPDOV DIWHU WKH SODQHW IRU�
PDWLRQ HSRFK� 7KH 2RUW FORXG LV GLYLGHG LQWR WZR UHJLRQV� WKH LQQHU 2RUW
FORXG LV XVXDOO\ UHVHUYHG IRU FRPHWV ZLWK VHPL�PDMRU D[HV a < 20 000 DX
DQG LV LQYLVLEOH XQOHVV WKHUH LV D FRPHW VKRZHU� 7KH RXWHU2RUW FORXG UHIHUV
WR FRPHWV ZLWK VHPL�PDMRU D[HV a > 20 000 DX �H�J� 'RQHV HW DO� ������
,WV VKDSH LV WKRXJKW WR EH QHDUO\ VSKHULFDO DQG OLPLWHG DW 0.5 SF PDLQO\ E\
WKH LQIOXHQFH RI WKH *DODFWLF WLGDO ILHOG DQG VWHOODU IO\E\V �H�J� +HLVOHU 	
7UHPDLQH ������ 7KH 2RUW FORXG LV WKRXJKW WR FRQWDLQ DURXQG 1012 REMHFWV
ZLWK D WRWDO PDVV RI ∼ 3 × 1025 NJ �H�J� 0RUELGHOOL ������ +RZHYHU� WKHVH
HVWLPDWLRQV DUH KLJKO\ XQFHUWDLQ� 7KH DERYH�PHQWLRQHG VWXGLHV DOVR FRQ�
FOXGHG WKDW LQ RUGHU IRU ORQJ�SHULRG FRPHWV WR VWLOO H[LVW WRGD\ WKH\ QHHG WR
EH UHSOHQLVKHG� 2WKHUZLVH WKH\ ZRXOG KDYH EHHQ GHSOHWHG RQ D WLPHVFDOH
PXFK VKRUWHU WKDQ WKH OLIHWLPH RI WKH VRODU V\VWHP�

7KH RUELWV RI WKH FRPHWV LQ WKH 2RUW FORXG IRUP D IUR]HQ UHFRUG RI WKH
HYROXWLRQ RI WKH VRODU V\VWHP DQG SUHVHUYH WKH PHPRU\ RI LWV ELUWK HQYL�
URQPHQW �3RUWHJLHV =ZDUW 	 -tONRYi ����� 0DUWtQH]�%DUERVD HW DO� �����
)RXFKDUG HW DO� ����� ������ ([WHUQDO SHUWXUEDWLRQV VXFK DV *DODFWLF WLGHV�

��



� '\QDPLFV RI WKH 2RUW FORXG

VWHOODU IO\E\V� DQG PROHFXODU FORXGV SOD\ DQ LPSRUWDQW UROH LQ WKH XQGHU�
VWDQGLQJ RI WKH IRUPDWLRQ DQG HYROXWLRQ RI WKH 2RUW FORXG DQG 2RUW FORXG�
OLNH VWUXFWXUHV LQ RWKHU SODQHWDU\ V\VWHPV �VHH H�J� 9HUDV HW DO� ����� ������
3DVVLQJ VWDUV FDQ SHUWXUE WKH FRPHWV� FKDQJLQJ WKHLU SHULKHOLRQ GLVWDQFHV
PXFK PRUH WKDQ WKH\ FKDQJH WKH RYHUDOO VL]H RI WKH RUELW� FKDQJLQJ WKH
FRPHWDU\ WUDMHFWRULHV DQG LQMHFWLQJ WKH FRPHWV LQWR WKH LQQHU VRODU V\VWHP
�0RUELGHOOL ���� DQG 'XQFDQ ������ 7KH RXWHU 2RUW FORXG KDV EHHQ DI�
IHFWHG TXLWH VXEVWDQWLDOO\ E\ H[WHUQDO LQIOXHQFHV� 1RW RQO\ E\ SDVVLQJ VWDUV
LQ WKH SDUHQWDO FOXVWHU RI WKH 6XQ EXW DOVR E\ RFFDVLRQDO UHODWLYHO\ FORVH HQ�
FRXQWHUV WKDW KDYH RFFXUUHG DIWHU WKH 6XQ KDV OHIW LWV ELUWK FOXVWHU �-tONRYi
HW DO� ������ -tONRYi HW DO� ������ SRLQWHG RXW WKDW WKH SODQHWHVLPDOV 6HGQD
DQG ����39��� EHORQJ WR WKH LQQHU2RUW FORXG DQG WKDW WKH\PD\ KDYH EHHQ
FDSWXUHG GXULQJ DQ HQFRXQWHU ZLWK DQRWKHU VWDU LQ WKH ELUWK FOXVWHU RI WKH
6XQ� 7KLV VWDU LV FRQMHFWXUHG WR KDYH SDVVHG WKH VRODU V\VWHP ZLWKLQ DERXW
��� DX DQG ZRXOG KDYH GHSRVLWHG DSSUR[LPDWHO\ 1 400 RWKHU SODQHWHVLPDOV
WRJHWKHU ZLWK WKH WZR FXUUHQWO\ NQRZQ REMHFWV LQ WKLV IDPLO\� 7KH RUELWDO
FKDUDFWHULVWLFV RI WKHVH REMHFWV VKDUH VLPLODU SURSHUWLHV ZKLFK FDQ EH XVHG
WR UHFRQVWUXFW WKH HQFRXQWHU�

&ORVH HQFRXQWHUV ZLWK WKH VRODU V\VWHP KDYH EHHQ VWXGLHG E\ D QXP�
EHU RI DXWKRUV �H�J� 5LFNPDQ ����� 5REHUW $� -� 0DWWKHZV �����:HLVVPDQ
����� 'HKQHQ 	 %LQQH\ ����� *DUFtD�6iQFKH] HW DO� ����� /HYLVRQ HW DO�
����� -LPHQH]�7RUUHV HW DO� ����� %DLOHU�-RQHV ����� '\EF]\ĔVNL 	 %HUVNL
����� +LJXFKL 	 .RNXER ����� )HQJ 	 %DLOHU�-RQHV ����� %HUVNL 	 '\�
EF]\ĔVNL ������ 0RVW RI WKHP FDOFXODWHG WKH FORVHVW HQFRXQWHUV ZLWK WKH
VRODU V\VWHP ZLWKLQ ±100\U XVLQJ WKH DVWURPHWULF GDWD RI WKH VWDUV LQ WKH
VRODU QHLJKERXUKRRG �< 50 SF� SURYLGHG E\ +LSSDUFRV PLVVLRQ �3HUU\PDQ
HW DO� ������ 7KH\ ILQG WKDW WKH FORVHVW DSSURDFK �∼ 0.3 SF� LQ WKH IXWXUH
�∼ 1.3 0\U IURP WKH SUHVHQW� ZLOO EH ZLWK WKH VWDU +,3 ���� �*- �����
ZKLFK ZLOO FDXVH PLQRU FKDQJHV LQ WKH SHULKHOLRQ GLVWDQFH RI WKH FRPHWV�
7KHPRVW UHFHQW FORVH VWHOODU HQFRXQWHU ZDV ZLWK WKH VR�FDOOHG 6FKRO]¶V VWDU
�M! # 0.15 0! DW D GLVWDQFH RI 0.25+0.11

−0.07 SF� 6FKRO] ����� 0DPDMHN HW DO�
������ $OO RI WKH VWXGLHV FLWHG DERYH ZHUH OLPLWHG E\ WKH REVHUYDWLRQDO GDWD
GXH WR WKH LQFRPSOHWHQHVV RI WKH +LSSDUFRV VXUYH\�

7KH ILUVW GDWD UHOHDVH �*DLD '5�� RI WKH (XURSHDQ 6SDFH $JHQF\¶V *DLD
PLVVLRQ �*DLD &ROODERUDWLRQ� %URZQ HW DO� ����� *DLD &ROODERUDWLRQ HW DO�
����� RSHQHG D QHZ ZLQGRZ IRU XQGHUVWDQGLQJ WKH 0LON\ :D\� ,Q WKH SDU�
WLFXODU FDVH RI WKH VRODU V\VWHP� *DLD GHWHFWHG QHDUO\ DOO RI WKH ORFDO VWDU
V\VWHPV ZLWKLQ 50 SF RI WKH 6XQ �FRPSDUHG WR WKH ��� GHWHFWHG E\ +LSSDU�
FRV�� 8VLQJ*DLD'5�� VHYHUDO DXWKRUV �%HUVNL 	 '\EF]\ĔVNL ����� %RE\OHY

��
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	 %DMNRYD ����� 7RUUHV HW DO� ����� %DLOHU�-RQHV ����� UH�FRPSXWHG WKH
RUELW RI WKH FORVHVW VWDUV WR WKH 6XQ� 7KH\ IRXQG QHZ VWDUV DQG QHZ SDUDPH�
WHUV IRU VRPH RI WKH YHU\ ZHOO NQRZQ HQFRXQWHUV� VXFK DV *- ���� ZKLFK JHWV
FORVHU �0.064 SF� EDVHG RQ WKH *DLD'5� GDWD� 7KH UHFHQW VHFRQG*DLD GDWD
UHOHDVH ± *DLD '5� �*DLD &ROODERUDWLRQ HW DO� ����� ±� SURYLGHG 7.2 PLO�
OLRQ UDGLDO YHORFLWLHV� 7KLV SURYLGHG DQ RSSRUWXQLW\ WR ILQG QHZ DQG PRUH
DFFXUDWHO\ FKDUDFWHULVHG VWHOODU HQFRXQWHUV� 8VLQJ*DLD'5�� %DLOHU�-RQHV
HW DO� ������ IRXQG ��� QHZ VWDUV ZLWK FORVHVW�HQFRXQWHU GLVWDQFHV ZLWKLQ
5 SF DQG 15 0\UV IURP QRZ� DFFRXQWLQJ IRU WKH LQFRPSOHWHQHVV WKH\ DOVR
UH�FDOFXODWH WKH SUHVHQW UDWH RI HQFRXQWHUV� ZKLFK ZLWKLQ ∼ 1 SF RI WKH 6XQ
LV HVWLPDWHG WR EH 20±20\U−1� )URP+LSSDUFRV GDWD *DUFtD�6iQFKH] HW DO�
������ GHULYHG 11.7± 1.30\U−1 ZLWKLQ∼ 1 SF DQG 0DUWtQH]�%DUERVD HW DO�
������ HPSOR\HG VLPXODWLRQV WR GHULYH UDWHV RI ��� ��� DQG ��0\U−1 ZLWKLQ
∼ 2 SF IRU WKUHH GLIIHUHQW VFHQDULRV �RUELWDO PLJUDWLRQ IURP WKH 0LON\ :D\
LQQHU GLVN� PLJUDWLRQ IURP WKH RXWHU GLVN� DQG QR PLJUDWLRQ� UHVSHFWLYHO\��

:H DLP WR REWDLQ D FRQVHUYDWLYH HVWLPDWH RI WKH FRPELQHG HIIHFWV RI VWHO�
ODU HQFRXQWHUV DQG WKH *DODFWLF WLGDO ILHOG RQ WKH 2RUW FORXG� E\ RQO\ FRQ�
VLGHULQJ WKH HQFRXQWHUV IURP VWDUV OLVWHG LQ*DLD'5�ZLWKLQ±100\U IURP
WKH SUHVHQW� 7KH ODWWHU VDPSOH LV LQFRPSOHWH DQG WKXV SURYLGHV D ORZHU OLPLW
RQ WKH HIIHFWV RI SDVVLQJ VWDUV� ,Q 6HFW� ��� ZH SUHVHQW D VLPSOH DQDO\WLFDO
PRGHO IRU VWHOODU HQFRXQWHUV DQG GLVFXVV WKH FXPXODWLYH HIIHFW RI SDVVLQJ
VWDUV RQ WKH 2RUW FORXG� XVLQJ WKH LPSXOVH DSSUR[LPDWLRQ� ,Q 6HFW� ��� ZH
SUHVHQW D FDWDORJXH RI QHDUE\ VWDUV DQG ZH FDOFXODWH WKH HIIHFW RI LQGLYLGX�
DOV HQFRXQWHUV ZLWK VWDUV ZLWKLQ 2.5 SF RI WKH 6XQ� ,Q 6HFW� ��� ZH SUHVHQW D
QXPHULFDO PRGHO IRU PXOWLSOH VWHOODU HQFRXQWHUV DQG VWXG\ WKH G\QDPLFDO
HYROXWLRQ RI D VLPXODWHG 2RUW FORXG DIWHU WKH LQWHUDFWLRQ ZLWK WKH QHDUE\
VWDUV DQG WKH *DODFWLF WLGDO ILHOG� )LQDOO\� LQ 6HFW� ��� ZH SUHVHQW RXU VXP�
PDU\ DQG FRQFOXVLRQV�

��
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6HFWLRQ ���

0RGHO IRU VWHOODU HQFRXQWHUV

7KH HVWLPDWHG H[WHQW RI WKH 2RUW FORXG LV ∼ ���SF �2RUW ����� 'RQHV HW DO�
������ ZKLFK PHDQV WKDW WKH RUELWDO YHORFLW\ RI ERGLHV LQ WKH 2RUW FORXG LV
OLPLWHG WR 0.13 NP V−1� 7KLV LPSOLHV WKDW FRPHWV DW WKH HGJH RI WKH 2RUW
FORXG DUH EDUHO\ ERXQG WR WKH 6XQ DQG WKXV WKH FRQGLWLRQ IRU D FRPHW HMHF�
WLRQ GXH WR DQ H[WHUQDO SHUWXUEDWLRQ� ∆v⊥ > vHVF �ZKHUH vHVF LV WKH HVFDSH
YHORFLW\� LV HDVLO\ PHW� 7KH *DODFWLF WLGDO ILHOG LV WKH PRVW LPSRUWDQW SHU�
WXUEDWLRQ WR WKH RXWHU 2RUW FORXG DW ODUJH GLVWDQFHV �+HLVOHU 	 7UHPDLQH
������ +RZHYHU FORVH HQFRXQWHUV ZLWK VWDUV DOVR SOD\ DQ LPSRUWDQW UROH LQ
WKH HYROXWLRQ RI WKH 2RUW FORXG�

����� $QDO\WLF PRGHO
$ VLPSOH DQDO\WLFDO PRGHO RI VWHOODU HQFRXQWHUV FDQ KHOS XV WR EHWWHU XQ�
GHUVWDQG WKH HIIHFW RI SDVVLQJ VWDUV RQ WKH 2RUW FORXG� 7R FRQVWUXFW VXFK
D PRGHO� ZH IROORZHG WKH ZRUNV RI 5LFNPDQ ������� *DUFtD�6iQFKH] HW DO�
������� 5LFNPDQ HW DO� ������ ������ 0DUWtQH]�%DUERVD HW DO� ������� :H
ILUVW FRPSLOHG GDWD IRU WKH PDVV� YHORFLW\ GLVSHUVLRQ� DQG WKH VSDFH GHQVLW\
RI WKH VWDUV LQ WKH VRODU QHLJKERXUKRRG IRU �� VSHFWUDO W\SHV� DV LQ 7DEOH �
LQ *DUFtD�6iQFKH] HW DO� ������� 7KH PDVV RI WKH VWDUV FRUUHVSRQGLQJ WR WKH
VSHFWUDO W\SHV %�9 WR 0�9 ZDV WDNHQ IURP WKH GDWD FRPSLOHG E\ 0DPDMHN
������
 �VHH DOVR 3HFDXW 	0DPDMHN ������ :KLOH WKHPHDQ YDOXH IRU ZKLWH
GZDUIV �:'� ZDV WDNHQ IURP -LPpQH]�(VWHEDQ HW DO� ������� 7KH SHFXOLDU
YHORFLW\ RI WKH 6XQ �v!� DQG WKH YHORFLW\ GLVSHUVLRQ RI WKH VWDUV �v∗� ZHUH
WDNHQ IURP 5LFNPDQ HW DO� ������� 7KH VSDFH GHQVLW\ RI VSHFWUDO W\SHV $
WR . DQG *LDQWV ZDV REWDLQHG IURP %RY\ ������� )RU % DQG 0 W\SH VWDUV
WKH YDOXHV ZHUH REWDLQHG IURP 5LFNPDQ HW DO� ������� DQG IRU WKH:' IURP
-LPpQH]�(VWHEDQ HW DO� ������� 7KH FRPSLOHG GDWD DUH VKRZQ LQ 7DEOH ����

:H FRQVLGHU WKH HIIHFW RI WKH VWDUV ZLWK GLIIHUHQWPDVVHV �M∗� DQG VSHF�
WUDO W\SHV LQ WKH VRODU QHLJKERXUKRRG RQ WKH FRPHWV LQ WKH 2RUW FORXG� :H
DVVXPH WKDW WKH VWDUVPRYH RQ D VWUDLJKW OLQH WUDMHFWRU\� DQGZLWK D FRQVWDQW
YHORFLW\ UHODWLYH WR WKH 6XQ �v∗�� )RU KLJK VWHOODU YHORFLWLHV� ZH FDQ DVVXPH
WKDW WKH FRPHW LV DW UHVW GXULQJ WKH VWHOODU SDVVDJH� 8VLQJ WKH LPSXOVH DS�
SUR[LPDWLRQ �2RUW ����� 5LFNPDQ ������ ZH WKHQ FDOFXODWH WKH FKDQJH RI
WKH YHORFLW\ �∆V⊥� LPSDUWHG WR D FRPHW LQ WKH 2RUW FORXG GXH WR D UDQGRP


?iiT,ffrrrXT�bX`Q+?2bi2`X2/mf�2K�K�D2Ff11Jn/r�`7nl"oAC>En+QHQ`bnh277X
iti
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���0RGHO IRU VWHOODU HQFRXQWHUV

h�#H2 jXR, ai2HH�` T�`�K2i2`bX *QHmKMb `2T`2b2Mi i?2 bT2+i`�H ivT2 Q7 i?2 bi�`b 7QHHQr2/
#v i?2B` K�bb- p2HQ+Biv /BbT2`bBQM- �M/ i?2 T2+mHB�` p2HQ+Biv Q7 i?2 amM rBi? `2bT2+i iQ
2�+? bT2+i`�H ivT2X h?2 `2H�iBp2 p2HQ+Biv Q7 i?2 2M+QmMi2` rBi?BM i?2 amMĜ+QK2i bvbi2K
�M/ i?2 bi�` Bb b?QrM BM +QHmKM 8X h?2 MmK#2` /2MbBiv Q7 bi�`b BM i?2 bQH�` M2B;?#Qm`?QQ/
Bb b?QrM BM +QHmKM eX

S.T M∗>M"@ v∗>NP V−1@ v">NP V−1@ venc>NP V−1@ ρ∗>10−3pc−3@
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*�9 ���� ���� ���� ���� ����
*�9 ���� ���� ���� ���� ����
.�9 ���� ���� ���� ���� ����
.�9 ���� ���� ���� ���� ����
0�9 ���� ���� ���� ���� ����
0�9 ���� ���� ���� ���� �����
:' ��� ���� ���� ���� ���
*LDQWV ��� ���� ���� ���� ���

VWHOODU HQFRXQWHU E\ LQWHJUDWLQJ WKH SHUSHQGLFXODU IRUFH JHQHUDWHG E\ HDFK
SDVVLQJ VWDU�

∆V⊥ ≈ 2GM∗
v∗

[
UF
r2c

− U!
r2!

]
, �����

ZKHUH rc DQG r! FRUUHVSRQG WR WKH YHFWRUV IURP WKH FRPHW DQG WKH 6XQ WR
WKH SRLQW RI FORVHVW DSSURDFK RI WKH VWDU �DVVXPLQJ WKDW WKH FRPHW KDV QRW
EHHQ GHIOHFWHG E\ WKH JUDYLW\ RI WKH VWDU�� ,I ZH FRQVLGHU r WKH KHOLRFHQWULF
GLVWDQFH RI WKH FRPHW DQG ZH DVVXPH WKDW WKH GLVWDQFH RI WKH HQFRXQWHU LV
ODUJH HQRXJK FRPSDUHG WR WKH GLVWDQFH 6XQ±FRPHW� ZH FDQ DSSUR[LPDWH
(TXDWLRQ ����� ZLWK�

∆V⊥ ∝ M∗r

v∗r2!
. �����

)RU WKH FDVH RI D YHU\ FORVH HQFRXQWHU ZLWK WKH FRPHW� (TXDWLRQ �����
FDQ EH DSSUR[LPDWHG DV

∆V⊥ ∝ M∗
v∗rc

. �����

��



� '\QDPLFV RI WKH 2RUW FORXG

,W LV LPSRUWDQW WR VWUHVV WKDW WKH LPSXOVH DSSUR[LPDWLRQ LV EDVHG RQ D
QXPEHU RI VLPSOLI\LQJ DVVXPSWLRQV� DQG WKHUHIRUH LW VKRXOG EH XVHG IRU
VWDWLVWLFDO DQDO\VLV RQO\� )RU RXU SURSRVH� LW JLYHV XV D JHQHUDO LGHD RI WKH
HIIHFW RI WKH GLIIHUHQW VWDUV LQ WKH VRODU QHLJKERXUKRRG RQ WKH FRPHWV LQ WKH
2RUW FORXG�

)ROORZLQJ 5LFNPDQ ������ ZH FDQ FDOFXODWH WKH IUHTXHQF\ RI WKH VWHOODU
HQFRXQWHUV XVLQJ

f = πr2∗vHQFρ∗ , �����

ZKHUH r∗ LV WKH GLVWDQFH RI WKH HQFRXQWHU� vHQF 
√

v2! + v2∗ LV WKH UHODWLYH
YHORFLW\ RI WKH 6XQ DQG D UDQGRP SDVVLQJ VWDU �v! UHSUHVHQWV WKH SHFXOLDU
YHORFLW\ RI WKH 6XQ� DQG v∗ WKH YHORFLW\ GLVSHUVLRQ RI WKH SDUHQW SRSXODWLRQ
RI WKH SDVVLQJ VWDU�� DQG ρ∗ LV WKH QXPEHU GHQVLW\ RI VWDUV RI D JLYHQ VSHFWUDO
W\SH LQ WKH VRODU QHLJKERXUKRRG� (TXDWLRQ ����� FDQ EH XVHG WR GHWHUPLQH
WKH QXPEHU RI VWDUV SDVVLQJ E\ ZLWKLQ D VSKHUH RI UDGLXV rV FHQWUHG RQ WKH
6XQ RU D UDQGRP FRPHW �DVVXPLQJ WKDW VWDUV RI WKH VRODU QHLJKERXUKRRG
DUH XQLIRUPO\ GLVWULEXWHG DW DQ\ WLPH DQG WKH VWHOODU YHORFLWLHV UHODWLYH WR
WKH 6XQ DUH FRQVWDQW� 5LFNPDQ ������

N∗ = r2V It . �����

����� 3HUWXUEDWLRQV RQ WKH 2RUW FORXG

8VLQJ (T� ����� DQG WKH YDOXHV LQ 7DEOH ���� ZH FDOFXODWHG WKH IUHTXHQF\ RI
WKH VWDUV SDVVLQJ ZLWKLQ D GLVWDQFH r∗ IURP WKH 2RUW FORXG� :H ILQG WKDW
WKH WRWDO IUHTXHQF\ RI VWDUV SDVVLQJ ZLWKLQ � SF LV DURXQG 12.5 0\U−1 �VHH
7DEOH ����� )ROORZLQJ WKH VDPHPHWKRG� *DUFtD�6iQFKH] HW DO� ������ IRXQG
D ORZHU YDOXH �11.70\U−1�� 7KHPDLQ GLIIHUHQFHZLWK RXU UHVXOW LV GXH WR WKH
XSGDWHG YDOXHV IRU WKH PDVV DQG GHQVLW\ RI WKH VWDUV XVHG LQ WKLV ZRUN� 7KH
PRVW SUREDEOH SHUWXUEHU RI WKH 2RUW FORXG LV WKH ORZ PDVV� KLJK�UHODWLYH�
YHORFLW\ VWDUV�

8VLQJ (T� ������ LQ )LJ� ��� ZH VKRZ WKH FKDQJH RI WKH YHORFLW\ RI D FRPHW
GXH WR DQ HQFRXQWHU ZLWK D VWDU IRU GLIIHUHQW VSHFWUDO W\SHV DQG DV D IXQF�
WLRQ RI WKH GLVWDQFH RI WKH HQFRXQWHU IRU DQ LQWHUYDO RI 0.1±2.5 SF� 7KH ORZHU
GLVWDQFH FRUUHVSRQGV WR WKH LQQHU 2RUW FORXG� ZKLOH WKH ODUJHU GLVWDQFH FRU�
UHVSRQGV WR WKH OLPLW ZKHUH D SDVVLQJ VWDU FDQ VWDUW SHUWXUELQJ D FRPHW DW

��



���0RGHO IRU VWHOODU HQFRXQWHUV

h�#H2 jXk, �M�HviB+�H KQ/2H 7Q` bi2HH�` 2M+QmMi2`b 7Q` �M 2M+QmMi2` /Bbi�M+2 Q7 R T+X h?2
bT2+i`�H ivT2 Bb b?QrM BM +QHmKM R- i?2 7`2[m2M+v Q7 i?2 bi2HH�` 2M+QmMi2`b Bb b?QrM BM
+QHmKM k- i?2 +?�M;2 BM i?2 p2HQ+Biv Q7 � +QK2i /m2 iQ �M BMi2`�+iBQM rBi? � bi�` Bb b?QrM
BM +QHmKM j- �M/ i?2 iQi�H MmK#2` Q7 bi�`b 2Mi2`BM; � bT?2`2 Q7 `�/Bmb R T+ �`QmM/ i?2
amMĜ+QK2i bvbi2K Qp2` � iBK2 BMi2`p�H Q7 R Gyr Bb b?QrM BM +QHmKM 9X

6�7 f1SF
∗ >0\U−1@ ∆V 1SF

⊥,∗ >NP V−1@ N1SF
∗

%�9 ����� ����H��� �����
$�9 ����� �����H��� ������
$�9 ����� �����H��� ������
)�9 ����� �����H��� ������
)�9 ����� �����H��� �������
*�9 ����� �����H��� �������
*�9 ����� �����H��� �������
.�9 ����� �����H��� �������
.�9 ����� �����H��� �������
0�9 ����� �����H��� ��������
0�9 ����� �����H��� ��������
:' ����� �����H��� ��������
*LDQWV ����� �����H��� �������

WKH HGJH RI WKH FORXG� ,Q WKH UHVW RI WKLV ZRUN ZH UHIHU WR WKH ODWWHU GLVWDQFH
DV WKH FULWLFDO UDGLXV�

$V VKRZQ LQ )LJ� ��� WKH FKDQJH LQGXFHG E\ D VLQJOH HQFRXQWHU LV UHOD�
WLYHO\ VPDOO� 0DVVLYH VWDUV DUH HIIHFWLYH LQ H[FLWLQJ WKH REMHFW LQ WKH 2RUW
FORXG� EXW WKH\ DUH UDUH� /RZ�PDVV VWDUV DUH YHU\ FRPPRQ� EXW WKHLU HIIHFW
RQ WKH RUELWV RI D FRPHW LV VPDOO� +RZHYHU WKH QXPEHU RI VWDUV HQFRXQWHU�
LQJ WKH VRODU V\VWHP LQFUHDVHV RYHU WLPH�

7KH PRGHO SUHVHQWHG LQ WKLV VHFWLRQ LV EDVHG RQ D QXPEHU RI VLPSOLI\�
LQJ DVVXPSWLRQV� 6SHFLILFDOO\� WKH LPSXOVH DSSUR[LPDWLRQ SURYLGHV D TXLFN
EXW LQDFFXUDWH HVWLPDWH RI WKH HIIHFW RI D UDQGRP SDVVLQJ VWDU RQ D FRPHW
LQ WKH 2RUW FORXG� $V ZH VKRZ LQ 7DEOH ��� WKH HIIHFW RI LQGLYLGXDO VWDUV
LV UHODWLYH VPDOO� +RZHYHU� FRQVLGHULQJ WKH IUHTXHQF\ DQG WKH QXPEHU RI
VWDUV DSSURDFKLQJ WKH 6XQ WR ZLWKLQ � SF RYHU � *\U� WKHLU FXPXODWLYH HI�
IHFW PLJKW FKDQJH WKH VWUXFWXUH DQG G\QDPLFV RI WKH 2RUW FORXG� ,Q RU�
GHU WR KDYH D EHWWHU XQGHUVWDQGLQJ RI WKH HYROXWLRQ RI WKH 2RUW FORXG LW LV
QHFHVVDU\ WR HPSOR\ D GHWDLOHG QXPHULFDO PRGHO ZKLFK DFFRXQWV IRU WKH HI�
IHFWV RI WKH *DODFWLF WLGDO ILHOG DQG VWHOODU GLVWULEXWLRQ RI VWDUV DURXQG WKH

��



� '\QDPLFV RI WKH 2RUW FORXG

6B;m`2 jXR, *?�M;2 Q7 i?2 p2HQ+Biv Q7 � +QK2i /m2 iQ `�M/QK bi2HH�` 2M+QmMi2`b 7Q` i?2
Rj bi2HH�` bT2+i`�H ivT2b HBbi2/ BM h�#H2 jXR �b � 7mM+iBQM Q7 i?2 2M+QmMi2` /Bbi�M+2X h?2
+QHQm` +Q/BM; Q7 i?2 HBM2b `2T`2b2Mib i?2 7`2[m2M+v Q7 bi2HH�` 2M+QmMi2`b �b � 7mM+iBQM Q7
i?2 /Bbi�M+2 Q7 i?2 2M+QmMi2` 7Q` i?2 +Q``2bTQM/BM; ivT2b Q7 bi�`bX h?2 HBM2b `2T`2b2Mi i?2
/Bz2`2Mi bT2+i`�H ivT2b BM i?2 Q`/2` HBbi2/ BM h�#H2 jXRX h?2 K�bb Q7 i?2 bi�`b /2+`2�b2b
7`QK i?2 iQT iQ i?2 #QiiQK HBM2bX

6XQ� ,Q 6HFW� ��� ZH SUHVHQW D OLVW RI QHDUE\ VWDUV ZLWKLQ �� SF RI WKH 6XQ
IRU ZKLFK *DLD'5� DVWURPHWU\ DQG UDGLDO YHORFLWLHV �LQFOXGLQJ IURP RWKHU
VXUYH\V� DUH DYDLODEOH� 7KLV SURYLGHV XV ZLWK DFFXUDWH NLQHPDWLF LQIRUPD�
WLRQ RQ QHDUE\ VWDUV WKDW FRXOG LQIOXHQFH WKH 2RUW FORXG LQ WKH UHFHQW SDVW
RU QHDU IXWXUH� ,Q 6HFW� ��� ZH XVH QXPHULFDO VLPXODWLRQV WR DQDO\VH WKHLU
HIIHFW RQ WKH FRPHWV LQ WKH 2RUW FORXG DQG HVWLPDWH WKHLU FXPXODWLYH HIIHFW
RYHU ±100\U� LQFOXGLQJ WKH HIIHFW RI WKH *DODFWLF WLGDO ILHOG�

6HFWLRQ ���

&ORVH HQFRXQWHUV ZLWK WKH VRODU V\VWHP

2XU NQRZOHGJH RI FORVH VWHOODU HQFRXQWHUV LQ WKH UHFHQW SDVW RU QHDU IX�
WXUH KDV EHHQ OLPLWHG E\ WKH DYDLODELOLW\ RI SUHFLVH DQG DFFXUDWH DVWURPHWU\
DQG UDGLDO YHORFLWLHV IRU WKH QHDUE\ VWDUV� 7KH *DLD PLVVLRQ KDV FRQVLGHU�
DEO\ LQFUHDVHG WKH DYDLODELOLW\ RI DVWURPHWULF DQG UDGLDO YHORFLW\ GDWD IRU WKH

��



��� &ORVH HQFRXQWHUV ZLWK WKH VRODU V\VWHP

FORVHVW VWDUV� HYHQ LI DERXW ��� RI WKH VWDUV ZLWK KLJK SURSHU PRWLRQV DUH
QRW OLVWHG LQ *DLD '5� DQG WKRVH WHQG WR EH FORVH WR WKH 6XQ �%DLOHU�-RQHV
HW DO� ������

h�#H2 jXj, Pp2`pB2r Q7 i?2 +�i�HQ;m2 Q7 bi�`b rBi?BM 8y T+ Q7 i?2 amM 7Q` r?B+? 2M+QmMi2`
T�`�K2i2`b r2`2 +�H+mH�i2/X h?2 7mHH +�i�HQ;m2 +�M #2 /QrMHQ�/ 7`QK, ?iiTb,ff?QK2X
bi`rXH2B/2MmMBpXMHf�biQ``2bfO_2b2�`+?

,QSXW FDWDORJXH�V� 1R� 6WDUV
! 50 SF

*DLD '5� ������
*DLD '5� � 5$9( '5� 2356
*DLD '5� � *$/$+ '5� 11
*DLD '5� � /$0267 '5� 307
*DLD '5� � $32*(( '5�� 1092
*DLD '5� � ;+,3 149
7RWDO 14 659

����� 2EVHUYDWLRQDO PRGHO
7R FRQVWUXFW WKH OLVW RI VWDUV ZLWKLQ �� SF RI WKH 6XQ IRU ZKLFK WKH HQ�
FRXQWHU SDUDPHWHUV �FORVHVW DSSURDFK GLVWDQFH� YHORFLW\� DQG WLPH� FDQ EH
FDOFXODWHG ZH XVHG WKH GDWD IURP WKH *DLD '5� FDWDORJXH� 7R LQFUHDVH
WKH QXPEHU RI VWDUV IRU ZKLFK UDGLDO YHORFLW\ LQIRUPDWLRQ LV DYDLODEOH ZH
FURVV�PDWFKHG*DLD'5� ZLWK WKH IROORZLQJ FDWDORJXHV� 5$9(�'5� �.XQ�
GHU HW DO� ������ *$/$+'5� �%XGHU HW DO� ������ /$0267'5� �=KDR HW DO�
������ $32*(('5�� �$EROIDWKL HW DO� ������ DQG;+,3 �$QGHUVRQ	)UDQ�
FLV ������ :H VHOHFWHG RQO\ VWDUV ZLWK UHODWLYH XQFHUWDLQW\ RQ WKH SDUDOOD[
�!� VPDOOHU WKDQ ���� VXFK WKDW 1/! LV D JRRG HVWLPDWRU RI WKH GLVWDQFH WR
WKH VWDUV� )ROORZLQJ /LQGHJUHQ HW DO� ������ ZH IXUWKHU ILOWHUHG WKH OLVW RI
VWDUV DFFRUGLQJ WR

u2 < 1.44×PD[[1, H[S(−0.4(G− 19.5))], �����

DQG

1.0 + 0.015(G%3 −G53)
2 < E < 1.3 + 0.06(G%3 −G53)

2 , �����

ZKHUH G� G%3� DQG G53 FRUUHVSRQG WR WKH SKRWRPHWULF PHDVXUHPHQWV�
FRYHULQJ DZDYHOHQJWK IURP WKH QHDU�XOWUDYLROHW WR WKH QHDU�LQIUDUHG IRU WKH

��
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� '\QDPLFV RI WKH 2RUW FORXG

G SDVVEDQG� ��� WR ���QP� DQG ��� WR ���� QP IRUG%3� DQGG53� UHVSHF�
WLYHO\� 7KH u = (χ2/ν)1/2 FRUUHVSRQGV WR WKH XQLW ZHLJKW HUURU� DQGE LV WKH
IOX[ H[FHVV IDFWRU� 7KLV ILOWHU VHOHFWV VRXUFHV ZLWK KLJK�TXDOLW\ DVWURPHWU\
DQG ZHHGV RXW VWDUV ZKLFK DSSHDU WR EH QHDUE\ EHFDXVH RI VSXULRXVO\ KLJK
YDOXHV RI WKH SDUDOOD[ �VHH DSSHQGL[ & LQ /LQGHJUHQ HW DO� ������ 7KH UH�
VXOWLQJ FDWDORJXH FRQWDLQV 14 659 VWDUV ZLWKLQ �� SF RI WKH 6XQ �7DEOH �����

)RU WKH VHOHFWHG VWDUV ZH HVWLPDWHG WKH GLVWDQFH� WLPH� DQG YHORFLW\ RI
FORVHVW DSSURDFK XVLQJ WKH OLQHDU DSSUR[LPDWLRQ PHWKRG RI 5REHUW $� -�
0DWWKHZV ������ LQ WKH IRUPXODWLRQ SUHVHQWHG LQ %DLOHU�-RQHV �������

vWRW =
√
v27 + v2UDG �����

tSK = − cvUDG
!v2WRW

�����

dSK =
103

!

v7
vWRW

, ������

ZKHUH v7 = 4.74
[
(µα∗

2 + µδ
2)0.5/!

]
LV WKH WUDQVYHUVH YHORFLW\� vUDG LV WKH

UDGLDO YHORFLW\ RI WKH VWDU� ! LV WKH SDUDOOD[� c = 103 SF NP−1 \U−1� DQG
WKH VXEVFULSW µSK¶ VWDQGV IRU SHULKHOLRQ� :H HVWLPDWHG WKH PDVV RI WKH VWDUV
XVLQJ WKH HIIHFWLYH WHPSHUDWXUH SURYLGHG LQ *DLD'5� �$QGUDH HW DO� �����
DQG OLQHDUO\ LQWHUSRODWLQJ LQ WKH 7DEOHV LQ 0DPDMHN ������ DQG 3HFDXW 	
0DPDMHN �������

2I WKH 14 659 VWDUV ZLWKLQ 50 SF WKHUH DUH �� WKDW SDVV ZLWKLQ 2.5 SF RI
WKH 6XQ �)LJ� ���� ELJ GRWV� RYHU D SHULRG RI 200\U FHQWUHG RQ WKH SUHVHQW
�L�H� 10 0\U LQ WKH SDVW DQG 10 0\U LQ WKH IXWXUH�� )LJXUH ��� VKRZV WKH
REVHUYDWLRQDO +HUW]VSUXQJ�5XVVHOO GLDJUDP RI RXU VDPSOH� ,Q )LJ� ��� ZH
VKRZ WKH FORVHVW DSSURDFK GLVWDQFH DQG WLPH RI WKH VWDUV LQ RXU VDPSOH ZLWK
UHVSHFW WR WKH 6XQ� 7KH OLPLWHG GLVWDQFH UDQJH RI WKH VWDUV XQGHU VWXG\ RQO\
DOORZV XV WR ILQG YHU\ FORVH HQFRXQWHUV ZLWKLQ ±30\U�

,Q )LJ� ��� WKH ODUJH GRWV VKRZ WKH GLVWULEXWLRQ RI WKH VWDUV SDVVLQJ
ZLWKLQ 2.5 SF DQG WKRVH WHQG WR EH WKH PDMRU SHUWXUEHU RI WKH 2RUW FORXG
�UHIHUUHG WR DV µ*DLD VWDUV¶ EHORZ�� 7KH FORVHVW HQFRXQWHU ZLWK WKH VRODU
V\VWHP LV *- ��� ZKLFK ZLOO SHQHWUDWH GHHS LQVLGH WKH LQQHU 2RUW FORXG� $V
VKRZQ LQ )LJ� ��� PRVW RI WKH FORVHVW HQFRXQWHUV LQYROYH 0 GZDUIV� ZLWK D
FRQVLGHUDEOH IUDFWLRQ RI VRODU W\SH VWDUV� 7KLV LPSOLHV WKDW WKH HIIHFW RI D
VLQJOH HQFRXQWHU ZLWK WKH 2RUW FORXG ZLOO EH PLQLPDO� PDLQO\ GXH WR WKH
ORZ PDVV RI WKH SHUWXUEHU DQG LWV KLJK YHORFLW\ ZLWK UHVSHFW WR WKH 6XQ�

��



��� &ORVH HQFRXQWHUV ZLWK WKH VRODU V\VWHP

6B;m`2 jXk, P#b2`p�iBQM�H >_ /B�;`�K Q7 i?2 M2�`#v bi�`b +QMi�BM2/ BM i?2 +�i�HQ;m2
bmKK�`Bb2/ BM h�#H2 jXjX h?2 #B; /Qib `2T`2b2Mi i?2 bi�`b rBi?BM 2.5 T+ Q7 i?2 amM
+QHQm` +Q/2/ �++Q`/BM; iQ i?2B` bT2+i`�H ivT2X h?2 /2MbBiv K�T b?Qrb �HH i?2 bi�`b BM Qm`
b�KTH2X

%DLOHU�-RQHV HW DO� ������ ILQG �� QHZ VWHOODU HQFRXQWHUV� ZKLFK SDU�
WLDOO\ RYHUODS ZLWK RXU OLVW� 7KHLU OLVW RI HQFRXQWHUV LV ODUJHU WKDQ RXUV
PRVWO\ EHFDXVH WKH\ GLG QRW DSSO\ WKH VWULFW ILOWHULQJ RQ WKH DVWURPHWULF
TXDOLW\ RI WKH *DLD '5� GDWD HPSOR\HG LQ WKLV ZRUN� )RU VWDUV DSSHDULQJ
LQ ERWK VWXGLHV ZH ILQG VLPLODU UHVXOWV�

:H VWUHVV WKDW WKH VDPSOH RI WKH FORVHVW VWDUV SUHVHQWHG KHUH LV LQFRP�
SOHWH� 7KH REVHUYDWLRQDO LQFRPSOHWHQHVV LV HYLGHQW LQ WKH GHFUHDVH LQ HQ�
FRXQWHU IUHTXHQF\ DV RQH PRYHV DZD\ IURP WKH SUHVHQW HSRFK LQ WLPH� $
FRPSOHWH FHQVXV RI VWHOODU HQFRXQWHUV UHTXLUHV DOO WKH VWDUV ZLWKLQ D FHUWDLQ
GLVWDQFH WR EH LGHQWLILHG� 7KH PDLQ OLPLWDWLRQV LQ XVLQJ WKH*DLD VXUYH\ IRU
ILQGLQJ WKH FORVHVW HQFRXQWHUV DUH WKH VXUYH\ PDJQLWXGH OLPLW� ZKLFK SUH�
YHQWV WKH LGHQWLILFDWLRQ RI HQFRXQWHUV ZLWK IDLQW ORZ�PDVV VWDUV� DQG WKH
ODFN RI UDGLDO YHORFLWLHV� 7KH *DLD '5� UDGLDO YHORFLW\ VXUYH\ LV OLPLWHG WR
HIIHFWLYH WHPSHUDWXUHV LQ WKH UDQJH ∼ 3550±6900 . DQG WR VWDUV EULJKWHU
WKDQ G = 14 PDJ �VHH H�J� %DLOHU�-RQHV HW DO� ������ $Q DGGLWLRQDO OLP�

��



� '\QDPLFV RI WKH 2RUW FORXG

6B;m`2 jXj, *HQb2bi �TT`Q�+? /Bbi�M+2 pbX +HQb2bi �TT`Q�+? iBK2X h?2 b?�/2/ �`2�b
`2T`2b2Mi i?2 +`BiB+�H `�/Bmb rBi?BM r?B+? bi�`b +�M �z2+i �M Q#D2+i BM i?2 PQ`i +HQm/- �M/
i?2 #QmM/�`B2b Q7 i?2 Qmi2` �M/ BMM2` PQ`i +HQm/- `2bT2+iBp2HvX h?2 #B; /Qib +Q``2bTQM/
iQ i?Qb2 bi�`b i?�i T�bb rBi?BM 2.5 T+ Q7 i?2 amMX

��



��� &ORVH HQFRXQWHUV ZLWK WKH VRODU V\VWHP

LWDWLRQ LV WKDW VRPH RI WKH EULJKWHVW VWDUV LQ WKH VN\ DUH PLVVLQJ IURP WKH
*DLD '5� FDWDORJXH �*DLD &ROODERUDWLRQ HW DO� ������

$ GHWDLOHG VWXG\ FRUUHFWLQJ IRU LQFRPSOHWHQHVV LQ *DLD '5� ZDV FDU�
ULHG RXW E\ %DLOHU�-RQHV HW DO� ������� 7KHVH ODWWHU DXWKRUV FRQVWUXFWHG D
FRPSOHWHQHVV PDS �)LJ� ��� %DLOHU�-RQHV HW DO� ������ LQWHUSUHWHG DV WKH
SUREDELOLW\ RI GHWHFWLQJ D JLYHQ FORVH HQFRXQWHU LQ WKH *DLD '5� VDPSOH�
7KH\ IRXQG WKDW RQO\ 15�RI WKH HQFRXQWHUV ZLWKLQ 5 SF LQ D SHULRG RI 50\U
KDYH EHHQ LGHQWLILHG� 8VLQJ WKLV UHVXOW� WKH DXWKRUV XVHG D VLPXODWHG 0LON\
:D\ JDOD[\ WR LQIHU WKH HQFRXQWHU UDWH DYHUDJHG RYHU 50\U� LQ WKH SDVW DQG
IXWXUH� 7KH\ IRXQG WKDW WKH HQFRXQWHU UDWH RI VWHOODU HQFRXQWHUV ZLWKLQ 1 SF
LV 20± 20\U−1�

����� 6WHOODU HQFRXQWHUV ZLWK WKH 6RODU 6\VWHP

,Q 6HFWLRQ ����� ZH HPSOR\HG D VLPSOH PHWKRG WR HVWLPDWH WKH SHULKHOLRQ
GLVWDQFHV DQG WLPHV IRU VWDUV DSSURDFKLQJ WKH 6XQ E\ DVVXPLQJ WKH VWDUV
IROORZ D XQLIRUP PRWLRQ DORQJ VWUDLJKW OLQHV ZLWK UHVSHFW WR WKH 6XQ �VHH
DOVR %DLOHU�-RQHV ������ :H QRZ VHHN D EHWWHU HVWLPDWLRQ RI WKH SHULKH�
OLRQ GLVWDQFH WKURXJK WKH MRLQW LQWHJUDWLRQ RI WKH RUELWV RI WKH 6XQ DQG
WKH VWDUV WKDW DUH SUHGLFWHG WR DSSURDFK WR ZLWKLQ 2.5 SF �7DEOH ���� EDFN�
ZDUGV DQG IRUZDUGV LQ WLPH IRU 10 0\U� :H ILUVW WUDQVIRUPHG WKH DVWUR�
PHWULF DQG UDGLDO YHORFLW\ GDWD LQWR JDODFWRFHQWULF &DUWHVLDQ IUDPH XVLQJ
�bi`QTv �7KH $VWURS\ &ROODERUDWLRQ HW DO� ������ :H DGRSWHG WKH SRVLWLRQ
RI WKH 6XQ DQG WKH ORFDO FLUFXODU YHORFLW\ SDUDPHWHUV IURP5HLG HW DO� �������
Z! = 27 SF� R! = 8.34 NSF� DQG Vc,! = 240 NP V−1� ZKLOH WKH SHFXOLDU YH�
ORFLW\ RI WKH 6XQZDV DGRSWHG IURP 6FK|QULFK HW DO� ������� (U!, V!,W!) =
(11.1, 12.24, 7.25) NP V−1� :H XVHG WKH :�H� �3ULFH�:KHODQ ����� SDFNDJH
WR SHUIRUP WKH RUELWDO LQWHJUDWLRQ� 7KH 0LON\ :D\ SRWHQWLDO XVHG LV GH�
VFULEHG E\ DQ DQDO\WLF D[LV\PPHWULF PRGHO ZKLFK FRQWDLQV D VSKHULFDO QX�
FOHXV DQG EXOJH �+HUQTXLVW ������ D 0L\DPRWR�1DJDL GLVN �0L\DPRWR 	
1DJDL ����� %RY\ ������ DQG D VSKHULFDO 1DYDUUR�)UHQN�:KLWH �1):� GDUN
PDWWHU KDOR �1DYDUUR HW DO� ������

7R DFFRXQW IRU WKH REVHUYDWLRQDO XQFHUWDLQWLHV ZH VDPSOH WKH DVWURPHW�
ULF DQG UDGLDO YHORFLW\ REVHUYDEOHV IRU HDFK VWDU� WDNLQJ WKH IXOO FRYDULDQFH
PDWUL[ LQWR DFFRXQW� )RU HDFK VWDU� 106 VDPSOHV RI WKH DVWURPHWU\ DQG UDGLDO
YHORFLW\ DUH GUDZQ DQG IRU HDFK RI WKHVH WKH DERYH GHVFULEHG RUELW LQWHJUD�
WLRQ LV FDUULHG RXW� 7KH HQG UHVXOW LV D VDPSOLQJ RI WKH GLVWULEXWLRQ RI SRV�
VLEOH SHULKHOLRQ GLVWDQFHV DQG WLPHV� 7KLV GLVWULEXWLRQ REWDLQHG WKURXJK
0RQWH &DUOR VDPSOLQJ LV WKHQ WUHDWHG DV WKH SUREDELOLW\ GHQVLW\ IXQFWLRQ

��



� '\QDPLFV RI WKH 2RUW FORXG

�3')� RI WKH HQFRXQWHU SDUDPHWHUV� 7KH VKDSH RI WKH FRQILGHQFH UHJLRQV LV
PDLQO\ DIIHFWHG E\ WKH UHODWLYH HUURUV RQ SDUDOOD[ DQG UDGLDO YHORFLW\� 7KH
UHODWLYH HUURU LQ WKH SURSHU PRWLRQ OLNHZLVH DIIHFWV WKH VKDSH RI WKH FRQIL�
GHQFH UHJLRQV DURXQG WKHPHDQ� )LJXUHV ���� ���� DQG��� VKRZ WKH UHVXOWLQJ
3')V�

6B;m`2 jX9, CQBMi T`Q#�#BHBiv /2MbBiv Q7 i?2 iBK2 �M/ /Bbi�M+2 Q7 +HQb2bi �TT`Q�+? 7Q`
i?Qb2 bi�`b i?�i �`2 T`2/B+i2/ iQ T�bb rBi?BM 2.5 T+ Q7 i?2 amM UHBbi2/ BM h�#H2 jXjVX
h?2 +QMiQm` H2p2Hb BM/B+�i2 `2;BQMb 2M+HQbBM; yXe- yXN- �M/ yXNN W +mKmH�iBp2 T`Q#�#BHBiv
U+QHQm` #�`VX h?2 b?�T2 Q7 2�+? S.6 Bb �z2+i2/ #v i?2 `2H�iBp2 2``Q`b BM i?2 Q#b2`p�iBQM�H
/�i� Q7 2�+? bi�`- T�`iB+mH�`Hv i?2 2``Q`b QM T�`�HH�t �M/ `�/B�H p2HQ+BivX

,Q )LJ� ��� ZH VKRZ WKH GLVWULEXWLRQ RI WLPH DQG GLVWDQFH RI FORVHVW DS�
SURDFK IRU WKH WLPH LQWHUYDO±30\U IURP WKH SUHVHQW�7KH FORVHVW HQFRXQWHU
IRXQG LV� DV H[SHFWHG� WKH YHU\ ZHOO NQRZQ FDVH RI *- ����,Q )LJ� ��� ZH
VKRZ WKH GLVWULEXWLRQ RI WKH WRWDO UHODWLYH YHORFLW\ DQG GLVWDQFH RI FORVHVW
DSSURDFK� 0RVW VWDUV LQ RXU VDPSOH KDYH KLJK YHORFLWLHV �20 WR 80 NP V−1�
PHDQLQJ WKDW WKHLU HIIHFW RQ WKH 2RUW FORXG LV VPDOO� )LJXUH ��� VKRZV WKH

��
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� '\QDPLFV RI WKH 2RUW FORXG

6B;m`2 jX8, CQBMi T`Q#�#BHBiv /2MbBiv Q7 i?2 iBK2 �M/ `2H�iBp2 p2HQ+Biv Q7 +HQb2bi �TT`Q�+?
7Q` i?2 bi�`b BM h�#H2 jXjX

GLVWULEXWLRQ RI WKH WLPH DQG UHODWLYH YHORFLW\ RI FORVHVW DSSURDFK� VKRZLQJ
D WULDQJXODU VKDSH ZLWK D SHDN WRZDUG KLJK YHORFLWLHV DQG WKH SUHVHQW WLPH�
7KLV LV D VHOHFWLRQ HIIHFW FDXVHG E\ RXU OLPLWDWLRQ RI WKH WRWDO VWXGLHG VDP�
SOH WR VWDUV WKDW DUH FXUUHQWO\ ZLWKLQ �� SF RI WKH 6XQ �WKLV PHDQV WKDW YHU\
IDVW�PRYLQJ VWDUV WKDW ZRXOG DSSURDFK WKH 6XQ IDU LQ WKH SDVW RU WKH IXWXUH
DUH FXUUHQWO\ QRW LQ WKH �� SF YROXPH��

:H FDOFXODWH WKH HIIHFW RQ D FRPHW RI D SDVVLQJ VWDU WKDW DSSURDFKHV WR
ZLWKLQ 2.5 SF �7DEOH ����� XVLQJ WKH LPSXOVH DSSUR[LPDWLRQ �(T� ������� :H
ILQG WKDW WKH FKDQJH LQ WKH YHORFLW\ RI D FRPHW LV UHODWLYHO\ VPDOO �LQ WKH
RUGHU RI 10−3±10−4 NP V−1� 7DEOH ����� 7KH H[FHSWLRQ LV IRU WKH SDVVDJH
RI *- ���� ZKLFK FDXVHV D YHORFLW\ FKDQJH RI ∼ 0.13 NP V−1� FUHDWLQJ DQ
LPSRUWDQW SHUWXUEDWLRQ LQ WKH LQQHU 2RUW FORXG� 2YHUDOO LI RQO\ LQGLYLGXDO
HQFRXQWHUV DUH FRQVLGHUHG WKH 2RUW FORXG FRPHWV EDUHO\ IHHO WKH HIIHFW RI

��



��� &ORVH HQFRXQWHUV ZLWK WKH VRODU V\VWHP

6B;m`2 jXe, CQBMi T`Q#�#BHBiv /2MbBiv Q7 i?2 /Bbi�M+2 �M/ `2H�iBp2 p2HQ+Biv Q7 +HQb2bi �T@
T`Q�+? 7Q` i?2 bi�`b BM h�#H2 jXjX

SDVVLQJ VWDUV� 7KH LPSXOVH DSSUR[LPDWLRQ LV EDVHG RQ D QXPEHU RI VLP�
SOLI\LQJ DVVXPSWLRQV� EXW WKLV DSSURDFK JLYHV XV D JHQHUDO SDQRUDPD RI
WKH LQGLYLGXDO HIIHFW RI WKH QHDUE\ VWDUV RQ D FRPHW LQ WKH 2RUW FORXG� ,Q
RUGHU WR TXDQWLI\ WKH JOREDO HIIHFW RI SDVVLQJ VWDUV� LW LV QHFHVVDU\ WR LQWH�
JUDWH WKHLU RUELWV EDFNZDUGV DQG IRUZDUG LQ WLPH �VHH 6HFW� ������� 6XFK D
VFHQDULR LV VKRZQ LQ WKH WKLUG URZ RI )LJXUH ���� 7KH FXPXODWLYH HIIHFW RI
QHDUE\ VWDUV LV VWURQJ HQRXJK WR OLIW WKH SHULKHOLRQ RI∼ ����� RI WKH REMHFWV
LQ WKH 2RUW FORXG �)LJ� ���� WKLUG URZ�� 3DUWLFXODUO\ WKH HIIHFW RI *- ��� LV
VWURQJ �)LJ� ����� EXW HQFRXQWHUV ZLWKLQ ∼� SF DOVR KDYH DQ LPSRUWDQW FRQ�
WULEXWLRQ�

��



� '\QDPLFV RI WKH 2RUW FORXG

����� 7KH FDVH RI *- ����+,3 �����
)RU GHFDGHV *- ��� KDV EHHQ SRLQWHG RXW DV WKH PDMRU IXWXUH SHUWXUEHU
RI WKH 2RUW FORXG� 7KH ILUVW FDOFXODWLRQV XVLQJ +LSSDUFRV FDWDORJXH OHG WR
DQ HQFRXQWHU GLVWDQFH RI 0.33 SF� 1.380\U IURP WKH SUHVHQW WLPH �VHH H�J�
*DUFtD�6iQFKH] HW DO� ����� 7RUUHV HW DO� ������ 8VLQJ *DLD '5�� 7RUUHV
HW DO� ������ SRLQWHG RXW WKDW WKH HQFRXQWHU GLVWDQFH LV HYHQ VPDOOHU� DW
0.062 SF� 1.350\U IURP WRGD\ �VHH DOVR %HUVNL 	 '\EF]\ĔVNL ����� %RE\OHY
	%DMNRYD ����� %DLOHU�-RQHV ������ :LWK WKH GDWD IURP*DLD'5� LQ KDQG�
WKH GLVWDQFH DQG WLPH RI FORVHVW DSSURDFK KDYH DJDLQ VOLJKWO\ GHFUHDVHG WR
0.054 SF DQG 1.28 0\U �7DEOH ����7DEOH ����� GH OD )XHQWH 0DUFRV 	 GH
OD )XHQWH 0DUFRV ������ DQG %DLOHU�-RQHV HW DO� ������ IRXQG VLPLODU EXW
VOLJKWO\ GLVFUHSDQW UHVXOWV� 7KH VPDOO GLVFUHSDQF\ LQ WKH YDULRXV UHVXOWV LV
PDLQO\ GXH WR WKH RUELW LQWHJUDWLRQ PHWKRG DQG WKH *DODFWLF SRWHQWLDO XVHG
LQ WKHLU FDOFXODWLRQV� FRQVLGHULQJ WKDW WKH LQSXW GDWD DUH WKH VDPH�

$ FRPSDULVRQ RI WKH UHVXOWV REWDLQHG IRU *- ��� IURP +LSSDUFRV�
*DLD '5�� DQG *DLD '5� GDWD LV VKRZQ LQ )LJ� ���� &DOFXODWLRQV ZHUH SHU�
IRUPHG IROORZLQJ WKH PHWKRG GHVFULEHG LQ 6HFW������� XVLQJ WKH DVWURPHWULF
GDWD GHVFULEHG LQ 7DEOH ���� 7KH GLVFUHSDQF\ EHWZHHQ +LSSDUFRV DQG *DLD
LV GXH WR WKH GLIIHUHQFH LQ WKH YDOXH RI WKH DVWURPHWULF SDUDPHWHUV DQG UDGLDO
YHORFLW\� 7KLV UHVXOWV LQ D VKLIW LQ WKH SHULKHOLRQ GLVWDQFH RI *- ���� 8VLQJ
GLIIHUHQW SDUDPHWHUV IRU WKH *DODFWLF SRWHQWLDO ZLOO DOVR OHDG WR VOLJKWO\ GLI�
IHUHQW YDOXHV �VHH H�J� %DLOHU�-RQHV HW DO� ������ :H QRWH WKDW WKH WLPH RI
SHULKHOLRQ LV PRUH XQFHUWDLQ IRU WKH*DLD'5� GDWD� ZKLFK LV FDXVHG E\ WKH
ODUJHU XQFHUWDLQW\ LQ WKH UDGLDO YHORFLW\� )ROORZLQJ WKH PHWKRG GHVFULEHG
LQ 6HFW������ DQG 6HFW����� ZH LQYHVWLJDWHG WKH HIIHFW RI *- ��� RQ D VLPX�
ODWHG 2RUW FORXG �)LJ� ���� ILUVW URZ�� 7KH SHUWXUEDWLRQ EHFDXVH RI *- ���
OLIWV WKH VHPL�PDMRU D[LV RI WKH FRPHWV ZLWKLQ WKH UHJLRQ EHWZHHQ∼ �� ���
DQG ��� ��� DX �)LJ� ����� FUHDWLQJ ∼ ����� K\SHUEROLF REMHFWV� ZKLOH ∼
����� RI WKH FRPHWV JDLQ D VHPL�PDMRU D[LV EH\RQG WKH HGJH RI WKH 2RUW
FORXG �a > 100 000 DX��

��
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� '\QDPLFV RI WKH 2RUW FORXG

6B;m`2 jXd, *QMiBMm2XXX

��



��� '\QDPLFDO HYROXWLRQ RI WKH 2RUW FORXG

6B;m`2 jXd, CQBMi /Bbi`B#miBQM Q7 i?2 iBK2 �M/ /Bbi�M+2 Q7 +HQb2bi �TT`Q�+? 7Q` :C dRyX
h?2 }`bi T�M2H b?Qrb `2bmHib Q#i�BM2/ rBi? >BTT�`+Qb /�i�- r?BH2 i?2 KB//H2 �M/ #QiiQK
T�M2Hb b?Qr i?2 `2bmHib 7Q` :�B� ._R �M/ :�B� ._k- `2bT2+iBp2Hv Ub22 h�#H2 jX8VX h?2
+QMiQm` H2p2Hb BM/B+�i2 `2;BQMb 2M+HQbBM; yXey- yXNy- �M/ yXNNW +mKmH�iBp2 T`Q#�#BHBiv
U+QHQ` #�`VX

6HFWLRQ ���

'\QDPLFDO HYROXWLRQ RI WKH 2RUW FORXG

$V SRLQWHG RXW E\+HLVOHU 	 7UHPDLQH ������ WKH*DODFWLF WLGDO ILHOG LV DPD�
MRU FRQWULEXWRU WR 2RUW FORXG SHUWXUEDWLRQV DW ODUJH GLVWDQFHV� ZKLOH DV ZH
VKRZHG LQ 6HFW� ����� WKH FXPXODWLYH HIIHFW RI SDVVLQJ VWDUV FDQ DOVR OHDG WR
VXEVWDQWLDO SHUWXUEDWLRQV RI WKH2RUW FORXG FRPHWV� ,Q WKLV VHFWLRQZH VWXG\
WKH FXPXODWLYH HIIHFWV RI WKH NQRZQ VWHOODU HQFRXQWHUV �7DEOH ���� DQG WKH
*DODFWLF WLGDO ILHOG RYHU WKH LQWHUYDO RI �� 0\U FHQWUHG RQ WKH SUHVHQW WLPH�
7KLV SURYLGHV D ORZHU OLPLW WR WKH FRPELQHG HIIHFW RI VWHOODU HQFRXQWHUV DQG
WKH *DODFWLF WLGDO ILHOG RQ WKH G\QDPLFDO HYROXWLRQ RI WKH 2RUW FORXG�

����� 1XPHULFDO PRGHO
:H XVH WKH $VWURSK\VLFDO 0XOWL�SXUSRVH 6RIWZDUH (QYLURQPHQW ± $086(
�3RUWHJLHV =ZDUW HW DO� ����� 3HOXSHVV\ HW DO� ����� 3RUWHJLHV =ZDUW HW DO�

��



� '\QDPLFV RI WKH 2RUW FORXG

6B;m`2 jX3, >BbiQ;`�K Q7 i?2 Q`#Bi�H 2M2`;v /Bbi`B#miBQM Q7 i?2 T�`iB+H2b BM i?2 PQ`i +HQm/-
#27Q`2 �M/ �7i2` i?2 2M+QmMi2` rBi? i?2 bi�` :CdRyX h?2 `2/ ?BbiQ;`�K +Q``2bTQM/b iQ
i?2 BMBiB�H b2KB@K�DQ` �tBb /Bbi`B#miBQM- �M/ i?2 #H�+F +m`p2 iQ i?2 }M�H QM2X

����E� 3RUWHJLHV =ZDUW 	 0F0LOODQ ����� ± IRU RXU FDOFXODWLRQV� )ROORZ�
LQJ WKH ZRUNV RI 5LFNPDQ HW DO� ������ DQG +DQVH HW DO� ������ ZH ILUVW
FRQVWUXFW DQ LVRWURSLF 2RUW FORXG RI 10, 000 WHVW SDUWLFOHV �)LJ� ���� ILUVW
URZ�� 7KH GLVWULEXWLRQ RI 2RUW FORXG SDUWLFOHV LV VSKHULFDOO\ V\PPHWULF DQG
LVRWURSLF� DQG WKH\ IROORZ D XQLIRUP GLVWULEXWLRQ LQ WKH RUELWDO HOHPHQWV
FRV i� ω�Ω� DQGM � 7KH LQLWLDO HFFHQWULFLWLHV� e� DUH VHOHFWHG ZLWK D SUREDELO�
LW\ GHQVLW\ GLVWULEXWLRQ p(e) ∝ e DQG WKH SHULKHOLD� q� DUH FKRVHQ RXWVLGH RI
WKH SODQHWDU\ UHJLRQ �q > 32 DX�� 7KH VHPL�PDMRU D[HV� a� DUH GLVWULEXWHG
SURSRUWLRQDO WR a−1.5 RYHU WKH UDQJH 3 × 103±105 DX� ,Q RUGHU WR HQVXUH
D WKHUPDOLVHG 2RUW FORXG �H�J� 'XQFDQ HW DO� ������� '\EF]\ĔVNL �������
5LFNPDQ HW DO� ������� ZH XVHG D UDGLDO GHQVLW\ SURILOH RI r−3.5 �ZKHUH r LV
WKH GLVWDQFH EHWZHHQ WKH FRPHWV DQG WKH 6XQ��

6XEVHTXHQWO\ ZH XVHG WKH *38�DFFHOHUDWHG GLUHFW 1�ERG\ FRGH �"A1
�&DL HW DO� LQ SUHSDUDWLRQ� ZLWK D ILIWHHQWK�RUGHU *DXVV�5DGDX LQWHJUDWRU

��



��� '\QDPLFDO HYROXWLRQ RI WKH 2RUW FORXG

�(YHUKDUW ����� RSWLPLVHG IRU FORVH HQFRXQWHUV� :H FRXSOH �"A1 DQG WKH
:�H� SDFNDJH LQ VXFK D ZD\ WKDW �"A1 DGYDQFHV WKH SRVLWLRQV RI WKH 2RUW
FORXG SDUWLFOHV DQG:�H� FDOFXODWHV WKH DFFHOHUDWLRQV RQ HDFK SDUWLFOH GXH WR
WKH *DODFWLF WLGDO ILHOG� EDVHG RQ WKH SRVLWLRQV SURYLGHG E\ �"A1� 7KH FDO�
FXODWHG DFFHOHUDWLRQV DUH VXEVHTXHQWO\ LQVHUWHG LQWR WKH *DXVV�5DGDX LQ�
WHJUDWRU LQ �"A1 DV DGGLWLRQDO IRUFHV� 8VLQJ WKH FDWDORJXH RI QHDUE\ VWDUV
�7DEOH ����� ZH VHOHFWHG DOO WKH VWDUV ���� WKDW DUH SUHGLFWHG WR SDVV ZLWKLQ
2.5 SF RI WKH 6XQ �7DEOH ����±100\U IURP WRGD\� 7KHVH VWDUV DUH LQFOXGHG
LQ WKH LQWHJUDWRU ZLWK WKHLU SUHVHQW�GD\ SRVLWLRQV DQG YHORFLWLHV ZLWK UH�
VSHFW WR WKH 6XQ� +HQFH ZH HYROYH D V\VWHP IRU D SHULRG RI 20 0\U ZKLFK
FRQVLVWV RI RQH KRVW VWDU �WKH 6XQ� VXUURXQGHG E\ 10, 000 WHVW SDUWLFOHV �2RUW
FORXG� XQGHU WKH LQIOXHQFH RI H[WHUQDO SHUWXUEDWLRQV GXH WR SDVVLQJ VWDUV
DQG WKH *DODFWLF WLGDO ILHOG�

����� *DODFWLF WLGH DQG *DLD VWDU SHUWXUEDWLRQ

,Q RUGHU WR GLVHQWDQJOH WKH HIIHFWV RI WKH *DODFWLF WLGDO ILHOG DQG WKH HQFRXQ�
WHUV ZLWK VWDUV LGHQWLILHG LQ *DLD '5� ZH FRQVLGHUHG WKUHH PDLQ FDVHV IRU
H[WHUQDO SHUWXUEDWLRQV� *DODFWLF WLGDO ILHOG� *DLD VWDUV� *DODFWLF WLGDO ILHOG
� *DLD VWDUV� :H IRFXV QRZ RQ WKH HIIHFW RI WKH H[WHUQDO SHUWXUEDWLRQV FRQ�
VLGHULQJ DQ H[WHQGHG 2RUW FORXG �a ! 100 000 DX�� 7KH ILUVW URZ RI )LJ� ���
VKRZV WKH LQLWLDO FRQGLWLRQV IROORZHG E\ WKH ILQDO SHULKHOLRQ GLVWDQFH DV D
IXQFWLRQ RI WKH ILQDO VHPL�PDMRU D[LV IRU WKH WKUHH VFHQDULRV SUHYLRXVO\ GLV�
FXVVHG� &RQVLGHULQJ D VKRUW LQWHJUDWLRQ RI �� 0\U ��� 0\U LQ WKH SDVW� DQG
��0\U LQ WKH IXWXUH�� 7KH JUHHQ DUHD UHSUHVHQWV WKH RULJLQDO ORFDWLRQ RI WKH
HMHFWHG SDUWLFOHV �\HOORZ GRWV��

7KH HIIHFW RI WKH*DODFWLF WLGDO ILHOG RQ WKH2RUW FORXG GHFUHDVHV IURP WKH
RXWVNLUWV WR WKH LQQHU UHJLRQV RI WKH FORXG �VHFRQG URZ )LJ� ����� 7KH SDU�
WLFOHV DW WKH HGJH RI WKH FORXG VXIIHU D FRQVLGHUDEOH FKDQJH LQ WKHLU RUELWDO
HOHPHQWV� 6SHFLILFDOO\� IRU ∼ 0.91� �\HOORZ GRWV� )LJ� ���� RI WKH REMHFWV�
WKHLU VHPL�PDMRU D[HV LQFUHDVH XS WR LQWHUVWHOODU GLVWDQFH � a > ������
DX�� 7KH SDUWLFOHV LQ WKH LQQHU 2RUW FORXG UHPDLQ XQDIIHFWHG� $ VPDOO IUDF�
WLRQ RI WKH SDUWLFOHV �∼ 0.02�� DFTXLUH K\SHUEROLF RUELWV� :KHQ *DLD VWDUV
DUH WKH RQO\ SHUWXUEHU �)LJ� ���� WKLUG URZ� WKHLU HIIHFW LV PXFK OHVV SUR�
QRXQFHG WKDQ WKDW RI WKH *DODFWLF WLGDO ILHOG LQ SDUWLFXODU LQ WKH RXWVNLUWV
RQ WKH 2RUW FORXG� 7KH HIIHFW RI *DLD VWDUV LV GRPLQDWHG E\ WKH VWDU *- ���
�)LJ� ����� +RZHYHU� WKH FXPXODWLYH HIIHFW RI UHODWLYHO\ GLVWDQW HQFRXQWHUV
�∼ �SF� KHOSV WR FKDQJH WKH VHPL�PDMRU D[LV RI∼ 0.38�RI WKH FRPHWV LQ WKH

��



� '\QDPLFV RI WKH 2RUW FORXG

6B;m`2 jXN, 6BM�H 2++2Mi`B+Biv �M/ T2`B?2HBQM �b � 7mM+iBQM Q7 }M�H b2KB@K�DQ`@�tBb- 7Q`
� iQi�H BMi2;`�iBQM Q7 ky Jv`X h?2 }`bi `Qr +Q``2bTQM/b iQ i?2 BMBiB�H +QM/BiBQMbX h?2
b2+QM/ �M/ i?B`/ `Qrb b?Qr i?2 2z2+i Q7 i?2 :�H�+iB+ iB/�H }2H/ �M/ :�B� bi�`b- `2bT2+@
iBp2HvX h?2 H�bi `Qr +Q``2bTQM/b iQ i?2 +QK#BM2/ 2z2+ib Q7 i?2 :�H�+iB+ iB/2b �M/ :�B�
bi�`bX h?2 ;`22M �`2� +Q``2bTQM/b iQ i?2 BMBiB�H TQbBiBQM Q7 i?2 2D2+i2/ T�`iB+H2b- +QHQm`2/
v2HHQrX

��



��� '\QDPLFDO HYROXWLRQ RI WKH 2RUW FORXG

RXWHU 2RUW FORXG� ZKHUHDV 0.01�RI WKH RXWHU 2RUW FORXG REMHFWV DFTXLUH K\�
SHUEROLF RUELWV�

7KH FRPELQDWLRQ RI WKH *DODFWLF WLGDO ILHOG DQG *DLD VWDUV �)LJ� ���� ODVW
URZ� HQKDQFHV WKH SHUWXUEDWLRQV RQ WKH 2RUW FORXG� FDXVLQJ 0.03� RI WKH
LQLWLDO REMHFWV WR EHFRPH XQERXQG IURP WKH VRODU V\VWHP� ZKLOH ∼ 1.12�
DFTXLUH RUELWV ZLWK VHPL�PDMRU D[LV LQ WKH LQWHUVWHOODU UHJLRQV� L�H�� a "
100 000 DX� ,Q DOO WKUHH VFHQDULRV IRU H[WHUQDO SHUWXUEDWLRQV� D FRQVLGHUDEOH
SRSXODWLRQ RI REMHFWV ZLWK a " 100 000 DX LV FUHDWHG� 7KHLU RUELWV UHPDLQ
HOOLSWLF� EXW WKH HIIHFW RI H[WHUQDO SHUWXUEDWLRQV OLIWV WKHLU VHPL�PDMRU D[LV
EH\RQG WKH2RUW FORXG �\HOORZ GRWV� )LJ� ����� 7KLV HIIHFW LV RQO\ UHOHYDQW IRU
WKH RXWHUPRVW UHJLRQV RI WKH 2RUW FORXG �∼ 80 000±100 000 DX�� 7KH RUELWDO
HOHPHQWV RI WKH SDUWLFOHV LQ WKH LQQHU SDUWV RI WKH FORXG ZLOO QRW EH DIIHFWHG
DV VWURQJO\�

:H QRZ FRQVLGHU D FRPSDFW 2RUW FORXG ZLWK VHPL�PDMRU D[HV XS WR
50 000 DX� 7KH HIIHFW RI WKH *DODFWLF WLGDO ILHOG KDV D QHJOLJLEOH HIIHFW
�ILUVW SDQHO� )LJ� ����� RYHU WKH SDUWLFOHV LQ WKH FORXG� 7KH VHFRQG SDQHO
LQ )LJ� ���� VKRZV WKH HIIHFW RI WKH *DLD VWDUV� 7KH HIIHFW RI *- ��� LV SURPL�
QHQW� DQG FDXVHV D PDMRU SHUWXUEDWLRQ� 7KH ODVW SDQHO LQ )LJ� ���� VKRZV
WKDW WKH HIIHFW RI WKH *DLD VWDUV GRPLQDWHV RYHU WKH *DODFWLF WLGDO ILHOG�
KRZHYHU LW LV WKH FRPELQHG HIIHFW ZKLFK HIILFLHQWO\ LQFUHDVHV WKH QXPEHU RI
SDUWLFOHV �E\ ∼ 1.20�� ZLWK VHPL�PDMRU D[LV EH\RQG WKH OLPLWV RI WKH FORXG
�a > 50 000 DX��

:H FRQFOXGH WKDW WKH FXPXODWLYH HIIHFW RI SDVVLQJ VWDUV DQG WKH *DODFWLF
WLGDO ILHOG DUH HIILFLHQW PHFKDQLVPV LQ WKH FUHDWLRQ RI FRPHWV IRU ZKLFK WKH
VHPL�PDMRU D[LV LV ODUJHU WKDQ WKH H[WHQW RI WKH2RUW FORXG �a! ������ DX��
EXW ZLWK ERXQG DQG HFFHQWULF RUELWV� +HUHDIWHU ZH UHIHU WR VXFK REMHFWV DV
WUDQVLWLRQDO LQWHUVWHOODU FRPHWV �7,&V�� ,I ZH FRQVLGHU DQ 2RUW FORXG ZLWK
a ! 100 000 DX� WKH *DODFWLF WLGDO ILHOG LV WKH PDMRU SHUWXUEHU� ZKLOH IRU
DQ 2RUW FORXG ZLWK a ! 50 000 DX SDVVLQJ VWDUV SURYLGH WKH PDMRU HIIHFW�
PDLQO\ GXH WR WKH FORVH HQFRXQWHU ZLWK *- ��� �)LJ� �����

)RU ORQJ WLPHVFDOHV �RQ WKH RUGHU RI JLJD\HDUV�� WKH V\QHUJ\ EHWZHHQ
*DODFWLF WLGHV DQG VWHOODU HQFRXQWHUV WR EULQJ FRPHWV LQWR WKH REVHUYDEOH
]RQH LV QRZ ZHOO XQGHUVWRRG �5LFNPDQ HW DO� ����� )RXFKDUG HW DO� ������
%RWK SHUWXUEDWLRQV VWURQJO\ GHSHQG RQ WKH VHPL�PDMRU D[LV RI WKH FRPHWV�
,Q JHQHUDO WKH *DODFWLF WLGDO ILHOG UDSLGO\ FKDQJHV WKH SHULKHOLD RI WKH RXWHU
UHJLRQV� ZKLOH SDVVLQJ VWDUV DUH D JRRG PHFKDQLVP WR HMHFW RU LQMHFW SDUWL�
FOHV ZKHQ D FORVH HQFRXQWHU KDSSHQHG �VHH H�J� 3RUWHJLHV =ZDUW 	 -tONRYi
������ )RU VKRUW WLPHVFDOHV �∼ 20 0\U�� WKH *DODFWLF WLGH DQG VWHOODU HQ�

��



� '\QDPLFV RI WKH 2RUW FORXG

6B;m`2 jXRy, 6BM�H T2`B?2HBQM �b � 7mM+iBQM Q7 }M�H b2KB@K�DQ` �tBb 7Q` �M PQ`i +HQm/
bBx2 Q7 50, 000 �mX h?2 }`bi T�M2H b?Qrb i?2 2z2+i Q7 i?2 :�H�+iB+ iB/�H }2H/ UK�`F2/
�b � JqVX h?2 b2+QM/ �M/ i?B`/ T�M2Hb b?Qr i?2 2z2+i Q7 :�B� bi�`b U:aV �M/ i?2
+QK#BM�iBQM Q7 #Qi? i?2 :�H�+iB+ iB/2 �M/ :�B� bi�`b UJqY:aV- `2bT2+iBp2HvX "H�+F
/Qib `2T`2b2Mi i?2 T�`iB+H2b BM i?2 PQ`i +HQm/- r?BH2 i?2 v2HHQr /Qib `2T`2b2Mi i?2 2D2+i2/
QM2bX

��
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� '\QDPLFV RI WKH 2RUW FORXG

6B;m`2 jXRk, J2�M T2`B?2HBQM �M/ 2++2Mi`B+Biv +?�M;2b �b � 7mM+iBQM Q7 i?2 b2KB@K�DQ`
�tBb Q7 i?2 +QK2ibX h?2 ;`22M �`2� +Q``2bTQM/b iQ i?2 `2;BQM Q7 i?2 BMBiB�H TQbBiBQM Q7 i?2
T�`iB+H2b 2D2+i2/- `2T`2b2Mi2/ �b � v2HHQr /QibX
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��� '\QDPLFDO HYROXWLRQ RI WKH 2RUW FORXG

6B;m`2 jXRj, >BbiQ;`�K Q7 i?2 Q`#Bi�H 2M2`;v /Bbi`B#miBQM Q7 i?2 T�`iB+H2b BM i?2 PQ`i
+HQm/X h?2 #Hm2 +m`p2 +Q``2bTQM/b iQ i?2 }M�H b2KB@K�DQ` �tBb- r?BH2 i?2 `2/ +m`p2
b?Qrb i?2 BMBiB�H /Bbi`B#miBQMX

FRXQWHUV SURYH WR EH DQ HIILFLHQW PHFKDQLVP IRU WKH FUHDWLRQ RI 7,&V� 7KH
RXWHUPRVW SDUW RI WKH FORXG �∼ 80 000±100 000 DX� )LJ� ����� LV KHDYLO\ SHU�
WXUEHG� ZKHUHDV WKH LQQHUPRVW SDUW UHPDLQV XQFKDQJHG �3000±50 000 DX�
)LJ� ������ 7KLV LPSOLHV WKDW WKH HGJH RI WKH 2RUW FORXG LV VHQVLWLYH WR H[�
WHUQDO SHUWXUEDWLRQV DQG LV UHODWLYHO\ HDV\ WR VWULS� 7KH SDUWLFOHV LQ WKH
RXWHUPRVW SDUW RI WKH 2RUW FORXG KDYH D FRQVLGHUDEOH FKDQJH LQ WKHLU RU�
ELWDO HOHPHQWV� 7KH FKDQJH RI WKH SHULKHOLRQ DQG HFFHQWULFLW\ LQFUHDVHV DV
D IXQFWLRQ RI WKH VHPL�PDMRU D[HV �)LJ� ������ ZKHUHDV WKH VHPL�PDMRU D[HV
UHDFK LQWHUVWHOODU GLVWDQFHV� 7KHVH REMHFWV SUHYLRXVO\ UHIHUUHG WR DV WUDQ�
VLWLRQDO LQWHUVWHOODU FRPHWV UHPDLQ ERXQG WR WKH 6XQ ZLWK HFFHQWULF RUELWV
�)LJ� ������ 7KH GHWDLOHG HIIHFWV RI VXEVHTXHQW SHUWXUEDWLRQV GXH WR SDVVLQJ
VWDUV DQG WKH *DODFWLF WLGDO ILOHG ZLOO GHWHUPLQH LI WKHVH REMHFWV ZLOO UHWXUQ
WR WKH VRODU V\VWHP RU EHFRPH XQERXQG�

��



� '\QDPLFV RI WKH 2RUW FORXG

&RQVLGHULQJ WKH HIILFLHQF\ RI H[WHUQDO SHUWXUEDWLRQV RQ FLUFXPVWHOODU
FRPHW FORXGV LQ WKH FUHDWLRQ RI LQWHUVWHOODU REMHFWV� DQG QRWLQJ WKDW 9DO�
WRQHQ 	 ,QQDQHQ ������ SRLQWHG RXW WKDW REMHFWV ZLWK D UHODWLYH YHORFLW\
DERYH ��� NP�V FDQ SUREDEO\ HQWHU DQG OHDYH WKH VRODU V\VWHP� ZH VSHFX�
ODWH WKDW D µFORXG¶ RI REMHFWV H[LVWV LQ LQWHUVWHOODU VSDFH ZKLFK RYHUODSV ZLWK
RXU 2RUW FORXG DQG FRQVWDQWO\ H[FKDQJHV PDWHULDO ZLWK LW� $Q LQGLFDWLRQ
WKDW WKLV PD\ EH WKH FDVH ZDV SURYLGHG E\ WKH ILUVW LQWHUVWHOODU FRPHW GH�
WHFWHG� ¶2XPXDPXD �:LOOLDPV ������ ZKLFK RSHQHG D QHZ HUD LQ WKH VWXG\
RI LQWHUVWHOODU REMHFWV� (VWLPDWHV RI WKH ORFDO GHQVLW\ RI LQWHUVWHOODU REMHFWV
UDQJH IURP 1014 SF−3 �3RUWHJLHV =ZDUW HW DO� ������ WR 8× 1014 SF−3 �-HZLWW
HW DO� ������ WR 2×1015 SF−3 �'R HW DO� ������ 7KH H[LVWHQFH RI DQ LQWHUVWHOODU
FRPHW FORXG FRXOG SDUWO\ H[SODLQ WKH VOLJKWO\ K\SHUEROLF FRPHWV DQG SRWHQ�
WLDO LQWHUVWHOODU REMHFWV WKDW PLJKW KDYH EHHQ GHWHFWHG LQ WKH VRODU V\VWHP
EXW QRW \HW FODVVLILHG DV VXFK �VHH H�J� GH OD )XHQWH 0DUFRV 	 GH OD )XHQWH
0DUFRV ������ $ IXWXUH GHWDLOHG VWXG\ RI WKH HYROXWLRQ RI WKH 7,&V FUHDWHG
E\ WKH WLGHV DQG VWHOODU HQFRXQWHUV LV QHHGHG WR GUDZ PRUH VROLG FRQFOX�
VLRQV�

7KH UHVXOWV SUHVHQWHG KHUH DUH EDVHG RQ WKH DVVXPSWLRQ RI D K\SRWKHWL�
FDO SUHVHQW GD\ VSKHURLGDO FORXG RI FRPHWV H[WHQGLQJ XS WR 100, 000 DX IURP
WKH 6XQ� ,I ZH FRQVLGHU D VPDOOHU VWUXFWXUH �)LJ� ������ SDVVLQJ VWDUV DUH WKH
PDLQ SHUWXUEHUV� ZKLOH WKH *DODFWLF WLGDO ILHOG EDUHO\ LQIOXHQFHV WKH RUELW
RI WKH FRPHWV� ,Q DGGLWLRQ ZH VWUHVV WKDW RXU VDPSOH RI VWDUV FRQVLGHUHG
DV SHUWXUEHUV RI WKH 2RUW FORXG LV LQFRPSOHWH GXH WR WKH *DLD VXUYH\ OLPLWV
FRPELQHG ZLWK RXU GDWD TXDOLW\ ILOWHULQJ DQG WKH XSSHU OLPLW ZH LPSRVHG
RQ WKH GLVWDQFH WR WKH VWDUV LQ RXU VDPSOH� $ PRUH FRPSOHWH LQYHQWRU\ RI
2RUW FORXG SHUWXUEHUV ZRXOG LQFUHDVH WKH HIIHFWV RI WKH VWHOODU HQFRXQWHUV�

6HFWLRQ ���

6XPPDU\ DQG &RQFOXVLRQV

,Q WKLV ZRUN ZH SUHVHQW D VWXG\ RI WKH FRPELQHG HIIHFW RI WKH *DODFWLF WLGDO
ILHOG DQG FORVH VWHOODU HQFRXQWHUV SUHGLFWHG WR RFFXU RYHU D WLPH LQWHUYDO
RI �� 0\U DURXQG WKH SUHVHQW RQ WKH 2RUW FORXG RI WKH VRODU V\VWHP� 2XU
IRFXV LV RQ WKH ORVV RI FRPHWV WR LQWHUVWHOODU VSDFH� )ROORZLQJ 5LFNPDQ HW DO�
������� ZH ILUVW SUHVHQWHG D VLPSOH PRGHO RI VWHOODU HQFRXQWHUV EDVHG RQ
GDWD FRPSLOHG IRU �� VSHFWUDO W\SHV RI WKH VWDUV LQ WKH VRODU QHLJKERXUKRRG�
:H FRQILUP WKDW LQGLYLGXDO SHUWXUEDWLRQV RI UDQGRPO\ SDVVLQJ VWDUV FDQQRW
DOWHU WKH RUELWV RI WKH FRPHWV LQ WKH2RUW FORXG XQOHVV D YHU\ FORVH HQFRXQWHU

��



��� 6XPPDU\ DQG &RQFOXVLRQV

RFFXUV� +RZHYHU� IURPD FRQVLGHUDWLRQ RI WKH VWHOODU HQFRXQWHU VWDWLVWLFV ZH
VKRZ WKDW WKH FRPHWV LQ WKH FORXG PD\ EH ORVW WR LQWHUVWHOODU VSDFH RYHU D
VKRUW SHULRG RI WLPH GXH WR WKH FXPXODWLYH HIIHFW RI VWHOODU HQFRXQWHUV�

0RWLYDWHG E\ WKLV UHVXOW ZH XVHG*DLD'5� GDWD WR LGHQWLI\ 14, 659 VWDUV
SDVVLQJ ZLWKLQ 50 SF RI WKH 6XQ RYHU WKH WLPH SHULRG RI ±10 0\U FHQWUHG
RQ WKH SUHVHQW� 2XW RI WKLV VDPSOH �� VWDUV DUH SUHGLFWHG WR EH PDMRU SHU�
WXUEHUV RI WKH 2RUW FORXG� DSSURDFKLQJ WKH 6XQ WR ZLWKLQ 2.5 SF� 7KLV FDW�
DORJXH RI SHUWXUELQJ VWDUV �SUHVHQWHG LQ 7DEOH ���� FRQVWLWXWHV DQ DVWUR�
PHWULFDOO\ FOHDQ VDPSOH� ZKLFK LV QHYHUWKHOHVV LQFRPSOHWH GXH WR WKH *DLD
VXUYH\ OLPLWDWLRQV� WKH XSSHU OLPLW LPSRVHG RQ WKH GLVWDQFH WR WKH VWDUV LQ
WKH VDPSOH ��� SF�� DQG WKH VWULFW GDWD�TXDOLW\ ILOWHULQJ� 2XU HVWLPDWHV RI
WKH HIIHFW RI NQRZQ VWHOODU HQFRXQWHUV LV WKHUHIRUH FRQVHUYDWLYH �ZH QRWH
WKDW %DLOHU�-RQHV HW DO� ����� ILQG D ODUJHU QXPEHU RI VWHOODU HQFRXQWHUV
IURP *DLD '5� GXH WR WKHLU OHVV VWULQJHQW GDWD�TXDOLW\ ILOWHULQJ�� 8VLQJ
WKH LPSXOVH DSSUR[LPDWLRQ �(T� ������ ZH WKHQ FDOFXODWHG WKH LPSXOVH WKDW
HDFK VWDU SDVVLQJ ZLWKLQ 2.5 SF RI WKH 6XQ LPSDUWV WR D FRPHW LQ WKH 2RUW
FORXG� :H IRXQG WKDW �DV H[SHFWHG� WKH HIIHFW RI LQGLYLGXDO HQFRXQWHUV LV
UHODWLYHO\ VPDOO �RQ WKH RUGHU RI 10−3 WR 10−4 NP V−1�� 7KH FXPXODWLYH HI�
IHFW RI *DLD VWDUV ZDV WKHQ LQYHVWLJDWHG� :H IRXQG WKDW WKH FROOHFWLYH HIIHFW
RI VWDUV SDVVLQJ ZLWKLQ∼ �SF FDQ OLIW WKH SHULKHOLRQ RI PHPEHUV RI WKH 2RUW
FORXG LQ D UHODWLYHO\ VKRUW SHULRG RI WLPH�

)LQDOO\� ZH IRFXVHG RXU VWXG\ RQ WKH FRPELQHG HIIHFW RI PXOWLSOH VWHO�
ODU HQFRXQWHUV DQG WKH *DODFWLF WLGDO ILHOG RQ D VLPXODWHG 2RUW FORXG� 7R
DFKLHYH WKLV ZH XVHG D GHWDLOHG N�ERG\ VLPXODWLRQV� HYROYLQJ D V\VWHP RI
RQH KRVW VWDU �WKH 6XQ� VXUURXQGHG E\ ������ WHVW SDUWLFOHV �WKH2RUW FORXG�
DQG DIIHFWHG E\ WKUHH GLIIHUHQW VHWV RI H[WHUQDO SHUWXUEDWLRQV �*DLD VWDUV
RQO\� *DODFWLF WLGDO ILHOG RQO\� DQG WKH FRPELQDWLRQ RI ERWK�� RYHU D SHULRG
RI 200\U �±100\U FHQWUHG RQ WRGD\�� :KHQZH FRQVLGHU DQ H[WHQGHG2RUW
FORXG �a ! ������ DX�� ZH ILQG WKDW WKH HIIHFW RI WKH *DODFWLF WLGDO ILHOG
DORQH OHDGV WR WKH FUHDWLRQ RI 7,&V RI DURXQG 0.91� RI WKH LQLWLDO FRPHWV�
ZKLOH WKH FROOHFWLYH HIIHFW RI WKH SDVVLQJ VWDUV RQO\ OHDGV WR D VPDOOHU IUDF�
WLRQ RI 0.38�� )RU WKH FRPSDFW PRGHO RI WKH 2RUW FORXG �a ! ����� DX��
SDVVLQJ VWDUV GRPLQDWH WKH SHUWXUEDWLRQV� PDLQO\ GXH WR WKH VWDU *- ����
ZKLOH WKH HIIHFW RI WKH *DODFWLF WLGDO ILHOG LV DOPRVW QHJOLJLEOH� 2YHUDOO IRU
DQ H[WHQGHG FORXG� WKH *DODFWLF WLGH GRPLQDWHV RYHU WKH SDVVLQJ VWDUV� IRU
WKH FDVH RI D FRPSDFW FORXG WKH RSSRVLWH LV WUXH� +RZHYHU� LW LV WKH FRP�
ELQHG HIIHFW RI SDVVLQJ VWDUV DQG WKH *DODFWLF WLGDO ILHOG ZKLFK VLJQLILFDQWO\
LQFUHDVHV WKH SHUWXUEDWLRQ RQ WKH 2RUW FORXG� 7KHVH FRPELQHG HIIHFWV UDLVH
WKH VHPL�PDMRU D[LV RI DURXQG 1.12� RI WKH LQLWLDO SDUWLFOHV IRU WKH FRPSDFW
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� '\QDPLFV RI WKH 2RUW FORXG

PRGHO� DQG∼ 1.20� IRU WKH H[WHQGHG RQH� XS WR WKH LQWHUVWHOODU UHJLRQV �L�H�
D ! ������DX�� 7KH HVWLPDWHV SUHVHQWHG LQ WKLV ZRUN DUH FRQVHUYDWLYH DQG
EDVHG RQ D VPDOO VDPSOH RI NQRZQ VWDUV WKDW SDVV QHDU WR WKH 6XQ GXULQJ
±100\U� 7KH HIIHFWV RI D PRUH FRPSOHWH VDPSOH ZLOO LQFUHDVH WKH QXPEHU
RI 7,&V� 2YHUDOO WKH H[WHUQDO SHUWXUEDWLRQV DUH DQ HIILFLHQW PHFKDQLVPV LQ
WKH IRUPDWLRQ RI LQWHUVWHOODU FRPHWV RYHU D VKRUW SHULRG RI WLPH �LQ WKH RUGHU
RI WHQV RI PHJD\HDUV��

7KH IXUWKHU HYROXWLRQ RI WKH WUDQVLWLRQDO LQWHUVWHOODU FRPHWV GHSHQGV RQ
WKH SHUWXUEDWLRQV LQWURGXFHG E\ SDVVLQJ VWDUV DQG WKH *DODFWLF WLGDO ILHOG�
7KHVH SHUWXUEDWLRQV GHWHUPLQHZKHWKHU WKH WUDQVLWLRQDO LQWHUVWHOODU FRPHWV
ZLOO UHPDLQ ERXQG WR WKH VRODU V\VWHP RU HYHQWXDOO\ EHFRPH LQWHUVWHOODU
FRPHWV� 8QGHU WKH K\SRWKHVLV WKDW RWKHU SODQHWDU\ V\VWHPV DOVR SRVVHVV
2RUW FORXG�OLNH VWUXFWXUHV� WKH\ PRVW SUREDEO\ H[SHULHQFH WKH VDPH PHFK�
DQLVP RI HURVLRQ GXH WR H[WHUQDO SHUWXUEDWLRQV� 7KLV OHDGV XV WR VSHFXODWH
WKDW WKHUH LV D ODUJH SRSXODWLRQ RI FRPHWDU\ ERGLHV WKDW RFFXS\ LQWHUVWHOODU
VSDFH� 7KHUHIRUH� YLVLWV WR WKH VRODU V\VWHP E\ LQWHUVWHOODU FRPHWV VXFK DV
¶2XPXDPXD PD\ ZHOO EH D IUHTXHQW RFFXUUHQFH�

$FNQRZOHGJHPHQWV :H WKDQN WKH UHIHUHH IRU WKH FRQVWUXFWLYH UH�
SRUWV DQG KHOSIXO VXJJHVWLRQV WR LPSURYH WKH SUHVHQW ZRUN� 67 H[SUHVVHV
KLV JUDWLWXGH WR WKH 0H[LFDQ 1DWLRQDO &RXQFLO IRU 6FLHQFH DQG 7HFKQRO�
RJ\ �&21$&<7� IRU WKH JUDQW ��������������� WR /HLGHQ 2EVHUYDWRU\ IRU
WKH XQFRQGLWLRQDO VXSSRUW� DQG WR 'DQLHO +HVWURIIHU� (ULF 0DPDMHN� .RQ�
VWDQWLQ %DW\JLQ� DQG <OYD *|WEHUJ� IRU WKH GLVFXVVLRQV DQG FRPPHQWV RQ
WKH PDQXVFULSW� 7KLV SURMHFW ZDV VKDSHG LQ SDUW DW WKH ���� 1HZ <RUN
*DLD 6SULQW� 7KLV ZRUN ZDV VXSSRUWHG E\ WKH 1HWKHUODQGV 5HVHDUFK 6FKRRO
IRU $VWURQRP\ �129$� DQG E\ 1:2 �JUDQW ������������ >/*0�,,@�� 7KLV
ZRUN KDV PDGH XVH RI GDWD IURP WKH (XURSHDQ 6SDFH $JHQF\ �(6$� PLV�
VLRQ *DLD �?iiTb,ffrrrX+QbKQbX2b�XBMif;�B��� SURFHVVHG E\ WKH *DLD 'DWD
3URFHVVLQJ DQG $QDO\VLV &RQVRUWLXP �'3$&� ?iiTb,ffrrrX+QbKQbX2b�XBMif
r2#f;�B�f/T�+f+QMbQ`iBmK�� )XQGLQJ IRU WKH '3$& KDV EHHQ SURYLGHG E\
QDWLRQDO LQVWLWXWLRQV� LQ SDUWLFXODU WKH LQVWLWXWLRQV SDUWLFLSDWLQJ LQ WKH*DLD
0XOWLODWHUDO $JUHHPHQW� 7KLVZRUNZDV FDUULHG RXW RQ WKH'XWFK QDWLRQDO H�
LQIUDVWUXFWXUH ZLWK WKH XVH RI &DUWHVLXV WKH 'XWFK QDWLRQDO VXSHUFRPSXWHU
DQG WKH VXSSRUW RI 685) &RRSHUDWLYH�
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