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� ,QWURGXFWLRQ

7KH VRODU V\VWHP ZDV IRUPHG DSSUR[LPDWHO\ ���� ELOOLRQ \HDUV DJR� 'H�
VSLWH WKH QXPHURXV WKHRULHV WKDW KDYH EHHQ GHYHORSHG RYHU WKH \HDUV� WKH
IRUPDWLRQ DQG HYROXWLRQ RI WKH VRODU V\VWHP VWLOO UHPDLQV XQFOHDU �3IDO]QHU
HW DO� ����� DQG UHIHUHQFHV WKHUHLQ�� +RZHYHU� VHYHUDO DGYDQFHV KDYH EHHQ
PDGH LQ RXU NQRZOHGJH DERXW WKH VRODU V\VWHP� 7KH PRVW DFFHSWHG WKHRU\
DERXW LWV IRUPDWLRQ DQG HDUO\ HYROXWLRQ GHVFULEHV D JUDYLWDWLRQDO FROODSVH RI
D GHQVH FORXG RI LQWHUVWHOODU JDV DQG GXVW� 7KH FRQVHUYDWLRQ RI DQJXODU PR�
PHQWXP LQGXFHG D UDSLG URWDWLRQ RI WKH FROODSVLQJ FORXG� IODWWHQLQJ LW XQWLO
LW EHFDPH D SURWRSODQHWDU\ GLVN� ,Q WKH FHQWUDO� PRVW GHQVH UHJLRQ RI WKH
GLVN� D VWDU ZDV FUHDWHG ² RXU 6XQ� ,Q D VLPLODU PDQQHU� FOXPS\ VWUXFWXUHV
GHYHORSHG LQ WKH GLVN� 7KHVH HYHQWXDOO\ JUHZ WR IRUP WKH SODQHWV� GZDUI
SODQHWV DQG PRRQV� 7KH OHIWRYHUV RI WKLV SURFHVV OHG WR WKH IRUPDWLRQ RI
VPDOO ERGLHV� VXFK DV DVWHURLGV DQG FRPHWV� 7KLV LV KRZ WKH ILYH PDLQ W\SHV
RI REMHFWV LQ WKH VRODU V\VWHPZHUH IRUPHG� WKH 6XQ� SODQHWV� GZDUI SODQHWV�
PRRQV� DQGPLQRU ERGLHV �DVWHURLGV DQG FRPHWV�� $ VFKHPDWLF UHSUHVHQWD�
WLRQ RI WKH VRODU V\VWHP LV VKRZQ LQ )LJ� ����

6B;m`2 RXR, h?2 bQH�` bvbi2KX h�F2M 7`QK a+?r�K# UkyR9VX

�7KH 6XQ LV WKH PDLQ REMHFW LQ WKH VRODU V\VWHP� ,W LV D \HOORZ GZDUI
VWDU ZLWK D PDVV RI ∼ 2 × 1030 NJ RU �0! DQG WHPSHUDWXUH DW WKH FHQWUH
RI ∼ 1.5 × 107 .� ,W LV PDLQO\ PDGH XS RI K\GURJHQ �∼���� DQG KHOLXP
�∼����� DQG LW LV ORFDWHG DW WKH FHQWUH RI WKH VRODU V\VWHP ZKHUH LWV JUDY�
LW\ KROGV WKH HQWLUH V\VWHP WRJHWKHU� 3ODQHWV DUH FHOHVWLDO ERGLHV WKDW RUELW
DURXQG WKH 6XQ� 7KH\ DUH VXIILFLHQWO\ PDVVLYH IRU WKH JUDYLWDWLRQDO IRUFHV
WKDW KROG WKHP WRJHWKHU WR EH VWURQJ� 7KHVH VWURQJ IRUFHV FDXVH WKH LQWH�
ULRU RI SODQHWV WR EH KRW DQGPHOW� ZKLFK LQ WXUQ OHDGV WR WKHLU FKDUDFWHULVWLF
URXQG VKDSH� $GGLWLRQDOO\� SODQHWV FOHDUHG WKHLU RUELW IURP VPDOOHU ERGLHV�
7KHUH DUH HLJKW SODQHWV LQ WKH VRODU V\VWHP� 0HUFXU\� 9HQXV� (DUWK� 0DUV�
-XSLWHU� 6DWXUQ� 8UDQXV DQG 1HSWXQH� 3ODQHWV DUH ORFDWHG LQ WKH LQQHU SDUW
RI WKH VRODU V\VWHP� ZKLFK LV FRPPRQO\ FDOOHG WKH SODQHWDU\ UHJLRQ� 7KH

�



SODQHWDU\ UHJLRQ H[WHQGV IURP WKH LQQHUPRVW SODQHW �0HUFXU\� ORFDWHG DW
���� DX IURP WKH 6XQ WR WKH RXWHUPRVW RQH �1HSWXQH� DW �� DX�

0RRQV DUH FHOHVWLDO ERGLHV WKDW RUELW DURXQG D SODQHW RU GZDUI SODQHW�
7R GDWH� ��� PRRQV KDYH EHHQ GLVFRYHUHG LQ WKH VRODU V\VWHP� ,Q FRQWUDVW
WR SODQHWV� GZDUI SODQHWV �H�J�� 3OXWR� &HUHV� 0DNHPDNH� GR QRW KDYH D VXI�
ILFLHQWO\ VWURQJ JUDYLWDWLRQDO ILHOG WR HPSW\ WKHLU VXUURXQGLQJV RI VPDOO RE�
MHFWV� 7KH\ DUH WKHUHIRUH IRXQG LQ UHJLRQV IXOO RI VPDOOHU URFNV� VXFK DV LQ
WKH DVWHURLG EHOW DQG LQ WKH WUDQVQHSWXQLDQ UHJLRQ� 7KH DVWHURLG EHOW LV VLW�
XDWHG EHWZHHQ WKH RUELWV RI 0DUV DQG -XSLWHU� 7KH WUDQVQHSWXQLDQ UHJLRQ
H[WHQGV IURP WKH RUELW RI 1HSWXQH �∼�� DX� RXW WR WKH RXWHU HGJH RI WKH
VFDWWHUHG GLVN� DURXQG ��� DX IURP WKH 6XQ�

)LQDOO\� WKH PLQRU ERGLHV DUH GLYHG LQ WZR FDWHJRULHV� DVWHURLGV DQG
FRPHWV� 7KH\ DUH ORFDWHG LQ WKUHH PDLQ UHJLRQV� WKH DVWHURLG EHOW� .XLSHU
EHOW�VFDWWHUHG GLVN DQG WKH 2RUW FORXG� $VWHURLGV DUH VPDOO DQG RIWHQ LUUHJ�
XODUO\ VKDSHG FHOHVWLDO ERGLHV PDLQO\ IRXQG LQ WKH DVWHURLG EHOW� &RPHWV�
RQ WKH RWKHU KDQG� DUH LF\ REMHFWV WKDW EHORQJ WR WKH .XLSHU EHOW�VFDWWHUHG
GLVN DQG WKH 2RUW FORXG� 7KH .XLSHU EHOW�VFDWWHUHG GLVN� LV WKH VRXUFH RI
VKRUW�SHULRG FRPHWV �FRPHWV ZLWK RUELWV ODVWLQJ OHVV WKDQ ��� \HDUV�� 7KH
.XLSHU EHOW H[WHQGV IURP ��DX WR∼�� DX� ZKLOH WKH VFDWWHUHG GLVN H[WHQGV
IURP∼�� DX WR∼��� DX� 7KH 2RUW FORXG� WKH VRXUFH RI ORQJ�SHULRG FRPHWV
�FRPHWV ZLWK RUELWV ODVWLQJPRUH WKDQ ��� \HDUV�� VWDUWV ULJKW DIWHU WKH VFDW�
WHUHG GLVN DQG H[WHQGV KDOI WKH ZD\ WR WKH QHDUHVW VWDU WR WKH 6XQ� 3UR[LPD
&HQWDXUL �2RUW ������

7R EHWWHU XQGHUVWDQG WKH IRUPDWLRQ DQG HYROXWLRQ RI WKH VRODU V\VWHP�
G\QDPLFDO PRGHOV DUH QHHGHG� ,Q SDUWLFXODU� WKH VWXG\ RI FRPHWV FDQ UHYHDO
FULWLFDO SLHFHV RI LQIRUPDWLRQ DERXW WKLV SURFHVV� 7KH RUELWV RI WKH FRPHWV
LQ WKH LQQHU SDUW RI WKH 2RUW FORXG IRUP D IUR]HQ UHFRUG RI WKH HYROXWLRQ RI
WKH VRODU V\VWHP� $W SUHVHQW� FRPHWV LQ WKLV UHJLRQ DUH ORFDWHG DW VXFK ODUJH
GLVWDQFHV IURP WKH FHQWHU RI WKH VRODU V\VWHP WKDW SHUWXUEDWLRQV IURP SODQ�
HWV DUH QHJOLJLEOH� 7KH\ DUH UDWKHU DW ULVN WR EH ULSSHG DZD\ E\ SDVVLQJ VWDUV
RU HYHQ WKH JUDYLWDWLRQDO ILHOG RI WKH 0LON\ :D\ LWVHOI� (VSHFLDOO\ FRPHWV LQ
WKH RXWHUPRVW UHJLRQV DUH VHQVLWLYH WR VXFK H[WHUQDO LQIOXHQFH� DOUHDG\ GXU�
LQJ WKH HDUO\ SKDVHV RI WKH IRUPDWLRQ RI WKH VRODU V\VWHP �H�J�� 7RUUHV HW DO�
����D�E�� 7KHVH H[WHUQDO LQIOXHQFHV KDYH EHHQ VKDSLQJ WKH 2RUW FORXG RYHU
LWV KLVWRU\� SURGXFLQJ FRPHW VKRZHUV UHDFKLQJ LQWR WKH SODQHWDU\ UHJLRQ
DQG VWULSSLQJ FRPHWV RXW LQWR WKH LQWHUVWHOODU VSDFH� IRUPLQJ LQWHUVWHOODU
FRPHWV�

6WXG\LQJ WKH G\QDPLFDO HYROXWLRQ RI FRPHWV FDQ KHOS XV WR FRQVWUDLQ
DQG WR XQGHUVWDQG WKH IRUPDWLRQ DQG HYROXWLRQ RI WKH VRODU V\VWHP� %RWK
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� ,QWURGXFWLRQ

WKH KLVWRU\ RI HQFRXQWHUV EHWZHHQ WKH VRODU V\VWHP DQG QHDUE\ VWDUV DQG
WKH HIIHFW RI WKH WLGHV IURP WKH *DOD[\ DUH NH\ FRPSRQHQWV� 7KH FXUUHQW
GLVWULEXWLRQ RI QHDUE\ VWDUV DQG WKH *DODFWLF SRWHQWLDO DUH UHDVRQDEO\ ZHOO
NQRZQ� 7KH *DLDPLVVLRQ �*DLD &ROODERUDWLRQ HW DO� ����� ����� GHOLYHUHG D
PDJQLWXGH�OLPLWHG FRPSOHWH VDPSOH RI QHDUE\ VWDUV� 7KHVH VWDUV GRPLQDWH
WKH ORFDO *DODFWLF SRWHQWLDO� DQG WKH\ JLYH ULVH WR RFFDVLRQDO FORVH HQFRXQ�
WHUV� 7KHUHIRUH� GDWD IURP *DLD FDQ EH XVHG DV WHPSODWHV IRU WKH LQLWLDO
FRQGLWLRQV LQ GHWDLOHG VLPXODWLRQV DW GLIIHUHQW PRPHQWV LQ WLPH� &RPELQ�
LQJ DQDO\WLFDO� REVHUYDWLRQDO DQG QXPHULFDO WHFKQLTXHV DUH WKH NH\ FRP�
SRQHQWV WR FRQVWUDLQ DQG EHWWHU XQGHUVWDQG WKH IRUPDWLRQ DQG G\QDPLFDO
HYROXWLRQ RI WKH VRODU V\VWHP�

,Q WKLV WKHVLV� , H[SORUHG WKH IRUPDWLRQ DQG G\QDPLFDO HYROXWLRQ RI
FRPHWV LQ WKH .XLSHU EHOW�VFDWWHUHG GLVN DQG WKH 2RUW FORXG� DFFRXQWLQJ
IRU H[WHUQDO SHUWXUEDWLRQV VXFK DV SDVVLQJ VWDUV DQG WKH JDODFWLF WLGDO ILHOG�
$V D FRQVHTXHQFH RI WKHVH SHUWXUEDWLRQV� WKH IRUPDWLRQ DQG HYROXWLRQ RI
LQWHUVWHOODU FRPHWV ZHUH LQYHVWLJDWHG� 7KLV WKHVLV LV GLYLGHG LQWR IRXU PDLQ
FKDSWHUV� &KDSWHU � WUHDWV WKH RULJLQ RI WKH LQWHUVWHOODU REMHFW �,����� 8�
µ2XPXDPXD E\ FRPSDULQJ HVWLPDWHV EDVHG RQ REVHUYDWLRQV ZLWK VLPXOD�
WLRQV �6HFW� ��� &KDSWHU � IRFXVHV RQ WKH G\QDPLFDO HYROXWLRQ RI WKH 2RUW
FORXG DIWHU WKH LQWHUDFWLRQ ZLWK SDVVLQJ VWDUV DQG WKH *DODFWLF WLGDO ILHOG
�6HFW� ��� ,Q &KDSWHU �� , VWXGLHG WKH IRUPDWLRQ DQG HYROXWLRQ RI WKH VRODU
V\VWHP¶V .XLSHU EHOW�VFDWWHUHG GLVN DQG 2RUW FORXG LQ WKH HDUO\ VWDJHV RI
WKHLU IRUPDWLRQ� ZKHQ WKH 6XQ ZDV VWLOO LQ LWV ELUWK FOXVWHU �6HFW� ��� )LQDOO\�
&KDSWHU � H[SORUHV WKH IRUPDWLRQ RI LQWHUVWHOODU FRPHWV IURP WKH QHLJK�
ERXULQJ VWDUV RI WKH 6XQ �6HFW� ��� $ VXPPDU\ RI WKH PDLQ UHVXOWV RI HDFK
FKDSWHU FDQ EH IRXQG LQ 6HFW� ���� 7KH NH\ UHVHDUFK TXHVWLRQV DGGUHVVHG LQ
WKLV WKHVLV DUH�

�� :KDW LV WKH HIIHFW RI PXOWLSOH VWHOODU HQFRXQWHUV DQG WKH *DODF�
WLF WLGDO ILHOG RQ FRPHWV LQ 2RUW FORXG�OLNH VWUXFWXUHV"
�&KDSWHUV � DQG ���

�� :DV WKH IRUPDWLRQ RI WKH 2RUW FORXG WULJJHUHG E\ SODQHW�GLVN
LQWHUDFWLRQ DQG VWHOODU HQFRXQWHUV LQ WKH HDUO\ VRODU V\VWHP"
�&KDSWHU ���

�� :KHUH GR LQWHUVWHOODU FRPHWV FRPH IURP DQG KRZ GR WKH\
IRUP" �&KDSWHUV � DQG ���

�



��� &RPHWV

6HFWLRQ ���

&RPHWV

&RPHWV DUH LF\ REMHFWV WKDW WUDYHO IURP WKH RXWHU SDUWV RI WKH VRODU V\VWHP
�EH\RQG WKH RUELW RI 1HSWXQH� LQWR WKH SODQHWDU\ UHJLRQ� 2QFH WKH\ DS�
SURDFK WKH 6XQ� WKH\ DUH KHDWHG E\ VRODU UDGLDWLRQ DQG EHFRPH DFWLYH� 7KH
VXEOLPDWLRQ RI ZDWHU LFH SURGXFHV D WDLO FRPSRVHG RI GXVW DQG JDV� FRP�
PRQO\ NQRZQ DV D FRPD �1HVYRUQ\������ 7KH VWXG\ RI FRPHWV VWDUWHG WKRX�
VDQGV RI \HDUV DJR ZKHQ WKH ILUVW FLYLOL]DWLRQV SDLQWHG RQ WKH ZDOOV RI FDYHV
ZKDW QRZ FDQ EH LQWHUSUHWHG DV D FRPHW� 7KHUH DUH WKUHHPDLQ FDWHJRULHV RI
FRPHWV� VKRUW SHULRG �6HFW� ������� ORQJ SHULRG �6HFW� ������� DQG LQWHUVWHOODU
�6HFW� ������� 7KH VWXG\ RI FRPHWV FDQ UHYHDO NH\ SURFHVVHV GXULQJ WKH IRU�
PDWLRQ DQG HDUO\ HYROXWLRQ RI WKH VRODU V\VWHP� &KHPLFDO VWXGLHV LQGLFDWHG
WKDW FRPHWV FDUU\ RUJDQLF PROHFXOHV DQG VKDUH WKH VDPH RULJLQ �(LVWUXS
HW DO� ������ 7KH\ KDYH� WKHUHIRUH� EHHQ FRQVLGHUHG DV EXLOGLQJ EORFNV RI
OLIH� 7KLV YLHZ LV QRZ DOVR VXSSRUWHG E\ WKH 5RVHWWD PLVVLRQ �*ODVVPHLHU
HW DO� ����� $OYHV HW DO� ������ ZKLFK UHFHQWO\ VXFFHVVIXOO\ YLVLWHG D FRPHW
����3 &KXU\XPRY�*HUDVLPHQNR�� 5RVHWWD GLVFRYHUHG DPLQR DFLGV� JO\FLQH
DQG SKRVSKRUXV �DOO NH\ FRPSRQHQWV RI '1$ DQG FHOO PHPEUDQHV� LQ WKH
FRPD RI ���3 &KXU\XPRY�*HUDVLPHQNR �$OWZHJJ HW DO� ����� DORQJ ZLWK
RWKHU RUJDQLF FRPSRXQGV �$OYHV HW DO� ����� &DSDFFLRQL HW DO� ������ 7KHVH
UHVXOWV VXJJHVWHG D VWURQJ SRVVLELOLW\ WKDW FRPHWV SOD\ DQ LPSRUWDQW UROH LQ
WKH HPHUJHQFH RI OLIH RQ (DUWK �H�J�� 5HWWEHUJ HW DO� ����� +RUQHFN HW DO�
����� :LFNUDPDVLQJKH ������ :LWK WKH UHFHQW GLVFRYHU\ RI WKH ILUVW LQWHU�
VWHOODU FRPHW ��,�¶2XPXDPXD� :LOOLDPV ����� DQG WKH LQGLFDWLRQV RI ZDWHU
RQ WKH VHFRQG ��,�%RULVRY� 0F.D\ HW DO� ������ D QHZ HUD LQ WKH VWXG\ RI
FRPHWV KDV EHJXQ�

����� 6KRUW SHULRG FRPHWV

&RPHWV ZLWK RUELWDO SHULRG �P � VKRUWHU WKDQ ��� \U DUH FODVVLILHG DV D VKRUW�
SHULRG FRPHW �63&V�� 6KRUW�SHULRG FRPHWV DUH VXEGLYLGHG LQWR WZR W\SHV�
+DOOH\�W\SH FRPHWV �+7&V� DQG -XSLWHU IDPLO\ FRPHWV �-)&V� �0RUELGHOOL
����� 1HVYRUQê HW DO� ������ 7KHVH FODVVLILFDWLRQV DUH PDLQO\ EDVHG RQ WKH
SHULRG RI WKH FRPHWV� PJFC <�� \U DQG PHTC >�� \U�� ,Q WKH VRODU V\V�
WHP� WKHUH DUH ��� VKRUW�SHULRG FRPHWV FRQILUPHG �0LQRU 3ODQHW &HQWHU
������ 7KH SULPDU\ VRXUFH RI 63&V LV WKH .XLSHU EHOW DQG VFDWWHUHG GLVN�
DOVR NQRZQ DV WKH WUDQVQHSWXQLDQ UHJLRQ �)LJ� �����
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6B;m`2 RXk, �`iBbiB+ `2T`2b2Mi�iBQM Q7 i?2 EmBT2` #2HiX h�F2M 7`QK 1a�X

7KH IRUPDWLRQ DQG G\QDPLFDO HYROXWLRQ RI FRPHWV LQ WKH WUDQVQHSWX�
QLDQ UHJLRQ ZDV PDLQO\ GXH WR JLDQW SODQHWV �-XSLWHU� 6DWXUQ� 8UDQXV� DQG
1HSWXQH�� 7KH JLDQW SODQHWV RI WKH VRODU V\VWHP GLG QRW RFFXS\ WKHLU FXU�
UHQW RUELWV DIWHU WKH JDV ZDV UHPRYHG IURP WKH SURWRSODQHWDU\ GLVN RI WKH
VRODU V\VWHP� 6HYHUDO WKHRULHV KDYH EHHQ SURSRVHG WR H[SODLQ WKH PLJUD�
WLRQ RI WKH JLDQW SODQHWV� )HUQiQGH] 	 ,S ������ DQG ODWHU 0DOKRWUD ������
VKRZHG WKDW D GLVN RI SODQHWHVLPDOV DURXQG WKH JLDQW SODQHWV ZRXOG KDYH
GULYHQ WKH PLJUDWLRQ� +RZHYHU� D VPRRWK SODQHWHVLPDO�GULYHQ PLJUDWLRQ
FRXOG QRW H[SODLQ VHYHUDO DVSHFWV RI WKH RUELWDO GLVWULEXWLRQ RI WKH .XLSHU
EHOW DQG VFDWWHUHG GLVN� /DWHU� 7KRPPHV HW DO� ������ VKRZHG WKDW D G\QDP�
LFDO LQVWDELOLW\ SURGXFHG DPRQJ WKH JLDQW SODQHWV ZRXOG OHDG WR DQ H[FLWD�
WLRQ RI WKH .XLSHU EHOW� ZKLFK� LQ WXUQ� IRUFHG WKH SODQHWV WR WKHLU FXUUHQW
RUELWV� $ FXOPLQDWLRQ RI DOO WKHVH WKHRULHV OHG WR WKH GHYHORSPHQW RI WKH
FODVVLF1LFH0RGHO �QDPHG DIWHU WKH FLW\ 1LFH LQ )UDQFH� *RPHV HW DO� �����
7VLJDQLV HW DO� ����� 0RUELGHOOL HW DO� ������

$FFRUGLQJ WR WKH 1LFH 0RGHO� WKH JLDQW SODQHWV IRUPHG LQ D FRPSDFW
FRQILJXUDWLRQ ZLWK -XSLWHU DURXQG 5.5 DX� 6DWXUQ ZDV SODFHG LQ VXFK D ZD\
WKDW LW ZDV VOLJKWO\ LQWHULRU WR WKH ���PHDQPRWLRQ UHVRQDQFH EHWZHHQ LWVHOI
DQG -XSLWHU� 1HSWXQH DQG 8UDQXV ZHUH SODFHG LQ RUELWV DURXQG 11±15 DX�
6LPXODWLRQV VKRZHG �0RUELGHOOL HW DO� ����� WKDW D GLVN ZLWK DPDVV RI∼ 35
0⊕ OHG WR D VOLJKW PLJUDWLRQ RI WKH RUELWV RI -XSLWHU DQG 6DWXUQ XQWLO WKH\
FURVVHG WKH ��� PHDQ PRWLRQ UHVRQDQFH� ZKLFK PDGH WKH V\VWHP XQVWDEOH�
$V D UHVXOW RI WKLV LQVWDELOLW\ DQG WKH LQWHUDFWLRQ EHWZHHQ WKH JLDQW SODQHWV
DQG WKH SODQHWHVLPDO GLVN� WKH VKRUW�SHULRG FRPHWV ZHUH IRUPHG

����� /RQJ SHULRG FRPHWV

7KH RXWHU UHJLRQV RI WKH VRODU V\VWHP DUH SRSXODWHG E\ D ODUJH QXPEHU RI
FRPHWV ZLWK SHULRG P >��� \U� NQRZQ DV ORQJ SHULRG FRPHWV �/3&V�� %H�
\RQG WKH .XLSHU EHOW�VFDWWHU GLVN DQG DOPRVW H[WHQGLQJ WR WKH QHDUHVW VWDUV
�RXW WR ������� DX�� UHVLGHV WKH 2RUW FORXG� WKH RULJLQ RI /3&V �)LJ� �����
7KH 2RUW FORXG ZDV SURSRVHG LQ WKH ODWH ����V� E\ WKH 'XWFK DVWURQRPHU
-DQ+HQGULN 2RUW DW WKH 6WHUUHZDFKW /HLGHQ� 2RUW ������ UHDOL]HG WKDW ORQJ
SHULRG FRPHWV� ZLWK VHPL�PDMRU D[HV �a� ODUJHU WKDQ �� DX ERXQG WR WKH 6XQ
PXVW FRPH IURPDQ DUHDZHOO EH\RQG1HSWXQH� 2RUW ������ SRLQWHG RXW WKDW
WKHUH LV D VSLNH LQ WKH GLVWULEXWLRQ RI 1/a RI WKH ORQJ SHULRG FRPHWV ZLWK DQ
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��� &RPHWV

6B;m`2 RXj, �`iBbiB+ `2T`2b2Mi�iBQM Q7 i?2 PQ`i +HQm/X h�F2M 7`QK a+B2M+2 S?QiQ GB#`�`v
f *H�mb GmM�X

a < 104 DX �VHH )LJ� ��� WDNHQ IURP :LHJHUW 	 7UHPDLQH ������ 7KH /3&V
DOVR VKRZHG DQ LVRWURSLF GLVWULEXWLRQ RI WKHLU RUELWDO LQFOLQDWLRQV� 7KHVH
ILQGLQJV DUJXH IRU WKH H[LVWHQFH RI D UHVHUYRLU RI REMHFWV LQ TXDVL�VSKHULFDO
V\PPHWU\ VXUURXQGLQJ WKH VRODU V\VWHP�

7KH HVWLPDWHG QXPEHU RI /3&V LV DURXQG 1 × 1012 ZLWK D WRWDO PDVV RI
∼ 4× 1025 kg �0RUELGHOOL ������ KRZHYHU� RQO\ DERXW ����� KDYH EHHQ RE�
VHUYHG �.UyOLNRZVND 	 '\EF]\ĔVNL ������ 7KH 2RUW FORXG LV GLYHGHG LQWR
WZR PDLQ UHJLRQV� WKH LQQHU RQH LV XVXDOO\ UHVHUYHG IRU FRPHWV WKDW UH�
VLGH LQ WKH FORXG ZLWK VHPL�PDMRU D[HV a < 20, 000 DX� ZKLFK DUH LQYLVLEOH
XQOHVV WKHUH LV D FRPHW VKRZHU� DQG WKH RXWHU WKDW UHIHUV WR FRPHWV ZLWK
VHPL�PDMRU D[HV a > 20, 000 DX� 7KH VKDSHG RI 2RUW FORXG KDV UHPDLQHG
XQREVHUYHG WR GDWH� EXW LWV H[LVWHQFH LV GHULYHG IURP REVHUYDWLRQV RI /3&V�

6KRUWO\ DIWHU WKH VRODU V\VWHPZDV IRUPHG� VPDOO ERGLHV FDOOHG SODQHWHV�
LPDOV UHPDLQHG DPRQJ WKH JLDQW SODQHWV UHJLRQ ��<a<�� DX�� 7KH JLDQW
SODQHWV VFDWWHUHG WKH SODQHWHVLPDOV WKURXJKRXW WKH VRODU V\VWHP XQWLO WKH\
UHDFKHG HFFHQWULF RUELWV ZLWK ODUJH VHPL�PDMRU D[LV� EXW ZLWK D SHULKHOLRQ
GLVWDQFH VWLOO LQ WKH SODQHWDU\ UHJLRQ� 7KRVH WKDW UHDFKHG D VHPL�PDMRU
D[LV RI ∼ ������ DX VWDUWHG WR IHHO D *DODFWLF WLGH VWURQJ HQRXJK WR PRG�
LI\ WKHLU RUELW RQ D WLPHVFDOH RI DQ RUELWDO SHULRG� 6FDWWHULQJ E\ SODQHWV
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6B;m`2 RX9, h?2 /Bz2`2MiB�H /Bbi`B#miBQM Q7 GS*b �b � 7mM+iBQM Q7 i?2 BMp2`b2 b2KB@K�DQ`
�tBbX h?2 #B; bTBF2 �i 1/a < 10−4 Bb /m2 iQ i?2 ǴM2r +QK2ibǴ- �M/ Bb mbm�HHv +�HH2/ i?2
PQ`i bTBF2 Ui�F2M 7`QK qB2;2`i � h`2K�BM2 RNNNVX
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��� &RPHWV

DORQH VKRXOG GLVWULEXWH SODQHWHVLPDOV LQ D GLVN�OLNH VWUXFWXUH� FORVH WR WKH
HFOLSWLF SODQH �SDWK RI WKH 6XQ¶V PRWLRQ DV VHHQ IURP WKH (DUWK�� +RZHYHU�
VLQFH WKH ORQJ�SHULRG FRPHWV DUH RQO\ ORRVHO\ ERXQG WR WKH VRODU V\VWHP�
WKHLU RUELWV DUH VLJQLILFDQWO\ LQIOXHQFHG E\ WKH *DODFWLF WLGH� SXVKLQJ WKHP
WR ODUJH HFFHQWULFLW\ e DQG LQFOLQDWLRQV i� 7KHLU SHULKHOLRQ GLVWDQFHV ZHUH
OLIWHG EH\RQG WKH SODQHWV¶ UHDFK� WKXV WKH\ FRXOG QRW EH VFDWWHUHG DQ\PRUH
DQG WKH\ EHFDPH 2RUW FORXG REMHFWV �%UDVVHU 	0RUELGHOOL ����� DQG UHIHU�
HQFHV WKHUHLQ��

7KH HYROXWLRQ RI WKH FRPHWV LQ WKH 2RUW FORXG LV VWURQJO\ DIIHFWHG E\
WKH RYHUDOO JUDYLWDWLRQDO ILHOG GXH WR PDVV GLVWULEXWLRQ LQ WKH JDOD[\ �JDODF�
WLF WLGH�� VSRUDGLF SDVVLQJ VWDUV� DQG JLDQW PROHFXODU FORXGV� SXOOLQJ XS
WKH FRPHW SHULKHOLRQ RXW RI WKH SODQHWDU\ UHJLRQ �H�J�� +HLVOHU 	 7UHPDLQH
����� 5LFNPDQ ����� 7RUUHV HW DO� ����E�� 3DVVLQJ VWDUV FKDQJH WKH SHULKH�
OLRQ GLVWDQFHV RI /3&VPXFKPRUH WKDQ WKH\ FKDQJH WKH RYHUDOO VL]H RI WKHLU
RUELW� GHIOHFWLQJ WKH FRPHWDU\ WUDMHFWRULHV DQG LQMHFWLQJ WKH FRPHWV LQWR WKH
LQQHU VRODU V\VWHP ��0RUELGHOOL 	 1HVYRUQ\ ������� ,Q SUDFWLFDO WHUPV� WKH
UROH RI SDVVLQJ VWDUV LV WR UHVKXIIOH WKH FRPHW GLVWULEXWLRQ LQ WKH 2RUW FORXG�
DQG WR UHILOO WKH KLJK LQFOLQDWLRQ UHJLRQ ZKHUH FRPHWV DUH SXVKHG LQWR WKH
SODQHWDU\ UHJLRQ E\ WKH *DODFWLF GLVN¶V WLGH�

2Q WKH RWKHU KDQG� FRPHWV ZLWK D KLJK LQFOLQDWLRQ UHODWLYH WR WKH JDODF�
WLF SODQH XQGHU WKH HIIHFW RI WKH WLGHV IURP WKH JDOD[\ LQFUHDVH WKHLU RUELWDO
HFFHQWULFLW\ DQG GHFUHDVH WKHLU SHULKHOLRQ GLVWDQFH q� VR WKDW WKH\ EHFRPH
SODQHW�FURVVHUV� ,I WKLV HYROXWLRQ LV IDVW HQRXJK WKDW q GHFUHDVHV IURP EH�
\RQG 10 au WR OHVV WKDQ ∼ 3 au ZLWKLQ KDOI DQ RUELWDO SHULRG� WKH FRPHW EH�
FRPHV DFWLYH GXULQJ LWV ILUVW GLYH LQWR WKH LQQHU VRODU V\VWHPZLWKRXW KDYLQJ
LQWHUDFWHG ZLWK -XSLWHU RU 6DWXUQ GXULQJ LWV SUHYLRXV RUELWV� QDPHO\ LW DS�
SHDUV DV D ´QHZ FRPHW´ �'RQHV HW DO� ������ 7KH UDWH DW ZKLFK FRPHWV DUH
IHG LQWR WKH SODQHWDU\ UHJLRQ IURP WKH 2RUW FORXG GXH WR WKH JDODFWLF WLGH
LV SUREDEO\ VOLJKWO\ ODUJHU WKDQ WKH LQIOX[ GXH WR VWHOODU SDVVDJHV �+HLVOHU
	 7UHPDLQH ������ $VVXPLQJ WKDW WKH JDOD[\ KDV D GLVN�OLNH VWUXFWXUH� WKH
JDODFWLF WLGH ZRXOG KDYH D GLVN DQG UDGLDO IRUFH FRPSRQHQWV� 7KH z FRP�
SRQHQW RI WKH GLVN FDXVHV WKH RVFLOODWLRQ LQ DQG RXW RI WKH SODQHWDU\ UHJLRQ
LQ q� ZLWK D SHULRG RI WKH RUGHU RI 1 Gyr IRU FRPHWV ZLWK a ∼ 10, 000 au
DQG LQLWLDO q ∼ 25 au� 7KH UDGLDO FRPSRQHQW EUHDNV FRQVHUYDWLRQ RI WKH
FRPSRQHQW RI D FRPHW¶V DQJXODU PRPHQWXP SHUSHQGLFXODU WR WKH JDODFWLF
SODQH� PRGXODWLQJ WKH FRPHWDU\ SHULKHOLRQ GLVWDQFHV �+HLVOHU 	 7UHPDLQH
����� 'XQFDQ ������ ,Q JHQHUDO WHUPV� WKH H[WHUQDO SHUWXUEDWLRQ RI WKH
2RUW FORXG GHOLYHUV D UDWH RI FRPHWV WR WKH SODQHWDU\ V\VWHP GXH PDLQO\ WR
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JDODFWLF WLGHV DQG GXULQJ UDUH FRPHW VKRZHUV FDXVHG E\ DQ XQXVXDOO\ FORVH
VWHOODU SDVVDJH�

����� ,QWHUVWHOODU FRPHWV

,QWHUVWHOODU REMHFWV �,62V� DUH DVWHURLGV RU FRPHWV ORFDWHG LQ WKH LQWHUVWHO�
ODU VSDFH DQG DUH QRW ERXQG WR DQ\ VWHOODU V\VWHP� %HIRUH EHFRPLQJ ,62V�
WKH\PRVW SUREDEO\ EHORQJHG WR WKH UHVHUYRLU RI DVWHURLGV RU FRPHWV LQ RWKHU
SODQHWDU\ V\VWHPV OLNH WKH PDLQ DVWHURLG EHOW� .XLSHU EHOW DQG 2RUW FORXG
LQ RXU VRODU V\VWHP� 7KH RULJLQ RI ,62V FDQ EH H[SODLQHG E\ VHYHUDO VFHQDU�
LRV� OLNH JLDQW SODQHW HMHFWLRQ� WKH PDVV ORVV DVVRFLDWHG ZLWK WKH FUHDWLRQ RI
ZKLWH GZDUIV DQG ELQDU\ V\VWHPV RU VWULSSHG IURP DQRWKHU VWDU �H�J�� 3RUWH�
JLHV =ZDUW HW DO� ����� %DQQLVWHU HW DO� ������ ,Q RXU VRODU V\VWHP� WKHUH
LV WZR GHWHFWHG ,62V XS WR GDWH� �,�¶2XPXDPXD �:LOOLDPV ����� 0HHFK
HW DO� ����� )LJ� ��� WRS SDQHO� DQG �,�%RULVRY �%RULVRY ����� )LJ� ��� ERW�
WRP SDQHO�� +RZHYHU� WKH QXPEHU GHQVLW\ RI ,62V LQ WKH LQWHUVWHOODU VSDFH
LV H[SHFWHG WR EH ODUJH� DERXW ��� SHU FXELF DX �3RUWHJLHV =ZDUW HW DO� �����
'R HW DO� ������

�,�¶2XPXDPXD ZDV GLVFRYHUHG RQ ���� 2FWREHU �� E\ WKH 3DQ67$556
1HDU�(DUWK 2EMHFW VXUYH\ �0HHFK HW DO� ������ ,WV FORVHVW DSSURDFK WR WKH
(DUWK ZDV DW ���� DX� 7KH VXUIDFH FRPSRVLWLRQ RI ¶2XPXDPXD VKRZHG UHG
IHDWXUHV DW RSWLFDOZDYHOHQJWKV RI∼����������QP�%DQQLVWHU HW DO� ������
VLPLODU WRPLQRU ERGLHV LQ WKH VRODU V\VWHPDQG FRQVLVWHQWZLWK RUJDQLF�ULFK
VXUIDFHV� 7KH H[WUHPH EULJKWQHVV YDULDWLRQV �D IDFWRU RI WHQ� >��� PDJ�
QLWXGHV� LPSOLHG WKDW WKH FRUH RI ¶2XPXDPXD ZDV URWDWLQJ LQ DQ H[FLWHG
VWDWH DQG LWV VKDSH ZDV KLJKO\ HORQJDWHG �0HHFK HW DO� ������ (YHQ WKRXJK
¶2XPXDPXD ORRNHG OLNH D PLQRU ERG\ IURP WKH VRODU V\VWHP �GXH WR LWV
UHG FRORXU�� LWV KLJKO\ HFFHQWULF RUELW �e # 1.2� DQG KLJK YHORFLW\ DW LQILQLW\
V # 26 kms−1 �:LOOLDPV ����� UHYHDO LWV LQWHUVWHOODU RULJLQ� 2Q WKH RWKHU
KDQG� �,�%RULVRY ZDV GLVFRYHUHG RQ ���� $XJXVW ��� 7KH VXUIDFH FRPSR�
VLWLRQ VKRZHG D VLPLODU FRORXU WR WKDW RI ¶2XPXDPXD� KRZHYHU� �,�%RULVRY
ZDV IRXQG WR EH DFWLYHO\ RXWJDVVLQJ �-HZLWW 	 /XX ������ �,�%RULVRY¶V WUD�
MHFWRU\ LV H[WUHPHO\ K\SHUEROLF �e # 3.36� ZLWK D KLJK YHORFLW\ DW LQILQ�
LW\ V # 32.2 kms−1%RULVRY ����� -HZLWW 	 /XX ����� ¶2XPXDPXD DQG
%RULVRY¶V RULJLQ LV VWLOO XQNQRZQ� KRZHYHU� WKHLU KLJK YHORFLW\ LPSOLHV WKDW
LW ZDV HMHFWHG GXULQJ LWV KRVW VWDU¶V SURWRSODQHWDU\ SKDVH� DQG WKHUHIRUH LV
SDUW RI WKH OHIW�RYHU GHEULV RI VWDU DQG SODQHW IRUPDWLRQV SURFHVVHV LQ WKH
JDOD[\ �H�J�� 3RUWHJLHV =ZDUW HW DO� ����� %DQQLVWHU HW DO� ����� +LJXFKL 	
.RNXER ������

��



��� &RPHWV

6B;m`2 RX8, hQT, �`iBbiB+ `2T`2b2Mi�iBQM Q7 RAfǶPmKm�Km� Ui�F2M 7`QK 1aPfJX EQ`M@
K2bb2`VX "QiiQK, BK�;2 Q7 kAf"Q`BbQp Ui�F2M 7`QK L�a�- 1a�- �M/ .X C2rBii Ul*G�VVX
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6HFWLRQ ���

0HWKRGV DQG GDWD

����� *DLD
7KH(XURSHDQ 6SDFH$JHQF\¶V*DLD 6SDFHFUDIW� ODXQFKHG LQ'HFHPEHU ����
�3HUU\PDQ ����� *DLD &ROODERUDWLRQ HW DO� ����� ������ DLPV WR PDNH WKH
PRVW H[WHQVLYH DQG SUHFLVH WKUHH�GLPHQVLRQDO PDS RI RXU *DOD[\� 7KLV LV
GRQH E\ VXUYH\LQJ DQ XQSUHFHGHQWHG PRUH WKDQ � ELOOLRQ VWDUV� ZLWK DERXW
�� REVHUYDWLRQV RI HDFK VWDU� *DLD SURYLGHV XV ZLWK WKH DVWURPHWULF SURSHU�
WLHV �SRVLWLRQV DQGPRWLRQ RQ WKH SODQH RI WKH VN\� RI DSSUR[LPDWHO\ � ELOOLRQ
VWDUV� UDGLDO YHORFLWLHV RI DERXW ��� PLOOLRQ VWDUV� DQG SK\VLFDO SDUDPHWHUV
OLNH WHPSHUDWXUH DQG FKHPLFDO FRPSRVLWLRQ RI REVHUYHG VWDUV� H[WUD�VRODU
SODQHWV� QHDU�(DUWK REMHFWV� DPRQJ VHYHUDO RWKHU REMHFWV LQ WKH*DOD[\� 7KH
VFLHQWLILF JRDOV RI WKH PLVVLRQ PDLQO\ IRFXV RQ WKH VWXG\ RI WKH VWUXFWXUH
DQG G\QDPLFV RI WKH *DOD[\� VWDU IRUPDWLRQ KLVWRU\� VWHOODU DVWURSK\VLFV�
SKRWRPHWULF YDULDELOLW\� SODQHWDU\ V\VWHPV� VRODU V\VWHP� DQG IXQGDPHQWDO
SK\VLFV �3HUU\PDQ ������

,Q WKH SDUWLFXODU FDVH RI WKH VRODU V\VWHP� *DLD LV GHWHFWLQJ QHDUO\ DOO RI
WKH ORFDO VWHOODU V\VWHPV ZLWKLQ �� SF IURP WKH 6XQ �FRPSDUHG WR WKH ���
LGHQWLILHGZLWK *DLD¶V SUHGHFHVVRU+LSSDUFRV �3HUU\PDQ HW DO� ����� $QGHU�
VRQ 	 )UDQFLV ������ 7KLV DOORZV WKH WUDMHFWRULHV RI D ODUJH QXPEHU RI VWDUV
LQ WKH VRODU QHLJKERXUKRRG WR EH WUDFHG EDFN IDU LQ WLPH� 7KH DFFXUDWH GDWD
IURP *DLD LV FRUQHUVWRQH IRU WKH ZRUN SUHVHQWHG LQ WKLV WKHVLV� :LWK WKLV
LQIRUPDWLRQ� , KDYH V\QWKHVL]HG DQ DFFXUDWH FHQVXV RI WKH GLVWULEXWLRQ DQG
PRWLRQV RI VWDUV LQ WKH VRODU QHLJKERXUKRRG� :LWK WKLV� LQ WXUQ� , FRXOG GH�
WHUPLQH WKH IUHTXHQF\ DQG HQFRXQWHU KLVWRU\ RI QHDUE\ VWDUV DQG WKH VRODU
V\VWHP DQG WKHLU LPSDFW RQ WKH FRPHWV RI WKH 2RUW FORXG�

7KH ILUVW *DLD GDWD UHOHDVH �*DLD '5�� *DLD &ROODERUDWLRQ� %URZQ HW DO�
����� SURYLGHG DVWURPHWU\ DQG SKRWRPHWU\ IRU RYHU � ELOOLRQ VRXUFHV ZLWK
PDJQLWXGH EULJKWHU WKDQ �� DQG� SRVLWLRQV� SDUDOOD[HV� DQG SURSHUPRWLRQV
IRU DERXW ��� PLOOLRQ 7\FKR�� VWDUV �7*$6� 0LFKDOLN HW DO� ������

7R HVWLPDWH WKH FXUUHQW ��GLPHQVLRQDO SRVLWLRQV DQG YHORFLWLHV RI VWDUV�
, FRPELQHG WKHLU SRVLWLRQV� SDUDOOD[HV DQG SURSHU PRWLRQV IURP WKH 7*$6
FDWDORJXH ZLWK WKHLU UDGLDO YHORFLWLHV SUHVHQWHG LQ FDWDORJXHV IURP 5$9(�
'5� �.XQGHU HW DO� ������ *HQHYD�&RSHQKDJHQ �1RUGVWU|P HW DO� ������
3XONRYR �*RQWFKDURY ������ DQG ;+,3 �$QGHUVRQ 	 )UDQFLV ����� FDWD�
ORJXHV� 7R LGHQWLI\ WKH SDVW DQG IXWXUH VWHOODU HQFRXQWHUV ZLWK WKH VRODU
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���0HWKRGV DQG GDWD

V\VWHP� , WKHQ XVHG WKHVH �' SRVLWLRQV DQG YHORFLWLHV IRU WKH VWDUV LQ WKH LP�
PHGLDWH VRODU QHLJKERXUKRRG �� �� SF� WR FRPSXWH WKHLU WUDMHFWRULHV EDFN�
ZDUGV DQG IRUZDUGV LQ WLPH �±100\U�� 7KH RUELWDO LQWHJUDWLRQ RI WKH VWDUV
ZDV SHUIRUPHG XVLQJ DQ D[LV\PPHWULF *DODFWLF SRWHQWLDO LQFOXGHG LQ WKH
PRGXOH *DOD[LD LQ WKH $086( IUDPHZRUN �3RUWHJLHV =ZDUW 	 0F0LOODQ
������

7KH RXWFRPH RI WKHVH VLPXODWLRQV UHVXOWHG LQ D FDWDORJXH RI QHDUE\ VWDUV
WR WKH 6XQ LQ WKH ODVW �� 0\U DQG WKH FRPLQJ �� 0\U �7RUUHV HW DO� ������
7KLV FDWDORJXH VHUYHG DV D EDVH WR GHWHUPLQH ZLWK PRUH DFFXUDF\ WKH FORV�
HVW HQFRXQWHUV ZLWK WKH VRODU V\VWHP� 3DUWLFXODUO\� WKH VWDU *OLHVH ��� ZDV
IRXQG WR KDYH LWV FORVHVW DSSURDFK WR WKH 6XQ LQ 1.35Myr DW D GLVWDQFH RI
���� SF �7RUUHV HW DO� ����� LQVWHDG RI ���� SF DV LW ZDV SUHGLFWHG XVLQJ
+LSSDUFRV GDWD �H�J�� -LPHQH]�7RUUHV HW DO� ������ $GGLWLRQDOO\� WKH FDWD�
ORJXH RI QHDUE\ VWDUV SURYLGHG WKH LQLWLDO FRQGLWLRQV QHFHVVDU\ IRU FDOFXODW�
LQJ WKH FORVH HQFRXQWHUV WKDW �,�¶2XPXDPXD KDG LQ WKH SDVW �� 0\U EHIRUH
HQFRXQWHULQJ WKH VRODU V\VWHP �3RUWHJLHV =ZDUW HW DO� ������

:LWK WKH VHFRQG UHOHDVH RI *DLD �*DLD '5�� *DLD &ROODERUDWLRQ HW DO�
������ WKH DFFXUDF\ RI WKH GDWD DQG WKH QXPEHU RI VRXUFHV LQFUHDVHG VLJ�
QLILFDQWO\ ZLWK UHVSHFW WR WKH ILUVW GDWD UHOHDVH� $ERXW ��� ELOOLRQ VRXUFHV
DQG DSSUR[LPDWHO\ ��� PLOOLRQ UDGLDO YHORFLWLHV ZHUH SUHVHQWHG LQ WKH '5�
RI *DLD� , XSGDWHG WKH FDWDORJXH RI VWHOODU HQFRXQWHU �7RUUHV HW DO� �����
����D� ZLWK WKH PRUH SUHFLVH GDWD IURP *DLD '5� DQG QRZ DOVR LQFOXG�
LQJ UDGLDO YHORFLWLHV IURP WKH FDWDORJXHV RI 5$9(�'5� �.XQGHU HW DO�
������ *$/$+ '5� �%XGHU HW DO� ������ /$0267 '5� �=KDR HW DO� ������
$32*(( '5�� �$EROIDWKL HW DO� ������ DQG ;+,3 �$QGHUVRQ 	 )UDQFLV
������ , XVHG WKLV FDWDORJXH� WR VWXG\ WKH G\QDPLFDO HYROXWLRQ RI WKH FRPHWV
LQ WKH 2RUW FORXG �6HFW� �� DQG WKH H[R�2RUW FORXGV DURXQG 6XQ¶V QHLJKERXU
VWDUV �6HFW� �� DFFRXQWLQJ IRU WKH FXPXODWLYH HIIHFW RI SDVVLQJ VWDUV DQG WKH
*DODFWLF WLGDO ILHOG�

����� $086(

7KH $VWURSK\VLFDO 0XOWL�SXUSRVH 6RIWZDUH (QYLURQPHQW RU $086(�
�3RUWHJLHV =ZDUW 	 0F0LOODQ ����� LV DQ RSHQ VRXUFH FRPSRQHQW OLEUDU\
DQG D FRPPXQLW\ HIIRUW ZLWK WKH PDLQ GHYHORSPHQW E\ D WHDP DW /HLGHQ
2EVHUYDWRU\� ,Q $086(� H[LVWLQJ QXPHULFDO FRGHV DUH FRPELQHG LQWR RQH
VLQJOH V\VWHP HPSOR\LQJ D IUDPHZRUN ZULWWHQ LQ 3\WKRQ� $086( LV PDGH
IRU SHUIRUPLQJ DVWURSK\VLFDO VLPXODWLRQV DQG LW LV SULPDULO\ FUHDWHG IRU WKH
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ILHOGV RI JUDYLWDWLRQDO G\QDPLFV� VWHOODU HYROXWLRQ� K\GURG\QDPLFV DQG UD�
GLDWLYH WUDQVIHU ZLWK 3\WKRQ IUDPHZRUN� 7KH $086( DUFKLWHFWXUH LV EDVHG
RQ WKUHH PDLQ FRPSRQHQWV� WKH XVHU VFULSW� $086( OLEUDU\ DQG WKH FRP�
PXQLW\ FRGHV� 7KH XVHU VFULSW LV ZULWWHQ E\ WKH XVHU DQG DFWV DV WKH LQWHU�
IDFH WR WKH $086( IUDPHZRUN� 7KH $086( OLEUDU\ SURYLGHV DQ REMHFW�
RULHQWHG LQWHUIDFH RQ WRS RI WKH OHJDF\ FRGHV� FUHDWHG IRU XQLW KDQGOLQJ DQG
GDWD FRQYHUVLRQ� ,W FRQWDLQV WKH VWDWH HQJLQH DQG WKH DVVRFLDWHG GDWD UHSRV�
LWRU\� $ IHZ H[DPSOHV RI FRPPXQLW\ FRGHV WKDW DUH LQFOXGHG LQ $086( DUH
>2`KBi2y- "QMb�B- E2TH2`- J2`+m`v- :�/;2i@k- >m�vMQ- hrQ#Q/v� DPRQJ
VHYHUDO RWKHUV� 7KH XVHU VFULSW DQG WKH $086( OLEUDU\ WKDW FRPPXQLFDWHV
ZLWK WKH FRGH WR SHUIRUP WKH FDOFXODWLRQV� 2YHUDOO� $086( LV GHYHORSHG VR
WKDW VHYHUDO GLIIHUHQW FRGHV FDQ EH XVHG WR PRGHO DQG JLYH D PRUH FRPSOHWH
SLFWXUH RI RQH DVWURSK\VLFDO SUREOHP�

6B;m`2 RXe, P`#Bi�H 2H2K2Mib 7Q` � +2H2biB�H #Q/vX h�F2M 7`QK a+B2M+2 S?QiQ GB#`�`vX

7DNLQJ DGYDQWDJH RI WKH IOH[LELOLW\ RI $086( WR XVH GLIIHUHQW FRGHV
WR VROYH PXOWLSOH SK\VLFDO SUREOHPV� DOO WKH QXPHULFDO WRROV RI WKLV WKH�
VLV ZHUH EXLOW ZLWKLQ WKH $086( IUDPHZRUN� 7KH FRPPXQLW\ FRGHV
XVHG LQ WKLV ZRUN DUH� E2TH2`- �"A1- GQM2HvSH�M2ib- _2#QmM/- :�H�-
L"P.ueYY:Sl� DQG :�H�tB�� %HORZ , VXPPDULVH WKH QXPHULFDO WRROV
GHYHORSHG DQG WKH FRGHV XVHG IRU WKH FKDSWHUV LQ WKLV WKHVLV�

��
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&KDSWHU � ± 7R ILQG WKH SRVVLEOH KRPH IRU �,�¶2XPXDPXD� , XVHG WKH
FRGH:�H�tB� �0DUWtQH]�%DUERVD HW DO� ����� WR SHUIRUP WKH RUELWDO LQWHJUD�
WLRQ RI WKH VWDUV ZLWKLQ ��SF IURP WKH 6XQ DQG ¶2XPXDPXD� :�H�tB� LV D
JDOD[\ PRGHO ZKLFK FRQWDLQV D[LV\PPHWULF DQG QRQ�D[LV\PPHWULF VWUXF�
WXUHV RI WKH 0LON\ :D\� 7R SHUIRUP RXU FDOFXODWLRQV� , DGRSWHG DQ DQDO\WLF
D[LV\PPHWULF PRGHO RI WKH *DOD[\ DFFRXQWLQJ IRU D VSKHULFDO QXFOHXV DQG
EXOJH �+HUQTXLVW ������ DQ D[LV\PPHWULF GLVN �0L\DPRWR 	 1DJDL �����
%RY\ ������ DQG D VSKHULFDO GDUN PDWWHU KDOR �1):� 1DYDUUR HW DO� ������
7KH JDODFWRFHQWULF SRVLWLRQ RI WKH 6XQ DQG WKH ORFDO FLUFXODU YHORFLW\ SD�
UDPHWHUV ZHUH WDNHQ IURP 5HLG HW DO� ������� Z! = 27 SF� R! = 8.34 NSF�
DQG Vc,! = 240 NP�V� 7KH SHFXOLDU YHORFLW\ RI WKH 6XQ ZDV DGRSWHG IURP
6FK|QULFK HW DO� ������� (U!, V!,W!) = (11.1, 12.24, 7.25)NP�V�

&KDSWHUV � DQG � ± , H[SORUHG WKH G\QDPLFDO HYROXWLRQ RI WKH FRPHWV
LQ WKH 2RUW FORXG XQGHU WKH HIIHFW RI SDVVLQJ VWDUV DQG WKH *DODFWLF WLGDO
ILHOG� 7R GR WKLV� , ILUVW FRQVWUXFWHG DQ DUWLILFLDO 2RUW FORXG� , XVHG WKH
SDFNDJH E2TH2` WR FDOFXODWH WKH RUELWDO HOHPHQWV DQG SHUIRUP WKH RUELW LQ�
WHJUDWLRQ RI WKH SDUWLFOHV LQ DQ LVRWURSLF DQG VSKHULFDO GLVWULEXWLRQ HPX�
ODWLQJ WKH 2RUW FORXG� 7KH PDLQ IXQFWLRQ LQ WKH XVHU VFULSW ZDV EXLOW LQ
VXFK D ZD\ WKDW LW UHWXUQV UHODWLYH SRVLWLRQV DQG YHORFLW\ YHFWRUV LQ FDUWH�
VLDQ FRRUGLQDWHV IRU WKH SDUWLFOHV ZLWK RUELWDO HOHPHQWV ±VHPL�PDMRU D[HV�
HFFHQWULFLWLHV� DQGPHDQ DQRPDOLHV� , FRQVLGHUHG WKDW WKH �' RULHQWDWLRQ RI
RUELWV ZHUH UDQGRP �LQFOLQDWLRQ� WKH ORQJLWXGH RI DVFHQGLQJ QRGH DQG DUJX�
PHQW RI SHULDSVLV�� 7KH GLVWULEXWLRQ RI WKH SDUWLFOHV LQ WKH2RUW FORXG DUH VHW
VSKHULFDOO\ V\PPHWULF DQG LVRWURSLF IROORZLQJ D XQLIRUP GLVWULEXWLRQ LQ WKH
RUELWDO HOHPHQWV cosi�!�Ω� DQG0 �)LJ� ����� 7KH LQLWLDO HFFHQWULFLWLHV� e� DUH
VHOHFWHG ZLWK D SUREDELOLW\ GHQVLW\ GLVWULEXWLRQ p(e) ∝ e DQG WKH SHULKHOLD�
q� DUH FKRVHQ RXWVLGH RI WKH SODQHWDU\ UHJLRQ �q >�� DX�� 7KH VHPL�PDMRU
D[HV� a� DUH GLVWULEXWHG SURSRUWLRQDO WR a−1.5 RYHU WKH UDQJH �×��3���5 DX�

7KHQ XVLQJ WKH *38�DFFHOHUDWHG GLUHFW 1�ERG\ FRGH �"A1 �&DL HW DO�
LQ SUHS� DQG WKH $VWURS\�DIILOLDWHG S\WKRQ SDFNDJH IRU JDODFWLF G\QDPLFV
:�H� �3ULFH�:KHODQ ������ , LQWHJUDWHG WKH RUELWV RI WKH SDUWLFOHV LQ WKH
2RUW FORXG IRU D SHULRG RI ��0\U� �"A1 DQG :�H� ZHUH FRXSOHG 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 FDOFXODWHG DFFHOHUDWLRQV DUH
VXEVHTXHQWO\ LQVHUWHG LQWR WKH *DXVV�5DGDX LQWHJUDWRU LQ �"A1 DV DGGL�
WLRQDO IRUFHV� $GGLWLRQDOO\� WKH WUDMHFWRULHV RI QHDUE\ VWDUV DQG WKHLU HIIHFW
RQ WKH 2RUW FORXG ZDV FDOFXODWHG LQ �"A1 E\ SURYLGLQJ WKHLU SRVLWLRQV DQG
YHORFLWLHV DV LQSXW�

��
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&KDSWHU � ± 7R VWXG\ WKH G\QDPLFDO HYROXWLRQ RI WKH VRODU V\VWHP GH�
EULV GLVN LQ D GHQVH HQYLURQPHQW ZH XVHG WKH FRGHV GQM2HvSH�M2ib ZKLFK
FRPELQHV L"P.ueYY:Sl �:DQJ HW DO� ����� DQG _2#QmM/ �5HLQ 	 /LX
������ , ILUVW XVHGL"P.ueYY:SlZLWK D 3OXPPHU VSKHUHPRGHO �3OXP�
PHU ����� WR VLPXODWH WKH RSHQ FOXVWHU� ZLWK DQ LQLWLDOPDVV IXQFWLRQ UDQJLQJ
IURP ���� WR ���0! �.URXSD ������ ���� VWDUV� DQG D YLULDO UDGLXV RI � SF�
8VLQJGQM2HvSH�M2ib WKH VRODU V\VWHP LV FRQVWUXFWHG E\ SODFLQJ WKH KRVW VWDU
�D 6XQ�OLNH VWDU ZLWK �0!�� WKH JLDQW SODQHWV �-XSLWHU� 6DWXUQ� 8UDQXV� DQG
1HSWXQH�� DQG D GHEULV GLVN RI ���� WHVW SDUWLFOHV� 7KHQ WKH VRODU V\VWHP
DQG WKH FOXVWHU DUH HYROYHG IRU ���0\U� 'XULQJ WKLV FDOFXODWLRQ� WKH FRGH
XVHV D GDWD VWUXFWXUH LQ D VSDFH ZLWK N GLPHQVLRQV �.�' WUHH DOJRULWKP� WR
ILQG WKH ILYH FORVHVW VWDUV WR WKH 6XQ DW DQ\ JLYHQ WLPH� 7KHVH ILYH VWDUV DQG
WKH VRODU V\VWHP DUH WKHQ HYROYHG WRJHWKHU XVLQJ WKH ,$6�� �5HLQ 	 6SLHJHO
����� LQWHJUDWRU� WKXV VLPXODWLQJ WKH HIIHFW RI HQFRXQWHUV EHWZHHQ WKH VRODU
V\VWHP DQG VWDUV LQ WKH FOXVWHU�

��



��� 7KHVLV

6HFWLRQ ���

7KHVLV

7KH PDMRU UHVXOWV RI WKLV WKHVLV FDQ EH VXPPDUL]HG LQ WKUHH PDLQ SDUWV�
7KH IRUPDWLRQ DQG GHQVLW\ GLVWULEXWLRQ RI LQWHUVWHOODU FRPHWV �&KDSWHU �
DQG &KDSWHU ��� 7KH SUHGLFWLRQ RI D QHZ W\SH RI FRPHWV� WKH WUDQVLWLRQDO
LQWHUVWHOODU FRPHWV �&KDSWHU � DQG &KDSWHU ��� $QG� D QHZ PHFKDQLVP IRU
WKH IRUPDWLRQ DQG HYROXWLRQ RI VKRUW DQG ORQJ�SHULRG FRPHWV �&KDSWHU ���
%HORZ� , VXPPDUL]H HDFK FKDSWHU�

&KDSWHU � 7KH RULJLQ RI LQWHUVWHOODU DVWHURLGDO REMHFWV OLNH �,����� 8�
¶2XPXDPXD �3RUWHJLHV =ZDUW� 7RUUHV HW DO� ������ , VWXGLHG WKH RULJLQ RI
WKH LQWHUVWHOODU REMHFW �,� ¶2XPXDPXDE\ FRPSDULQJ HVWLPDWHV EDVHG RQ RE�
VHUYDWLRQV ZLWK VLPXODWLRQV� 8VLQJ WKH DVWURPHWULF GDWD IURP *DLD�7*$6
�*DLD &ROODERUDWLRQ� %URZQ HW DO� ������ , LQWHJUDWHG WKH RUELW RI ¶2XPXD�
PXD DQG DOO WKH VWDUV ZLWKLQ ��SF IURP WKH 6XQ� , ILQG WKDW DERXW ���0\U
DJR ¶2XPXDPXD SDVVHG QHDUE\ WKH VWDU +,3 ����� �ODEHO D LQ )LJ� �����
DQG KDG WKUHH RWKHU FORVH HQFRXQWHUV GXULQJ LWV MRXUQH\ WRZDUGV WKH 6XQ
�)LJ� ����� , H[SORUHG WKH GLIIHUHQW VFHQDULRV RI IRUPDWLRQ IRU ¶2XPXDPXD
DQG FRQFOXGHG WKDW REMHFWV OLNH ¶2XPXDPXD DUH IRUPHG LQ WKH GHEULV GLVF
DV D OHIWRYHU IURP WKH VWDU DQG SODQHW IRUPDWLRQ SURFHVV� DQG VXEVHTXHQWO\
OLEHUDWHG� , ILQG WKDW WKH PHDQ JDODFWLF GHQVLW\ RI LQWHUVWHOODU FRPHWV LQ WKH
VRODU QHLJKERXUKRRG LV ∼ 1014 SHU FXELF SDUVHF� ZKLFK PHQDV WKDW ZH H[�
SHFW DERXW �±�� VXFK YLVLWRUV SHU \HDU ZLWKLQ � DX IURP WKH 6XQ�

&KDSWHU � *DODFWLF WLGH DQG ORFDO VWHOODU SHUWXUEDWLRQV RQ WKH 2RUW
FORXG� FUHDWLRQ RI LQWHUVWHOODU FRPHWV �7RUUHV HW DO� ����D�� 8VLQJ WKH SRVL�
WLRQV� SDUDOOD[HV DQG SURSHU PRWLRQV IURP WKH *DLD VXUYH\ DQG FRPELQLQJ
WKHP ZLWK UDGLDO YHORFLWLHV IURP 5$9(�'5� �.XQGHU HW DO� ������ *$/$+
'5� �%XGHU HW DO� ������ /$0267 '5� �=KDR HW DO� ������ $32*(( '5��
�$EROIDWKL HW DO� ������ DQG;+,3 �$QGHUVRQ	)UDQFLV ������ , FRQVWUXFWHG
D FDWDORJXH RI WKH 6XQ¶V QHLJKERXU VWDUV� 7KHQ� , FDOFXODWHG WKH FORVHVW HQ�
FRXQWHUV WKDW WKH 6XQ KDV KDG ZLWK RWKHU VWDUV LQ WKH UHFHQW SDVW DQG ZLOO
KDYH LQ WKH QHDU IXWXUH �7RUUHV HW DO� ����� ����D�� , ILQG WKDW WKH VWDU*-���
ZLOO DSSURDFK WKH 6XQ LQ ��� 0\U DW WKH GLVWDQFH RI ����SF LQVWHDG RI ���SF
DV SUHGLFWHG E\ SUHYLRXV VWXGLHV �H�J�� '\EF]\ĔVNL 	 %HUVNL ����� DQG UHI�
HUHQFHV WKHUHLQ�� 7KHQ� XVLQJ WKH FDWDORJXH RI QHDUE\ VWDUV� , VWXGLHG WKH

��
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6B;m`2 RXd, S`Q#�#BHBiv /2MbBiv /Bbi`B#miBQM BM iBK2 Q7 +HQb2bi �TT`Q�+? UiV �M/
`2H�iBp2 /Bbi�M+2 U/`2HV #2ir22M ǵPmKm�Km� �M/ i?2 7Qm` +HQb2bi bi�`bX G�@
#2Hb � U:._R 8Ry3jddyjyjjd9y8N8kV- # U:._R 93ejNkjNR83y9RjjjdeV- + U:._R
8R9y8yRN9keyk9jdejkV- �M/ / U:._R Rjek8Nkee3jydR3k8NkV +Q``2bTQM/b iQ i?2 +HQb2bi
bi�` iQ ǶPmKm�Km�X �/�Ti2/ 7`QK SQ`i2;B2b wr�`i- hQ``2b 2i �HX UkyR3VX

G\QDPLFDO HYROXWLRQ RI FRPHWV LQ WKH 2RUW FORXG� DFFRXQWLQJ IRU WKH SHUWXU�
EDWLRQ RI WKH JDODFWLF WLGDO ILHOG DQG WKH FXPXODWLYH HIIHFW RI QHDUE\ SDVV�
LQJ VWDUV� , ILQG WKDW WKH FRPHWV DW WKH HGJH RI WKH 2RUW FORXG ��������
������� DX� JHW KHDYLO\ SHUWXUEHG DQG� DV D UHVXOW� WKH VHPL�PDMRU D[LV
RI ∼���� RI WKH FRPHWV KDYH LQFUHDVHG WR H[WHQG LQWR LQWHUVWHOODU UHJLRQV
�)LJ� ����� 6LQFH WKH FRPHWV DUH VWLOO ERXQG WR WKH VRODU V\VWHP� ZH FRQVLGHU
WKHP WUDQVLWLRQDO LQWHUVWHOODU FRPHWV �7,&V�� 7KH ILUVW 7,& FDQGLGDWH LV WKH
FRPHW &����� 9� SURSRVHG E\ GH OD )XHQWH 0DUFRV 	 GH OD )XHQWH 0DUFRV
�������

&KDSWHU � '\QDPLFDO HYROXWLRQ RI WKH VRODU V\VWHP GHEULV GLVN LQ LWV
ELUWK FOXVWHU �7RUUHV HW DO� ����E�� , VWXGLHG WKH FUHDWLRQ DQG HYROXWLRQ RI
WKH VRODU V\VWHP¶V 2RUW FORXG LQ WKH HDUO\ VWDJHV RI LWV IRUPDWLRQ ZKHQ WKH

��
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6B;m`2 RX3, P`#Bi�H 2pQHmiBQM Q7 i?2 T�`iB+H2b BM i?2 bBKmH�i2/ PQ`i +HQm/X h?2 };m`2
b?Qrb i?2 2pQHmiBQM Q7 i?2 2++2Mi`B+Biv �b � 7mM+iBQM Q7 i?2 b2KB@K�DQ` �tBb Qp2` i?2 T2`BQ/
Q7 ky Jv` U±Ry Jv`bXVX h?2 +QHQm` #�` `2T`2b2Mib i?2 BMi2;`�iBQM iBK2X �/�Ti2/ 7`QK
hQ``2b 2i �HX UkyRN�VX

6XQ ZDV VWLOO LQ LWV ELUWK FOXVWHU �7RUUHV HW DO� ����E�� , FRQVWUXFWHG WZR
PRGHOV IRU WKH VRODU V\VWHP� ,Q WKH ILUVW PRGHO� , DVVXPHG D FRPSDFW GH�
EULV GLVN ������ DX�� ZKLOH WKH VHFRQG ZH DVVXPHG DQ H[WHQGHG GHEULV GLVN
�������� DX�� )RU ERWKPRGHOV� , DFFRXQW IRU WKH SHUWXUEDWLRQV RI WKH JLDQW
SODQHWV DQG QHDUE\ VWDUV LQ WKH FOXVWHU� , ILQG WKDW WKH PRVW HIILFLHQW ZD\
WR SHUWXUE D GLVN LV ZKHQ WKH DQJOH RI LQWHUDFWLRQ EHWZHHQ WKH VRODU V\V�
WHP DQG WKH SHUWXUEHU LV EHWZHHQ ���� GHJUHHV LQGHSHQGHQWO\ RI WKH VL]H
RI WKH GLVN� $GGLWLRQDOO\� , ILQG WKDW WKH FUHDWLRQ RI WKH 2RUW FORXG ZDV WULJ�
JHUHG E\ VHFXODU HQFRXQWHUV� ZKLFK SURGXFH WKH VFDWWHUHG GLVN� 6HGQD� DQG
2RUW &ORXG OLNH REMHFWV �)LJ� ����� ZKLOH WKH JLDQW SODQHWV FUHDWHV .XLSHU EHOW
REMHFWV� $GGLWLRQDOO\� DSSUR[LPDWHO\ ��� RI WKH SODQHWHVLPDOV DUH HMHFWHG
EHFRPLQJ LQWHUVWHOODU FRPHWV�

&KDSWHU � '\QDPLFDO HYROXWLRQ RI H[R�2RUW FORXGV DURXQG WKH 6XQ¶V
FORVHVW QHLJKERXUV VWDUV GXH WR ORFDO VWHOODU SHUWXUEDWLRQV DQG WKH*DODFWLF
WLGDO ILHOG �7RUUHV HW DO� ������ 8VLQJ WKH FDWDORJXH RI WKH FORVHVW VWDUV FRQ�
VWUXFWHG LQ 7RUUHV HW DO� ������ ����D�� DQG WKH PHWKRGV GHYHORSHG LQ 7RU�
UHV HW DO� �����D�E�� , FDOFXODWHG WKH FORVHVW HQFRXQWHU IRU HDFK RI WKH 6XQ¶V
QHLJKERXU VWDUV ZLWKLQ � SF DQG ZLWK DFFXUDWH DVWURPHWULF GDWD IURP *DLD
'5�� L�H�� 3UR[LPD &HQWDXUL� %DUQDUG VWDU� *OLHVH ��� 5RVV ���� DQG 5RVV

��



� ,QWURGXFWLRQ

6B;m`2 RXN, a2KB@K�DQ` �tBb �b � 7mM+iBQM Q7 2++2Mi`B+Biv UiQT T�M2HV �M/ Q`#Bi�H BM+HBM�@
iBQM U#QiiQK T�M2HVX h?2 ;`�v �`2�b `2T`2b2Mi i?2 /Bz2`2Mi `2;BQMb Q7 i?2 bQH�` bvbi2K
UEmBT2` #2Hi UE"V- b+�ii2`2/ /BbF Ua.V- a2/MQB/b- BMM2` �M/ Qmi2` PQ`i +HQm/ UP*VV-
r?BH2 i?2 /�b?2/ HBM2b b?Qr i?2 k,j- R,k- �M/ k,8 `2bQM�M+2b rBi? L2TimM2X h?2 BMi2;`�@
iBQM iBK2 Bb b2i iQ Ryy Jv`X �/�Ti2/ 7`QK hQ``2b 2i �HX UkyRN#VX

���� , ILQG WKDW RQ DYHUDJH WKH VWDUV LQ WKH VRODU QHLJKERXUKRRG H[SHULHQFH
DURXQG ����� FORVH HQFRXQWHUV GXULQJ �� 0\U �)LJ� ������ SULPDULO\ ZLWK
0�GZDUI VWDUV� , WKHQ FDOFXODWHG WKH HIIHFW RI SDVVLQJ VWDUV DQG WKH *DODF�
WLF WLGDO ILHOG RQ WKH FRPHWV LQ H[R�2RUW FORXGV DURXQG WKH 6XQ¶V QHLJKERXU
VWDUV� 7KH PRVW SHUWXUEHG V\VWHP RYHU D WLPH LQWHUYDO RI �� 0\U LV *OLHVH
�� IROORZHG E\ 5RVV ���� %DUQDUG¶V VWDU DQG 5RVV ��� DQG ILQDOO\ 3UR[�
LPD &HQWDXUL� )RU *OLHVH �� WKH SURGXFWLRQ UDWH RI WUDQVLWLRQDO LQWHUVWHOODU
FRPHWV DQG LQWHUVWHOODU REMHFWV LV DERXW ��×108 7,& 0\U−1 DQG ���×1010

,62 0\U−1� )RU WKH UHVW RI WKH V\VWHPV WKH UDWH RI 7,& SURGXFWLRQ LV DERXW
2.1 WR 3.8 × 108 7,& 0\U−1� 7KLV LPSOLHV WKDW D FRQVLGHUDEOH QXPEHU RI
LQWHUVWHOODU FRPHWV UHVLGH LQ WKH ORFDO QHLJKERXUKRRG� 7KHUHIRUH WKH 6XQ
DQG LWV QHLJKERXUV DUH YLVLWHG E\ LQWHUVWHOODU FRPHWV RULJLQDWLQJ IURP RWKHU
VWDUV� ,Q WKLV ZD\� LW LV SODXVLEOH WKDW DQ LQWHUVWHOODU FRPHW FORXG H[LVWV�

��



��� 7KHVLV

6B;m`2 RXRy, *HQb2bi �TT`Q�+? /Bbi�M+2 pb iBK2X h?2 }`bi T�M2H +Q``2bTQM/b 7Q` i?2
+HQb2bi 2M+QmMi2`b 7Q` S`QtBK� *2Mi�m`B U`2/V- 7QHHQr2/ #v i?2 bvbi2Kb "�`M�`/ U#Hm2V-
:HB2b2 e8 U;`22MV- _Qbb R89 Uv2HHQrV- �M/ _Qbb k93 U#`QrMVX h?2 ?BbiQ;`�K BM 2�+? T�M2H
`2T`2b2Mib i?2 /Bbi`B#miBQM Q7 i?2 T�`iB+H2bX h?2 b?�/2/ �`2�b `2T`2b2Mi i?2 #QmM/�`B2b
Q7 i?2 Qmi2` PQ`i +HQm/ 7Q` 2�+? bi�`- `2bT2+iBp2HvX �/�Ti2/ 7`QK hQ``2b 2i �HX UkykyVX
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$EVWUDFW

:H VWXG\ WKH RULJLQ RI WKH LQWHUVWHOODU REMHFW �,�����
8� ¶2XPXDPXDE\ MX[WDSRVLQJ HVWLPDWHV EDVHG RQ
WKH REVHUYDWLRQV ZLWK VLPXODWLRQV� :H VSHFXODWH
WKDW REMHFWV OLNH ¶2XPXDPXD DUH IRUPHG LQ WKH GH�
EULV GLVF DV OHIW RYHU IURP WKH VWDU DQG SODQHW IRU�
PDWLRQ SURFHVV� DQG VXEVHTXHQWO\ OLEHUDWHG� 7KH
OLEHUDWLRQ SURFHVV LV PHGLDWHG HLWKHU E\ LQWHUDFWLRQ
ZLWK RWKHU VWDUV LQ WKH SDUHQWDO VWDU�FOXVWHU� E\ UHVR�
QDQW LQWHUDFWLRQV ZLWKLQ WKH SODQHWHVLPDO GLVF RU E\
WKH UHODWLYHO\ VXGGHQ PDVV ORVV ZKHQ WKH KRVW VWDU
EHFRPHV D FRPSDFW REMHFW� ,QWHJUDWLQJ ¶2XPXD�
PXDEDFNZDUG LQ WLPH LQ WKH *DODFWLF SRWHQWLDO WR�
JHWKHU ZLWK VWDUV IURP WKH *DLD�7*$6 FDWDORJXH ZH
ILQG WKDW DERXW ���0\U DJR ¶2XPXDPXDSDVVHG WKH
QHDUE\ VWDU +,3 ����� ZLWKLQ D PHDQ GLVWDQFH RI
1.3SF� %\ FRPSDULQJ QHDUE\ REVHUYHG /�GZDUIV
ZLWK VLPXODWLRQV RI WKH *DOD[\ ZH FRQFOXGH WKDW WKH
NLQHPDWLFV RI ¶2XPXDPXD LV FRQVLVWHQW ZLWK UHOD�
WLYHO\ \RXQJ REMHFWV RI 1.1±1.7*\U� :H MXVW PHW
¶2XPXDPXDE\ FKDQFH� DQG ZLWK D GHULYHG PHDQ
*DODFWLF GHQVLW\ RI ∼ 3 × 105 VLPLODUO\ VL]HG REMHFWV
ZLWKLQ ��� DX IURP WKH 6XQ RU ∼ 1014 SHU FXELF SDU�
VHF ZH H[SHFW DERXW � WR �� VXFK YLVLWRUV SHU \HDU
ZLWKLQ � DX IURP WKH 6XQ�



��� ,QWURGXFWLRQ

6HFWLRQ ���

,QWURGXFWLRQ

�,����� 8� ¶2XPXDPXD �KHUHDIWHU ¶2XPXDPXD �� D JHQXLQH LQWHUVWHOODU
REMHFW WKDW ZDV GLVFRYHUHG RQ �� 2FWREHU ���� LQ WKH 3DQ�67$556 VXU�
YH\ �%DFFL HW DO� ����� 0HHFK HW DO� ����D�E�� ZDV LQLWLDOO\ LGHQWLILHG DV D
FRPHW EXW TXLFNO\ UHFODVVLILHG DV DQ XQXVXDO PLQRU SODQHW� 0RVW QRWDEOH
RUELWDO SDUDPHWHUV DUH WKH GLVWDQFH DW SHULFHQWUH� q = 0.25534±0.00007 DX�
WKH HFFHQWULFLW\� e = 1.1995 ± 0.0002 DQG WKH UHODWLYH YHORFLW\ DW LQILQLW\
v # 26.32±0.01 NP�VZLWK UHVSHFW WR WKH 6XQ �%DFFL HW DO� �����0HHFK HW DO�
����D� 0DPDMHN ������ 7KLV PDNHV WKH REMHFW XQDPELJXRXVO\ XQERXQG RQ
DQ HQ�SDVVDQW RUELW WKURXJK WKH 6RODU V\VWHP �GH OD )XHQWH 0DUFRV 	 GH
OD )XHQWH 0DUFRV ����� %DQQLVWHU HW DO� ������ QRW XQOLNH WKH SUHGLFWLRQ E\
0RUR�0DUWtQ� 7XUQHU� 	 /RHE ������� 7KH DEVHQFH RI D WDLO LQGLFDWHV WKDW
WKH REMHFW LV SUREDEO\ URFN�OLNH �0HHFK ������ ZKLFK� WRJHWKHU ZLWK LWV XQ�
XVXDO HORQJDWHG VKDSH �∼ 35 E\ ���P UHSRUWHG E\ 0HHFK HW DO� ����� DQG
H[SODLQHG E\ )LW]VLPPRQV HW DO� ������ DQG 'RPRNRV HW DO� ������� DQG
UDSLG VSLQ �ZLWK DQ 8.10 ± 0.02 KRXU SHULRG� VHH -HZLWW HW DO� ����� %ROLQ
HW DO� ������ KDV EHHQ KRVWHG E\ D VWDU IRU DQ H[WHQVLYH SHULRG RI WLPH �.DW]
�����+RDQJ HW DO� ������ ,Q WKLV SHULRG LWPD\ KDYH ORVWPRVW RI LWV YRODWLOHV
DQG LFH E\ VSXWWHULQJ �0HHFK ����� )LW]VLPPRQV HW DO� ������ %\ WKH ODFN
RI RWKHU WHUPLQRORJ\ IRU WKLV FODVV RI REMHFWV DQG IRU FRQYHQLHQFH� ZH UHIHU
LQ WKLV ZRUN WR VŮOXV ODSLV� ZKLFK LV /DWLQ IRU ³ORQHO\ VWRQH´�

6SHFWUD WDNHQ E\ VHYHUDO LQVWUXPHQWV LQGLFDWH WKDW LWV FRORXU �g − r =
0.2 ± 0.4 DQG r − i = 0.3 ± 0.3 �0DVLHUR ������ g − r = 0.41 ± 0.24 DQG
r − i = 0.23 ± 0.25 �%ROLQ HW DO� ������ DQG g′ − r′ = 0.60 ± 0.23 �<H HW DO�
������ PDWFKHV WKDW RI REMHFWV LQ WKH .XLSHU EHOW �.XLSHU ����� EXW WKDW LW
LV VRPHZKDW UHG FRPSDUHG WR WKH PDLQ EHOW DVWHURLGV DQG WURMDQV �VHH DOVR
%DQQLVWHU HW DO� ����� -HZLWW ������ +RZHYHU� LW FDQQRW EH H[FOXGHG WKDW
¶2XPXDPXD LV WKH OHIW RYHU QXFOHXV RI D FRPHW IURP DQRWKHU VWDU �)HUULQ 	
=XOXDJD ����� 0HHFK ����� 5D\PRQG HW DO� ����E��

%DVHG RQ LWV YHORFLW\� ¶2XPXDPXD LV XQOLNHO\ WR KDYH RULJLQDWHG IURP D
QHDUE\ VWDU �0DPDMHN ����� GH OD )XHQWH 0DUFRV 	 GH OD )XHQWH 0DUFRV
������ DOWKRXJK *DLGRV� :LOOLDPV� 	 .UDXV ������ DUJXH WKDW LW FRXOG KDYH
EHHQ HMHFWHGZLWK D ORZ YHORFLW\ �RI 1±2 NP�V� IURP WKH QHDUE\ \RXQJ VWHOODU
DVVRFLDWLRQV &DULQD RU &ROXPED RU IURP WKH 3OHLDGHVPRYLQJ JURXS �)HQJ	
-RQHV ������ 7UDFLQJ EDFN WKH WUDMHFWRU\ RI ¶2XPXDPXD WKURXJK WKH ORFDO
QHLJKERXUKRRG LV KLQGHUHG E\ WKH PDJQLILFDWLRQ RI VPDOO XQFHUWDLQWLHV LQ

��



� 5HQGH]YRXV ZLWK µ2XPXDPXD

LWV RUELW DQG LQ WKH SRVLWLRQV DQG YHORFLWLHV RI QHDUE\ VWDUV �=KDQJ ������
(YHQ ZLWK WKH KLJK DFFXUDF\ DFKLHYHG E\ *DLD DQG 7*$6� EDFNWUDFLQJ LWV
RUELW FDQ RQO\ EH GRQH UHOLDEO\ IRU VRPH ��0\U RU RYHU D GLVWDQFH RI DERXW
��SF �0DPDMHN ������

6LQFH ZH GRXEW WKDW ¶2XPXDPXD IRUPHG DV DQ LVRODWHG REMHFW� LW VHHPV
PRVW SODXVLEOH WKDW LW IRUPHG DURXQG DQRWKHU VWDU� IURP ZKLFK LW ZDV OLEHU�
DWHG� 7KLV FRXOG EH WKH UHVXOW RI FRSLRXV PDVV ORVV UHVXOWLQJ IURP WKH HQG
SKDVH RI WKH QXFOHDU EXUQLQJ RI D VWDU �9HUDV HW DO� ����� +DQVHQ 	 =XFN�
HUPDQ ����� 5DILNRY ������ E\ D FORVH HQFRXQWHU LQ D \RXQJ VWDU FOXVWHU
�-tONRYi HW DO� ������ RU E\ LQWHUQDO VFDWWHULQJ RI SODQHWDU\ V\VWHPV �%UDVVHU
	0RUELGHOOL ����� 5D\PRQG� $UPLWDJH� 	 9HUDV ����D� RU LQ D ELQDU\ VWDU
�-DFNVRQ HW DO� ����� ûXN������ ,W LV HYHQSRVVLEOH WKDW RQH RI WKH 6XQ¶V RZQ
2RUW FORXG REMHFWV ZDV VFDWWHUHG E\ D \HW XQNQRZQ SODQHW �:ULJKW ����� GH
OD )XHQWH 0DUFRV� GH OD )XHQWH 0DUFRV� 	 $DUVHWK ������

+HUH ZH GLVFXVV WKH SRVVLEOH RULJLQ RI ¶2XPXDPXD �VHH � ����� :H DQDO�
\VH LWV RUELWDO SURSHUWLHV DQG FRPSDUH WKRVH ZLWK RXU H[SHFWDWLRQV IRU D
UDQGRP SRSXODWLRQ RI IUHH�IORDWLQJ GHEULV LQ WKH VRODU QHLJKERXUKRRG �VHH
� ����� 2XU HVWLPDWHV RI WKH RFFXUUHQFH RI REMHFWV VLPLODU WR ¶2XPXDPXD
LV MX[WDSRVHG ZLWK VHYHUDO DOWHUQDWLYH VFHQDULRV� ,Q WKH QHDU IXWXUH ZKHQ
WKH /DUJH 6\QRSWLF 7HOHVFRSH FRPHV RQOLQH PDQ\ PRUH VŮOŝ ODSLGŋV DUH H[�
SHFWHG WR EH IRXQG DW D UDWH RI � WR �� SHU \HDU�

6HFWLRQ ���

¶2XPXDPXD DV D UDUH REMHFW

����� 2EVHUYDWLRQDO FRQVWUDLQWV

$ VLPSOH HVWLPDWH RI WKH QXPEHU GHQVLW\ RI VŮOŝ ODSLGŋV LPSOLHG E\ WKH GH�
WHFWLRQ RI ¶2XPXDPXD FDQ EH GHULYHG E\ FDOFXODWLQJ WKH HIIHFWLYH YROXPH
VXUYH\HG E\ WKH 3DQ�67$556 WHOHVFRSH �$ PXFK PRUH HODERUDWH DQDO\VLV
ZDV UHFHQWO\ SUHVHQWHG LQ'R HW DO� ������ 7KLV WHOHVFRSHKDV D OLPLWLQJPDJ�
QLWXGH RI m ∼ 22 �%DFFL HW DO� ����� 0HHFK HW DO� ����D�� ¶2XPXDPXDZDV
REVHUYHG ZLWK D PDJQLWXGH H = 20.19 DQG ZDV ZLWKLQ D GLVWDQFH RI DERXW
0.16 DX IURP (DUWK EHIRUH EHLQJ GHWHFWHG��

�7KH TXRWHG YDOXH IRUH LV WKH DEVROXWH PDJQLWXGH ZKLFK LV GHILQHG DV WKH PDJQLWXGH DW
� DX IURP ERWK WKH (DUWK DQG WKH 6XQ�

��



��� ¶2XPXDPXD DV D UDUH REMHFW

7KH YROXPH VXUYH\HG E\ WKH 3DQ�67$556 WHOHVFRSH LV DSSUR[LPDWHO\�

V # Av∆t3$1. �����

+HUHA LV WKH HIIHFWLYH FURVV VHFWLRQ IRU WKH REMHFW SDVVLQJ WKH 6RODU V\VWHP�

A = πr2GHWHFW

(
1 +

(vHVF
v

)2
)
. �����

,QZKLFK πr2GHWHFW LV WKH JHRPHWULF FURVV VHFWLRQ DQG WKH VHFRQG WHUP FRUUHFWV
IRU WKH JUDYLWDWLRQDO IRFXVLQJ� +HUH v LV WKH UHODWLYH YHORFLW\ RI ¶2XPXD�
PXD DW LQILQLW\ ZLWK UHVSHFW WR WKH 6RODU V\VWHP¶V EDU\FHQWUH DQG vHVF #
42 NP�V LV WKH HVFDSH YHORFLW\ RI WKH 6XQ DW D GLVWDQFH RI � DX� 7KH SHULRG
RYHU ZKLFK 3DQ�67$556 KDV REVHUYHG ∆t3$1 # 5 \U �WKH ILUVW GDWD UHOHDVH
LQ ���� FRYHUV � \HDUV� VHH (QJHOKDUGW HW DO� ������ :KHQ ZH QDLYHO\ DV�
VXPH WKDW WKH WHOHVFRSH KDV D ���� GHWHFWLRQ HIILFLHQF\ RYHU WKHVH � \HDUV
ZH DUULYH DW D GHQVLW\ RI ∼ 0.08 DX−3 RU ∼ 7.0 × 1014 SF−3� 7KH VWDWLVWLFDO
XQFHUWDLQW\ LPSOLHG E\ D VLQJOH GHWHFWLRQ PHDQV WKDW D ZLGH UDQJH RI YDO�
XHV �0.004±0.24 DX−3 RU 3.5 × 1013±2.1 × 1015 SF−3� LV FRQVLVWHQW ZLWK WKH
REVHUYDWLRQV DW WKH 95� OHYHO�

7KLV VLPSOH HVWLPDWH LJQRUHV WKH PRGHOLQJ RI WKH GHWHFWLRQ HIILFLHQF\�
,Q VSLWH RI WKLV� ZH REWDLQ D YDOXH KLJKHU WKDQ WKH XSSHU OLPLWV IRU ILQGLQJ
VŮOŝ ODSLGŋV GHULYHG IURP WKH DEVHQFH RI GHWHFWLRQV XVLQJ WKH 3DQ�67$566�
VXUYH\ XS WR WKDW WLPH E\ (QJHOKDUGW HW DO� ������� 7KHLU HVWLPDWHV OHDG WR
D ORZHU GHQVLW\ EHFDXVH WKH\ FRQVLGHUHG ODUJHU REMHFWV ZLWK D FRPHWDU\ WDLO
WKDW FRXOG KDYH EHHQ GHWHFWHG WR D PXFK ODUJHU GLVWDQFH IURP WKH (DUWK�
:H ZLOO QRZ GLVFXVV WKH SRVVLEOH RULJLQ RI VŮOŝ ODSLGŋV DQG WKHLU UHODWLRQ WR
¶2XPXDPXD �

����� '\QDPLFDO HMHFWLRQ IURP WKH 6XQ
V 2RUW FORXG
&RQVLGHULQJ WKH RUELWDO SDUDPHWHUV RI ¶2XPXDPXD � LW VHHPV XQOLNHO\ WR
KDYH EHHQ ODXQFKHG IURP WKH .XLSHU EHOW RU 2RUW FORXG �2RUW ������ $VWHU�
RLGV DQG FRPHWV DUH IUHTXHQWO\ ODXQFKHG IURP WKH .XLSHU EHOW DQG WKH 2RUW
FORXG EXW WKH\ UDUHO\ SHQHWUDWH WKH LQQHU 6RODU V\VWHP �GH OD )XHQWH 0DU�
FRV HW DO� ������ 2EMHFWV LQ WKH 2RUW FORXG� KRZHYHU� FRXOG SRVVLEO\ ODXQFK
LQWR WKH LQQHU 6RODU V\VWHP DIWHU D VWURQJ LQWHUDFWLRQ ZLWK D SDVVLQJ VWDU
�5LFNPDQ HW DO� ����� RU D SODQHW �)RXFKDUG HW DO� ������

7KH KLJKHVW YHORFLW\� LQ WKLV FDVH� LV REWDLQHG ZKHQ WKH REMHFW ZRXOG
KDYH EHHQ WKH PHPEHU RI D FORVH ELQDU\ ZLWK DQRWKHU� PRUH PDVVLYH� URFN\

��
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REMHFW� PXFK LQ WKH VDPH ZD\ LQ ZKLFK K\SHUYHORFLW\ VWDUV DUH HMHFWHG IURP
WKH VXSHUPDVVLYH EODFN KROH LQ WKH *DODFWLF FHQWUH �+LOOV ������ %LQDULHV
DUH NQRZQ WR EH FRPPRQ LQ WKH RXWHU UHJLRQV LQ WKH 6RODU V\VWHP� DQG
SRVVLEO\ WKH PDMRULW\ RI SODQHWHVLPDOV LQ WKH .XLSHU EHOW IRUPHG DV SDLUV
�)UDVHU HW DO� ������ 7KH PHDQ RUELWDO VHSDUDWLRQ RI �� WUDQV�1HSWXQLDQ
REMHFWV LV 13900± 14000 NP �1ROO HW DO� ����� ZLWK D PLQLPXP RI 1830 NP
IRU WKH SDLU &HWR�3KRUF\V �REMHFW �������� EXW WKHUH LV QR SDUWLFXODU UHDVRQ
ZK\2RUW FORXG RU .XLSHU�EHOW ELQDULHV FRXOG QRW KDYH WLJKWHU RUELWV �)UDVHU
HW DO� ������ VXFK DV LV VXVSHFWHG RI ���� 4*��� �6KHSSDUG 	 -HZLWW ������
$Q LQWHUDFWLRQ RI DQ REMHFW PXFK OLNH WKH ELQDU\ �������� ���� (/��
�%URZQ ����� ZLWK D SODQHW ZLWK WHQ WLPHV WKH PDVV RI -XSLWHU FRXOG UHVXOW
LQ D UXQDZD\ YHORFLW\ RI WKH OHDVWPDVVLYHPHPEHU RI∼ 1 NP�V� EXW ZLWK WKH
SDUDPHWHUV IRU &HWR�3KRUF\V WKH PHDQ NLFN YHORFLW\ RI ∼ 0.13 NP�V� 7KLV
ZRXOG EH VXIILFLHQW WR FKDQJH D FLUFXODU RUELW DW D GLVWDQFH RI 1000±104 DX
DURXQG WKH 6XQ LQWR DQ XQERXQG RUELW ZLWK WKH HFFHQWULFLW\ REVHUYHG IRU
¶2XPXDPXD �

:H SHUIRUP 0RQWH &DUOR H[SHULPHQWV LQ ZKLFK ZH GLVWULEXWH 2RUW
FORXG REMHFWV DURXQG WKH 6XQ XVLQJ WKH SDUDPHWHUV DGRSWHG LQ +DQVH HW DO�
������� :H LQWURGXFH D YHORFLW\ NLFN vNLFN� WDNHQ UDQGRPO\ IURP D *DXV�
VLDQ GLVWULEXWLRQ ZLWK GLVSHUVLRQ RI ���� NP�V LQ HDFK RI WKH &DUWHVLDQ GL�
UHFWLRQV� ZKLFK UHVXOWV LQ D ZLGH GLVWULEXWLRQ LQ VHPL�PDMRU D[LV DQG HFFHQ�
WULFLW\� 0RUH WKDQ ��� RI WKH REMHFWV UHPDLQ ERXQG DQG WKH UHPDLQLQJ ���
XQERXQG REMHFWV WHQG WR KDYH KLJK HFFHQWULFLWLHV ZLWK D PHGLDQ RI ∼ 1.2�
EXW RQO\ D YHU\ VPDOO IUDFWLRQ RI <∼ 10−3 REMHFWV SDVV WKH 6XQ ZLWKLQ ��� DX
RQ WKHLU XQERXQG RUELW �VHH DOVR GH OD )XHQWH 0DUFRV HW DO� ������ :H VXE�
VHTXHQWO\ SHUIRUPHG VHYHUDO GLUHFW N�ERG\ VLPXODWLRQV WR YHULI\ WKLV UH�
VXOW� )RU WKHVH ZH DGRSWHG WKH FRQQHFWHG�FRPSRQHQW V\PSOHFWLF LQWHJUD�
WRU>m�vMQ �-lQHV� 3HOXSHVV\� 	 3RUWHJLHV =ZDUW ����� ZLWKLQ WKH�Jla1
�3RUWHJLHV =ZDUW 	 0F0LOODQ ����� IUDPHZRUN� 7KH PLOG NLFNV H[SHFWHG
GXH WR DQ LQWHUDFWLRQZLWK DQ2RUW FORXG ELQDU\ DQG DPDVVLYH SODQHW� HLWKHU
SDVVLQJ WKURXJK RU ERXQG WR WKH 2RUW FORXG� DUH LQVXIILFLHQW WR H[SODLQ WKH
REVHUYHG YHORFLW\ RI ¶2XPXDPXD � :H� WKHUHIRUH� FRQFOXGH WKDW ¶2XPXD�
PXD LV XQOLNHO\ WR KDYH RULJLQDWHG IURP HLWKHU WKH .XLSHU EHOW RU WKH 2RUW
FORXG �VHH DOVR GH OD )XHQWH 0DUFRV HW DO� ������

����� 2ULJLQ IURP WKH 2RUW FORXG RI DQRWKHU VWDU

1DLYH HVWLPDWHV RI WKH GHQVLW\ RI LQWHUVWHOODU FRPHWV FDQ EH GHULYHG IURP
WKH VWHOODU GHQVLW\ DQG DVVXPLQJ WKDW HDFK VWDU KDV D ULFK 2RUW FORXG ZLWK

��



��� ¶2XPXDPXD DV D UDUH REMHFW

NFRPHWV ∼ 1011 FRPHWV SHU VWDU �.DLE 	 4XLQQ �����

nFRPHWV = ηnVWDUVNFRPHWV. �����

:LWK D PHDQ PDVV GHQVLW\ LQ WKH VRODU QHLJKERXUKRRG RI ρ0 =
0.119+0.015

−0.0120!�SF3 �:LGPDUN 	 0RQDUL ����� �RU 0.09 ± 0.020!�SF3 DF�
FRUGLQJ WR .LSSHU� 7HPSHO� 	 7HQMHV ����� DQG D PHDQ VWHOODU PDVV ∼
0.370! �&KDEULHU ������ ZH DUULYH DW D ORFDO VWHOODU QXPEHU GHQVLW\ LQ
WKH *DODFWLF GLVF RI nVWDUV # 0.32SF−3� 7KH HIILFLHQF\ DW ZKLFK FRPHWV DUH
HMHFWHG IURP D VWDU ZKHQ LW RUELWV WKH *DOD[\ ZDV UHFHQWO\ HVWLPDWHG WR EH
η ∼ 0.1�*\U �+DQVH HW DO� ������ :LWK DPHDQ VWHOODU DJH RI �*\U� ZH DUULYH
DW D ORFDO FRPHW GHQVLW\ RI nFRPHWV ∼ 2.5 × 10−6 DX−3 �RU 2.2 × 1010 SF−3��
ZKLFK LV FRQVLVWHQWZLWK WKH XSSHU OLPLW RQ WKH GHQVLW\ RI LQWHUVWHOODU FRPHWV
RI <∼ 0.0007 DX−3 E\ 6WHUQ ������ DQG < 0.001 DX−3 E\ 0F*O\QQ 	 &KDS�
PDQ ������ DQG )UDQFLV ������� +HUH ZH GLG QRW FRUUHFW IRU WKH LQWULQVLF
VL]H DQGPDVV GLVWULEXWLRQ RI 2RUW FORXG REMHFWV� 7KH GHQVLW\ RI VŮOŝ ODSLGŋV
WKDW RULJLQDWH IURP HMHFWHG 2RUW�FORXG REMHFWV DUH FRQVLGHUDEO\ ORZHU WKDQ
RXU H[SHFWHG GHQVLW\ EDVHG RQ WKH REVHUYDWLRQV GHULYHG LQ � ������ DQG ZH
FRQFOXGH WKDW ¶2XPXDPXD FDQQRW KDYH RULJLQDWHG IURP WKH K\SRWKHWLFDO
H[R�2RUW FORXG RI RWKHU VWDUV�

&RSLRXV ORVV RI FLUFXPVWHOODU PDWHULDO� KRZHYHU� FDQ EH LQLWLDWHG ZKHQ
D VWDU WXUQV LQWR D FRPSDFW UHPQDQW HLWKHU RQ WKH SRVW�DV\PSWRWLF JLDQW
EUDQFK �9HUDV HW DO� ����� RU LQ D VXSHUQRYD �%RHUVPD ������ ,I HDFK RI
WKH 2.0× 109 ZKLWH GZDUIV LQ WKH *DODFWLF GLVF �1DSLZRW]NL ����� KDV SUR�
GXFHG O(1011) IUHH�IORDWLQJ REMHFWV� WKH QXPEHU RI VŮOŝ ODSLGŋV ZRXOG EH
RYHU�SURGXFHG E\ ∼ 5 RUGHUV RI PDJQLWXGH�

����� 2ULJLQ IURP WKH GHEULV GLVF RI DQRWKHU VWDU
$ \RXQJ SODQHWDU\ V\VWHP ZLWK D FLUFXPVWHOODU GLVF PD\ EH UDWKHU ULFK LQ
UHODWLYHO\ ODUJH >∼ 100PREMHFWV� EHFDXVH LW LV WKH H[SHFWHG HTXLOLEULXP VL]H
IRU FROOLVLRQDO FDVFDGH RI PDWHULDO�VWUHQJWK GRPLQDWHG ERGLHV �6FKOLFKWLQJ�
)XHQWHV� 	 7ULOOLQJ ������ 'LVUXSWLRQ RI VXFK D GLVFPD\ LQMHFW D ODUJH QXP�
EHU RI WKHVH REMHFWV LQWR LQWHUVWHOODU VSDFH� 7KLV ZRXOG KDSSHQ LQ WKH HDUO\
HYROXWLRQ RI WKH VWDU ZKHQ LW VWLOO ZDV D PHPEHU RI LWV SDUHQWDO FOXVWHU�
$ VLPLODU HVWLPDWH DV LQ � ����� WKHQ UHYHDOV D WRWDO PDVV RI HMHFWHG GLVF�
PDWHULDO WR EH

mGHEULV ∼ fGHEULVZρ0 �����

:KHQ ZH DGRSW D GLVF PDVVMGLVF = 0.01M!� DQG D PHWDOOLFLW\ RI WKH GLVF�
Z = 0.02� WKH IUDFWLRQ RI H[SHOOHG PDWHULDO LV KDUGHU WR HVWLPDWH EXW LW PD\

��



� 5HQGH]YRXV ZLWK µ2XPXDPXD

EH LQ WKH UDQJH RI fGHEULV ∼ 0.1� 7KLV IUDFWLRQ FRXOG HYHQ EH KLJKHU LI ZH
DUJXH WKDW WKH 6RODU V\VWHP PD\ KDYH ORVW D IUDFWLRQ >∼ 10� RI LWV GLVF LQ D
UHVRQDQFH LQWHUDFWLRQ EHWZHHQ WKH RXWHU PRVW SODQHWV �*RPHV HW DO� ������
7KH WRWDO PDVV RI HMHFWHGPHWDOV LV WKHQ RI WKH RUGHU∼ 2.4×10−60!�SF−3�
7KH GHQVLW\ RI ¶2XPXDPXD LV HVWLPDWHG WR EH∼ 2.0 J�FP3 �VHH H�J� 7ULOOLQJ
HW DO� ������ ZKLFK LV LQ WKH UDQJH RI GHQVLWLHV REVHUYHG IRU WKH UHODWLYHO\ RU�
GLQDU\ .XLSHU�EHOW REMHFW 2UFXV �ρ.%2 = 1.65+0.34

−0.24 J�FP3� VHH H�J� %URZQ
	 %XWOHU ����� DQG WKH GHQVH PHWDO�ULFK �� 3V\FKH �4.5 ± 1.4J�FP3� VHH
H�J� 6KHSDUG HW DO� ������ :LWK WKH REVHUYHG GLPHQVLRQV RI D F\OLQGHU RI
25× 230P �.QLJKW HW DO� ������ ZH DUULYH DW D PDVV RIm # 1.2× 109 NJ� $
K\SRWKHWLFDO \RXQJ 6RODU V\VWHP FRXOG WKHQ KDYH HMHFWHG 3.3× 1016 REMHFWV
GXULQJ LWV HDUO\ HYROXWLRQ� OHDGLQJ WR D PHDQ GHQVLW\ RI ∼ 3.9 × 1015 SF−3�
H[FHHGLQJ RXU REVHUYDWLRQDO HVWLPDWH E\ D IDFWRU RI∼ 6� 7KHVH REMHFWV PD\
EH FRPHWDU\ RU QRQ�FRPHWDU\ LQ QDWXUH GHSHQGLQJ RQ ZKHWKHU WKHVH DUH
HMHFWHG IURP LQVLGH RU RXWVLGH WKH VQRZ OLQH� 7KH ODUJH XQFHUWDLQWLHV LQ WKLV
HVWLPDWH� DQG WKRVH LQ � ����� PDNH LW SODXVLEOH WKDW DQ HQRUPRXV SRSXOD�
WLRQ RI H[SHOOHG REMHFWV H[LVWV LQ WKH *DOD[\ ZLWK D GHQVLW\ FRQVLVWHQW ZLWK�
RU HYHQ H[FHHGLQJ RXU QXPEHU�GHQVLW\ HVWLPDWH LQ � ������

6HFWLRQ ���

:KHUH GLG ¶2XPXDPXD FRPH IURP

+DYLQJ FRPSDUHG WKH QXPEHU RI LQWHUVWHOODU REMHFWV SURGXFHG E\ DVWHU�
RLGDO RU FRPHWDU\ HMHFWLRQ LQ � ��� LW VHHPV SODXVLEOH WKDW ¶2XPXDPXDZDV
IRUPHG DURXQG DQRWKHU VWDU� DQG ZDV OLEHUDWHG XSRQ HLWKHU FORVH SODQHWDU\
HQFRXQWHUV ZLWKLQ WKH \RXQJ SODQHWDU\ V\VWHP� RU GXH WR WKH FRSLRXV PDVV
ORVV ZKHQ WKH VWDU EHFDPH D FRPSDFW UHPQDQW� :H QRZ GLVFXVV WKH SRVVL�
EOH RULJLQ RI ¶2XPXDPXD �

����� $Q RULJLQ IURP WKH VRODU QHLJKERXUKRRG

5HVXOWV E\ WKH *DLD &ROODERUDWLRQ� %URZQ HW DO� ������ SURYLGH WKH PRVW
FRPSOHWH DQG DFFXUDWH FHQVXV RI WKH GLVWULEXWLRQ RI VWDUV LQ WKH VRODU QHLJK�
ERXUKRRG �IRU ZKLFK ZH DGRSW D YROXPH FHQWUHG DURXQG WKH 6XQ ZLWK D UD�
GLXV RI �� SF�� 7KH UDGLDO YHORFLW\ FRPSRQHQWV DUH QRW �\HW� SDUW RI WKLV
GDWDEDVH� EXW WKH\ FDQ EH FRPSOHWHG XVLQJ RWKHU FDWDORJXHV� %\ PDWFKLQJ
WKH 7*$6 FDWDORJXH ZLWK WKH UDGLDO YHORFLWLHV IURP .XQGHU HW DO� �������
3XONRYR �*RQWFKDURY ������ DQG *HQHYD�&RSHQKDJHQ �+ROPEHUJ� 1RUG�
VWU|P� 	$QGHUVHQ ������ ZH FRQVWUXFWHG D FDWDORJXH RI ������� VWDUV ZLWK

��



���:KHUH GLG ¶2XPXDPXD FRPH IURP

SRVLWLRQ DQG YHORFLW\ LQIRUPDWLRQ �7RUUHV� 3RUWHJLHV =ZDUW� 	%URZQ������
ZH VHOHFWHG WKRVH VWDUV ZLWK UHODWLYH SURSHU PRWLRQV DQG SDUDOOD[ HUURUV
< 1�� ZLWK UDGLDO YHORFLW\ < 100 NP�V� ZLWK HUURUV < 10 NP�V �VHH DOVR
)HQJ 	 -RQHV ������

7KH RUELWV RI WKH VHOHFWHG VWDUV DV ZHOO DV ¶2XPXDPXD DUH LQWHJUDWHG
EDFNZDUGV LQ WLPH IRU ��0\U LQ WKH *DODFWLF SRWHQWLDO� 7KH XQFHUWDLQW\
LQ WKH *DLD GDWDEDVH DQG LQ WKH RUELWDO SDUDPHWHUV RI ¶2XPXDPXD DUH WRR
ODUJH WR LQWHJUDWH UHOLDEO\ EDFNZDUGV LQ WLPH DQ\ IXUWKHU �VHH DOVR 0DPD�
MHN ����� ZKR DGRSWHG VLPLODU FULWHULD�� 7KH LQWHJUDWLRQ ZDV SHUIRUPHG XV�
LQJ:�H�tB� �$QWRMD� +HOPL� 'HKQHQ� %LHQD\Pp� %ODQG�+DZWKRUQ� )DPDH\�
)UHHPDQ� *LEVRQ� *LOPRUH� *UHEHO� .RUGRSDWLV� .XQGHU� 0LQFKHY� 0X�
QDUL� 1DYDUUR� 3DUNHU� 5HLG� 6HDEURNH� 6LHEHUW� 6WHLQPHW]� :DWVRQ� :\VH�
	 =ZLWWHU ������ 7KLV VHPL�DQDO\WLF 0LON\ :D\ *DOD[\ PRGHO LV LQFRUSR�
UDWHG LQ WKH �Jla1 VRIWZDUH IUDPHZRUN �3RUWHJLHV =ZDUW� 0F0LOODQ� YDQ
(OWHUHQ� 3HOXSHVV\� 	 GH 9ULHV ����D� 3RUWHJLHV =ZDUW 	 0F0LOODQ �����
XVLQJ WKH SDUDPHWHUV GHULYHG E\ 0DUWtQH]�%DUERVD� %URZQ� 	 3RUWHJLHV
=ZDUW ������� $V SRVLWLRQ IRU WKH 6XQ� ZH DGRSWHG x = 8300SF� ZLWK D z
FRPSRQHQW RI �� SF� DQG D YHORFLW\ YHFWRU RI ������ ������� ����� NP�V�

:H QRZ JHQHUDWH RQH PLOOLRQ REMHFWV ZLWKLQ WKH HUURU HOOLSVRLG �LQ DV�
WURPHWULF DQG UDGLDO YHORFLW\� RI HDFK RI WKH VHOHFWHG VWDUV� 7KLV UHVXOWV�
IRU HDFK VWDU� LQ D SUREDELOLW\ GHQVLW\�GLVWULEXWLRQ LQ WLPH� UHODWLYH GLVWDQFH
DQG UHODWLYH YHORFLW\ RI WKH FORVHVW DSSURDFK EHWZHHQ WKDW SDUWLFXODU VWDU
DQG ¶2XPXDPXD � ,Q )LJ� ��� DQG )LJ� ��� ZH VKRZ WKH YDULRXV SUREDELO�
LW\ GLVWULEXWLRQV IRU WLPH RI FORVHVW DSSURDFK� UHODWLYH GLVWDQFH� DQG UHOD�
WLYH YHORFLW\ IRU WKH � VWDUV ZLWKLQ � SF WKDW KDYH D FORVHVW DSSURDFK� :H
LGHQWLI\ WKHVH VWDUV LQ 7DEOH ���� $ERXW ���0\U DJR� ¶2XPXDPXDSDVVHG WKH
VWDU +,3 ����� ZLWKLQ D GLVWDQFH RI ∼ 1.3SF DQG ZLWK D UHODWLYH YHORFLW\ RI
∼ 15 NP�V ZKLFK LV FRQVLVWHQW ZLWK WKH UHVXOW RI )HQJ 	 -RQHV ������ DQG
'\EF]\ĔVNL 	 .UyOLNRZVND ������� :H ILQG VHYHUDO RWKHU UHODWLYHO\ FORVH
HQFRXQWHUV ZKLFK� GHVSLWH WKHLU FORVH SUR[LPLW\ ZLWK ¶2XPXDPXD � ZH KDYH
QRW LQFOXGHG KHUH EHFDXVH RI WKH ODUJH XQFHUWDLQW\ LQ WKH UDGLDO YHORFLW\�
%DVHG RQ WKLV GDWD� ZH GR QRW H[SHFW WKDW ¶2XPXDPXDZDV ODXQFKHG IURP
DQ\ RI WKH QHDUE\ VWDUV LQ WKH *DLD FDWDORJXH� :H VSHFXODWH WKDW ¶2XPXD�
PXD RULJLQDWHV IURP ZHOO EH\RQG WKH VRODU QHLJKERXUKRRG�

����� $Q RULJLQ IURP EH\RQG WKH VRODU QHLJKERXUKRRG

,I ¶2XPXDPXD LV SDUW RI WKH *DODFWLF EDFNJURXQG GLVWULEXWLRQ RI VŮOŝ
ODSLGŋV� LWV YHORFLW\ LV H[SHFWHG WR EH FRQVLVWHQW ZLWK WKH GLVWULEXWLRQ RI ORZ�

��
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���:KHUH GLG ¶2XPXDPXD FRPH IURP

6B;m`2 kXR, S`Q#�#BHBiv /2MbBiv@/Bbi`B#miBQM BM `2H�iBp2 /Bbi�M+2 UdUHOV �M/ `2H�iBp2 p2HQ+Biv
UvUHOV #2ir22M ǶPmKm�Km� �M/ i?2 7Qm` +HQb2bi bi�`b a- b- c �M/ d Ub22 h�#H2 kXRVX h?2
+QHQm` #�` iQ i?2 `B;?i ;Bp2b � r2B;i?BM; UwV rBi? `2bT2+i iQ i?2 A �M/ v 7`QK 1[X kXR
�M/ 1[X kXk rBi? `2bT2+i iQ i?2 b�K2 p�Hm2b Q7 ǶPmKm�Km� X

PDVV REMHFWV LQ WKH *DOD[\� 7R DQDO\VH TXDQWLWDWLYHO\ WKLV K\SRWKHVLV� ZH
FRPSDUH WKH YHORFLW\ RI ¶2XPXDPXDZLWK WKH GLVWULEXWLRQ RI WKH VWDUV LQ
*DLD�7*$6� 7KLV GLVWULEXWLRQ LV SUHVHQWHG LQ )LJ� ����

,GHDOO\� ZHZRXOG OLNH WR FRPSDUH ¶2XPXDPXD WR D SRSXODWLRQ RI REMHFWV
ZLWK VLPLODU FKDUDFWHULVWLFV� :H GHFLGH WR WDNH WKH SRSXODWLRQ RI /�GZDUIV�
ZKLFK LQPDVV DUH VXIILFLHQWO\ VPDOO WKDW WKH\ FRXOG EH FRQVLGHUHGPDVV�OHVV
LQ WKH *DODFWLF SRWHQWLDO� ,Q DGGLWLRQ� WKHUH LV D UHDVRQDEOH FRQVLVWHQW FHQ�
VXV RI WKH SRSXODWLRQ RI /�GZDUIV ZLWKLQ ��SF RI WKH VRODU QHLJKERXUKRRG
�.LUNSDWULFN HW DO� ������ )RU WKHVH GZDUIV� WKH YHORFLW\ KDV EHHQ PHDVXUHG
DV D IXQFWLRQ RI DJH �%XUJDVVHU HW DO� ������ DQG WKLV GLVWULEXWLRQ IROORZV�

v # t

[*\U] × 6 NP/V+ 20 NP/V. �����

��



� 5HQGH]YRXV ZLWK µ2XPXDPXD

6B;m`2 kXk, S`Q#�#BHBiv /2MbBiv@/Bbi`B#miBQM BM iBK2 Q7 +HQb2bi �TT`Q�+? UtV �M/ `2H�iBp2
/Bbi�M+2 UdUHOV #2ir22M ǶPmKm�Km� �M/ i?2 7Qm` +HQb2bi bi�`b Ub22 h�#H2 kXRVX

,QYHUWLQJ WKLV UHODWLRQ OHDGV WR DQ DJH HVWLPDWH IRU ¶2XPXDPXDRI ∼ 1*\U�
ZKLFK LV FRQVLVWHQW ZLWK WKH VDPSOH RI \RXQJHVW �1.1±1.7*\U� /�GZDUIV
�%XUJDVVHU HW DO� ������ &RQVLGHULQJ WKH YHORFLW\ GLVWULEXWLRQ RI WKH HQ�
WLUH SRSXODWLRQ RI EURZQ GZDUIV UHVXOWV LQ DQ DYHUDJH DJH RI DERXW �*\U
�VHH )LJ� ����� ZKLFK LV FRQVLVWHQW ZLWK WKH HVWLPDWH RI 5.2± 0.2*\U E\ %XU�
JDVVHU HW DO� ������� ZKHUHDV IRU WKH *DLD�7*$6 GDWD� ZH ILQG 3 ± 0.5*\U�
7KH GLIIHUHQFH EHWZHHQ WKH EURZQ�GZDUI DJH�HVWLPDWHV DQG WKRVH LQ WKH
*DLD�7*$6 FDWDORJXH LV SRVVLEO\ GXH WR D VHOHFWLRQ HIIHFW FDXVHG E\ WKH
PDJQLWXGH�OLPLWHG VDPSOH LQ WKH ODWWHU �VHH DOVR %DLOHU�-RQHV ������

7R IXUWKHU YDOLGDWH WKH XVH RI WKH EURZQ�GZDUI YHORFLW\�GLVWULEXWLRQ WR
FRQVWUDLQ WKH DJH RI ¶2XPXDPXD � ZH FRPSDUH LW WR WKH YHORFLW\ GLVWULEX�
WLRQ RI REMHFWV LQ UHFHQW VLPXODWLRQV RI WKH 0LON\ :D\ *DOD[\ E\ )XMLL HW DO�
������� 7KLV FDOFXODWLRQ� SHUIRUPHG ZLWK WKH "QMb�B �%pGRUI HW DO� �����
����� JUDYLWDWLRQDO WUHH�FRGH XVLQJ D VKDUHG WLPH�VWHS RI∼ 0.60\U� D JUDY�
LWDWLRQDO VRIWHQLQJ OHQJWK RI 10SF DQG ZLWK RSHQLQJ DQJOH θ = 0.4 DUH FDU�

��



���:KHUH GLG ¶2XPXDPXD FRPH IURP

6B;m`2 kXj, *mKmH�iBp2 `2H�iBp2 p2HQ+Biv /Bbi`B#miBQMb Q7 bBM;H2 Q#D2+ib BM i?2 bQH�` M2B;?@
#Qm`?QQ/X ǶPmKm�Km� Bb T`2b2Mi2/ �b i?2 p2`iB+�H HBM2 M2�` ke FKfbX h?2 bQHB/ `2/ +m`p2
;Bp2b i?2 p2HQ+Biv /Bbi`B#miBQM Q7 bi�`b rBi?BM jy T+ Q7 i?2 amM 7`QK i?2 :�B�@h:�a +�i@
�HQ;m2bX h?2 ;`22M /�b?2/ +m`p2 ;Bp2b i?2 /Bbi`B#miBQM Q7 Ryy G@/r�`7b rBi?BM ∼ 20T+
Q7 i?2 amM Ua+?KB/i 2i �HX kyRyVX h?2 `2/ /�b?2/ +m`p2 ;Bp2b i?2 K2�M `2H�iBp2 p2HQ+Biv@
/Bbi`B#miBQM Q7 �HH bi�`b rBi?BM dX8@3X8 FT+ 7`QK i?2 :�H�+iB+ +2Mi`2- r?2`2�b i?2 #H�+F
/Qii2/ +m`p2 ;Bp2b i?2 /Bbi`B#miBQM #2ir22M QM2 amM@HBF2 bi�` U�i � /Bbi�M+2 Q7 ∼ 7.2 FT+
7`QK i?2 +2Mi`2 rBi? � p2HQ+Biv Q7 ∼ 223.1 FKfb �M/ �i �M �M;H2 Q7 ∼ 20◦ 7`QK i?2 iBT Q7
i?2 #�`- >QHK#2`; 2i �HX kyyNV �M/ Bib M2B;?#Qm`bX h?2 H�ii2` /Bbi`B#miBQM Bb bi�iBbiB+�HHv
+QMbBbi2Mi rBi? i?�i Q7 i?2 #`QrM /r�`7b rBi? Ea@T`Q#�#BHBiv Q7 ∼ 0.3X

ULHG RXW ZLWK 8×109 SDUWLFOHV LQ D VWHOODU GLVF DQG LQFOXGH D OLYH KDOR� EXOJH�
DQG EDU� ,Q WKLV VQDSVKRW DW DQ DJH RI ��*\U� ZH VHOHFWHG REMHFWV ZLWKLQ
��SF DURXQG D K\SRWKHWLFDO VWDU WKDW PDWFKHV WKH FXUUHQW UHODWLYH ORFDWLRQ
RI WKH 6XQ LQ WKH 0LON\:D\� $W WKLV GLVWDQFH� WKH VWUXFWXUH RI WKH GLVF LV QR
ORQJHU YLVLEOH DQG WKH LQFOLQDWLRQ GLVWULEXWLRQ LV IODW� 7KH UHVXOWLQJ UHODWLYH
YHORFLW\ GLVWULEXWLRQ RI WKH IXOO VDPSOH LV SUHVHQWHG DV WKH UHG�GDVKHG FXUYH

��



� 5HQGH]YRXV ZLWK µ2XPXDPXD

DQG D VDPSOH VWDU WKDWPDWFKHV FORVHVW WR WKH /�GZDUIV LV UHSUHVHQWHG E\ WKH
EODFN�GRWWHG FXUYH LQ )LJ� ����

7KH DJH GLVWULEXWLRQ RI DOO WKH REMHFWV LQ WKH VLPXODWLRQV LV FRQVLVWHQW
ZLWK DQ DJH RI ∼ 8.3*\U� EXW IRU WKH VWDU UHSUHVHQWLQJ WKH 6XQ LW LV FRP�
SDUDEOH WR WKH DJH�YHORFLW\ GLVWULEXWLRQ RI ��� /�GZDUIV LQ WKH DJH�UDQJH RI
���±���*\U RI <X 	 /LX ������� ,QVWHDG RI FRPSDULQJ WKH UHODWLYH YHORFLW\�
GLVWULEXWLRQV GLUHFWO\� WKH\ VKRXOG EH ZHLJKWHG E\ WKH HQFRXQWHU UDWH DQG
FRUUHFWHG IRU JUDYLWDWLRQDO IRFXVLQJ �VHH (T� ����� )RU WKH UHOHYDQW YHORFLW\
UDQJH �vUHO <∼ 100 NP�V� KRZHYHU� WKLV FRUUHFWLRQ LV VPDOO �< 25���

6HFWLRQ ���

'LVFXVVLRQ DQG FRQFOXVLRQV

%DVHG RQ WKH H[LVWHQFH RI ¶2XPXDPXD � ZH GHULYH D ORFDO GHQVLW\ RI 3.5 ×
1013±2.1×1015 SF−3 �������±���� DX−3�� 7KLV LV D KLJK GHQVLW\� EXW LQ OLQH
ZLWK RWKHU HVWLPDWHV �'R HW DO� ������ ,W LV FRQVLVWHQWZLWK WKH DPRXQW RI GH�
EULV HMHFWHG GXULQJ WKH VWDU DQG SODQHW IRUPDWLRQ SURFHVV� EXW LQFRQVLVWHQW
ZLWK H[SXOVLRQ RI H[R 2RUW�FORXG RU DVWHURLGDO REMHFWV �VHH � �����

,I HDFK VWDU FRQWULEXWHV WR WKH IRUPDWLRQ RI VŮOŝ ODSLGŋV WKHQ WKH HQWLUH
*DOD[\ PD\ EH VZDUPLQJ ZLWK VXFK REMHFWV� ZLWK 2�1023� VŮOŝ ODSLGŋV LQ
WKH 0LON\ :D\� 2QFH OLEHUDWHG IURP WKHLU SDUHQW VWDUV� LW LV TXLWH SRVVLEOH
WKDW VXFK DQ REMHFW JUD]HV DQ\ RWKHU VWDU� PXFK LQ WKH VDPH ZD\ ¶2XPXD�
PXDSDVVHG FORVH WR WKH 6XQ� 7KH YHORFLW\ RI ¶2XPXDPXD LV ORZ FRPSDUHG
WR WKH VWDUV LQ WKH *DLD�7*$6 FDWDORJXH� DQG ORZ FRPSDUHG WR WKHPHDQ YH�
ORFLW\ GLVWULEXWLRQ RI /�GZDUIV� <RXQJ /�GZDUIV KDYH D FRQVLGHUDEO\ ORZHU
YHORFLW\ WKDQ WKHLU ROGHU VLEOLQJV� DQG WKH YHORFLW\ RI ¶2XPXDPXD LV FRQVLV�
WHQW ZLWK WKH \RXQJHVW SRSXODWLRQ RI EURZQ GZDUIV ����±���*\U�� %DVHG RQ
LWV YHORFLW\� ZH DUJXH WKDW ¶2XPXDPXDKDV D VLPLODU DJH �VHH DOVR )HQJ 	
-RQHV ������

(DUOLHU HVWLPDWHV RI WKH LQWHUVWHOODU DVWHURLG GHQVLW\ ZHUH FDUULHG RXW WR
H[SODLQ WKH GDLO\ ;�UD\ IODUHV RQ WKH VXSHU�PDVVLYH EODFN�KROH LQ WKH *DODF�
WLF FHQWUH 6JU $& �+DPHUV 	 3RUWHJLHV =ZDUW ������ 7KH\ DUJXH WKDW WKH
GDLO\ ;�UD\ IODUHV LQ WKH GLUHFWLRQ RI 6JU $& FDQ EH H[SODLQHG ZLWK D ORFDO
GHQVLW\ RI ∼ 1014 DVWHURLGV SF−3� ZKLFK LV FRQVLVWHQW ZLWK WKH GHQVLW\ RI
VŮOŝ ODSLGŋV GHULYHG KHUH�

:H FRQFOXGH WKDW ¶2XPXDPXD LV SDUW RI WKH OHIW�RYHU GHEULV RI WKH VWDU
DQG SODQHW IRUPDWLRQ SURFHVV LQ WKH *DOD[\� :H H[SHFW WKDW WKH *DOD[\ LV

��
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ULFK LQ VXFK REMHFWV� ZLWK D GHQVLW\ RI∼ 1014 RU 1015 REMHFWV SHU FXELF SDUVHF�
:H HVWLPDWH WKH SUREDELOLW\ WKDW D VŮOXV ODSLV SDVVHV WKH 6XQ ZLWKLQ � DX�
WDNLQJ WKH JUDYLWDWLRQDO IRFXVLQJ FRUUHFWHG FURVV�VHFWLRQ LQWR DFFRXQW� DW DQ
HYHQW UDWH RI DERXW �±�� SHU \HDU�

$FNQRZOHGJHPHQWV:H WKDQN )DER )HQJ IRU GLVFXVVLRQV RQ D SRVVL�
EOH RULJLQ RI ¶2XPXDPXD LQ WKH 2RUW FORXG� 67 H[SUHVVHV KLV JUDWLWXGH WR
WKH 0H[LFDQ 1DWLRQDO &RXQFLO IRU 6FLHQFH DQG 7HFKQRORJ\ �&21$&<7� IRU
WKH JUDQW ��������������� :H WKDQN %HQ 3ROH� <RKDL 0HLURQ DQG 0DXUD
3RUWHJLHV =ZDUW IRU WKH WUDQVODWLRQ RI WKH WHUP ³ORQHO\ URFN´ LQWR /DWLQ� :H
WKDQN WKH UHIHUHHV IRU WKHLU WKRURXJK FKHFNLQJ RI IDFWV� WKH FRUUHFWLRQV WR
RXU LQWHUSUHWDWLRQ RI WKH 015$6 VW\OH GRFXPHQWV� DQG OHVVRQV LQ WKH VXE�
WOH GLIIHUHQFHV EHWZHHQ %ULWLVK DQG $PHULFDQ (QJOLVK� 7KLV ZRUN ZDV VXS�
SRUWHG E\ WKH 1HWKHUODQGV 5HVHDUFK 6FKRRO IRU $VWURQRP\ �129$� DQG
1:2 �JUDQW ������������ >/*0�,,@�� 7KLV ZRUN ZDV VXSSRUWHG E\ D JUDQW
IURP WKH 6ZLVV 1DWLRQDO 6XSHUFRPSXWLQJ &HQWUH �&6&6� XQGHU SURMHFW ,'
V���� 7KLV ZRUN XVHG WKH SXEOLF JLW YHUVLRQ RI WKH �Jla1 VRIWZDUH HQYL�
URQPHQW ZKLFK FDQ EH IRXQG DW ?iiTb,ff;Bi?m#X+QKf�Kmb2+Q/2� 7KLV ZRUN
KDV PDGH XVH RI GDWD IURP WKH (XURSHDQ 6SDFH $JHQF\ �(6$� PLVVLRQ *DLD
�?iiTb,ffrrrX+QbKQbX2b�XBMif;�B��� SURFHVVHG E\ WKH *DLD 'DWD 3URFHVVLQJ
DQG $QDO\VLV &RQVRUWLXP �'3$&� ?iiTb,ffrrrX+QbKQbX2b�XBMifr2#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 0XOWL�
ODWHUDO $JUHHPHQW�
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$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
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,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�

��
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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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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

��

http://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt
http://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt


���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@
%�9 �� ���� ���� ���� ����
$�9 ��� ���� ���� ���� ����
$�9 ���� ���� ���� ���� ����
)�9 ���� ���� ���� ���� ����
)�9 ���� ���� ���� ���� ����
*�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��

��



��� &ORVH HQFRXQWHUV ZLWK WKH VRODU V\VWHP
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� '\QDPLFV RI WKH 2RUW FORXG

6B;m`2 jXd, *QMiBMm2XXX
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��� '\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�
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� '\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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https://home.strw.leidenuniv.nl/~storres/%23Research


� '\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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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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$EVWUDFW
7KH 6XQ� OLNH PDQ\ RWKHU VWDUV LQ WKH 0LON\ :D\ JDOD[\� SURE�
DEO\ IRUPHG LQ D VWDU FOXVWHU� 'XH WR WKH UHODWLYHO\ KLJK VWHOODU
GHQVLW\ LQ VXFK D FOXVWHU� HQFRXQWHUV DUH H[SHFWHG WR DIIHFW WKH
HDUO\ VWDJH RI WKH G\QDPLFDO HYROXWLRQ RI WKH VRODU V\VWHP� ,Q
SDUWLFXODU� WKH RXWHU SDUWV RI WKH VRODU V\VWHP DUH YXOQHUDEOH WR
VXFK SHUWXUEDWLRQV� +HUH� ZH LQYHVWLJDWH WKH UROH RI VWHOODU IO\�
E\V RQ WKH IRUPDWLRQ RI WKH 2RUW FORXG� 7KLV LV GRQH XVLQJ WKH
/RQHO\3ODQHWV PRGXOH LQ WKH $086( IUDPHZRUN� ,Q /RQHO\�
3ODQHW WKH HIIHFW RI D VWDU FOXVWHU RQ LQGLYLGXDO SODQHWDU\ V\V�
WHPV LV UHVROYHG LQ WZR VWHSV� ILUVW� ZH VLPXODWH WKH VWDU FOXVWHU
ZLWKRXW SODQHWV WR VXEVHTXHQWO\ HYROYH HDFK SODQHWDU\ V\VWHP
ZKLOH WDNLQJ WKH SHUWXUEDWLRQV RI QHDUE\ VWDUV LQWR DFFRXQW� ,Q
RXU FDOFXODWLRQV� HDFK VWDU UHFHLYHV D GHEULV GLVN DQG D SRSX�
ODWLRQ RI SODQHWV� &DOFXODWLRQV DUH SHUIRUPHG ZLWK VPDOO GLVNV
�RI ����� DX� DQG ODUJH GLVNV �RI ������� DX�� 7KH FDOFXODWLRQV
DUH FDUULHG RXW ZLWK WZR DUUDQJHPHQWV RI SODQHWV� 2QH FRQILJ�
XUDWLRQ WKDW PLPLFV WKH FXUUHQW VRODU V\VWHP DQG RQH FDVH LQ
ZKLFK ZH DGRSW D FRPSDFW FRQILJXUDWLRQ ZLWK SODQHWV FORVHU
WRJHWKHU WKDQ WKH\ DUH WRGD\� 2EMHFWV LQ WKH RXWHU HGJH RI WKH
GHEULV GLVN DUH VFDWWHUHG E\ SDVVLQJ VWDUV DQG LQ WKH LQQHU HGJH
E\ WKH LQWHUDFWLRQ ZLWK WKH SODQHWV� 7KH SODQHWV FDXVH DVWHU�
RLGV WR EH HMHFWHG DQG SDUN WKHP LQ UHVRQDQW RUELWV� 6WHOODU
HQFRXQWHUV SOD\ DQ LPSRUWDQW UROH LQ KHDWLQJ WKH GHEULV GLVNV�
UHVXOWLQJ LQ HFFHQWULF DQG LQFOLQHG RUELWV ZLWK UHVSHFW WR WKH
LQLWLDO FRQGLWLRQV� 8S WR ∼ 36� RI WKH RULJLQDO GLVN PDWHULDO
LV HMHFWHG IURP WKH SODQHWDU\ V\VWHPV WR EHFRPH VŮOŝ ODSLGŋV
VXFK DV ¶2XPXDPXD� 7KHVH REMHFWV DUH HMHFWHG ZLWK D W\SLFDO
YHORFLW\ RI ��� NP�V�



��� ,QWURGXFWLRQ

6HFWLRQ ���

,QWURGXFWLRQ

2RUW ������ SURSRVHG WKH H[LVWHQFH RI D FORXG RI FRPHWV WKDW VXUURXQGV WKH
VRODU V\VWHP ZKLFK ZDV VXEVHTXHQWO\ QDPHG DIWHU KLP� 7KH 2RUW FORXG LV
WKRXJKW WR FRQWDLQ DERXW 1011±1012 FRPHWV �%UDVVHU 	 0RUELGHOOL ������
ZLWK D WRWDO PDVV RI DURXQG �±� �H�J�� )UDQFLV ����� 0RUELGHOOL ������ ,WV
VKDSH LV FRQMHFWXUHG WR EH QHDUO\ VSKHULFDO� ZLWK WKH FORXG H[WHQGLQJ XS WR
0.5 SF IURP WKH 6XQ� OLPLWHG E\ WKH +LOO VSKHUH RI WKH VRODU V\VWHP �2RUW
����� &KHERWDUHY ������ %HFDXVH WKHVH HVWLPDWHV RI WKH 2RUW FORXG SURS�
HUWLHV DUH KLJKO\ XQFHUWDLQ �PDLQO\ EHFDXVH RI WKH ODFN RI REVHUYDWLRQV RI
WKH ORQJ�SHULRG FRPHWV�� WKH FUHDWLRQ� HYROXWLRQ DQG HYHQ WKH H[LVWHQFH RI
WKH 2RUW FORXG UHPDLQ D SX]]OH WRGD\� 2QH RI WKH PDLQ TXHVWLRQV UHODWHG WR
WKH RULJLQ RI WKH 2RUW FORXG LV UHODWHG WR WKH PRPHQW RI LWV IRUPDWLRQ� 6HY�

HUDO ZRUNV KDYH H[SORUHG WKH RULJLQ DQG HYROXWLRQ RI WKH 2RUW FORXG� PDLQO\
E\ SHUIRUPLQJ QXPHULFDO VLPXODWLRQV� 7KHVH VWXGLHV IROORZ WZRPDLQ LGHDV
RI IRUPDWLRQ� D SULPRUGLDO RU D ODWH IRUPDWLRQ RI WKH 2RUW FORXG� 7KH
SULPRUGLDO PRGHO RFFXUV LQ WKH HDUO\ VWDJHV RI WKH VRODU V\VWHP ZKHQ WKH
6XQ ZDV VWLOO LQ LWV ELUWK FOXVWHU �VHH H�J�� 2RUW ����� +LOOV ����� +HLVOHU 	
7UHPDLQH ����� 'XQFDQ HW DO� ����� :HLVVPDQ ����� :LHJHUW 	 7UHPDLQH
����� 'RQHV HW DO� ����� /HYLVRQ HW DO� ������ ,Q WKLV VFHQDULR WKH SODQHWHV�
LPDOV ZHUH VFDWWHUHG GXH WR WKH LQWHUDFWLRQ ZLWK WKH JURZLQJ JLDQW SODQHWV
DQG VWDUWHG SRSXODWLQJ WKH 2RUW FORXG� 7KH ODWH PRGHO DVVXPHV WKDW WKH
6XQ DOUHDG\ OHIW LWV ELUWK FOXVWHU� ,Q WKLV DOWHUQDWLYH VFHQDULR WKH 2RUW FORXG
ZDV FUHDWHG LQ WKH ODWHU VWDJHV RI WKH VRODU V\VWHP IRUPDWLRQ SRVVLEO\ GXH
WR JUDYLWDWLRQDO LQVWDELOLWLHV ZKHQ WKH JLDQW SODQWV H[SHULHQFHG DQ RULEWDO
UHVRQDQFH� ZKLFK FDXVHG WKH PLQRU ERGLHV WR EH HMHFWHG RQWR DOPRVW XQ�
ERXQG RUELWV �VHH H�J�� /HYLVRQ HW DO� ����� %UDVVHU HW DO� ����� )RXFKDUG
HW DO� ����� .DLE 	 4XLQQ ����� 0RUELGHOOL ����� 'XQFDQ ����� %UDVVHU
	0RUELGHOOL ����� 6KDQQRQ HW DO� ����� 'RQHV HW DO� ����� 1HVYRUQê �����
6KDQQRQ HW DO� ����� 9RNURXKOLFNê HW DO� ������

1RZDGD\V WKHPRGHO LV DGRSWHG WKDW WKH VRODU V\VWHPZDV ERUQ LQ D VWDU
FOXVWHU �3RUWHJLHV =ZDUW ����� $GDPV ����� DQG WKDW LW ZDV VWLOO D FOXVWHU
PHPEHU ZKHQ WKH SODQHWV IRUPHG �3LFKDUGR HW DO� ����� 3RUWHJLHV =ZDUW 	
-tONRYi ����� 0DUWtQH]�%DUERVD HW DO� ������ &RQVLGHULQJ WKDW WKH OLIHWLPH
RI DQ RSHQ FOXVWHU LV DURXQG ��� 0\U DQG VWHOODU FOXVWHUV DUH GHQVH HQYL�
URQPHQWV� WKH SUREDELOLW\ RI FORVH HQFRXQWHUV LV KLJKHU WKDQ LQ WKH FDVH WKH

��
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6XQZRXOG EH LVRODWHG �3RUWHJLHV =ZDUW 	 -tONRYi ������ 7KHUHIRUH WKH2RUW
FORXG PRVW SUREDEO\ IDFHG LQWHUDFWLRQV ZLWK WKH VLEOLQJV RI WKH 6XQ�

1RUGODQGHU HW DO� ������ GLVFXVVHG WKH HYROXWLRQ RI D SULPRUGLDO 2RUW
FORXG IRU GLIIHUHQWPRGHOV RI WKH ELUWK FOXVWHU RI WKH 6XQ �ORZ� LQWHUPHGLDWH�
DQG KLJK PDVV�� 7KH\ FRQVLGHUHG WKH HYROXWLRQ RI WKH FORXG LQ D ORQJ�OLYHG
FOXVWHU VWDUWLQJ DW ���0\U DQG ILQLVKLQJ ZLWK WKH ODWH KHDY\ ERPEDUGPHQW
�∼ 500 0\U�� 7KH\ IRXQG WKDW D SULPRUGLDO 2RUW FORXG ZLOO OLNHO\ QRW VXU�
YLYH IRU DQ\ RI WKH FOXVWHUPRGHOV� ZLWK WKH ORZ�PDVV FOXVWHU KDYLQJ WKH EHVW
FKDQFH IRU WKH VRODU V\VWHP WR VXUYLYH� 7KLV UHVXOW WKXV IDYRXUV D GHOD\HG
IRUPDWLRQ RI WKH 2RUW FORXG �H�J�� %UDVVHU 	 0RUELGHOOL ������ 2WKHU DX�
WKRUV VXJJHVWHG �VHH H�J�� /HYLVRQ HW DO� ����� -tONRYi HW DO� ����� 3IDO]QHU
HW DO� ����� +DQGV HW DO� ����� WKDW SDUW RI WKH 2RUW FORXG ZDV FDSWXUHG
WKURXJK WKH LQWHUDFWLRQV ZLWK SDVVLQJ VWDUV ZKLOH WKH 6XQ ZDV LQ LWV ELUWK
FOXVWHU� DQG WKDW DOVR REMHFWV OLNH 6HGQD DUH WKH FRQVHTXHQFH RI D G\QDPL�
FDO LQWHUDFWLRQZLWK FORVHO\ SDVVLQJ VWDUV� 2YHUDOO� WKH IRUPDWLRQ RI WKH2RUW
FORXG ZKLOH WKH 6XQ ZDV VWLOO LQ LWV ELUWK FOXVWHU LV FRQVWUDLQHG E\ WZR VFH�
QDULRV� 2QHZKLFK LV LQ IDYRXU RI D G\QDPLFDO LQVWDELOLW\ RI D SURWRSODQHWDU\
GLVN GXH WR WKHPLJUDWLRQ RI WKH JLDQW SODQHWV DQG UDQGRPSDVVLQJ VWDUV �VHH
H�J� )HUQiQGH] 	 %UXQLQL ����� %UDVVHU HW DO� ������ DQG WKH RWKHU SURSRVH
WKDW D IUDFWLRQ RI WKH 2RUW FORXG ZDV FDSWXUH GXH WR WKH LQWHUDFWLRQ ZLWK WKH
VWDUV LQ WKH FOXVWHU �VHH H�J� /HYLVRQ HW DO� ����� +DQGV HW DO� ������

0RWLYDWHG E\ WKH LGHD WKDW WKH IRUPDWLRQ RI WKH 2RUW FORXG RFFXUHG
ZKLOH WKH 6XQ ZDV LQ LWV ELUWK FOXVWHU� ZH DLP WR VWXG\ WKH IRUPDWLRQ DQG
HYROXWLRQ RI WKH 2RUW FORXG LQ VXFK DQ HQYLURQPHQW� 'LUHFW 1�ERG\ VLP�
XODWLRQV ZHUH XVHG� ZKHUH VSHFLILFDOO\ ZH SHUIRUPHG D VHW RI VLPXODWLRQV
PRGHOOLQJ WKH HYROXWLRQ RI WKH VRODU V\VWHP GHEULV GLVN ZKLOH WKH 6XQ LV
VWLOO LQ LWV ELUWK FOXVWHU� :H VWXGLHG WKH G\QDPLFDO HYROXWLRQ RI WKH GHEULV
GLVN XQGHU WKH LQIOXHQFH RI D VLQJOH DQGPXOWLSOH UDQGRP VWHOODU HQFRXQWHUV
DQG WKH JLDQW SODQHWV� :H H[SORUH WZRPRGHOV RI WKH VRODU V\VWHP� H[WHQGHG
DQG FRPSDFW� 7KH H[WHQGHGPRGHO LV EDVHG RQ WKH SUHVHQW�GD\ RUELWV RI WKH
JLDQW SODQHWV �L�H� -XSLWHU DW 5.2 DX�ɾ6DWXUQ DW 9.5 DX� 8UDQXV DW 19.2 DX DQG
1HSWXQH DW 30.1 DX� DQG DQ H[WHQGHG GHEULV GLVN �40 < a < 1000 DX �� 7KH
FRPSDFW PRGHO LV D 1LFH�EDVHG PRGHO �*RPHV HW DO� ����� 7VLJDQLV HW DO�
����� 0RUELGHOOL HW DO� ����� ZLWK JLDQW SODQHWV LQ FRPSDFW RUELWV �-XSLWHU
DW 5.5 DX�ɾ6DWXUQ DW 8.1 DX� 1HSWXQH DW 11.5 DX� DQG 8UDQXV DW 14.2 DX� DQG
D FRPSDFW GLVN �16 < a < 35 DX�� ,Q 6HFWLRQ ��� ZH GHVFULEH RXU QXPHULFDO
LPSOHPHQWDWLRQ� ,Q 6HFWLRQ ��� ZH SUHVHQW WKH UHVXOWV IRU RXU 1�ERG\ VLP�
XODWLRQV IRU WKH HYROXWLRQ RI WKH VRODU V\VWHP LQ D ELUWK FOXVWHU HQYLURQPHQW
IRU WKH WZR PRGHOV PHQWLRQHG EHIRUH� ,Q 6HFWLRQ ��� ZH GLVFXVV WKH HIIHFW
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RI D GHQVH HQYLURQPHQW RQ WKH FUHDWLRQ RI WUDQVLWLRQDO LQWHUVWHOODU FRPHWV
�7RUUHV HW DO� ����D� DQG K\SHUEROLF REMHFWV OLNH ¶2XPXDPXD �0HHFK HW DO�
����� :LOOLDPV ������ )LQDOO\ LQ 6HFWLRQ ��� ZH SUHVHQW RXU VXPPDU\ DQG
FRQFOXVLRQV�

6HFWLRQ ���

1XPHULFDO LPSOHPHQWDWLRQ

7R VWXG\ WKH G\QDPLFDO HYROXWLRQ RI WKH VRODU V\VWHP LQ D GHQVH HQYLURQ�
PHQW� ZH FRQVLGHUHG WZR DOWHUQDWLYH PRGHOV� ZKLFK ZH UHIHU WR DV H[WHQGHG
DQG FRPSDFW� )RU HDFKPRGHO ZH SHUIRUPHG WZR VHWV RI VLPXODWLRQV� RQH LQ
ZKLFK RQO\ RQH FORVH HQFRXQWHU EHWZHHQ WKH VRODU V\VWHP DQG DQRWKHU VWDU
�([WHQGHG � DQG &RPSDFW � PRGHOV� LV FRQVLGHUHG DQG WKH RWKHU LQ ZKLFK
PXOWLSOH UDQGRP HQFRXQWHUV DUH FRQVLGHUHG �([WHQGHG 1 DQG &RPSDFW 1
PRGHOV�� 7KH LQLWLDO FRQGLWLRQV RI WKH IRXU PRGHOV DUH OLVWHG LQ 7DEOH ���
DQG D VFKHPDWLF UHSUHVHQWDWLRQ LV SURYLGHG LQ )LJ� ����

)RU WKH VLPXODWLRQV DQG WKH JHQHUDWLRQ RI WKH LQLWLDO FRQGLWLRQV IRU WKH
([WHQGHG � DQG &RPSDFW �PRGHOV ZH XVHG 5(%281' �5HLQ 	 /LX �����
ZLWK WKH :+�)DVW LQWHJUDWRU �5HLQ 	 /LX ������ :H UDQ �� VLPXODWLRQV
LQ ZKLFK ZH DVVXPHG D 6XQ�OLNH VWDUɾDSSURDFKLQJ WKH VRODU V\VWHP DW GLV�
WDQFH UDQJLQJ IURP ���ɾDX WR ��� DX� DW LQFOLQDWLRQV i RI 0� 30� 60� DQG 90
GHJUHHV� DQG ZLWK D YHORFLW\ UHODWLYH WR WKH 6XQ RI∼ 1 NP V−1� W\SLFDO IRU DQ
RSHQ FOXVWHU HQYLURQPHQW �%LQQH\ 	 7UHPDLQH ������ɾ7KH SODQHWHVLPDOV
LQ WKH GLVNɾDUH DSSUR[LPDWHG DV PDVVOHVV WHVW SDUWLFOHVɾ����� SHU VLPXOD�
WLRQ��ɾDQG WKH HYROXWLRQ WLPH LV VHW WR 20 000 \U� ZLWK WKH HQFRXQWHU KDSSHQ�
LQJ 10 000 \U DIWHU WKH VWDUW RI WKH VLPXODWLRQ�ɾ

)RU WKH PRGHOV ([WHQGHG 1 DQG &RPSDFW 1 ZH VLPXODWHG WKH VR�
ODU V\VWHP LQ DQɾ RSHQ FOXVWHU�OLNH HQYLURQPHQW� :H ILUVW XVHG WKH FRGH
/RQHO\3ODQHWV �&DL HW DO� ����� ����� ������ɾ /RQHO\3ODQHWV FRPELQHV
1%2'<���*38 �:DQJ HW DO� ����� DQG 5(%281'ɾ�5HLQ 	 /LX �����ɾ
WKURXJK WKH IUDPHZRUN RI WKH $VWURSK\VLFDO 0XOWL�SXUSRVH 6RIWZDUH (Q�
YLURQPHQW ± $086(ɾ�3RUWHJLHV =ZDUW HW DO� ����� 3HOXSHVV\ HW DO� �����
3RUWHJLHV =ZDUW HW DO� ����E� 3RUWHJLHV =ZDUW 	 0F0LOODQ ������ :H XVHG
1%2'<���*38 DQG D 3OXPPHU VSKHUH PRGHO �3OXPPHU ����� WR VLPX�
ODWH WKH RSHQ FOXVWHU�ɾZLWK DQ LQLWLDO PDVV IXQFWLRQ UDQJLQJ IURP 0.08 WR
100 ɾ�.URXSD ������ɾ���� VWDUV� DQG D YLULDO UDGLXV RI 1 SF� $ 6XQ�OLNH VWDU
LV WKHQ FKRVHQ UDQGRPO\ E\ WKH /RQHO\3ODQHWV PRGXOH DQG WKH VRODU V\V�
WHP LV SODFHG DURXQG LW DQG LV HYROYHG IRU 1000\U� 7KH FRGH WKHQ XVHV D.'
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6B;m`2 9XR, AHmbi`�iBQM Q7 i?2 bQH�` bvbi2K 7Q` i?2 2ti2M/2/ UiQT T�M2HV �M/ +QKT�+i
U#QiiQK T�M2HV KQ/2HbX h?2 TH�M2i�`v `2;BQM 7Q` i?2 2ti2M/2/ KQ/2H mb2b i?2 T`2b2Mi
/�v TQbBiBQMb Q7 i?2 TH�M2ibX AM i?2 +QKT�+i KQ/2H i?2 ;B�Mi TH�M2ib �`2 BM +QKT�+i
Q`#Bib UCmTBi2` �i 5.5 �m-Ƙa�im`M �i 8.1 �m- L2TimM2 �i 11.5 �m- �M/ l`�Mmb �i 14.2
�mVX h?2 ;`2v /BbF `2T`2b2Mib i?2 /2#`Bb /BbF Q7 r?B+? i?2 bBx2 Bb b2i iQ 1000 �m 7Q`
i?2 2ti2M/2/ KQ/2H UiQT T�M2HV �M/ 30 �m 7Q` i?2 +QKT�+i KQ/2H U#QiiQK T�M2HVX h?2
/Qii2/ `2/ +B`+H2 BM/B+�i2b i?2 #QmM/�`v Q7 i?2 M2B;?#Qm` bT?2`2- #2vQM/ r?B+? r2 B;MQ`2
i?2 BM~m2M+2 Q7 �Mv T2`im`#�iBQMb #v T�bbBM; bi�`b U/Bbi�M+2 MQi iQ b+�H2VX :`2v bi�`b
`2T`2b2Mi i?2 bi�`b BM i?2 +Hmbi2` i?�i �`2 B;MQ`2/X h?2 +QHQm`2/ bi�` bvK#QHb USR- Sk-
Sj- S9- �M/ S8V `2T`2b2Mi i?2 }p2 M2�`2bi bi�`b i?�i T2`im`# i?2 bQH�` bvbi2K �i � ;Bp2M
iBK2X h?2 �``Qrb BM/B+�i2 i?2 /B`2+iBQM Q7 KQiBQM Q7 i?2 T2`im`#2`bX
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WUHH WRɾ ILQG WKH ILYH FORVHVW VWDUV WR WKH 6XQ DW DQ\ JLYHQ WLPH� 7KHVH VWDUV
DQG WKH VRODU V\VWHPɾDUH WKHQ HYROYHG WRJHWKHU XVLQJ WKH ,$6�� �5HLQ 	
6SLHJHO ����� LQWHJUDWRU� WKXV VLPXODWLQJ WKH HIIHFW RI HQFRXQWHUV EHWZHHQ
WKH VRODU V\VWHP DQG VWDUV LQ WKH FOXVWHU� ,$6�� ZDV FKRVHQ DV LW LV D KLJK
RUGHU�ɾ DGDSWLYH WLPH VWHS LQWHJUDWRUɾZKLFK DWWDLQV UHODWLYH HQHUJ\ HUURUV RI
∼ 10−14 IRU WLPHVFDOHV RI WKH RUGHU RI 1000\U� (YHQ WKRXJK WKLV LQWHJUDWRU
LV QRQ�V\PSOHFWLF� LW SUHVHUYHV HQHUJ\ EHWWHU WKDQ V\PSOHFWLF LQWHJUDWRUV�
,WV DGDSWLYH WLPH VWHS VFKHPH KHOSVɾUHVROYH FROOLVLRQV ZLWK PRUH SUHFLVLRQ�
:H ILUVW PDGH D URXJK VWXG\ ZLWK D JULG RI ORZ�UHVROXWLRQ VLPXODWLRQV ����
VLPXODWLRQV ZLWK ��� WHVW SDUWLFOHV LQ WKH GHEULV GLVN�� :H WKHQ VHOHFWHG ��
V\VWHPV DQG XVHG WKHVH WR LQLWLDOL]H KLJK�UHVROXWLRQ VLPXODWLRQV LQFOXGLQJ
���� WHVW SDUWLFOHV LQ WKH GLVN� ,Q HDFK RI WKRVH VLPXODWLRQV WKH 6XQ LV ERUQ
LQ D GLIIHUHQWɾ SRVLWLRQ LQ WKH FOXVWHU�

6HFWLRQ ���

(IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU
V\VWHP

'HEULV GLVNV DUH WKH UHPQDQWV RI SODQHW IRUPDWLRQ� 6HYHUDO REVHUYDWLRQV
VXJJHVW WKDW WKH GLVN VL]HV UDQJH IURP WKH LQQHU SDUW RI WKH SODQHWDU\ V\V�
WHPV �∼ 10 DX� WR ∼ 1000 DX �6WDUN HW DO� ����� +XJKHV HW DO� ������ 7KH
DUFKLWHFWXUH� VWUXFWXUH DQG G\QDPLFV RI WKHVH GLVNV GHSHQG RQ VHYHUDO IDF�
WRUV� EXW SULPDULO\ RQ WKH W\SH RI VWDU DQG WKH FOXVWHU HQYLURQPHQW� FRQVLG�
HULQJ WKDW PRVW RI WKH VWDUV DUH ERUQ LQ WKH VWHOODU FOXVWHUV �/DGD 	 /DGD
������ 6HYHUDO VWXGLHV VXJJHVWHG WKDW WKH 6XQ ZDV ERUQ LQ D VWHOODU FOXVWHU
�H�J�� 3RUWHJLHV =ZDUW ����� $GDPV ����� 3LFKDUGR HW DO� ������ +RZHYHU�
LW LV VWLOO XQFOHDU LI WKH FXUUHQW FRQILJXUDWLRQ RI WKH VRODU V\VWHPZDV UHDFKHG
ZKHQ WKH 6XQZDV VWLOO LQ WKH FOXVWHU� RU DIWHU WKH 6XQ OHIW WKH FOXVWHU� ,Q WKLV
VHFWLRQ ZH SUHVHQW WKH UHVXOWV RI WKH VLPXODWLRQV GHVFULEHG DERYH DQG IRFXV
RQ WKH HYROXWLRQ RI WKH SDUWLFOHV LQ WKH VRODU V\VWHP GHEULV GLVN�

����� ([WHQGHG PRGHOV

:H ILUVW H[SORUH WKH G\QDPLFDO HYROXWLRQ RI D PHGLXP VL]HG �40±200 DX�
GHEULV GLVN VXIIHULQJ RQO\ RQH HQFRXQWHUZLWK DQRWKHU VWDUV �6HFW� ������ DQG
RI D ODUJH GHEULV GLVN �40±1000 DX� ZKLFK H[SHULHQFHV PXOWLSOH HQFRXQWHUV
ZLWK RWKHU VWDUV �6HFW� �������

��



��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9Xk, *QMiBMm2XXX

��



� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

6B;m`2 9Xk, 1ti2M/2/ R KQ/2HX h?2 iQT T�M2H BM 2�+? THQi b?Qrb i?2 b2KB@K�DQ` �tBb
a �b � 7mM+iBQM Q7 2++2Mi`B+Biv- r?BH2 i?2 /Bbi`B#miBQM Q7 i?2 T�`iB+H2b Qp2` a Bb b?QrM BM
i?2 #QiiQK T�M2HX h?2 /Bz2`2Mi `Qrb `2T`2b2Mi i?2 BM+HBM�iBQM �M;H2 i Q7 i?2 2M+QmMi2`
U0- 30- 60- �M/ 90 /2;`22bVX h?2 BKT�+i T�`�K2i2` Bb b2i iQ jyy �m �M/ i?2 K�bb Q7 i?2
T2`im`#2` Bb 1 X h?2 TQbBiBQMb Q7 i?2 7Qm` ;B�Mi TH�M2ib �`2 b?QrM rBi? bvK#QHb BM i?2
#QiiQK H27i Q7 i?2 iQT T�M2H BM 2�+? THQiX

��



��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

h�#H2 9Xk, 1ti2M/2/ R KQ/2HX a2KB@K�DQ` �tBb /Bbi`B#miBQM Q7 i?2 T�`iB+H2b BM i?2 /BbF
�7i2` � +HQb2 2M+QmMi2` rBi? � aQH�`@HBF2 bi�`X h?2 BKT�+i T�`�K2i2` Bb b2i iQ jyy �m-
7Q` �M 2M+QmMi2` �M;H2 Q7 y- jy- ey �M/ Ny /2;`22bX h?2 }`bi +QHmKM `2T`2b2Mib i?2
/Bz2`2Mi `2;BQMb Q7 i?2 bQH�` bvbi2K- /BpB/2/ BMiQ 7Qm`X h?2 }`bi `Qr `2T`2b2Mib i?2
Q`B;BM�H /BbF Qp2` r?B+? i?2 T�`iB+H2b r2`2 BMBiB�HHv /Bbi`B#mi2/ U40 < a < 200 �mV- BM
r?B+? i?2 i`�MbM2TimMB�M `2;BQM `�M;2b 7`QK 9y @ 8y �mX 6QHHQr2/ #v i?2 TH�M2i�`v
`2;BQM U0 < a < 30 �mV- i?2 BMM2` PQ`i +HQm/ U200 < a < 10 000 �mV- �M/ }M�HHv i?2
mM#QmM/ T�`iB+H2b U?vT2`#QHB+ +QK2ibVX

,QFOLQDWLRQ DQJOH �◦ ��◦ ��◦ ��◦
2ULJLQDO GLVN ��� ����� ����� ���
3ODQHWDU\ UHJLRQ ���� �� �� ��
,QQHU 2RUW FORXG ���� ���� ���� ���
8QERXQG ����� ����� ���� ��

([WHQGHG �

)ROORZLQJ WKH PHWKRG GHVFULEHG LQ 6HFW� ��� DQG XVLQJ WKH LQLWLDO FRQGL�
WLRQV OLVWHG LQ 7DEOH ��� VHFRQG URZ� ZH SHUIRUPHG �� VLPXODWLRQV IRU WKH
([WHQGHG � PRGHO� ,Q )LJ� ��� DQG )LJ� ��� ZH VKRZ WKH PRVW LQWHUHVWLQJ
FDVH� ZKHQ WKH SHUWXUEHU SDVVHV WR ZLWKLQ 300 DX IURP WKH 6XQ �7DEOH �����
:KHQ WKH LQFOLQDWLRQ DQJOH RI WKH HQFRXQWHU LV VHW WR 0◦�ɾ PRVW SDUWLFOHV
�∼ 73�� UHPDLQ LQ WKH RULJLQDO GLVN GHVSLWH WKH FORVH HQFRXQWHU� 7KH SDU�
WLFOHV ZLWK VHPL�PDMRU D[HV EHWZHHQ 40 DQG 60 DX UHWDLQ HFFHQWULFLWLHV QHDU
]HUR� 7KH HFFHQWULFLWLHV IRU WKH UHVW RI WKH SDUWLFOHV UDQJH IURP 0.1 WR 0.9
�WKH VDPH KROGV IRU WKH 30◦ LQFOLQDWLRQ DQJOH�� 7KHɾWUDQVQHSWXQLDQ UHJLRQ
�30 < a < 100 DX�ɾJDLQV ∼ 8.5� PRUH SDUWLFOHV DV FRPSDUHG WR WKH RULJ�
LQDO GLVWULEXWLRQ� DQG WKH LQQHU 2RUW FORXG UHJLRQ �200 < a < 10 000 DX�
DFTXLUHV ∼ 6.4� RI WKH LQLWLDO SDUWLFOHV� $GGLWLRQDOO\ 20.2� RI WKH SDUWLFOHV
EHFRPH XQERXQG �)LJ� ����� :KHQ WKH LQFOLQDWLRQ DQJOH LV VHW WR 30◦� WKH
SHUWXUEDWLRQ LV YHU\ VLPLODU WR WKH SUHYLRXV FDVH �VHH 7DEOH ���� EXW OHVV
VWURQJ�ɾ7KH WUDQVQHSWXQLDQ UHJLRQ JDLQV 1.7�PRUH SDUWLFOHV WKDQ WKH FDVH
IRU 0◦ DQGɾWKH LQQHU 2RUW FORXG UHJLRQ LV OHVV SRSXODWHG �5.2� RI WKH LQLWLDO
SDUWLFOHV JHWV VHPL�PDMRU D[LV EHWZHHQ 200 DQG 10 000 DX�� 7KH HIIHFW RI D
FORVH HQFRXQWHU GHFUHDVHV IXUWKHU IRU WKH 60 DQG 90 GHJUHH LQFOLQDWLRQ DQJOH
FDVHV �VHH DOVR� 3XQ]R HW DO� ����� 3IDO]QHU HW DO� ������ )RU D 60GHJUHH LQFOL�
QDWLRQ DQJOH� WKH SRSXODWLRQ LQ WKH LQQHU 2RUW FORXG LQFUHDVHV 3� DQG 4.2�
ZLWK UHVSHFW WR WKH 0 DQG 30 GHJUHHV FDVHV� UHVSHFWLYHO\� :KHQ WKH DQJOH LV
VHW WR 90 GHJUHHV DURXQGɾ ɾ12�RI WKH RULJLQDO SDUWLFOHV DFTXLUH D VHPL�PDMRU

��



� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

6B;m`2 9Xj, 1ti2M/2/ R KQ/2HX *mKmH�iBp2 /Bbi`B#miBQM Q7 i?2 }M�H 2M2`;v Q7 T�`iB+H2b
BM i?2 /BbFX *QHQm`2/ HBM2b `2T`2b2Mib i?2 /Bz2`2Mi BM+HBM�iBQM �M;H2b Q7 i?2 2M+QmMi2`
U0- 30- 60- 90 /2;`22bVX q?BH2 i?2 #H�+F /Qii2/ HBM2 b?Qrb i?2 BMBiB�H /Bbi`B#miBQMX h?2
BKT�+i T�`�K2i2` Bb b2i iQ 300 �m �M/ i?2 K�bb Q7 i?2 T2`im`#2` Bb 1 X L2;�iBp2 p�Hm2b
`2T`2b2Mi i?2 #QmM/ T�`iB+H2b- r?BH2 i?2 TQbBiBp2 QM2b i?2 mM#QmM/X h?2 /Bbi`B#miBQMb
?�p2 Ea@T`Q#�#BHBiv Q7 ∼yXNyW 7Q` y◦- ∼yXRNW 7Q` jy◦- ∼yXydW 7Q` ey◦- �M/ ∼yXy8W 7Q`
Ny◦- `2bT2+i iQ i?2 BMBiB�H QM2

D[LV LQ WKH 2RUW FORXG UHJLRQ� 7KH WUDQVQHSWXQLDQ UHJLRQ LQFUHDVHV LWV SRS�
XODWLRQɾVLPLODUO\ɾIRU 60 �6.8�� DQG 90 �5.2�� GHJUHHV LQFOLQDWLRQ DQJOHV�ɾ

7KH JHRPHWU\ RI DQ HQFRXQWHU ZLOO GHILQH WKH IDWH RI WKH GHEULV GLVN�
(YHQ LI WKH LPSDFW SDUDPHWHU LV UDWKHU VPDOO �300 DX IRU WKH FDVHV SUHVHQWHG
KHUH� WKH LQFOLQDWLRQ DQJOH RI WKH HQFRXQWHU VWURQJO\ DIIHFWV WKH UHVXOWLQJ
VWUXFWXUH DQG G\QDPLFV RI WKH SDUWLFOHV LQ WKH V\VWHP� 7KH GLIIHUHQFHV DUH
UHIOHFWHG LQ WKH SURSHUWLHV RI WKH SDUWLFOHV LQ WKH GLIIHUHQW UHJLRQV RI WKH VR�
ODU V\VWHP DIWHU WKH HQFRXQWHU� )RU i = 0◦ DERXW 0.4� RI WKH LQLWLDO SDUWLFOHV
HQG XS ZLWK WKHLU VHPL�PDMRU D[HV LQ WKH SODQHWDU\ UHJLRQ �0 < a < 30 DX��
ZKLOH IRU i = 30◦� 60◦ RU 90◦ QR SDUWLFOHV HQG XS LQ WKLV UHJLRQ� ,Q WKH
WUDQVQHSWXQLDQ UHJLRQ� DQ LQFUHDVH RI SODQHWHVLPDOV RFFXUV IRU i = 30◦�
ZKLOH WKH PRVW HIILFLHQW LQFOLQDWLRQ DQJOH WR SRSXODWH WKH LQQHU 2RUW FORXG
UHJLRQ LV 90 GHJUHHV� ZLWK WKH HQFRXQWHU OLIWLQJ WKH VHPL�PDMRU D[LV RI 12�
SDUWLFOHV WR WKH UHJLRQV EHWZHHQ 200 DQG 10 000 DX� 7KH VWUXFWXUH RI WKH

��



��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

LQLWLDO GLVN KRZHYHU LV VLPLODU IRU DOO WKH LQFOLQDWLRQ DQJOHV� 3DUWLFOHV ZLWK
VHPL�PDMRU D[HV EHWZHHQ 40 DQG 65 DX UHPDLQ XQSHUWXUEHG� ZKLOH SDUWLFOHV
DW 65±200 DX UHDFK HFFHQWULFLWLHV XS WR � �)LJ� ����� $GGLWLRQDOO\� DV VKRZQ
E\ WKH VKDGHG DUHDV LQ )LJ� ���� DIWHU WKH HQFRXQWHU WKH GLVN LV GLYLGHG LQWR
WKUHH PDLQ SRSXODWLRQV IRU DOO WKH LQWHUDFWLRQ DQJOHV �)LJ� �����

*UHHQ VKDGLQJ� (FFHQWULFLWLHV DUHɾUDQJLQJ IURP ∼ 0.1 WR 1� DQG SHULKH�
OLRQ GLVWDQFH IURP 0 WR 50 DX�

%OXH VKDGLQJ� (FFHQWULFLWLHV DUH UDQJLQJ IURP ∼ 0.2 WR 0.6� DQG SHULKH�
OLRQ GLVWDQFH IURP 50 WR 100 DX�

*UH\ VKDGLQJ� (FFHQWULFLWLHV DUH UDQJLQJ IURP∼ 0.4 WR 1� DQG SHULKHOLRQ
GLVWDQFH IURP 100 WR 1000 DX�

(YHQ WKRXJK WKH HQFRXQWHUV DW GLIIHUHQW LQFOLQDWLRQ DQJOHV SURGXFH D
GLIIHUHQW VWUXFWXUH LQ WKH GLVN� WKH WKUHH SRSXODWLRQV DUH GLVFHUQLEOH LQ DOO
FDVHV�

)LQDOO\� LW LV ZHOO NQRZQ WKDW D YHU\ FORVH HQFRXQWHU EHWZHHQ D VWDU
DQG D SODQHWDU\ V\VWHP� FDQ OHDG WR WKH FDSWXUH �VHH H�J�� -tONRYi HW DO�
����� 3IDO]QHU HW DO� ����� DQG HMHFWLRQ RI D FRQVLGHUDEOH IUDFWLRQ RI LWV
GHEULV GLVN� FUHDWLQJ D ODUJH SRSXODWLRQ RI XQERXQG REMHFWV �VHH H�J�� &DL
HW DO� ����� 3IDO]QHU HW DO� ����� 7RUUHV HW DO� ����� ����D� DQG UHIHUHQFHV
WKHUHLQ�� +RZHYHU� LW LV ZRUWK PHQWLRQLQJ WKDW HYHQ IRU D YHU\ FORVH HQ�
FRXQWHU OLNH WKH RQH GHVFULEHG LQ WKLV VHFWLRQ �300 DX�� WKH DQJOH RI WKH LQWHU�
DFWLRQZLOO GHWHUPLQH WKH UDWH RI HMHFWLRQ� :KHQ WKH DQJOH RI WKH LQWHUDFWLRQ
LV DURXQG 90 GHJUHHV DOO WKH SDUWLFOHV UHPDLQ LQ WKH V\VWHP� 2Q WKH RWKHU
KDQG LI WKH DQJOH LV EHWZHHQ 0 DQG 30 GHJUHHV DURXQG 20.2� RI WKH LQLWLDO
GLVN JHWV XQERXQG IURP WKH V\VWHP �SRVLWLYH YDOXHV LQ )LJ� ����� FUHDWLQJ D
FRQVLGHUDEOH IUDFWLRQ RI LQWHUVWHOODU FRPHWV VXFK DV ¶2XPXDPXD�

([WHQGHG 1
)ROORZLQJ WKHPHWKRG GHVFULEHG LQ 6HFW� ��� DQG WKH LQLWLDO FRQGLWLRQV OLVWHG
LQ 7DEOH ��� �IRXUWK URZ�� ZH SHUIRUPHG D VHW RI ��� VLPXODWLRQV� )RU HDFK
VLPXODWLRQ� ZH IRFXVHG RQ WKH HIIHFW RI WKH ILYH FORVHVW VWDUV LQ WKH FOXVWHU
WR WKH 6XQ DW DQ\ JLYHQ WLPH� ,Q )LJ� ��� ZH VKRZ WKH ILQDO GLVWULEXWLRQ
RI WKH RUELWDO HOHPHQWV RI DOO WKH SDUWLFOHV LQ WKH ��� V\VWHPV� 7KH SDUWL�
FOHV LQ PHDQ�PRWLRQ UHVRQDQFH ZLWK 1HSWXQH ����� ���� ���� ���� ���� EH�
WZHHQ 50 DQG 100 DX� UHVHPEOHV WKH .XLSHU EHOW REMHFWV LQ WKH VRODU V\VWHP�
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

0RVW RI WKH SDUWLFOHV KDYH HFFHQWULFLWLHV EHWZHHQ 0 DQG 0.4 �∼ 82��� DQG
RUELWDO LQFOLQDWLRQV EHWZHHQ � DQG �� GHJUHHV �∼ 88��� 7KH LQQHU SDUW RI
WKH GLVN LQ DOO RXU H[SHULPHQWV LV SHUWXUEHG HQRXJK WR FUHDWH VXE�VWUXFWXUH
ZLWKLQ WKH GLVN �VHH )LJ� ����� ,Q WKH RXWHU SDUW RI WKH GLVN DSSUR[LPDWHO\
7.5� RI WKH SODQHWHVLPDOV DUH HMHFWHG DQG VWDUW SRSXODWLQJ WKH LQQHU 2RUW
FORXG �1000 < a < 20 000 DX�� -XVW D WLQ\ IUDFWLRQ �∼ 0.02�� UHDFKHV WKH
RXWHU SDUW RI WKH FXUUHQW RXWHU 2RUW FORXG �a > 20 000 DX�� 2YHUDOO� LQ WKHVH
VLPXODWLRQV� WKH HIIHFWLYHQHVV RI FORVH HQFRXQWHUV ZLWK RWKHU VWDUV LQMHFW�
LQJ HQHUJ\ LQWR WKH RUELWV RI WKH SODQHWHVLPDOV LV KLJK� $ QRWDEOH QXP�
EHU RI SODQHWHVLPDOV KDYH DOUHDG\ VWDUWHG SRSXODWLQJ WKH 2RUW FORXG� DQG
D FRQVLGHUDEOH QXPEHU RI SODQHWHVLPDOV DFTXLUHG HFFHQWULF RUELWV �∼ 18���
6RPH RI WKH REMHFWV LQ HFFHQWULF RUELWV KDYH SODQHW�FURVVLQJ SHULKHOLD ZKLFK
FDQ OHDG WR IXUWKHU VFDWWHULQJ WKHP WR HYHQ ZLGHU RUELWV ZLWK D KLJKHU HF�
FHQWULFLW\� 7KH FRPELQHG HIIHFWV RI SODQHW VFDWWHULQJ �LQWHUQDO� DQG VWHOODU
HQFRXQWHUV �H[WHUQDO� DSSHDUV WR EH YHU\ HIIHFWLYH LQ SRSXODWLQJ WKH ERXQG
2RUW FORXG� ,W VKRXOG DOVR EH QRWHG WKDW D FRQVLGHUDEOH IUDFWLRQ RI SODQ�
HWHVLPDOV �∼���� ZHUH HMHFWHG IURP WKH V\VWHPV DIWHU WKH HQFRXQWHU ZLWK
WKH VWDUV �WR SDQHO )LJ� ������ 7KHVH ZRXOG EH HVVHQWLDO LQ FUHDWLQJ WKH XQ�
ERXQG FRPHWV DQG FDQ H[SODLQ WKH H[LVWHQFH RI REMHFWV OLNH ¶2XPXDPXD LQ
RWKHU SODQHWDU\ V\VWHPV �VHH H�J�� 3RUWHJLHV =ZDUW HW DO� ����� 7RUUHV HW DO�
����D��

)LJ� ��� VKRZV WKH ILQDO GLVWULEXWLRQ RI WKH RUELWDO HOHPHQWV RI WKH SDU�
WLFOHV RYHU DOO ��� VLPXODWHG V\VWHPV� :H QRZ WDNH D FORVHU ORRN DW WKH
VHOHFWHG LQGLYLGXDO V\VWHPV� )LJXUHV ���� ���� DQG ��� VKRZ WKH UHVXOWV IRU
WKH VHOHFWHG FDVHV� :H VHOHFWHG WZR V\VWHPV WKDW XQGHUJR D VHULHV RI ZHDN
WR PRGHUDWH HQFRXQWHUV� EXW QR VWURQJ HQFRXQWHUV �V\VWHPV ��� DQG ����
WKH PDMRULW\ RI DVWHURLGV LQ WKLV V\VWHP UHPDLQ ERXQG WR WKH ERG\ VWDU� $
IXUWKHU V\VWHP ZDV VHOHFWHG WKDW H[SHULHQFHG VRPH VWURQJHU HQFRXQWHUV DV
ZHOO DV D VHULHV RIZHDN HQFRXQWHUV �V\VWHP ����� 7ZR V\VWHPV WKDW XQGHUJR
D VHULHV RIPRGHUDWH WR VWURQJ HQFRXQWHUV �V\VWHP�� DQG ���� FRPSOHWH WKH
VHOHFWHG VHW� ,Q )LJ� ��� ZH VKRZ WKH RUELWDO HYROXWLRQ RI WKH SDUWLFOHV LQ WKH
GLVN DIWHU 100 0\U� $GGLWLRQDOO\ WKH GLVWDQFH RI WKH HQFRXQWHU LV VKRZQ
LQ WKH WRS SDQHO RI HDFK SORW� $IWHU 100 0\U LQ DOO RI RXU ILYH VHOHFWHG H[�
SHULPHQWV� WKH JLDQW SODQHWV UHPDLQHG LQ VWDEOH RUELWV� 7KLV UHVXOW LPSOLHV
WKDW LQ D GHQVH HQYLURQPHQW VXFK DV VWHOODU FOXVWHUV� WKH SODQHWV LQ RXU VR�
ODU V\VWHPV FRXOG KDYH VXUYLYHG D VHULHV RI HQFRXQWHUV ZLWKRXW FKDQJLQJ
WKHLU RUELWV� ,I WKH SODQHWHVLPDO GLVN ZDV PRUH FRPSDFW DQG FORVHU WR 1HS�
WXQH� WKH SODQHW�GLVN LQWHUDFWLRQ FRXOG KDYH WULJJHUHG WKH PLJUDWLRQ RI WKH
SODQHWV DQG WKH HMHFWLRQ RI WKH SDUWLFOHV DV ZH VKRZ LQ 6HFW� ������
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9X9, 1ti2M/2/ L KQ/2HX a2KB@K�DQ` �tBb �b � 7mM+iBQM Q7 2++2Mi`B+Biv UiQT T�M2HV
�M/ Q`#Bi�H BM+HBM�iBQM U#QiiQK T�M2HV 7Q` �HH i?2 T�`iB+H2b BM i?2 kyy bBKmH�i2/ bvbi2KbX
h?2 ;`2v �`2�b `2T`2b2Mi i?2 /Bz2`2Mi `2;BQMb Q7 i?2 bQH�` bvbi2K UEmBT2` #2Hi UE"V-
b+�ii2` /BbF Ua.V- a2/MQB/b- BMM2` �M/ Qmi2` PQ`i +HQm/ UP*VV- r?BH2 i?2 /�b? HBM2b b?Qr
i?2 k,j- R,k- �M/ k,8 `2bQM�M+2b rBi? L2TimM2X h?2 BMi2;`�iBQM iBK2 Bb b2i iQ Ryy Jv`X
�M �MBK�iBQM +�M #2 7QmM/ QMHBM2X
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

6B;m`2 9X8, *QMiBMm2XXX

��



��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9X8, 1ti2M/2/ L KQ/2HX P`#Bi�H 2pQHmiBQM Q7 i?2 T�`iB+H2b BM i?2 /BbF �7i2`
100 Jv`X h?2 #QiiQK T�M2Hb BM 2�+? THQi b?Qrb i?2 b2KB@K�DQ` �tBb �b � 7mM+iBQM
Q7 iBK2- r?BH2 i?2 iQT T�M2Hb b?Qr i?2 /Bbi�M+2 Q7 i?2 T2`im`#2` �b � 7mM+iBQM Q7 iBK2X
h?2 /Bz2`2Mi T�M2Hb `2T`2b2Mib i?2 bvbi2Kb MmK#2`2/ Rk3- R9- Ryy- 3e- R8dX *QHQm`2/
HBM2b +Q``2bTQM/ iQ 2�+? T�`iB+H2 BM i?2 bvbi2KX

7KHPRVW VWDEOH V\VWHP LV QR� ��� �ILUVW URZ LQ )LJ� ����� $OO WKH SDUWLFOHV
UHPDLQ LQ WKH GLVN DIWHU PXOWLSOH HQFRXQWHUV� 7KH ILYH FORVHVW HQFRXQWHUV
RYHU 1000\U UDQJH IURP 1000 WR 5000 DX �ILUVW SDQHO� )LJ� ���� DUH QRW FORVH
HQRXJK WR LQIOLFW D FRQVLGHUDEOH SHUWXUEDWLRQ� +RZHYHU� WKH GLVN LV KHDWHG
VRPHZKDW LQ LWV RXWHU SDUWV� ZLWK D VPDOO IUDFWLRQ RI SDUWLFOHV UHDFKLQJ VHPL�
PDMRU D[HV XS WR 2000 DX� 6\VWHP �� �VHFRQG URZ LQ )LJ� ���� UHWDLQV 99.5�
RI WKH LQLWLDO SDUWLFOHV� EXW DQ HDUO\ FORVH HQFRXQWHU �VHFRQG SDQHO� )LJ� ����
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

OHDGV WR 2.1� RI WKH SDUWLFOHV UHDFKLQJ HFFHQWULFLWLHV EHWZHHQ 0.4 DQG 1 DQG
7.1� UHDFKLQJ VHPL�PDMRU D[HV ODUJHU WKDQ 1000 DX� ,Q V\VWHP ��� 17� RI
WKH SDUWLFOHV DUH HMHFWHG IURP WKH GLVN GXH WR WKH FORVHVW HQFRXQWHUV �ZLWK
LPSDFW SDUDPHWHU ∼��� DX� ZLWK D YHU\ ORZ PDVV VWDU �∼ 0.2 �� $SSUR[L�
PDWHO\ 71� RI WKH SDUWLFOHV UHPDLQ ZLWK VHPL�PDMRU D[HV EHWZHHQ 40 DQG
1000 DX� ZKLOH 9.6� DWWDLQ VHPL�PDMRU D[HV EHWZHHQ 1000 DQG 5000 DX ZLWK
HFFHQWULFLWLHV UDQJLQJ IURP 0.1 WR 1� 0RVW RI WKH SDUWLFOHV KDYH RUELWDO LQFOL�
QDWLRQV EHWZHHQ 0 DQG 50 GHJUHHV �������� DQG WKH UHVW RI WKH LQFOLQDWLRQV
DUH GLVWULEXWHG EHWZHHQ 50 DQG 150 GHJUHHV �WKLUG URZ LQ )LJ� ����� 7KH
PRVW SHUWXUEHG V\VWHPV DUH QR� �� �IRXUWK URZ LQ )LJ� ���� DQG QR� ��� �ILIWK
URZ LQ )LJ� ����� 6\VWHP �� H[SHULHQFHG WZR FORVH HQFRXQWHUV� WKH ILUVW RQH
ZLWK D UHG GZDUI VWDU ZLWK D PDVV RI 0.5 DW 488 DX DQG ODWHU RQ ZLWK D EURZQ
GZDUI �0.08 � DW 899 DX� 7KLV FDXVHV WKH HMHFWLRQ RI 13.4� RI WKH LQLWLDO SDU�
WLFOHV DQG WKH FUHDWLRQ RI WKUHH PDLQ SRSXODWLRQV RI REMHFWV� 7KH ILUVW RQH�
SODQHWHVLPDOV LQ WKH GLVN� DFTXLUHG VHPL�PDMRU D[HV DURXQG 200 DX� DQG HF�
FHQWULFLWLHV IURP 0.2 WR 1 �JUHHQ VKDGHG UHJLRQ� IRXUWK�URZ )LJ� ����� 7KH
VHFRQG SRSXODWLRQ KDV VHPL�PDMRU D[HV UDQJLQJ IURP 100 WR 1000 DX �EOXH
VKDGHG UHJLRQ� IRXUWK�URZ )LJ� ����� DQG RUELWDO LQFOLQDWLRQV EHWZHHQ 0 DQG
20 GHJUHHV� $ERXW 23� RI WKH SDUWLFOHV JDLQHG HFFHQWULFLWLHV EHWZHHQ 0.4
DQG 1� ZKLOH WKH UHVW KDV HFFHQWULFLWLHV UDQJLQJ IURP 0.2 WR 1� 7KH WKLUG DQG
ILQDO SRSXODWLRQ FRQWDLQV DERXW 2.1�RI WKH LQLWLDO SODQHWHVLPDOV ZLWK VHPL�
PDMRU D[HV IRUP∼ 500 WR 6000 DX �JUH\ VKDGHG UHJLRQ� IRXUWK�URZ )LJ� ����
DQG HFFHQWULFLWLHV IURP 0.2 WR 1 DQG RUELWDO LQFOLQDWLRQV XS WR �� GHJUHHV�

7KH PRVW VWURQJO\ SHUWXUEHG V\VWHP LV QR� ��� ZKLFK ORVHV 57.5� RI WKH
LQLWLDO SODQHWHVLPDOV� $V LQ WKH SUHYLRXV FDVHV� WKLV LV GXH WR WZR YHU\ FORVH
HQFRXQWHUV DW LPSDFW SDUDPHWHUV RI ��� DX DQG ��� DX )LJ� ���� ZLWK VWDUV
ZLWK PDVVHV RI 0.5 DQG 0.1 � UHVSHFWLYHO\� $V D FRQVHTXHQFH RI WKH FORVH
HQFRXQWHUV D WDLO LV FUHDWHG� 7KH WDLO FRQWDLQV WKUHH PDLQ SRSXODWLRQV DQG
VHYHUDO EUDQFKHV SURGXFHG E\ VXEVHTHXQW �ZHDN� VWHOODU HQFRXQWHUV� DV LV
VKRZQ LQ WKH ILIWK SDQHO RI )LJ� ����� 7KH ILUVW SRSXODWLRQ KDV VHPL�PDMRU
D[HV EHWZHHQ 40 DQG 100 DX �JUHHQ VKDGHG UHJLRQ� ILIWK�URZ )LJ� ����� ZLWK
HFFHQWULFLWLHV ZLWKLQ 0 DQG 1 DQG RUELWDO LQFOLQDWLRQV IURP 5 WR 50 GHJUHHV�
7KH VHFRQG SRSXODWLRQ �EOXH VKDGHG UHJLRQ� ILIWK�URZ )LJ� ���� KDV VHPL�
PDMRU D[HV IURP 100 WR 300 DX� ZLWK HFFHQWULFLWLHV IURP 0.3 WR 1 DQG LQFOLQD�
WLRQV XS WR 20 GHJUHHV� 7KH ILQDO SRSXODWLRQ �JUH\ VKDGHG UHJLRQ� ILIWK�URZ
)LJ� ���� KDV RUELWDO LQFOLQDWLRQV GLVWULEXWHG EHWZHHQ 20 DQG 180 GHJUHHV�
ZKLOH HFFHQWULFLWLHV UDQJH IURP 0 WR 1� $ERXW 2.2� RI WKH SDUWLFOHV UHDFKHV
VHPL�PDMRU D[HV EHWZHHQ 1000 DQG 4000 DX �2RUW &ORXG UHJLRQ�� 'HVSLWH
WKH FORVH HQFRXQWHUV H[SHULHQFHG E\ WKLV V\VWHP� RQO\ D VPDOO IUDFWLRQ RI
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9Xe, 1ti2M/2/ L KQ/2HX P`#Bi�H 2H2K2Mib Q7 i?2 T�`iB+H2b BM i?2 /BbF �7i2` 100 Jv`
�M/ KmHiBTH2 bi2HH�` 2M+QmMi2`bX h?2 H27iKQbi +QHmKM b?Qrb i?2 b2KB@K�DQ` �tBb �b �
7mM+iBQM Q7 i?2 2++2Mi`B+Biv- rBi? i?2 /Qib +QHQm` +Q/2/ #v T2`B?2HBQMX h?2 ;`22M- #Hm2
�M/ ;`2v b?�/2/ `2;BQMb b?Qr i?2 /Bz2`2Mi TQTmH�iBQMb +`2�i2/ �7i2` i?2 2M+QmMi2`b BM
2�+? bvbi2KX h?2 KB//H2 +QHmKM b?Qrb i?2 T2`B?2HBQM �b � 7mM+iBQM Q7 Q`#Bi�H BM+HBM�iBQM-
rBi? i?2 /Qib +QHQm` +Q/2/ #v �T?2HBQMX h?2 ;`2v b?�/2/ �`2�b b?Qr i?2 /Bz2`2Mi `2;BQMb
Q7 i?2 bQH�` bvbi2K UEmBT2` #2Hi UE"V- b+�ii2` /BbF Ua.V- a2/MQB/b- �M/ BMM2` PQ`i +HQm/
UP*VVX h?2 `B;?iKQbi +QHmKM b?Qrb i?2 /Bbi`B#miBQM Q7 i?2 Q`#Bi�H 2M2`;v Q7 i?2 T�`iB+H2b
BM i?2 /BbF- i?2 `2/ ?BbiQ;`�Kb +Q``2bTQM/BM; iQ i?2 BMBiB�H 2M2`;v �M/ i?2 #Hm2 +m`p2 iQ
i?2 }M�H 2M2`;vX 1�+? `Qr +Q``2bTQM/b iQ i?2 bvbi2Kb MmK#2`2/ Rk3- R9- Ryy- 3e- �M/
R8d- `2bT2+iBp2HvX

��



� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

SDUWLFOHV SRSXODWHV WKH RXWHU 2RUW FORXG� 7KLV LV PDLQO\ EHFDXVH WKH HQ�
FRXQWHU KDSSHQHG LQ WKH LQQHU SDUW RI WKH GLVN� FUHDWLQJ D FRQVLGHUDEOH IUDF�
WLRQ RI K\SHUEROLF REMHFWV �57.5��� 2Q WKH RWKHU KDQG� WKH SODQHWV UHPDLQ
LQ D VWDEOH RUELW� WKH REMHFWV ZLWKLQ ∼ 40 − 50 DX HQWHUHG LQ PHDQ PRWLRQ
UHVRQDQFH ZLWK 1HSWXQH�

,Q DOO RI WKH V\VWHPV SUHVHQWHG KHUH D WDLO LQ a�e VSDFH LV FUHDWHG GXH
WR VWURQJ HQFRXQWHUV� ,Q VRPH FDVHV �V\VWHP ���� ��� DQG ���� PXOWLSOH
EUDQFKHV DUH YLVLEOH ZKLFK DUH SURGXFHG E\ ZHDN VWHOODU HQFRXQWHUV� $GGL�
WLRQDOO\ WKUHH SRSXODWLRQV RI REMHFWV DUH FUHDWHG �JUHHQ� EOXH� JUH\ VKDGHG
UHJLRQV LQ WKH ILUVW FROXPQ RI 6HFW� ����� 7KH PXOWLSOH VWHOODU HQFRXQWHUV
WULJJHU WKH HMHFWLRQ RI WKH SDUWLFOHV XS WR WKH HGJH RI WKH FXUUHQW LQQHU
2RUW FORXG �20 000 DX�� 6XEVHTXHQW SHUWXUEDWLRQV GXH WR WKH *DODFWLF WLGDO
ILHOG ZLOO FLUFXODULVH WKH RUELWV RI SDUWLFOHV ZLWK ODUJH VHPL�PDMRU D[HV �VHH
%UDVVHU HW DO� ������ WKXV WXUQLQJ WKHP LQWR 2RUW FORXG SDUWLFOHV� 7KH SDU�
WLFOHV ZLWK VPDOO VHPL�PDMRU D[HV ZKHUH WKH *DODFWLF WLGDO ILHOG LV QRW HIIL�
FLHQW UHPDLQ LQ �KLJKO\� HFFHQWULF RUELWV ZKLFK ZLOO EHFRPH XQVWDEOH RQ D
VHFXODU WLPHVFDOH� $V VXFK WKH WDLO LQ a�e ZLOO GLVDSSHDU LQ GXH WLPH� 7KH
RYHUDOO VWUXFWXUH RI WKH V\VWHPV VWURQJO\ GHSHQGV RQ WKH JHRPHWU\ RI WKH
HQFRXQWHU� DV ZH GLVFXVVHG LQ 6HFW� ����� DQG DV LOOXVWUDWHG LQ )LJ� ����

2YHUDOO� WKH H[SHULPHQWV SUHVHQWHG KHUH LOOXVWUDWH GLIIHUHQW VFHQDULRV
RI KRZ WKH VRODU V\VWHP FRXOG KDYH EHHQ SHUWXUEHG LQ LWV HDUO\ VWDJHV� $
FRQGLWLRQ IRU D VWDEOH V\VWHP LV WKDW WKH GLVN RI SODQHWHVLPDOV LV IDU HQRXJK
IURP WKH SODQHWV� RWKHUZLVH WKH SODQHW LQVWDELOLW\ GXH WR WKH LQWHUDFWLRQZLWK
WKH GLVN ZLOO KHDW WKH GLVN DQG PRVW RI WKH SDUWLFOHV ZLOO EH HMHFWHG WR ODUJH
GLVWDQFHV� ,Q WKH VFHQDULRV H[SORUHG KHUH� WKH IRUPDWLRQ RI WKH 2RUW FORXG
FRXOG KDYH EHHQ ,QLWLDWHG E\ D FORVH HQFRXQWHU EHWZHHQ RQH RU PRUH VWDUV
DQG WKH VRODU V\VWHP ZLWKRXW FRQVLGHULQJ RUELWDO LQVWDELOLWLHV IRU WKH SODQ�
HWV �0RUELGHOOL ������ DVVXPLQJ WKDW WKH SODQHWV UHDFKHG WKHLU FXUUHQW SR�
VLWLRQV ZKLOH WKH VRODU V\VWHP VWLOO ZDV LQ LWV ELUWK FOXVWHU DQG WKH JDV LQ
WKH SURWRSODQHWDU\ GLVN GLVDSSHDUHG IURP WKH GLVN �VHH DOVR %UDVVHU HW DO�
������ )XUWKHU G\QDPLFDO HYROXWLRQ RI WKH SODQHWHVLPDOV LQ WKH LQQHU 2RUW
FORXG LQGXFHG E\ WKH *DODFWLF WLGDO ILHOG� DQG RFFDVLRQDO FORVH HQFRXQWHUV
ZLOO VWDUW SRSXODWLQJ WKH RXWHU 2RUW FORXG� 'XULQJ LQWHUDFWLRQV ZLWK SDVV�
LQJ VWDUV WKH 6XQ FDQ DOVR FDSWXUH PDWHULDO IURP WKH RWKHU VWDUV� 6HGQD ZDV
DUJXHG WR SUHVHQW DQ H[DPSOH WKHUHRI �-tONRYi HW DO� ������
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9Xd, *QMiBMm2XXX
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

6B;m`2 9Xd, 1ti2M/2/ L KQ/2HX 6BM�H TQbBiBQMb Q7 i?2 T�`iB+H2b BM i?2 /BbF- `2T`2b2Mi2/
rBi? *�`i2bB�M +QQ`/BM�i2b Y pbX X- rBi? i?2 /Qib +QHQm` +Q/2/ #v ZX h?2 T�M2Hb
+Q``2bTQM/ iQ i?2 bvbi2Kb MmK#2`2/ Rk3- R9- Ryy- 3e- �M/ R8dX
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

����� &RPSDFW PRGHOV
)RU WKH FRQVWUXFWLRQ RI WKH FRPSDFW PRGHOV ZH IROORZHG WKH FODVVLFDO 1LFH
PRGHO �*RPHV HW DO� ����� 7VLJDQLV HW DO� ����� 0RUELGHOOL HW DO� �����
IRU WKH HDUO\ VRODU V\VWHP� $OWKRXJK QHZ YHUVLRQV RI WKH PRGHO ZHUH SUH�
VHQWHG �0RUELGHOOL HW DO� ����� 1HVYRUQê 	 0RUELGHOOL ����� 0RUELGHOOL 	
1HVYRUQ\ ������ 0RUELGHOOL HW DO� ������ SRLQW RXW WKDW WKH RUELW HYROXWLRQ
RI SODQHWV ZDV VLPLODU WR WKH RULJLQDO YHUVLRQ� 7KH FODVVLFDO 1LFHPRGHO WKXV
IXOILOOV RXU SURSRVH DQG SURYLGHV XV ZLWK WKH WRROV WR XQGHUVWDQG WKH G\�
QDPLFDO LQVWDELOLW\ RI WKH JLDQW SODQHWV DQG WKH VFDWWHULQJ RI SODQHWHVLPDOV
ZKLFK DWWDLQ 2RUW FORXG RUELWV� ,Q 6HFW� ����� ZH SUHVHQW RXU UHVXOWV IRU RQH
HQFRXQWHU EHWZHHQ WKH VRODU V\VWHP DQG DQRWKHU VWDU� ZKLOH LQ 6HFW� �����
WKH UHVXOWV IRU PXOWLSOHV HQFRXQWHUV DUH SUHVHQWHG�

&RPSDFW �
)RU WKH &RPSDFW � PRGHO ZH SHUIRUPHG �� VLPXODWLRQV FRQVLGHULQJ WKH
SDUDPHWHUV GHVFULEH LQ WKH 6HFW� ��� DQG 7DEOH���� :H ILQG WKDW WKH YH�
ORFLW\ RI WKH 6XQ DIWHU WKH HQFRXQWHU ZLWK WKH SHUWXUEHU UDQJHG IURP ∼
0.06 NP V−1WR 0.08 NP V−1ZKHQ WKH LQFOLQDWLRQ RI WKH SHUWXUEHU ZDV 0 GH�
JUHHV� +RZHYHU� ZKHQ WKH LQFOLQDWLRQ RI WKH SHUWXUEHU ZDV LQFUHDVHG WR 30
GHJUHHV� WKH YHORFLW\ RI WKH 6XQ �DIWHU LPSDFW� UDQJHG IURP∼ 0.07 NP V−1WR
0.5 NP V−1� 7KLV YHORFLW\ LV ORZHU WKDQ WKH PHDQ YHORFLW\ RI VWDUV LQ D FOXV�
WHU �∼ 2 NP V−1�� 7KLV LQGLFDWHV WKDW DQ LPSDFW ZLWK D *� VWDU HYHQ DW D
YHU\ FORVH GLVWDQFHV EHWZHHQ 225 DQG 400 DX ZRXOG QRW EH VWURQJ HQRXJK WR
HMHFW WKH 6XQ IURP WKH FOXVWHU� EXW LW ZLOO VWULS D FRQVLGHUDEOH IUDFWLRQ RI WKH
SDUWLFOHV LQ WKH GLVN� 7KH SDUWLFOH HMHFWLRQ HIILFLHQF\ IRU D FORVH HQFRXQWHU
LV PD[LPXP ZKHQ WKH SHUWXUEHU LV LQFOLQHG DW DQ DQJOH RI 30 GHJUHHV� 7KH
SHUWXUEHU GRHV QRW SURGXFH DQ\ QRWLFHDEOH HIIHFWV RQ WKH GLVN ZKHQ LW LV
LQFOLQHG DW DQ DQJOH RI 90 GHJUHHV� $OWKRXJK WKH SHUWXUEHU ZLWK DQ LPSDFW
SDUDPHWHU RI 275 DXGRHV QRW SURGXFH D ORW RI XQERXQGSDUWLFOHV� LW SURGXFHV
WKH KLJKHVW QXPEHU RI ERXQG SDUWLFOHV ZLWK D VHPL�PDMRU D[LV JUHDWHU WKDQ
150 DX� (QFRXQWHUV DW FORVH GLVWDQFHV� HVSHFLDOO\ DW 250� 275� DQG 300 DX
UHVXOWHG LQ WKH PLJUDWLRQ RI SODQHWV�

)RU DQ LPSDFW SDUDPHWHU RI 300 DX DQG DQ DQJOH RI 60 GHJUHHV� 8UDQXV
DQG 1HSWXQH VZDS SRVLWLRQV DQG WKHLU ILQDO VHPL�PDMRU D[LV UHVHPEOHV WKH
SUHVHQW GD\ SRVLWLRQV RI WKH JLDQW SODQHWV LQ WKH VRODU V\VWHP �WKLUG URZ
)LJ� ����� $W 10 000 \U DIWHU WKH LPSDFW -XSLWHU LV DW 5.12 DX� 6DWXUQ DW
10.69 DX� 8UDQXV DW 18.42 DX DQG 1HSWXQH DW 29.83 DX� )RU DOO WKH VLPXOD�
WLRQV SHUIRUPHG� ZH DOVR LQYHVWLJDWH WKH HIIHFW RI D UHWURJUDGH DSSURDFK E\
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

6B;m`2 9X3, *QMiBMm2XXX
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9X3, *QKT�+i R KQ/2HX h?2 iQT T�M2H BM 2�+? THQi b?Qrb i?2 b2KB@K�DQ` �tBb
Q7 i?2 /2#`Bb /BbF T�`iB+H2b �b � 7mM+iBQM Q7 2++2Mi`B+Biv- r?BH2 i?2 /Bbi`B#miBQM Q7 i?2
T�`iB+H2b Qp2` b2KB@K�DQ` �tBb Bb b?QrM BM i?2 #QiiQK T�M2HX h?2 /Bz2`2Mi `Qrb `2T`2b2Mi
i?2 /Bz2`2Mi BM+HBM�iBQM �M;H2b Q7 i?2 2M+QmMi2` U0- 30- 60- 90 /2;`22bVX h?2 BKT�+i
T�`�K2i2` Bb b2i iQ 300 �m �M/ i?2 K�bb Q7 i?2 T2`im`#2` Bb 1 X h?2 TQbBiBQMb Q7 i?2 7Qm`
;B�Mi TH�M2ib �`2 b?QrM rBi? bvK#QHb BM i?2 #QiiQK H27i Q7 i?2 iQT T�M2H BM 2�+? THQiX
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

h�#H2 9Xj, *QKT�+i R KQ/2HX a2KB@K�DQ` �tBb /Bbi`B#miBQM Q7 i?2 T�`iB+H2b BM i?2 /BbF
�7i2` � +HQb2 2M+QmMi2` rBi? � aQH�`@HBF2 bi�`X h?2 BKT�+i T�`�K2i2` Bb b2i iQ 300 �m- 7Q`
�M 2M+QmMi2` BM+HBM�iBQM �M;H2 Q7 0- 30- 60 �M/ 90 /2;`22bX h?2 }`bi +QHmKM `2T`2b2Mib
i?2 /Bz2`2Mi `2;BQMb Q7 i?2 bQH�` bvbi2K- /BpB/2/ BMiQ }p2X h?2 }`bi `2T`2b2Mi i?2 Q`B;BM�H
/BbF Qp2` r?B+? i?2 T�`iB+H2b r2`2 /Bbi`B#mi2 U16 < a < 35 �mV- 7QHHQr2/ #v i?2 TH�M2i�`v
`2;BQM U0 < a < 16 �mV - i?2 i`�MbM2TimMB�M `2;BQM U35 < a < 100 �mV- i?2 BMM2` PQ`i
+HQm/ U200 < a < 10 000 �mV- �M/ }M�HHv i?2 mM#QmM/ T�`iB+H2b U?vT2`#QHB+ +QK2ibVX

,QFOLQDWLRQ DQJOH �◦ ��◦ ��◦ ��◦
2ULJLQDO GLVN ����� ��� ����� �����
3ODQHWDU\ UHJLRQ ����� �� ���� ��
712V UHJLRQ ����� ��� ����� ����
,QQHU 2RUW FORXG ���� �� ���� ��
8QERXQG ���� �� ���� ��

WKH SHUWXUEHU �ZLWK UHVSHFW WR WKH GHEULV GLVN�� :H IRXQG WKDW D UHWURJUDGH
DSSURDFK LV PRUH HIILFLHQW DW GLVUXSWLQJ PDWHULDO IURP WKH SURWRSODQHWDU\
GLVN� ,Q JHQHUDO� WKHPLJUDWLRQ RI WKH SODQHWV DQG WKHUHIRUH WKH HYROXWLRQ RI
D SURWRSODQHWDU\ GLVN LV GLFWDWHG E\ WKH JHRPHWU\ RI WKH HQFRXQWHU� ,QFOLQD�
WLRQV ZLWKLQ 0±60 GHJUHHV FDQ OHDG WRPLJUDWLRQ RI WKH JLDQW SODQHWV DQG WKH
HMHFWLRQ RI WUDQVQHSWXQLDQ REMHFWV WR YHU\ ZLGH DQG KLJKO\ HFFHQWULF RUELWV
�)LJ� �����

,Q )LJ� ��� WKH HQHUJ\ GLVWULEXWLRQ RI WKH SDUWLFOHV LQ WKH GLVN LV VKRZQ
IRU DQ LPSDFW SDUDPHWHU RI 300 DX� $V SUHYLRXVO\ GLVFXVVHG WKH VWURQJHVW
GLVUXSWLRQ RFFXUV IRU DQJOHV EHWZHHQ 0 DQG 60 GHJUHHV� )RU DQ DQJOH RI ]HUR
GHJUHHV DERXW 11.8� RI WKH SDUWLFOHV HQWHU LQWR WKH LQQHU SODQHWDU\ UHJLRQ
�a < 5 DX� DQG 25.2� UHDFK WKH SUHVHQW GD\ WUDQVQHSWXQLDQ UHJLRQ �35 WR
100 DX�� 2QO\ D VPDOO IUDFWLRQ �9.4�� UHDFK WKH LQQHU 2RUW FORXG UHJLRQV
�100 < a < 3000 DX� DQG 1.2� EHFRPH K\SHUEROLF REMHFWV �7DEOH ����� 7KH
ZHDNHVW SHUWXUEDWLRQ RFFXUV ZKHQ WKH DQJOH LV VHW DW 90 GHJUHHV� &RQVLG�
HULQJ WKDW 300 DX LV D YHU\ FORVH HQFRXQWHU WKH SHUWXUEDWLRQ LV UXOHG E\ WKH
SODQHW�GLVN LQWHUDFWLRQ� EXW WKH VWHOODU HQFRXQWHU WULJJHUV WKH HMHFWLRQ RI WKH
SDUWLFOHV� ZLWK D FRQVLGHUDEOH IUDFWLRQ �∼ 25�� SHQHWUDWLQJ WKH WUDQVQHS�
WXQLDQ UHJLRQ 7DEOH ����
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9XN, *QKT�+i R KQ/2HX *mKmH�iBp2 /Bbi`B#miBQM Q7 i?2 }M�H 2M2`;v Q7 i?2 T�`iB+H2b
BM i?2 /BbFX *QHQm`2/ HBM2b `2T`2b2Mi i?2 /Bz2`2Mi BM+HBM�iBQM �M;H2b �i r?B+? i?2 T2`im`#2`
�TT`Q�+?2b i?2 bQH�` bvbi2K U0- 30- 60- �M/ 90 /2;`22bVX h?2 #H�+F /Qii2/ HBM2 b?Qrb i?2
BMBiB�H /Bbi`B#miBQMX h?2 BKT�+i T�`�K2i2` Bb b2i iQ 300 �m �M/ i?2 K�bb Q7 i?2 T2`im`#2`
1 X L2;�iBp2 p�Hm2b `2T`2b2Mi i?2 #QmM/ T�`iB+H2b- r?BH2 i?2 TQbBiBp2 QM2b i?2 mM#QmM/X
h?2 /Bbi`B#miBQMb ?�p2 Ea@T`Q#�#BHBiv Q7 ∼yXy3W 7Q` y◦- ∼yXRkW 7Q` jy◦- ∼yXy3W 7Q` ey◦-
�M/ ∼yXyjW 7Q` Ny◦- `2bT2+i iQ i?2 BMBiB�H QM2X
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

&RPSDFW 1
$V GHVFULEHG LQ 6HFW� ��� ZH SHUIRUPHG D VHW RI ��� VLPXODWLRQV IRU WKH
&RPSDFW1 PRGHOZKLFKZHUH VHW XS VLPLODU WR WKH([WHQGHG1 PRGHOV� :H
HYROYHG WKH V\VWHPV IRU 1000\U� DFFRXQWLQJ IRUPXOWLSOH VWHOODU HQFRXQWHUV
GXULQJ WKH HYROXWLRQ� ,Q )LJ� ���� ZH VKRZ WKH ILQDO GLVWULEXWLRQ RI DOO WKH
SDUWLFOHV� 7KH SDUWLFOHV ZLWK VHPL�PDMRU D[HV EHWZHHQ 15 DQG 20 DX DUH
LQ PHDQ�PRWLRQ UHVRQDQFH ZLWK 8UDQXV �UHVHPEOLQJ WKH REMHFWV LQ .XLSHU
EHOW LQ RXU VRODU V\VWHPV�� 7KH H[WHUQDO SDUW RI WKH GLVN LV RQO\ VOLJKWO\ SHU�
WXUEHG E\ WKH VWHOODU HQFRXQWHUV� $SSUR[LPDWHO\ 0.8� RI WKH SODQHWHVLPDOV
DUH HMHFWHG LQWR .XLSHU EHOW UHJLRQ� 0.45� WR WKH VFDWWHUHG GLVN UDQJH DQG
0.40� LQWR WKH 6HGQRLGV UDQJH� 1RQH RI WKH SDUWLFOHV UHDFKHV WKH2RUW FORXG
UHJLRQ� 2YHUDOO� WKH VWURQJHVW SHUWXUEDWLRQ WKDW WKH SODQHWHVLPDOV H[SHUL�
HQFH LV GXH WR WKH LQWHUDFWLRQ ZLWK WKH JLDQW SODQHWV� SDUWLFXODUO\ 8UDQXV�
7KH RUELWDO HYROXWLRQ RI WKH JLDQW SODQHWV DIWHU 1000\U LV VWDEOH� 7KH SODQ�
HWV GLG QRW PLJUDWH LQ DQ\ RI RXU VLPXODWLRQV� PDLQO\ EHFDXVH WKH HQFRXQ�
WHUV DUH GLVWDQW DQG WKH GLVN PDVVOHVV� $URXQG 12.5� RI WKH SDUWLFOHV DF�
TXLUHG HFFHQWULFLWLHV EHWZHHQ 0.1 DQG 0.7 DQG ∼ 7� DUH HMHFWHG IURP WKH
V\VWHP� FUHDWLQJ LQWHUVWHOODU FRPHWV�

,Q 6HFW� ����� ZH VWXGLHG WKH ILYH PRVW LQWHUHVWLQJ FDVHV LQ RXU ([WHQGHG
1 VLPXODWLRQV� ,Q WKLV VHFWLRQ IRU FRPSDULVRQ ZH DQDO\]H WKH VDPH V\V�
WHPV� L�H� QXPEHUV ���� ��� ���� ��� DQG ���� ,Q )LJV� ����� ���� DQG ����
ZH VKRZ WKH HYROXWLRQ RI WKH RUELWDO HOHPHQWV RI WKH GLVN SDUWLFOHV� WKH ILQDO
RUELWDO HOHPHQWV DQG WKH HQHUJ\ GLVWULEXWLRQ� DQG WKH SRVLWLRQ RI WKH SDUWL�
FOHV DIWHU 1000\U� UHVSHFWLYHO\� 6\VWHP ��� �ILUVW URZ LQ )LJ� ����� KDV DQ
HDUO\ FORVH HQFRXQWHU �1000 DX�� ZKLFK LQ FRPELQDWLRQ ZLWK WKH LQWHUDFWLRQ
EHWZHHQ WKH JLDQW SODQHWV DQG WKH GLVN DQG WKH IROORZLQJ HQFRXQWHUV OHDGV
WR WKH HMHFWLRQ RI 6.5� RI WKH LQLWLDO SODQHWHVLPDOV� 7KH UHPDLQLQJ SODQ�
HWHVLPDOV FRQFHQWUDWH LQ WKH RULJLQDO GLVN �95�� ZLWK HFFHQWULFLWLHV QHDU
]HUR� ZKLOH WKH UHVW UHDFKHV WKH VFDWWHUHG GLVN UHJLRQ ZLWK HFFHQWULFLWLHV
EHWZHHQ 0.2 DQG 0.6� 6\VWHP �� �VHFRQG�URZ LQ )LJ� ����� GRHV QRW VXIIHU
DQ LPSRUWDQW FKDQJH LQ WKH RUELWDO SDUDPHWHUV DQG UHPDLQV PRVWO\ VWDEOH
GXULQJ 100 0\U� $ VPDOO IUDFWLRQ �1.5�� RI SDUWLFOHV UHDFK KLJK HFFHQWULF�
LWLHV �0.1 < e < 0.6� DQG DSSUR[LPDWHO\ 6� DUH HMHFWHG PDLQO\ EHFDXVH RI
WKH LQWHUDFWLRQ ZLWK 8UDQXV� 7KH SDUWLFOHV EHWZHHQ 16 DQG 20 DX HQWHU LQ
PHDQ�PRWLRQ UHVRQDQFH ZLWK 8UDQXV� 6\VWHPV ��� �WKLUG�URZ LQ )LJ� �����
DQG �� �IRXUWK URZ LQ )LJ� ����� UHWDLQ 94.5� RI WKH LQLWLDO SDUWLFOHV�
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9XRy, *QKT�+i L KQ/2HX h?2 b2KB@K�DQ` �tBb �b � 7mM+iBQM Q7 2++2Mi`B+Biv UiQT
T�M2HV �M/ BM+HBM�iBQM U#QiiQK T�M2HV 7Q` �HH i?2 /BbF T�`iB+H2b BM i?2 kyy bBKmH�i2/
bvbi2KbX h?2 ;`2v b?�/2/ �`2�b `2T`2b2Mi i?2 /Bz2`2Mi `2;BQMb Q7 i?2 bQH�` bvbi2K UEmBT2`
#2Hi UE"V- b+�ii2` /BbF Ua.V- a2/MQB/bV- r?BH2 i?2 /�b?2/ HBM2b BM/B+�i2 i?2 K2�M KQiBQM
`2bQM�M+2 Q7 i?2 T�`iB+H2b rBi? L2TimM2X h?2 BMi2;`�iBQM iBK2 Bb b2i iQ Ryy Jv`X �M
�MBK�iBQM +�M #2 7QmM/ QMHBM2X
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6B;m`2 9XRR, *QMiBMm2XXX
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9XRR, *QKT�+i L KQ/2HX P`#Bi�H 2pQHmiBQM Q7 i?2 T�`iB+H2b BM i?2 /BbF Qp2` i?2 Ryy
Jv` bBKmH�iBQMX h?2 #QiiQK T�M2Hb BM 2�+? THQi b?Qr i?2 b2KB@K�DQ` �tBb �b � 7mM+iBQM
Q7 iBK2- r?BH2 i?2 iQT T�M2Hb b?Qr i?2 /Bbi�M+2 Q7 i?2 T2`im`#2`X h?2 /Bz2`2Mi T�M2Hb
`2T`2b2Mib i?2 bvbi2Kb Rk3- R9- Ryy- 3e- �M/ R8dX *QHQm`2/ HBM2b +Q``2bTQM/b iQ 2�+?
T�`iB+H2 BM i?2 bvbi2KX
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

6B;m`2 9XRk, *QKT�+i L KQ/2HX P`#Bi�H 2H2K2Mib Q7 i?2 T�`iB+H2b BM i?2 /BbF �7i2` Ryy
Jv` �M/ KmHiBTH2 bi2HH�` 2M+QmMi2`bX h?2 H27iKQbi +QHmKM b?Qrb i?2 b2KB@K�DQ` �tBb �b �
7mM+iBQM Q7 i?2 2++2Mi`B+Biv- rBi? i?2 /Qib +QHQm` +Q/2/ #v T2`B?2HBQMX h?2 KB//H2 +QHmKM
b?Qrb i?2 T2`B?2HBQM �b � 7mM+iBQM Q7 BM+HBM�iBQM- rBi? i?2 /Qib +QHQm` +Q/2/ #v �T?2HBQMX
.�b?2/ HBM2 `2T`2b2Mi i?2 `2;BQMb r?2`2 i?2 T�`iB+H2b �`2 BM K2�M KQiBQM `2bQM�M+2X h?2
;`2v b?�/2/ �`2�b `2T`2b2Mi i?2 /Bz2`2Mi `2;BQMb Q7 i?2 bQH�` bvbi2K UEmBT2` #2Hi UE"V-
�M/ b+�ii2` /BbF Ua.VX h?2 `B;?iKQbi +QHmKM `2T`2b2Mib i?2 Q`#Bi�H 2M2`;v Q7 i?2 T�`iB+H2b
BM i?2 /BbF �7i2` Ryy Jv`X h?2 `2/ ?BbiQ;`�K +Q``2bTQM/b iQ i?2 BMBiB�H 2M2`;v- �M/ i?2
#Hm2 +m`p2 iQ i?2 }M�H 2M2`;vX h?2 `Qrb +Q``2bTQM/ iQ i?2 bvbi2Kb Rk3- R9- Ryy- 3e- �M/
R8d- `2bT2+iBp2HvX
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

7KH PRVW LPSRUWDQW SHUWXUEDWLRQ LV GXH WR 8UDQXV ZKLFK SHUWXUEV DOO
WKH SDUWLFOHV EHWZHHQ 16 DQG 20 DX �DV LQ V\VWHPV �� DQG ����� 6XFK SDUWL�
FOHV EHFRPH DWWDFKHG WR 8UDQXV LQ D PHDQ�PRWLRQ UHVRQDQFH� ,Q ERWK V\V�
WHPV ��� DQG �� 5.5�RI WKH SDUWLFOHV HQG XS RQ K\SHUEROLF RUELWV� ZKLOH WKH
WZR V\VWHPV KDYH D VLPLODU GLVN VWUXFWXUH DIWHU 100 0\U �)LJ� ������ +RZ�
HYHU� V\VWHP ��� VXIIHUHG RQO\ RQH FORVH HQFRXQWHU ZLWK D YHU\ ORZ PDVV
VWDU �0.3 � DW 273 DX DW DQ HDUO\ VWDJH �∼ 200\U��� ZKLOH V\VWHP �� IDFHG WZR
FORVH HQFRXQWHUV� WKH ILUVW RQH ZLWK D UHG GZDUI VWDU ZLWK D PDVV RI 0.5 DW
488 DX DQG ODWHU RQZLWK D EURZQGZDUI �0.08 � DW 899 DX� 7KHPRVW SHUWXUEHG
V\VWHP LV QR� ���� $SSUR[LPDWHO\ 7� RI WKH SDUWLFOHV DUH HMHFWHG IURP WKH
V\VWHP� DWWDLQLQJ K\SHUEROLF RUELWV� 7KLV V\VWHP IDFHG WZR YHU\ FORVH HQ�
FRXQWHUV DW 336 DX DQG 507 DX� ZLWK PDVVHV RI 0.5 DQG 0.1 � UHVSHFWLYHO\�
%RWK HQFRXQWHUV WRRN SODFH DW DQ HDUO\ VWDJH �10 DQG 270\U�� (YHQ WKRXJK
V\VWHP ��� IDFHG WZR FORVH HQFRXQWHUV� WKH SDUWLFOHV ZLWK VHPL�PDMRU D[HV
EHWZHHQ 20 DQG 36 DX GR QRW VXIIHU DQ LPSRUWDQW FKDQJH� $V LQ WKH SUHYLRXV
V\VWHPV� 8UDQXV SURGXFHV WKH VWURQJHVW SHUWXUEDWLRQ DQG DERXW 12.5� RI
WKH SDUWLFOHV EHWZHHQ 16 DQG 20 DX HQWHU LQ UHVRQDQFH ZLWK WKH JLDQW SODQHW�

7KH G\QDPLFDO HYROXWLRQ RI WKH SDUWLFOHV LQ D FRPSDFW GLVN GHSHQGV SUL�
PDULO\ RQ WKH HYROXWLRQ RI WKH JLDQW SODQHWV� +RZHYHU� FORVH HQFRXQWHUV
GHILQH WKHLU IXUWKHU HYROXWLRQ GHSHQGLQJ RQ WKH PDVV RI WKH SHUWXUEHU� ,Q
WKH ILYH V\VWHPV SUHVHQWHG KHUH ZH H[DPLQHG GLIIHUHQW VFHQDULRV� )RU VWHO�
ODU HQFRXQWHUV ZH ILQG WKDW LQ DOO WKH FDVHV D VPDOO IUDFWLRQ RI WKH SDUWLFOHV
ZDV HMHFWHG IURP WKH V\VWHPV �∼ 5±7�� LQ K\SHUEROLF REMHFWV� 7KH QXPEHU
RI REMHFWV HMHFWHG QRW RQO\ GHSHQGV RQ WKH SHUWXUEDWLRQ GXH WR WKH SODQHW
FORVHVW WR WKH GLVN EXW DOVR GHSHQGV RQ WKH SUR[LPLW\ RI WKH HQFRXQWHU� 7KLV
VXJJHVWV WKDW WKH VRODU V\VWHP IDFHG DW OHDVW RQH HQFRXQWHU LQ LWV HDUO\ HYR�
OXWLRQ� ZKLFK SDUWO\ GHWHUPLQHG LQ WKH HYROXWLRQ RI WKH LQQHU UHJLRQV� ,W LV
HVVHQWLDO WR KLJKOLJKW WKDW LQ DOO RXU H[SHULPHQWV� WKH LQQHU VRODU V\VWHP DQG
SDUWLFXODUO\ WKH SODQHWV GR QRW JHW SHUWXUEHG HYHQ ZKHQ D FORVH HQFRXQWHU
RFFXUV� 7KH VFHQDULR SUHVHQWHG KHUH LV D VLPSOLILFDWLRQ RI WKH FODVVLF 1LFH
PRGHO� ZKLFK KRZHYHU JLYHV XV DQ LGHD RI WKH UHODWLYH LPSRUWDQFH RI WKH
JLDQW SODQHWV LQ IRUPLQJ DQG VKDSLQJ WKH .XLSHU EHOW�
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6B;m`2 9XRj, *QMiBMm2XXX
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��� (IIHFW RI VWHOODU HQFRXQWHUV RQ WKH HDUO\ VRODU V\VWHP

6B;m`2 9XRj, *QKT�+i L KQ/2HX 6BM�H TQbBiBQMb Q7 i?2 T�`iB+H2b BM i?2 /BbF b?Qr BM
*�`i2bB�M +QQ`/BM�i2b Y pb XX h?2 /Qib �`2 +QHQm` +Q/2/ #v i?2 p�Hm2 Q7 ZX h?2 mMBib
�`2 �mX h?2 T�M2Hb +Q``2bTQM/ iQ i?2 bvbi2Kb Rk3- R9- Ryy- 3e- �M/ R8dX
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

����� ([WHQGHG YV FRPSDFW PRGHOV DQG WKH 2RUW FORXG

,Q 6HFW� ����� DQG 6HFW� ����� ZH SUHVHQWHG RXU UHVXOWV IRU WKH QXPHULFDO
VLPXODWLRQV IRU WKH H[WHQGHG DQG FRPSDFWPRGHOV� )LUVW ZH IRFXVHG RQ WKH
HIIHFWV RI D VLQJOH EXW FORVH HQFRXQWHU �6HFW� ����� DQG 6HFW� ������ DQG WKHQ
VWXGLHG WKH HIIHFW RI PXOWLSOH HQFRXQWHUV �6HFW� ����� DQG 6HFW� ������ LQ D
VWDU FOXVWHU HQYLURQPHQW� RYHU D WLPH VSDQ RI 100 0\U� )RU WKH ([WHQGHG
� PRGHO ZH IRXQG WKDW D FORVH HQFRXQWHU ZLWK WKH SUHVHQW GD\ SODQHW FRQ�
ILJXUDWLRQ RI WKH VRODU V\VWHP DQG D GLVN H[WHQGLQJ XS WR ��� DX FDQ SUR�
GXFH GLIIHUHQW VWUXFWXUH DQG SRSXODWLRQV LQ WKH GLVN EXW WKH SODQHWV UHPDLQ
LQ VWDEOH RUELWV� 2Q WKH RWKHU KDQG IRU WKH &RPSDFW � PRGHO D FORVH HQ�
FRXQWHU WULJJHUV WKH PLJUDWLRQ DQG H[FLWDWLRQ RI WKH SODQHWV DQG WKH GHEULV
GLVN� 7KH RULJLQDO GLVN JHWV SHUWXUEHG EXW PRVW RI WKH SDUWLFOHV UHPDLQ LQ
WKH V\VWHP� ,I ZH FRPSDUH )LJ� ��� DQG )LJ� ��� ZH VHH WKDW WKH SURGXFWLRQ
RI XQERXQG SDUWLFOHV LV KLJKHU IRU WKH H[WHQGHG FDVH �5.6� RI WKH RULJLQDO
GLVN� WKDQ IRU WKH FRPSDFW PRGHO �1.4��� ,W LV LPSRUWDQW WR KLJKOLJKW WKDW
HYHQ ZKHQ D SHUWXUELQJ VWDU FRPHV FORVH �∼ 300 DX� WR D SODQHWDU\ V\VWHP
WKH HYROXWLRQ RI WKH SODQHWHVLPDO GLVN ZLOO EH GHWHUPLQHG E\ LWV VL]H� ,I WKH
GLVN LV FRPSDFW WKH SHUWXUEDWLRQV GXH WR WKH SODQHWV ZLOO GRPLQDWH RYHU WKH
HIIHFW RI WKH VWHOODU HQFRXQWHU� ,I WKH GLVN LV ODUJH WKH SODQHWV ZLOO QRW VXI�
IHU DQ\ RUELWDO YDULDWLRQ� ZKLOH WKH SODQHWHVLPDOV LQ WKH GLVN FDQ EH KHDYLO\
SHUWXUEHG�

:KHQ FRQVLGHULQJ PXOWLSOH HQFRXQWHUV �)LJ� ��� DQG )LJ� ����� WKH HI�
IHFW RQ WKH GLVN IRU WKH FDVH RI WKH ([WHQGHG 1 PRGHO LV VLPLODU WR WKH FDVH
RI RQH HQFRXQWHU� +RZHYHU� WKH PXOWLSOH HIIHFWV RI WKH SDVVLQJ VWDUV FUHDWH
EUDQFKHV �VHYHUDO SRSXODWLRQV RI REMHFWV� LQ WKH RUELWDO HOHPHQW GLDJUDPV�
7KHVH VWUXFWXUHV FDQ EH DVVRFLDWHG ZLWK GLIIHUHQW IDPLOLHV LQ WKH VRODU V\V�
WHP� SDUWLFXODUO\ WKH 6HGQRLGV UHJLRQ �-tONRYi HW DO� ����� 3IDO]QHU HW DO�
������ 7KLV UHJLRQ �100 < a < 1000 DX� )LJ� ���� LV SRSXODWHG ZLWK ODUJH
QXPEHUV RI REMHFWV ZLWK HFFHQWULFLWLHV UDQJLQJ IURP 0.2 WR 1ZLWK RUELWDO LQ�
FOLQDWLRQV IURP 25 WR∼ 150 GHJUHHV� :KHQZH FRPSDUH WKLV WR WKH&RPSDFW
1 PRGHO� ZH FDQ VHH WKDW WKH GLVN LV EDUHO\ SHUWXUEHG GXH WR WKH SDVVLQJ
VWDUV� 7KH PDMRU SHUWXUEDWLRQV DUH EHFDXVH RI WKH LQWHUDFWLRQ ZLWK WKH JL�
DQW SODQHWV� ZKLFK SURGXFHV DW OHDVW VL[ UHVRQDQFHV ZLWK WKH SODQHWHVLPDOV
ZLWK VHPL�PDMRU D[HV EHWZHHQ 16 DQG 20 DX � )LJ� ������

2YHUDOO WKHPRVW HIILFLHQW PHFKDQLVP WR FUHDWH LQQHU 2RUW FORXG REMHFWV
LQ RXU VLPXODWLRQV LV WKURXJK VWHOODU HQFRXQWHUV �RQH RUPXOWLSOH� UHODWLYHO\
GLVWDQW RU FORVH�� 7KH HIIHFW RI WKHVH SHUWXUEDWLRQV UHVXOW LQ DQ RXWZDUG RI
SDUWLFOHV IURP WKH GLVN LQ D VKRUW SHULRG RI WLPH �RQ WKH RUGHU RI D IHZ0\U��
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��� ,QWHUVWHOODU REMHFWV

2Q WKH RWKHU KDQG JLDQW SODQHWV DUH UHVSRQVLEOH IRU VKDSLQJ WKH LQQHU VR�
ODU V\VWHP RQ D WLPH VFDOH RI WKH RUGHU RI WHQV RI 0\U� 2XU VLPXODWLRQV
VXJJHVW WKDW WKH .XLSHU EHOW REMHFWV DUH WKH UHVXOW RI G\QDPLFDO LQVWDELOLWLHV
DQG LQWHUDFWLRQVZLWK WKH JLDQW SODQHWV� ZKLFK LV FRQVLVWHQW ZLWK WKH YDULRXV
LQVWDQFHV RI WKH 1LFH PRGHO� 7DNLQJ WKLV IDUWKHU� WKH G\QDPLFDO HYROXWLRQ
RI DQ\ SODQHWDU\ V\VWHP ZLOO EH GHILQHG E\ LWV ELUWK HQYLURQPHQW� WKH VL]H
RI LWV GLVN DQG WKH RUELWDO FRQILJXUDWLRQ RI LWV SODQHWV� ,I ZH FRQVLGHU WKDW
SODQHW IRUPDWLRQ LV FRPPRQ DPRQJ VWDUV� 2RUW FORXG DQG .XLSHU EHOW�OLNH
VWUXFWXUHV VKRXOG EH XQLYHUVDO �VHH DOVR +DQGV HW DO� ������ DQG VKDSHG E\
WKH ELUWK HQYLURQPHQW RI WKH KRVW VWDU� ZKLFK DOVR ZLOO GHWHUPLQH WKH VXU�
YLYDELOLW\ RI WKHVH VWUXFWXUHV� 7KLV LPSOLHV WKDW WKH FUHDWLRQ RI LQWHUVWHOODU
FRPHWV VKRXOG DOVR EH FRPPRQ DPRQJ SODQHWDU\ V\VWHPV DQG WKDW LQWHU�
VWHOODU VSDFH LV SRSXODWHG E\ D ODUJH QXPEHU RI ERGLHV HMHFWHG IURP WKHLU
V\VWHPV�

6HFWLRQ ���

,QWHUVWHOODU REMHFWV

7KH GLVFRYHU\ RI WKH ILUVW LQWHUVWHOODU FRPHW ¶2XPXDPXD �:LOOLDPV �����
0HHFK HW DO� ������ DQG WKH UHFHQWO\ GHWHFWHG LQWHUVWHOODU FRPHW &�����
4� %RULVRY �%RULVRY ����� *X]LN HW DO� ����� RSHQHG XS D QHZ HUD LQ WKH
VWXG\ DQG H[SORUDWLRQ RI WKH VRODU V\VWHP DQG RWKHU SODQHWDU\ V\VWHPV LQ
RXU JDOD[\� 7KH RULJLQ RI VŮOŝ ODSLGŋV �ORQHO\ URFN� RU LQWHUVWHOODU REMHFWV
�DVWHURLG�FRPHW� LV VWLOO XQFOHDU EXW PDQ\ VFHQDULRV KDYH EHHQ SURSRVHG WR
H[SODLQ WKHLU FUHDWLRQ DQG HYROXWLRQ �VHH H�J�� 3RUWHJLHV =ZDUW HW DO� �����
7RUUHV HW DO� ����D� %DQQLVWHU HW DO� ������ 2QH VFHQDULR IRU WKH IRUPDWLRQ
RI LQWHUVWHOODU REMHFWV LV GXH WR JUDYLWDWLRQDO LQVWDELOLWLHV LQGXFHG E\ D PDV�
VLYH ERG\� 7KLV ERG\ FDQ EH HLWKHU D QHDUE\ SODQHW� D VWDU SDVVLQJ FORVH E\�
RU D FRPELQDWLRQ RI ERWK� ,Q WKH SUHYLRXV VHFWLRQV ZH VWXGLHG VXFK VFH�
QDULRV EXW IRFXVHG SULPDULO\ RQ WKH SDUWLFOHV WKDW UHPDLQ LQ WKH VRODU V\V�
WHP� +DQGV HW DO� ������ SRLQWV RXW WKDW D SODQHWHVLPDO FDQ HVFDSH D VWHOODU
FOXVWHU ZLWK v∞ RI IHZ NP V−1� DQG WKHUH VKRXOG EH VHYHUDO REMHFWV HMHFWHG
IURP WKH VDPH FOXVWHU PDNLQJ WKHLU ZD\ WKURXJK WKH LQWHUVWHOODU VSDFH OLNH
¶2XPXDPXD� 7RUUHV HW DO� �����D� VXJJHVWHG WKDW LQWHUVWHOODU VSDFH LV IXOO RI
REMHFWV ZKLFK PLJKW LQWHUDFW ZLWK QHDUE\ SODQHWDU\ V\VWHPV� DQG WKHUHIRUH
LW PD\ EH FRPPRQ WKDW SODQHWDU\ V\VWHPV� LQFOXGLQJ WKH VRODU V\VWHP� DUH
SROOXWHG ZLWK REMHFWV RULJLQDWLQJ IURP LQWHUVWHOODU VSDFH� ,Q WKLV VHFWLRQ ZH
DQDO\VH DOO WKH SDUWLFOHV HMHFWHG IURP WKH ([WHQGHG 1 �WRS SDQHO )LJ� �����
DQG &RPSDFW 1 �ERWWRP SDQHO )LJ� ����� PRGHOV�
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

6B;m`2 9XR9, >vT2`#QHB+ 2t+2bb p2HQ+Biv 7Q` i?2 mM#QmM/ Q#D2+ib Q7 �HH i?2 bBKmH�i2/
bvbi2Kb- 7Q` i?2 2ti2M/2/ UiQT- `2/V �M/ +QKT�+i U#QiiQK- #Hm2V KQ/2HbX h?2 ?BbiQ;`�K
b?Qr i?2 /Bbi`B#miBQM Q7 i?2 T�`iB+H2b- r?BH2 i?2 BMb2i b?Qrb i?2 +mKmH�iBp2 /Bbi`B#miBQMX
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��� ,QWHUVWHOODU REMHFWV

2XU VLPXODWLRQV VKRZ WKDW WKH K\SHUEROLF VSHHG v∞ RI WKH SDUWLFOHV
HMHFWHG IURP WKH VRODU V\VWHP IRU WKH ([WHQGHG 1 DQG &RPSDFW 1 PRG�
HOV LV RI RUGHU 1±3 NP V−1�)LJ� ������ 7KH SODQHWHVLPDOV LQ WKH ([WHQGHG 1
PRGHO DFTXLUHPRUH HQHUJ\ GXH WR WKH VWURQJ LQWHUDFWLRQ ZLWK SDVVLQJ VWDUV
DQG UHDFK YHORFLWLHV IURP ∼ 0.5 XS WR 40 NP V−1�LQVHW WRS SDQHO )LJ� ������
$SSUR[LPDWHO\ 36� RI WKH WRWDO QXPEHU RI SDUWLFOHV LQ WKH ��� V\VWHPV EH�
FRPH LQWHUVWHOODU FRPHWV �)LJ� ������ 2Q WKH RWKHU KDQG IRU WKH &RPSDFW 1
PRGHO WKH HIIHFW RI WR WKH SODQHW�GLVN LQWHUDFWLRQV LV ZHDNHU WKDQ WKH HIIHFW
RI D SDVVLQJ VWDU� $URXQG 7� RI WKH SDUWLFOHV DUH HMHFWHG IURP WKH V\VWHP
ZLWK YHORFLWLHV EHWZHHQ 0.5 DQG 40 NP V−1�LQVHW ERWWRP SDQHO )LJ� ������
2YHUDOO� WKH HMHFWLRQ RI WKH DVWHURLGV DQG FRPHWV WR LQWHUVWHOODU VSDFH IURP
D FOXVWHU HQYLURQPHQW LV GRPLQDWHG E\ WKH LQWHUDFWLRQ RI VWDUV SDVVLQJ FORVH
E\� 7KH HIILFLHQF\ LQFUHDVHV ZKHQ WKH DQJOH RI LQWHUDFWLRQ LV EHWZHHQ 0 DQG
30 GHJUHHV� LQGHSHQGHQW RI WKH GLVWDQFH RI WKH HQFRXQWHU �)LJ� ����� ,I WKH
SODQHWV QHDU WKH GLVN EHFRPH XQVWDEOH DQG WKH LQWHUDFWLRQ ZLWK WKH GLVN LQ�
GXFHVPLJUDWLRQ� WKH HIILFLHQF\ RI WKH SODQHWV DW FUHDWLQJ LQWHUVWHOODU REMHFWV
GRPLQDWHV RYHU WKH VWHOODU HQFRXQWHUV �5D\PRQG HW DO� ������ +RZHYHU� LI
WKH SODQHWV RUELWV DUH VWDEOH RQO\ D VPDOO IUDFWLRQ �∼ 7�� RI SDUWLFOHV LV
HMHFWHG�

7KH IXUWKHU HYROXWLRQ RI WKH LQWHUVWHOODU FRPHWV ZLOO EH GRPLQDWHG E\
WKH G\QDPLFDO LQWHUDFWLRQ ZLWK RWKHU VWDUV LQ WKH FOXVWHU� DQG WKRVH WKDW
PDQDJH WR HVFDSH ZLOO DOVR EH SHUWXUEHG E\ WKH JUDYLWDWLRQDO WLGHV IURP WKH
0LON\ :D\� 7KHVH IXWXUH SHUWXUEDWLRQV ZLOO LQFUHDVH WKHLU YHORFLW\ DW LQILQ�
LW\ SDVVLQJ IURP IHZ NP V−1WR WHQV RI NP V−1DV LQ WKH FDVH RI ¶2XPXDPXD�
7KH HVWLPDWLRQV RI WKH QXPEHU 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� ������ 5HFHQWO\ %DQQLVWHU HW DO� ������
HVWLPDWHG WKH XQGHUO\LQJ PDVV GHQVLW\ RI LQWHUVWHOODU REMHFWV E\ FRQVLGHU�
LQJ SODQHW LQVWDELOLW\ PRGHOV� 7KH\ IRXQG WKDW WKH WRWDO PDVV RI LQWHUVWHOODU
REMHFWV HMHFWHG GXH WR D SODQHW�GLVN LQWHUDFWLRQ LV RQ WKH RUGHU RI 0.004 WR
30⊕ SF−3� +RZHYHU� GXH WR WKH ODFN RI REVHUYDWLRQV RI LQWHUVWHOODU REMHFWV
WKHVH QXPEHUV DUH VWLOO KLJKO\ XQFHUWDLQ� :KDW LV FOHDU IURP WKHPHQWLRQHG
ZRUNV DQG WKH UHVXOWV SUHVHQWHG LQ WKLV ZRUN LV WKDW D ODUJH IUDFWLRQ RI RE�
MHFWV PD\ EH HMHFWHG IURP D SODQHWDU\ V\VWHP DQG WKDW WKHUHIRUH LQWHUVWHOODU
VSDFH PD\ EH IXOO RI DVWHURLGV DQG FRPHWV�
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� )RUPDWLRQ DQG (YROXWLRQ RI WKH 2RUW FORXG

6HFWLRQ ���

6XPPDU\ DQG &RQFOXVLRQV

:H H[SORUHG WKH G\QDPLFDO HYROXWLRQ RI WKH VRODU V\VWHP GHEULV GLVN ZKLOH
WKH 6XQ ZDV VWLOO LQ LWV ELUWK FOXVWHU� DFFRXQWLQJ IRU SODQHWDU\ SHUWXUEDWLRQV
DQG PXOWLSOH VWHOODU HQFRXQWHUV� 7KH JRDO LV WR LQYHVWLJDWH WKH UROH RI H[WHU�
QDO SHUWXUEDWLRQV LQ WKH IRUPDWLRQ RI WKH 2RUW FORXG� :H DOVR H[SORUHG WKH
FUHDWLRQ RI LQWHUVWHOODU FRPHWV� :H DLPHG WR ILQG ZKLFK VWHOODU IO\E\V FDQ
LQLWLDOLVH WKH FUHDWLRQ RI VKRUW DQG ORQJ�SHULRG FRPHWV� ZLWKRXW WKH SHUWXU�
EDWLRQV GXH WR WKH HQFRXQWHU EHLQJ VWURQJ HQRXJK WR FRPSOHWHO\ GHVWUR\ WKH
GHEULV GLVN� :H H[SORUHG WZRPRGHOV RI WKH VRODU V\VWHP� WKH H[WHQGHG DQG
WKH FRPSDFWPRGHOV� )RU HDFKPRGHO� ZH SHUWXUE WKH V\VWHPZLWK RQH FORVH
HQFRXQWHU RU ZLWK PXOWLSOH HQFRXQWHUV� 7KH UHVXOWV FDQ EH VXPPDUL]HG DV
IROORZV�

� 7KH G\QDPLFDO SURSHUWLHV RI WKH RXWHU VRODU V\VWHP FDQ LQGHHG EH SUR�
GXFHG ZLWK WKH ([WHQGHG�1 PRGHO� ZKHUH VWHOODU IO\E\V DFW DV D SUR�
JHQLWRU WR VWLU XS WKH GLVN� PDNLQJ WKH GLVN PRUH IOXII\� DQG VHFXODU
SODQHW�DVWHURLG LQWHUDFWLRQ JUDGXDOO\ OLIW XS WKH SHULKHOLD RI WKH GLVN
REMHFWV DQG PDNH WKH GLVWULEXWLRQ PRUH KRPRJHQRXV�

� 7KH VRODU V\VWHP LV OLNHO\ WR XQGHUJR PXOWLSOH VWHOODU HQFRXQWHUV GXU�
LQJ LWV WLPH LQ WKH ELUWK FOXVWHU� 2QH RI WKH FRQVHTXHQFHV RI PXOWL�
SOH VWHOODU HQFRXQWHUV LV WKDW WKH\ GULYH SDUWLFOHV LQ WKH H[WHQGHG GLVN
WR PLJUDWH RXWZDUGV DQG EHFRPH LQFUHDVLQJO\ HFFHQWULF� 7KH VHPL�
PDMRU D[LV RI WKHVH RUELWV DUH ODUJH HQRXJK IRU WKH *DODFWLF WLGH WR
EH HIILFLHQW LQ FLUFXODULVLQJ WKHLU RUELWV �+HLVOHU 	 7UHPDLQH ������
7KLV SURFHVV FDQ EH VHHP LQ WKH a− e VSDFH DV WDLO�VKDSHG IHDWXUH� $W
VPDOOHU VHPL�PDMRU D[HV ZKHUH WKH *DODFWLF WLGH LV QRW HIILFLHQW� SDU�
WLFOHV UHPDLQ LQ �KLJKO\� HFFHQWULF RUELWV EXW ZLOO EHFRPH XQVWDEOH RQ
VHFXODU WLPHVFDOHV�

� 7KH JUDYLWDWLRQDO SHUWXUEDWLRQ RI D VWHOODU IO\E\ WUHQG WR EHPD[LPXP
ZKHQ WKH LQWHUDFWLRQ DQJOH LV EHWZHHQ 0◦−30◦� LQGHSHQGHQW RI WKH VL]H
RI WKH GLVN�

� 3ODQHW�GLVN LQWHUDFWLRQ SURGXFH D QRQ�XQLIRUP GHQVLW\ GLVWULEXWLRQ
RI .XLSHU %HOW 2EMHFWV� +LJKHU GHQVLW\ RI .XLSHU %HOW 2EMHFWV FRLQFLGH
ZLWK WKH ORZ�RUGHU PHDQ�PRWLRQ UHVRQDQFH ZLWK WKH JLDQW SODQHW�
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��� 6XPPDU\ DQG &RQFOXVLRQV

� .XLSHU EHOW REMHFWV DUH VKHSKHUGHG E\ JLDQW SODQHWV� 7KH RUELWDO LQ�
VWDELOLWLHV RI JLDQW SODQHWV FDQ EH WULJJHUHG E\ FORVH VWHOODU HQFRXQ�
WHUV� ZKLFK LQ WXUQ OHDG WR WKH UHVWUXFWXULQJ RI WKH .XLSHU EHOW� DQG
SRWHQWLDOO\ WKH SURGXFWLRQ RI LQWHUVWHOODU REMHFWV�

� 7KH IRUPDWLRQ RI WKH LQWHUVWHOODU REMHFWV LV GRPLQDWHG E\ UHODWLYHO\
FORVH VWHOODU HQFRXQWHUV UDWKHU WKDQ SODQHW�GLVN LQWHUDFWLRQV�

� 7KH .XLSHU EHOW� VFDWWHUHG GLVN� WKH 6HGQRLGV UHJLRQ� WKH 2RUW FORXG�
DQG WKH IRUPDWLRQ RI LQWHUVWHOODU REMHFWV LQ SODQHWDU\ V\VWHPV PD\ EH
FRPPRQ LI WKH DVVXPSWLRQ WKDW VWDUV IRUP LQ FOXVWHUV LV YDOLG�

(YHQ WKRXJK RXU LQLWLDO FRQGLWLRQV IRU WKH VLPXODWLRQV DUH EDVHG RQ VHY�
HUDO DVVXPSWLRQV DQG VLPSOLILFDWLRQV WKDWPLJKW QRW IXOO\ FRUUHVSRQG WR WKH
HDUO\ VRODU V\VWHPV� RXU UHVXOWV SURYLGH D SRVVLEOH SLFWXUH RI WKH LQJUHGLHQWV
WKDW VKDSHG WKH VRODU V\VWHP LQ LWV HDUO\ VWDJHV DQG VXJJHVWV WKDW WKH VRODU
V\VWHP PXVW KDYH IDFHG DW OHDVW RQH HQFRXQWHU LQ LWV HDUO\ VWDJHV RI IRUPD�
WLRQ� $GGLWLRQDOO\ RXU UHVXOWV LPSO\ WKDW WKH VWUXFWXUH DQG HYROXWLRQ RI WKH
VRODU V\VWHP PD\ EH D FRQVHTXHQFH RI PXOWLSOH H[WHUQDO LQWHUDFWLRQV�

$FNQRZOHGJHPHQWV 67 H[SUHVVHV KLV JUDWLWXGH WR WKH 0H[LFDQ 1D�
WLRQDO &RXQFLO IRU 6FLHQFH DQG 7HFKQRORJ\ �&21$&<7� IRU WKH JUDQW
��������������� DQG WR WKH /($36 SURJUDP DQG /HLGHQ 2EVHUYDWRU\ IRU
WKH XQFRQGLWLRQDO VXSSRUW� 7KLV ZRUN ZDV FDUULHG RXW RQ WKH 'XWFK QD�
WLRQDO H�LQIUDVWUXFWXUH ZLWK WKH XVH RI &DUWHVLXV WKH 'XWFK QDWLRQDO VXSHU�
FRPSXWHU DQG WKH VXSSRUW RI 685) &RRSHUDWLYH� 6LPXODWLRQV LQ WKLV SDSHU
PDGH XVH RI /RQHO\3ODQHWV �&DL HW DO� ������ 1%2'<���*38 �:DQJ HW DO�
������ 5(%281'ɾ�5HLQ 	 /LX ������ DQG $VWURSK\VLFDO 0XOWL�SXUSRVH
6RIWZDUH (QYLURQPHQW ± $086(ɾ�3RUWHJLHV =ZDUW 	 0F0LOODQ ������
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$EVWUDFW
7KH G\QDPLFDO HYROXWLRQ RI WKH RXWHU 2RUW FORXG LQ WKH VRODU V\V�
WHP LV DIIHFWHG E\ SDVVLQJ VWDUV DQG WKH *DODFWLF WLGDO ILHOG� 7KHVH
SHUWXUEDWLRQV FDQ VWULS FRPHWV IURP WKH FORXG� IRUPLQJ VŮOŝ ODSLGŋV
�LQWHUVWHOODU REMHFWV�� ,I ZH DVVXPH WKDW WKH 6XQ¶V QHLJKERXU VWDUV
DOVR KDYH 2RUW FORXG�OLNH VWUXFWXUHV� DQG WKHUHIRUH XQGHUJR VLPL�
ODU SHUWXUEDWLRQV� LQWHUVWHOODU FRPHWV DUH H[SHFWHG WR EH FRPPRQ LQ
WKH ORFDO VRODU QHLJKERXUKRRG� ,Q WKLV ZRUN ZH LQYHVWLJDWH WKH G\�
QDPLFDO HYROXWLRQ RI FRPHWV LQ DQ H[R�2RUW FORXG DURXQG WKH 6XQ¶V
QHLJKERXU VWDUV� DFFRXQWLQJ IRU WKH HIIHFW RI SDVVLQJ VWDUV DQG WKH
*DODFWLF WLGDO ILHOG� 8VLQJ SURSHU PRWLRQV� SDUDOOD[HV� DQG UDGLDO YH�
ORFLWLHV IURP *DLD '5�� ZH VWXGLHG D VXEVHW RI WKH VWDUV ZLWKLQ � SF
IURP WKH 6XQ� L�H�� WKH V\VWHPV� 3UR[LPD &HQWDXUL� %DUQDUG¶V VWDU�
*OLHVH ��� 5RVV ���� DQG 5RVV ���� )RU HDFK V\VWHP� ZH WKHQ FDOFX�
ODWH WKH FORVHVW HQFRXQWHU ZLWK RWKHU VWDUV WKH\ KDG LQ WKH ODVW ��0\U
DQG ZLOO KDYH LQ WKH QH[W ��0\U� :H ILQG WKDW RQ DYHUDJH WKH VWDUV
LQ WKH ORFDO VRODU QHLJKERXUKRRG H[SHULHQFHV DURXQG ����� HQFRXQ�
WHUV ZLWKLQ ���SF IURP HDFK VWDU GXULQJ ��0\U� SULPDULO\ ZLWK 0�
GZDUIV VWDUV� 8VLQJ WKH $VWURSK\VLFDO 0XOWLSXUSRVH 6RIWZDUH (Q�
YLURQPHQW �$086(�� DQG WKH *38�DFFHOHUDWHG GLUHFW 1�ERG\ FRGH
$%,(� ZH WKHQ FDOFXODWH WKH HIIHFW RI SDVVLQJ VWDUV DQG WKH *DODFWLF
WLGDO ILHOG RQ WKH FRPHWV LQ H[R�2RUW FORXGV DURXQG WKH 6XQ¶V QHLJK�
ERXU VWDUV� 7KH PRVW SHUWXUEHG V\VWHP LV WKH ELQDU\ V\VWHP *OLHVH
��� $SSUR[LPDWHO\ ��×108 7,& 0\U−1 EHFRPHV WUDQVLWLRQDO LQWHU�
VWHOODU FRPHWV �7,&V�� ZKLOH ���×1010 ,62 0\U−1 LQWHUVWHOODU REMHFWV
�,62V� RYHU D WLPH LQWHUYDO RI ��0\U� 7KH VHPL�PDMRU D[HV RI WKHVH
FRPHWV DUH FRPSDUDEOH ZLWK WKH GLVWDQFH EHWZHHQ *OLHVH �� DQG WKH
6XQ� &RPHWV IURP WKH V\VWHP *OLHVH �� PLJKW UHDFK WKH VRODU V\V�
WHP LQ WKH FDVH WKDW DQ 2RUW &ORXG�OLNH VWUXFWXUH DURXQG WKLV VWDU
H[LVWV� )RU WKH UHPDLQLQJ V\VWHPV VWXGLHG LQ WKLV ZRUN� WKH UDWH RI
7,& SURGXFWLRQ RYHU D WLPH LQWHUYDO RI ��0\U LV DERXW 2.1 WR 3.8×108

7,& 0\U−1� 7KLV LPSOLHV WKDW D FRQVLGHUDEOH IUDFWLRQ RI LQWHUVWHOODU
FRPHWV UHVLGH LQ WKH ORFDO QHLJKERXUKRRG� 7KHUHIRUH WKH 6XQ DQG LWV
QHLJKERXUV DUH YLVLWHG E\ LQWHUVWHOODU FRPHWV RULJLQDWLQJ IURP RWKHU
VWDUV� ,Q WKLV ZD\� LW LV SODXVLEOH WKDW DQ LQWHUVWHOODU FRPHW FORXG H[�
LVWV�



��� ,QWURGXFWLRQ

6HFWLRQ ���

,QWURGXFWLRQ

,QWHUQDO DQG H[WHUQDO SHUWXUEDWLRQV GULYH WKH G\QDPLFDO KLVWRU\ DQG HYR�
OXWLRQ RI WKH SRSXODWLRQ RI PLQRU ERGLHV LQ WKH VRODU V\VWHP� 7KH LQWHUQDO
SHUWXUEDWLRQV DUH GXH WR WKH LQVWDELOLWLHV LQGXFHG E\ WKH JLDQW SODQHWV RQ
D SODQHWHVLPDO GLVN DW WKH HDUO\ VWDJHV RI WKH VRODU V\VWHP� 7KH H[WHUQDO
SHUWXUEDWLRQV DUH GXH WR VWDUV SDVVLQJ QHDU WKH VXQ DQG WKH *DODFWLF WLGDO
ILHOG� 7KHVH HIIHFWV SOD\ D FUXFLDO UROH LQ WKH IRUPDWLRQ DQG HYROXWLRQ RI
WKH .XLSHU EHOW �H�J�� 0RUELGHOOL ����� %UDVVHU 	 0RUELGHOOL ������ 2RUW
FORXG �H�J�� )RXFKDUG HW DO� ����� 9RNURXKOLFNê HW DO� ����� DQG LQWHUVWHO�
ODU FRPHWV �H�J�� 3RUWHJLHV =ZDUW HW DO� ����� 7RUUHV HW DO� ����D�E�� &ORVH
HQFRXQWHUV ZLWK RWKHU VWDUV FDQ GLVUXSW WKH FRPHWV LQ WKH .XLSHU EHOW �H�J��
3XQ]R HW DO� ������ VWULS WKH 2RUW FORXG �H�J� 1RUGODQGHU HW DO� ����� -tONRYi
HW DO� �����+DQVH HW DO� ����� %DLOH\ 	)DEU\FN\ ������ DQG FUHDWH LQWHUVWHO�
ODU REMHFWV �DVWHURLGV�FRPHWV�� ,Q WKH HDUO\ KLVWRU\ RI WKH VRODU V\VWHP WKH
6XQ PD\ KDYH EHHQ H[SHOOHG IURP LWV ELUWK FOXVWHU GXH WR LQWHUDFWLRQ ZLWK
WKH RWKHU FOXVWHU VWDUV �3RUWHJLHV =ZDUW 	 -tONRYi ����� 0DUWtQH]�%DUERVD
HW DO� ����� &DL HW DO� ������ (YHQ WKRXJK FORVH HQFRXQWHUV EHWZHHQ WKH VXQ
DQG RWKHU VWDUV PLJKW EH UDUH WRGD\� WKH\ PLJKW KDYH EHHQ TXLWH FRPPRQ
LQ WKH HDUO\ VWDJHV RI WKH VRODU V\VWHP� DQG WKH\ ZLOO KDSSHQ LQ WKH QHDU
IXWXUH �7RUUHV HW DO� ����� ����D�� 6WXG\LQJ WKH HIIHFW RI PXOWLSOH LQWHUDF�
WLRQV ZLWK VWDUV DQG WKH JDODFWLF WLGDO ILHOG FDQ KHOS XV WR EHWWHU XQGHUVWDQG
WKH G\QDPLFV RI WKH RXWHU UHJLRQV RI SODQHWDU\ V\VWHPV ZLWK DUFKLWHFWXUHV
VLPLODU WR WKH VRODU V\VWHP�

,I ZH DVVXPH WKDW RWKHU SODQHWDU\ V\VWHPV XQGHUJR VLPLODU SURFHVVHV
RI IRUPDWLRQ DV WKH VRODU V\VWHP� VWUXFWXUHV OLNH WKH .XLSHU EHOW DQG 2RUW
FORXG PXVW EH FRPPRQ �VHH� H�J�� 3RWHPLQH ����� 9HUDV HW DO� ����� &D�
LD]]RP 	 +H\O ����� %D[WHU HW DO� ����� 6FKZDU] HW DO� ����� 0RUR�0DUWtQ
������ 6HYHUDO VWXGLHV KDYH GHWHFWHG WKHVH VWUXFWXUHV LQ D YDULHW\ RI SUL�
PDULO\ ORZ PDVV VWDUV �VHH H�J�� 9LFHQWH 	 $OYHV ����� .LHIHU HW DO� �����
3DZHOOHN HW DO� ����� :HOVK 	 0RQWJRPHU\ ����� %R\DMLDQ HW DO� �����
6FKZDU] HW DO� ������ 7KHVH LQGLFDWH WKDW UHVHUYRLUV RI FRPHWV DURXQG VWDUV
PLJKW EH FRPPRQ� 6XFK FRPHW UHVHUYRLUV ZLOO EH DIIHFWHG E\ SHUWXUEDWLRQV
GXH WR SODQHWV� SDVVLQJ VWDUV� DQG WKH *DODFWLF WLGDO ILHOG� ZKLFK PD\ OHDG
WR WKH SURGXFWLRQ RI LQWHUVWHOODU FRPHWV �7RUUHV HW DO� ����D�� OHDGLQJ WR WKH
H[WUDSRODWLRQ WKDW LQWHUVWHOODU VSDFH PLJKW E\ IXOO RI VXFK REMHFWV�
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� '\QDPLFV RI H[R�2RUW FORXGV LQ WKH VRODU QHLJKERXUKRRG

7KH GLVFRYHU\ RI WKH ILUVW LQWHUVWHOODU FRPHW� �,�µ2XPXDPXD �:LOOLDPV
����� 0HHFK HW DO� ������ DQG WKH LQWHUVWHOODU FRPHW� �,�%RULVRY �%RULVRY
����� *X]LN HW DO� ������ RSHQHG XS D QHZ HUD LQ WKH VWXG\ DQG H[SORUDWLRQ
RI WKH VRODU V\VWHP DQG RWKHU SODQHWDU\ V\VWHPV LQ RXU JDOD[\� 7KH HMHF�
WLRQ RI PLQRU REMHFWV IURP D SODQHWDU\ V\VWHP� VXEVHTXHQWO\ EHFRPLQJ VŮOŝ
ODSLGŋV �3RUWHJLHV =ZDUW HW DO� ����� 7RUUHV HW DO� ����D�E� RU FRPPRQO\
NQRZQ DV LQWHUVWHOODU REMHFWV RU ,62V� LV PDLQO\ GXH WR WKH SRVW $*% VWHO�
ODU PDVV ORVV DQG JUDYLWDWLRQDO LQVWDELOLW\ LQGXFHG E\ D PDVVLYH ERG\� 7KLV
ERG\ FDQ EH HLWKHU D QHDUE\ SODQHW� D VWDU SDVVLQJ FORVH E\ RU D FRPELQDWLRQ
RI ERWK �VHH H�J�� 3RUWHJLHV =ZDUW HW DO� ����� 7RUUHV HW DO� ����D�E� %DQ�
QLVWHU HW DO� ������ 8VLQJ D FDWDORJXH RI QHDUE\ VWDUV� 7RUUHV HW DO� �����D�
VWXGLHG WKH G\QDPLFDO HYROXWLRQ RI FRPHWV LQ WKH2RUW FORXG� DFFRXQWLQJ IRU
SHUWXUEDWLRQV IURP SDVVLQJ VWDUV DQG WKH *DODFWLF WLGDO ILHOG� 7KH\ IRXQG
WKDW WKH FXPXODWLYH HIIHFW RI GLVWDQW VWHOODU HQFRXQWHUV DQG WKH*DODFWLF WLGDO
ILHOG UDLVHV WKH VHPL�PDMRU D[LV RI ∼ 1.2� RI WKH WRWDO QXPEHU RI FRPHWV
LQ WKH FORXG RXW WR LQWHUVWHOODU UHJLRQV� 6XFK FRPHWV EHFRPHV WUDQVLWLRQDO
LQWHUVWHOODU FRPHWV �KHUHLQDIWHU 7,&V� VDWLVI\LQJ WKH FRQGLWLRQ ec ! 1 DQG
ac > aEOC � :KHUH ec DQG ac DUH WKH HFFHQWULFLW\ DQG WKH VHPL�PDMRU D[LV
RI WKH FRPHW LQ WKH FORXG DQG aEOC LV WKH VHPL�PDMRU D[LV RI WKH H[R�2RUW
FORXG �(T� �������

)ROORZLQJ XS RQ WKH UHVXOWV RI 7RUUHV HW DO� �����D� LQ WKLV ZRUN ZH DLP
WR VWXG\ WKH IRUPDWLRQ RI 7,&V DURXQG QHDUE\ VWDUV �DVVXPLQJ WKDW WKH\
KDYH DQ H[R�2RUW FORXG� WR LQYHVWLJDWH LI ,62V IURP WKH QHDUE\ VWDUV FRXOG
LQWHUDFW ZLWK WKH VRODU V\VWHP� :H H[SORUH WKH KLVWRU\ RI VWHOODU HQFRXQ�
WHUV IRU VWDUV ZLWKLQ � SF IURP WKH 6XQ� XVLQJ DVWURPHWULF GDWD IURP *DLD
'5� �*DLD &ROODERUDWLRQ HW DO� ����� ������ 7KH VWDUV VWXGLHG DUH 3UR[LPD
&HQWDXUL� %DUQDUG¶V VWDU� *OLHVH ��� 5RVV ���� DQG 5RVV ���� :H FRQVLGHU
WKH VFHQDULR LQ ZKLFK WKHVH VWDUV KDYH DQ H[R�2RUW FORXG DQG IRFXV RQ WKH
G\QDPLFDO HYROXWLRQ RI WKH FRPHWV LQ WKRVH FORXGV GXH WR WKH VWHOODU HQ�
FRXQWHUV DQG WKH *DODFWLF WLGDO ILHOG� OHDGLQJ WR WKH SURGXFWLRQ RI 7,&V DQG
,62V� ,Q 6HFW� ��� ZH SUHVHQW WKH FORVHVW HQFRXQWHUV WKDW HDFK RI WKH QHDUE\
VWDUV WR WKH 6XQ KDV KDG LQ WKH SDVW ��0\U DQGZLOO KDYH LQ WKH QH[W ��0\U�
,Q DGGLWLRQ ZH TXDQWLI\ WKH FKDQJH RI WKH YHORFLW\ SURGXFHG IRU WKH FORVHVW
VWDUV XVLQJ WKH LPSXOVH DSSUR[LPDWLRQ� ,Q 6HFW� ��� ZH VWXG\ WKH G\QDPLFDO
HYROXWLRQ RI H[R�2RUW FORXGV DURXQG WKH 6XQ¶V QHDUHVW QHLJKERXUV XQGHU
WKH LQIOXHQFH RI SDVVLQJ VWDUV DQG WKH *DODFWLF WLGDO ILHOG� :H DQDO\VH WKH
SURGXFWLRQ RI 7,&V DQG ,62V� )LQDOO\� LQ 6HFW� ���� ZH SUHVHQW RXU VXPPDU\
DQG FRQFOXVLRQV�
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��� &ORVH VWHOODU HQFRXQWHUV H[SHULHQFHG E\ WKH 6XQ¶V QHDUHVW
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6HFWLRQ ���

&ORVH VWHOODU HQFRXQWHUV H[SHULHQFHG E\ WKH
6XQ¶V QHDUHVW QHLJKERXUV

8VLQJ WKH FDWDORJXH RI QHDUE\ VWDUV SUHVHQWHG LQ 7RUUHV HW DO� �����D� ZH VH�
OHFWHG WKH VWDUV IRU ZKLFK ZH PRGHO WKH H[R�2RUW FORXGV IURP ZLWKLQ D � SF
UDGLXV DURXQG WKH 6XQ DW WKH SUHVHQW WLPH� 3UR[LPD &HQWDXUL� %DUQDUG¶V
VWDU� 6LULXV %� *- ��%� *- ��$� 5RVV ���� DQG 5RVV ���� 7KH ELQDU\ V\VWHP
*- �� $�% LV LQ D VXIILFLHQWO\ WLJKW RUELW WR EH PRGHOOHG �IRU VLPSOLFLW\� DV
RQH V\VWHP ZLWK D VKDUHG H[R�2RUW FORXG� :H KDYH FKRVHQ WR H[FOXGH 6LU�
LXV $ DQG % IURP WKH H[R�2RUW FORXG PRGHOOLQJ DV LW XQFHUWDLQ ZKHWKHU D
ELQDU\ KRVWLQJ DQ HYROYHG VWDU ZKLFK KDV H[SHULHQFH VLJQLILFDQW PDVV ORVV
ZLOO KDYH UHWDLQHG DQ\ H[R�2RUW FORXGV �FLUFXPVWHOODU RU FLUFXPELQDU\� WKDW
PD\ KDYH H[LVWHG LQ WKH SDVW� +RZHYHU� WKH HIIHFW RI 6LULXV % RQ WKH 2RUW
FORXGV RI WKH � V\VWHPV DERYH LV WDNHQ LQWR DFFRXQW LQ RXU FDOFXODWLRQV�
7KH VWDUV IRU ZKLFK ZH PRGHO WKH H[R�2RUW FORXGV DUH VKRZQ LQ )LJ� ���
DQG 7DEOH ���� 7KH HVWLPDWHV SUHVHQWHG LQ WKLV ZRUN DUH FRQVHUYDWLYH DQG
EDVHG RQ D VPDOO VDPSOH RI NQRZQ VWDUV� 7KHUHIRUH WKLV FRUUHVSRQGV D ORZHU
OLPLW RI WKH WRWDO QXPEHU RI 6XQ¶V QHLJKERXU VWDUV� 7KH FDWDORJXH RI QHDUE\
VWDUV ZDV EXLOW XVLQJ RQO\ *DLD '5� DVWURPHWULF GDWD� WKLV H[FOXGHV WKH ZHOO
NQRZQ QHDUE\ VWDUV ZLWKLQ ∼� SF IURP WKH 6XQ� α &HQ $� α &HQ %� :,6($
-������������������� *- ���� *- ���� DQG 6LULXV�

7KH 7RUUHV HW DO� �����D� FDWDORJXH ZDV FRQVWUXFWHG XVLQJ WKH SRVL�
WLRQV� SDUDOOD[HV� SURSHU PRWLRQV� DQG UDGLDO YHORFLWLHV IURP *DLD '5��
DQG LQFOXGHV DGGLWLRQDO UDGLDO YHORFLWLHV IURP 5$9(�'5� �.XQGHU HW DO�
������ *$/$+ '5� �%XGHU HW DO� ������ /$0267 '5� �=KDR HW DO� ������
$32*(( '5�� �$EROIDWKL HW DO� ������ DQG ;+,3 �$QGHUVRQ 	 )UDQFLV
������ ,W FRQWDLQV 14 659 VWDUV DQG LW FRQVWLWXWHV DQ DVWURPHWULFDOO\ FOHDQ
VDPSOH ZKLFK LV 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 IURP/LQGHJUHQ HW DO� ������� 8VLQJ*DODFWRFHQ�
WULF &DUWHVLDQ FRRUGLQDWHV ZH LQWHJUDWHG WKH RUELW RI WKH VWDUV LQ WKH 7RUUHV
HW DO� �����D� FDWDORJXH �� 0\U IRUZDUGV DQG EDFNZDUGV LQ WLPH IRU D WRWDO
WLPH RI �� 0\U� 7KH RUELW LQWHJUDWLRQV ZHUH GRQH ZLWK WKH *DOD SDFNDJH
�3ULFH�:KHODQ ������ XVLQJ DQ DQDO\WLF D[LV\PPHWULF PRGHO IRU WKH JDODF�
WLF SRWHQWLDO� ZKLFK FRQVLVWV RI D VSKHULFDO QXFOHXV 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�
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� '\QDPLFV RI H[R�2RUW FORXGV LQ WKH VRODU QHLJKERXUKRRG

6B;m`2 8XR, a+?2K�iB+ `2T`2b2Mi�iBQM Q7 i?2 bi�`b rBi?BM 650 000 �m U∼ 3 T+V 7`QK i?2
amM UMQi iQ b+�H2VX h?2 BMM2` T�`i Q7 i?2 };m`2 b?Qrb i?2 bQH�` bvbi2K �M/ i?2 PQ`i
+HQm/X h?2 bm``QmM/BM; `BM;b `2T`2b2Mi i?2 +HQb2bi bi�`b iQ i?2 amM, S`QtBK� *2Mi�m`B
U`2/V- "�`M�`/Ƕb bi�` U#Hm2V- :HB2b2 e8 U;`22MV- _Qbb R89 Uv2HHQrV- �M/ _Qbb k93 U#`QrMVX
h?2 /Bbi�M+2b iQ i?2 bi�`b �`2 HBbi2/ �i i?2 iQT Q7 i?2 `BM;bX *QHQm`2/ /Qib `2T`2b2Mib i?2
bT2+i`�H ivT2 Q7 i?2 bi�`bc #`QrM bi�M/b 7Q` #`QrM /r�`7b- `2/ 7Q` `2/ /r�`7b- �M/ v2HHQr
7Q` : bi�`bX

���



��� &ORVH VWHOODU HQFRXQWHUV H[SHULHQFHG E\ WKH 6XQ¶V QHDUHVW
QHLJKERXUV

������ 8VLQJ D .'�7UHH ZH LGHQWLILHG VWDUV IURP WKH 7RUUHV HW DO� �����D�
FDWDORJXH WKDW DSSURDFK WKH VWDUV XQGHU VWXG\ KHUH WR ZLWKLQ 2.5 SF� 7KH UH�
VXOWV DUH OLVWHG LQ 7DEOH ���� ,Q )LJ� ��� ZH VKRZ WKH WLPH DQG WKH GLVWDQFH
RI WKH FORVHVW DSSURDFK IRU HDFK FORVH VWHOODU HQFRXQWHU H[SHULHQFHG E\ WKH
VWDUV OLVWHG LQ 7DEOH ���� 2Q DYHUDJH WKH QHDUE\ V\VWHPV H[SHULHQFH ∼ 50
HQFRXQWHUV GXULQJ 200\U �WKLUG FROXPQ� 7DEOH �����

)RU WKH VWDUV ZLWKLQ � SF IURP WKH 6XQ ZH FDOFXODWH WKH VL]H RI WKH
H[R�2RUW FORXGV WKDW SRWHQWLDOO\ VXUURXQG WKHP �7DEOH ����� )ROORZLQJ WKH
ZRUNV RI +DQVH HW DO� ������ ZH VFDOH WKH RXWHU HGJH RI WKH H[R�2RUW FORXG
WR WKH +LOO UDGLXV RI WKH SDUHQW VWDU LQ WKH *DODFWLF SRWHQWLDO�

≈ a2&
R∗
R

(
M∗
M

MG(R)

MG(R∗)

)1/3

�����

ZKHUH a2& LV WKH VHPL�PDMRU D[LV RI WKH 2RUW FORXG RI WKH 6XQ� ZKLOH R DQG
R∗ DUH WKH WKH *DODFWRFHQWULF UDGLL RI WKH 6XQ DQG WKH VWDU� UHVSHFWLYHO\�
7KH WHUPVMG(R) DQGMG(R∗) DUH WKH FXPXODWLYH PDVV RI WKH *DOD[\ HQ�
FORVHG ZLWKLQ WKH UDGLXV R� DQG DUH FDOFXODWHG IURP RXU *DODFWLF SRWHQWLDO�
&RQVLGHULQJ WKDW WKH VWDUV OLVWHG LQ 7DEOH ��� KDYH R∗ ≈ R� (T� ����� FDQ EH
ZULWWHQ DV IROORZV�

≈ a2&

(
M∗
M

) 1
3

. �����

7R FDOFXODWH WKH HIIHFW RI D QHDUE\ VWDU RQ WKH FRPHWV LQ DQ H[R�2RUW
FORXG WZR LQJUHGLHQWV DUH QHHGHG� WKH HVFDSH YHORFLW\ �� IURP WKH FRPHW¶V
KRVW VWDU� DQG WKH FKDQJH LQ YHORFLW\ RI WKH FRPHWV �� DIWHU WKH LQWHUDFWLRQ� ,I
WKH ILQDO YHORFLW\ RI WKH FRPHWV DIWHU WKH LQWHUDFWLRQ ZLWK WKH SDVVLQJ VWDU LV
ODUJHU WKDQ WKH HVFDSH YHORFLW\� WKHVH ZLOO EH GLVORGJHG IURP WKH FORXG� 7KH
HVFDSH YHORFLW\ �)LJ� ���� LV FDOFXODWHG FRQVLGHULQJ WKH YDOXHV IRU WKH RXWHU
HGJH RI WKH H[R�2RUW FORXG RI HDFK VWDU� FDOFXODWHG XVLQJ (T� ����� DQG OLVWHG
LQ 7DEOH ���� 6XEVHTXHQWO\� XVLQJ WKH LPSXOVH DSSUR[LPDWLRQ �2RUW �����
5LFNPDQ ����� ZH FDOFXODWH WKH FKDQJH RI WKH YHORFLW\ GXH WR D SDVVLQJ VWDU
DV�

∝ M∗rc
v∗r2h

, �����

���



� '\QDPLFV RI H[R�2RUW FORXGV LQ WKH VRODU QHLJKERXUKRRG
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��� &ORVH VWHOODU HQFRXQWHUV H[SHULHQFHG E\ WKH 6XQ¶V QHDUHVW
QHLJKERXUV

6B;m`2 8Xk, *QMiBMm2XXX ���



� '\QDPLFV RI H[R�2RUW FORXGV LQ WKH VRODU QHLJKERXUKRRG

6B;m`2 8Xk, *HQb2bi �TT`Q�+? /Bbi�M+2 p2`bmb i?2 iBK2 Q7 +HQb2bi �TT`Q�+?X h?2
iQT T�M2H U`2/ +QHQm`bV b?Qrb i?2 +HQb2bi 2M+QmMi2`b #2ir22M S`QtBK� *2Mi�m`B
�M/ i?2 bi�`b BM i?2 hQ``2b 2i �HX UkyRN�V +�i�HQ;m2 Qp2` � iBK2 BMi2`p�H Q7 ky Jv`
+2Mi`2/ QM i?2 T`2b2MiX 6QHHQrBM; #v "�`M�`/Ƕb bi�` U#Hm2V- :HB2b2 e8 U;`22MV-
_Qbb R89 Uv2HHQrV- �M/ _Qbb k93 U#`QrMVX h?2 ?BbiQ;`�Kb BM 2�+? T�M2H `2T`2b2Mib
i?2 K�`;BM�H /Bbi`B#miBQMb BM /Bbi�M+2 �M/ iBK2X h?2 b?�/2/ �`2�b `2T`2b2Mi i?2
#QmM/�`B2b Q7 i?2 Qmi2` PQ`i +HQm/ 7Q` 2�+? bi�`X
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��� &ORVH VWHOODU HQFRXQWHUV H[SHULHQFHG E\ WKH 6XQ¶V QHDUHVW
QHLJKERXUV

6B;m`2 8Xj, 1b+�T2 p2HQ+Biv �b � 7mM+iBQM Q7 i?2 /Bbi�M+2 7`QK i?2 bi�` 7Q` S`QtBK�
*2Mi�m`B U`2/V- "�`M�`/Ƕb bi�` U#Hm2V- :HB2b2 e8 U;`22MV- _Qbb R89 Uv2HHQrV- �M/ _Qbb k93
U#`QrMVX

ZKHUH M∗ DQG v∗ DUH WKH PDVV DQG YHORFLW\ RI WKH SDVVLQJ VWDU LQ DQG
NP V−1� UHVSHFWLYHO\� 7KH GLVWDQFH RI WKH H[R�FRPHW WR LWV KRVW VWDU LV rc�
ZKLOH rh LV WKH GLVWDQFH RI WKH KRVW VWDU WR WKH SDVVLQJ VWDU DW WKH SRLQW RI
FORVHVW DSSURDFK� 7KH WRWDO FKDQJH RI WKH YHORFLW\ LQGXFHG E\ WKH VWDUV SDVV�
LQJ FORVHVW WR WKH VRODU QHLJKERXUV VWXGLHG LQ WKLV ZRUN LV OLVWHG LQ WKH ODVW
FROXPQ RI 7DEOH ����

,Q )LJ� ��� DQG 7DEOH ��� ZH VKRZ WKH FORVHVW DSSURDFK GLVWDQFH DQG
WLPH IRU HDFK RI WKH 6XQ¶V FORVHVW QHLJKERXUV� 7KH OLPLWHG GLVWDQFH UDQJH
RI WKH VWDUV LQ WKH 7RUUHV HW DO� �����D� VDPSOH RQO\ DOORZV XV WR ILQG FORVH
HQFRXQWHUV �< 2.5 SF� WKDW RFFXU ZLWKLQ ±1.50\U IURP WKH SUHVHQW IRU WKH
WRWDO SHULRG RI LQWHJUDWLRQ �±100\U�� +HUHZH GLVFXVV WKH HIIHFW H[FOXVLYHO\
GXH WR WKH LPSXOVH LPSDUWHG WR WKH FRPHWV GXULQJ WKH FORVH HQFRXQWHUV EH�
WZHHQ WKH VWDUV LQ 7DEOH ��� DQG WKH VWDUV LQ WKH 7RUUHV HW DO� �����D� FDWD�
ORJXH� 7KH IXOO FXPXODWLYH HIIHFW RI WKH HQFRXQWHUV DQG *DODFWLF WLGDO ILHOG
DUH VWXGLHG LQ WKH QH[W VHFWLRQ� )RU WKH V\VWHPV GLVFXVVHG EHORZ 7DEOH ���
OLVWV ERWK WKH FLUFXODU DQG WKH HVFDSH YHORFLW\ DW WKH HGJH RI WKH H[R�2RUW

���



� '\QDPLFV RI H[R�2RUW FORXGV LQ WKH VRODU QHLJKERXUKRRG
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��� &ORVH VWHOODU HQFRXQWHUV H[SHULHQFHG E\ WKH 6XQ¶V QHDUHVW
QHLJKERXUV

FORXGV� &RPHWV LQ WKRVH FORXGV FDQ EH VWULSSHG DZD\ LI WKHLU YHORFLW\ FKDQJH
GXH WR WKH VWHOODU HQFRXQWHUV LV DW OHDVW ODUJH HQRXJK WR EULGJH WKH JDS EH�
WZHHQ WKH FLUFXODU VSHHG DQG WKH HVFDSH VSHHG�

3UR[LPD &HQWDXUL HQFRXQWHUV �� VWDUV WKDW DSSURDFK WR ZLWKLQ 2.5 SF
RYHU WKH 20 0\U LQWHJUDWLRQ LQWHUYDO �ILUVW SDQHO� UHG GRWV )LJ� ����� 7KHVH
FORVH DSSURDFKHV DOO WDNH SODFH RYHU D ∼ 3 0\U WLPH LQWHUYDO ZKLFK LV DQ
DUWLIDFW RI WKH OLPLWHG YROXPH IURP ZKLFK ZH GUDZ WKH VWHOODU HQFRXQWHU
FDQGLGDWHV� 7KH FORVHVW DSSURDFK WR 3UR[LPD &HQWDXUL LV D ORZ PDVV VWDU
DW 0.93 SF DW −0.110\U IURP WKH SUHVHQW� 7KH WRWDO YHORFLW\ FKDQJH IRU WKH
FRPHWV LQ WKH H[R�2RUW FORXG RI 3UR[LPD &HQWDXUL GXH WR WKH FORVH HQFRXQ�
WHUV LV DSSUR[LPDWHO\ 2.3× 10−3 NP V−1� RQ DYHUDJH 5.9× 10−5 NP V−1 SHU
HQFRXQWHU� 7KLV PHDQV WKDW WKH HIIHFW RI WKH FORVH HQFRXQWHUV LV VPDOO DQG
H[R�FRPHWV DURXQG 3UR[LPD &HQWDXUL ZLOO QRW VXIIHU DQ LPSRUWDQW FKDQJH
LQ WKHLU RUELWDO HOHPHQWV� FRQVLGHULQJ WKDW WKH HVFDSH YHORFLW\ DW WKH HGJH RI
LWV H[R�2RUW FORXG LV ∼ 0.064 NP V−1�

%DUQDUG¶V VWDU H[SHULHQFHV �� FORVH HQFRXQWHUV �VHFRQG SDQHO� EOXH
GRWV )LJ� ����� ZKHUH WKH FORVHVW HQFRXQWHU ZLOO KDSSHQ LQ 0.24 0\U IURP
WRGD\ DW WKH GLVWDQFH RI 0.30 SF� 7KH WRWDO LPSXOVH LQGXFHG E\ WKH VWDUV
DSSURDFKLQJ WR ZLWKLQ 2.5 SF IURP %DUQDUG¶V VWDU JHQHUDWHV D WRWDO FKDQJH
RI WKH YHORFLW\ RI ∼ 1 × 10−2 NP V−1� RQ DYHUDJH 1.7 × 10−4 NP V−1 SHU
HQFRXQWHU� $OWKRXJK RQ DYHUDJH WKH HIIHFW RI WKH SDVVLQJ VWDUV LV UHO�
DWLYHO\ VPDOO FRPSDUHG WR WKH HVFDSH YHORFLW\ DW WKH HGJH RI WKH FORXG
�0.069 NP V−1�� WKH ILQDO YHORFLW\ RI WKH FRPHWV LQ WKLV UHJLRQ DIWHU WKH HQ�
FRXQWHUV� ZLOO EH FORVH WR WKHLU HVFDSH YHORFLW\� 7KLV LPSOLHV DQ LPSRUWDQW
FKDQJH LQ WKHLU RUELWDO HOHPHQWV�

*OLHVH �� KDV WKH ODUJHVW H[R�2RUW FORXG �0.3 SF� DPRQJ WKH VWDUV LQ 7D�
EOH ���� *OLHVH �� H[SHULHQFHV �� FORVH HQFRXQWHUV �)LJ� ���� WKLUG SDQHO�
JUHHQ GRWV� DQG WZR YHU\ FORVH HQFRXQWHUV� 7KH ILUVW RQH ZLWK D UHG GZDUI
�∼ 0.6 � DW WKH HGJH RI LWV H[R�2RUW FORXG �0.23 SF� ZKLFK SURGXFHV D FKDQJH
LQ WKH FRPHW YHORFLW\ RI 2.2 × 10−3 NP V−1� :KLOH WKH VHFRQG ZLWK D VRODU
W\SH VWDU �∼ 1 � DW D GLVWDQFH RI ����SF� OHDGLQJ WR D FKDQJH LQ WKH FRPHW
YHORFLW\ RI 1.8 × 10−3 NP V−1� ,I ZH FRQVLGHUHG WKDW WKH HVFDSH YHORFLW\ LV
OLPLWHG E\ 0.076 NP V−1DW WKH HGJH RI WKH FORXG WKH LQGLYLGXDO HIIHFW RI WKHVH
VWDUV� ZLOO QRW SHUWXUE HQRXJK WKH FRPHW WR VWULS WKHP IURP WKH FORXG� +RZ�
HYHU WKH RUELWDO HOHPHQWV RI WKH FRPHWV ZLOO EH PRGLI\ E\ WKHVH HQFRXQWHUV�
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� '\QDPLFV RI H[R�2RUW FORXGV LQ WKH VRODU QHLJKERXUKRRG

7KH WRWDO FKDQJH LQ WKH FRPHW YHORFLW\ LQGXFHG E\ WKH FORVHVW HQFRXQWHUV
LV ∼ 9.7 × 10−3 NP V−1� RQ DYHUDJH WKH FKDQJH RI WKH YHORFLW\ LV DURXQG
1.8× 10−4 NP V−1 SHU HQFRXQWHU�

5RVV ��� KDV WKH VHFRQG ODUJHVW H[R�2RUW FORXG �0.28SF� DPRQJ WKH VWDUV
LQ 7DEOH ���� 5RVV ��� ZLOO IDFH D FORVH HQFRXQWHU ZLWK D VRODU�W\SH VWDU
�∼ 1.1 � SDVVLQJ DW D GLVWDQFH RI 0.21 SF �WKURXJK WKH H[R�2RUW FORXG� LQ
0.41 0\U IURP WRGD\� 7KH FKDQJH RI WKH YHORFLW\ SURGXFHG E\ WKLV VWDU LV
DSSUR[LPDWHO\ 5.5 × 10−3 NP V−1� 7KLV PHDQV D FRPHW DW WKH HGJH RI WKH
FORXG ZKHUH WKH HVFDSH YHORFLW\ LV DURXQG 0.07 NP V−1 ZLOO QRW EH VWULSSHG
IURP WKH H[R�2RUW FORXG GXH WR WKLV HQFRXQWHU� EXW LWV RUELWDO HOHPHQWV ZLOO
FKDQJH� 7KH WRWDO FKDQJH LQGXFHG E\ WKH �� VWHOODU HQFRXQWHUV �VHH )LJ� ����
IRXUWK SDQHO� \HOORZ GRWV� LV RI WKH RUGHU RI 1.03× 10−2 NP V−1� RQ DYHUDJH
RI 2.2× 10−4 NP V−1 SHU HQFRXQWHU�

5RVV ��� H[SHULHQFHV �� HQFRXQWHUV �)LJ� ���� ILIWK SDQHO� EURZQ GRWV��
LQFOXGLQJ D FORVH HQFRXQWHU ZLWK DQ 0�GZDUI ZLWK D PDVV RI 0.5 SDVVLQJ
DW 0.24 SF �MXVW RXWVLGH LWV H[R�2RUW FORXG RI ZKLFK WKH HGJH LV DW 0.26 SF��
7KLV FORVH HQFRXQWHU SURGXFHV D FKDQJH LQ WKH YHORFLW\ RI DSSUR[LPDWHO\
1.3×10−3 NP V−1LQ FRPHW DW WKH HGJH RI WKH 5RVV ��� H[R�2RUW FORXG� 7KLV
FKDQJH LV QRW HQRXJK WR VWULS WKH FRPHW IURP WKH FORXG EXW LW LV HQRXJK WR
SHUWXUE WKHLU RUELWV� 7KH UHVW RI WKH HQFRXQWHUV GR QRW SURYLGH D FRQVLG�
HUDEOH HIIHFW RQ WKH FORXG� 2Q DYHUDJH WKH FORVH HQFRXQWHUV ZLWK 5RVV ���
SURGXFH D FKDQJH RI WKH YHORFLW\ RI∼ 2.06× 10−4 NP V−1 SHU HQFRXQWHU IRU
D WRWDO FKDQJH RI ∼ 1.13× 10−2 NP V−1�

7KH HIIHFW RI WKH FORVH VWHOODU HQFRXQWHUV RQ WKH V\VWHPV VWXGLHG KHUH
LV VPDOO� WKH WRWDO FKDQJH RI WKH FRPHW YHORFLWLHV GXH WR WKH SDVVLQJ VWDUV
UDQJHV IURP ∼ 2.3 × 10−3 WR ∼ 1.1 × 10−2 NP V−1� 7KH HVFDSH YHORFLW\ IRU
WKHVH V\VWHPV UDQJHV IURP 0.061 WR 0.076 NP V−1� ZKLOH WKH FLUFXODU YHORF�
LWLHV DW WKH HGJH RI WKH H[R�2RUW FORXGV UDQJH IURP 0.045 WR 0.051 NP V−1

�)LJ� ���� 7DEOH ����� 7KLV PHDQV WKDW WKH ILQDO YHORFLW\ RI WKH FRPHWV DI�
WHU WKH HQFRXQWHUV DUH QRW VXIILFLHQWO\ ODUJH IRU WKHP WR HVFDSH WKH V\VWHPV�
7KH V\VWHPV *OLHVH ��� %DUQDUG¶V VWDU� 5RVV ���� DQG 5RVV ��� DUH WKHPRVW
SHUWXUEHG V\VWHPV ZLWK ILQDO YHORFLWLHV MXVW EHORZ WKHLU HVFDSH YHORFLW\ DW
WKH HGJH RI WKH FORXG� )RU WKH V\VWHP 3UR[LPD &HQWDXUL FRPHWV ZLOO QRW
VXIIHU DQ LPSRUWDQW FKDQJH DQG WKHLU RUELWV DQG WKH\ ZLOO UHPDLQ UHODWLYHO\
VWDEOH DIWHU WKH HQFRXQWHUV�
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��� &ORVH VWHOODU HQFRXQWHUV H[SHULHQFHG E\ WKH 6XQ¶V QHDUHVW
QHLJKERXUV

6B;m`2 8X9, :�H�+iQ+2Mi`B+ +QQ`/BM�i2b Q7 i?2 T`2b2Mi /�v TQbBiBQMb Q7 i?2 bi�`b i?�i
?�p2 K�/2 Q` rBHH K�F2 +HQb2 �TT`Q�+?2b iQ i?2 bvbi2Kb S`QtBK� *2Mi�m`B U`2/ /QibV-
"�`M�`/Ƕb bi�` U#Hm2 b[m�`2bV- :HB2b2 e8 U;`22M T2Mi�;QMbV- _Qbb R89 Uv2HHQr +`m+2bV- �M/
_Qbb k93 U#`QrM /B�KQM/bVX h?2 BMM2` THQi `2T`2b2Mib � xQQK@BM Q7 i?2 +2Mi`�H �`2�-
r?2`2 i?2 #B; v2HHQr bi�` `2T`2b2Mib i?2 amM �M/ i?2 K2MiBQM2/ bvbi2KbX

7KH ORZ PDVV RI SHUWXUEHUV �0.1±1 � DV ZHOO DV WKH UHODWLYHO\ ODUJH GLV�
WDQFH RI FORVHVW DSSURDFK �DV FRPSDUHG WR WKH H[R�2RUW FORXG VL]HV� H[�
SODLQV WKH VPDOO HIIHFW SURGXFHG E\ WKH IO\E\V� ,W LV LQWHUHVWLQJ WR SRLQW RXW
WKDW HYHQ WKRXJK WKH FORVHVW V\VWHPV WR WKH 6XQ DUH QRW KHDYLO\ SHUWXUEHG
E\ WKHLU QHDUHVW QHLJKERXU VWDUV� WKH ORFDO VRODU QHLJKERXUKRRG LV FURZGHG
DV VKRZQ LQ )LJ� ��� ZKHUH WKH FXUUHQW SRVLWLRQV RI DOO WKH VWDUV LQWHUDFWLQJ
ZLWK WKH V\VWHPV LQ 7DEOH ��� DUH VKRZQ� 7KLV LQGLFDWHV WKDW WKH MRXUQH\
WKURXJK LQWHUVWHOODU VSDFH RI WKH FRPHWV GLVORGJHG IURP WKHLU KRVW V\VWHP
ZLOO EH GHWHUPLQHG E\ WKH VWDUV LQ WKH VRODU QHLJKERXUKRRG�

7KH UHVXOWV SUHVHQWHG LQ WKLV VHFWLRQ JDYH XV D JHQHUDO SLFWXUH RI WKH
HQFRXQWHU KLVWRU\ RI WKH 6XQ¶V QHDUHVW QHLJKERXUV DQG WKH HIIHFWV WKHUHRI RQ
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� '\QDPLFV RI H[R�2RUW FORXGV LQ WKH VRODU QHLJKERXUKRRG

WKH FRPHWV LQ DQ2RUW FORXG OLNH VWUXFWXUH� +RZHYHU� WR KDYHPRUH DFFXUDWH
LQIRUPDWLRQ DERXW WKH G\QDPLFV RI WKH FRPHWV LQ WKH H[R�2RUW FORXGV LW LV
QHFHVVDU\ WR LQWHJUDWH WKHLU RUELWV LQ D *DODFWLF SRWHQWLDO� DFFRXQWLQJ QRW
RQO\ IRU WKH HIIHFW RI VLQJOH VWHOODU HQFRXQWHUV EXW VWXG\LQJ WKH FXPXODWLYH
HIIHFW RI WKH HQFRXQWHUV DQG WKH *DODFWLF WLGDO ILHOG� 7KLV LV WKH WRSLF RI WKH
QH[W VHFWLRQ�

6HFWLRQ ���

'\QDPLFDO HYROXWLRQ RI H[R�2RUW FORXGV RI WKH
6XQ¶V QHLJKERXU VWDUV

7RUUHV HW DO� �����D� VWXGLHG WKH FXPXODWLYH HIIHFWV RQ WKH 6XQ¶V 2RUW FORXG
GXH WR WKH IO\E\V RI QHDUE\ VWDUV DQG WKH *DODFWLF WLGDO ILHOG RYHU D SHULRG RI
�� 0\U �FHQWUHG RQ WKH SUHVHQW WLPH�� 7KH\ IRXQG WKDW UHODWLYHO\ FORVH HQ�
FRXQWHUV �< 2.5 SF� DQG WKH WLGHV IRUP WKH *DOD[\ FRQVLGHUDEO\ SHUWXUEHG
WKH RXWHU UHJLRQV RI WKH 2RUW FORXG� WXUQLQJ DERXW ���� RI WKH FRPHWV LQWR
WUDQVLWLRQDO LQWHUVWHOODU FRPHWV �7,&V�� 0RWLYDWHG E\ WKHVH UHVXOWV ZH LQ�
YHVWLJDWH WKH G\QDPLFV RI WKH 2RUW &ORXG�OLNH VWUXFWXUHV DURXQG VRPH RI
WKH 6XQ¶V QHDUHVW QHLJKERXUV �7DEOH ����� :H ILUVW DVVXPH WKDW WKHVH VWDUV
SRVVHV DQ 2RUW FORXG�OLNH VWUXFWXUH� )ROORZLQJ WKH PHWKRG RI 7RUUHV HW DO�
�����D� ZH DGG DQ DUWLILFLDO LVRWURSLF FORXG RI FRPHWV WR HDFK VWDU ZLWK
10 000 WHVW SDUWLFOHV HDFK� :H OLPLWHG WKH VL]H RI WKH 2RUW FORXG DFFRUGLQJ WR
(T� ����� IRU HDFK VWDU LQ 7DEOH ���� 7KH H[R�2RUW FORXGV DUH FRQVWUXFWHG LQ
VXFK D ZD\ WKDW WKH GLVWULEXWLRQ RI WKH SDUWLFOHV LV V\PPHWULF DQG LVRWURSLF�
DQG WKH\ IROORZ D XQLIRUPGLVWULEXWLRQ LQ WKH RUELWDO HOHPHQWV FRV i �LQFOLQD�
WLRQ�� ω �DUJXPHQW RI SHULDSVLV�� Ω �ORQJLWXGH RI WKH DVFHQGLQJ QRGH�� DQG
M �PHDQ DQRPDO\�� 7KH LQLWLDO HFFHQWULFLWLHV� e� DUH VHOHFWHG ZLWK D SURED�
ELOLW\ GHQVLW\ GLVWULEXWLRQ p(e) ∝ e� 7KH VHPL�PDMRU D[HV� a� DUH GLVWULEXWHG
SURSRUWLRQDO WR a−1.5 RYHU WKH UDQJH 3 × 103 DX DQG WKH RXWHU HGJH RI HDFK
FORXG� 7R 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 VWDU��

2XU QXPHULFDO VLPXODWLRQV UHO\ RQ WKH $VWURSK\VLFDO 0XOWL�SXUSRVH
6RIWZDUH (QYLURQPHQW� $086( �3RUWHJLHV =ZDUW HW DO� ����� 3HOXSHVV\
HW DO� ����� 3RUWHJLHV =ZDUW HW DO� ����E� 3RUWHJLHV =ZDUW 	0F0LOODQ �����
DQG WKH *38�DFFHOHUDWHG GLUHFW 1�ERG\ FRGH �"A1 �5RD HW DO� LQ SUHVV� &DL
HW DO� LQ SUHSDUDWLRQ� ZLWK D ILIWHHQWK�RUGHU *DXVV�5DGDX LQWHJUDWRU �(Y�
HUKDUW ����� RSWLPLVHG IRU FORVH HQFRXQWHUV� :H LQYHVWLJDWH WKH HIIHFW RI
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��� '\QDPLFDO HYROXWLRQ RI H[R�2RUW FORXGV RI WKH 6XQ¶V QHLJKERXU
VWDUV

VWHOODU HQFRXQWHUV DQG WKH JDODFWLF WLGDO ILHOG RQ WKH H[R�2RUW FORXG RI HDFK
V\VWHP LQ 7DEOH ���� 7R DFKLHYH WKDW ZH FRXSOH �"A1 DQG WKH :�H� �3ULFH�
:KHODQ ����� SDFNDJH LQ VXFK D ZD\ WKDW �"A1 DGYDQFHV WKH SRVLWLRQV RI
WKH H[R�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 FDOFXODWHG DFFHOHUDWLRQV DUH VXEVHTXHQWO\ LQVHUWHG LQWR WKH
*DXVV�5DGDX LQWHJUDWRU LQ �"A1 DV DGGLWLRQDO IRUFHV�

7KH VWDUV OLVWHG LQ 7DEOH ��� DUH SULPDULO\ EURZQ GZDUIV� ZLWK PDVVHV
DURXQG 0.1 � 7KLV PHDQV WKDW WKH RXWHU HGJH RI WKHLU H[R�2RUW FORXGV H[�
WHQGV WR DERXW 0.2 SF IURP WKH KRVW VWDU� )RU WKLV VL]H RI H[R�2RUW FORXG
WKH FRQWULEXWLRQ RI WKH *DODFWLF WLGDO ILOHG LV UDWKHU VPDOO DQG WKHUHIRUH WKH
HIIHFW RQ WKH FRPHWV DW WKH HGJH ZLOO EH PLQLPDO �7RUUHV HW DO� �����D���
7KHUHIRUH� WKH SUHGRPLQDQW SHUWXUEDWLRQ LV GXH WR WKH UHODWLYHO\ FORVH SDVV�
LQJ VWDUV� ,Q )LJ� ��� DQG )LJ� ���� ZH VKRZ WKH FKDQJH RI WKH SHULKHOLRQ DV
D IXQFWLRQ RI WKH ILQDO VHPL�PDMRU D[LV DQG HFFHQWULFLW\ IRU WKH SDUWLFOHV LQ
WKH H[R�2RUW FORXG IRU HDFK V\VWHP LQ 7DEOH ���� )RU HDFK LQGLYLGXDO V\VWHP
ZH ILQG WKH IROORZLQJ UHVXOWV�

1RWH WKDW EHORZ ZH SUHVHQW WKH QXPEHU RI 7,&V RU ,62 SURGXFHG LQ WZR
ZD\V� DV WKH SHUFHQWDJH RI WKH 10 000 VLPXODWHG SDUWLFOHV DQG DV D UDWH RI
7,&�,62 SURGXFWLRQ SHU 0\U ZKLFK LV IRXQG EH VFDOLQJ WKH VLPXODWHG H[R�
2RUW FORXGV WR WKH QXPEHU RI FRPHWV HVWLPDWHG WR H[LVW LQ WKH VRODU V\VWHP
2RUW FORXG �∼ 1012 FRPPHWV� 0RUELGHOOL HW DO� ������

3UR[LPD &HQWDXUL 7KH HIIHFW RI WKH *DODFWLF WLGDO ILHOG DQG VWHOODU HQ�
FRXQWHUV RQ WKH H[R�2RUW FORXG RI 3UR[LPD&HQWDXUL LV UHODWLYHO\ VPDOO� ZLWK
WKH FORVHVW DSSURDFK RI DQRWKHU VWDU KDSSHQLQJ DW D GLVWDQFH RI 0.93 SF�
1HYHUWKHOHVV D VPDOO IUDFWLRQ�∼ 0.42�RI WKH LQLWLDO FRPHWV LQ WKH FORXG DUH
WXUQHG LQWR 7,&V DIWHU �� 0\U �)LJ� ��� DQG )LJ� ����� 7KH SURGXFWLRQ UDWH
RI 7,&V RI 3UR[LPD &HQWDXUL GXULQJ WKRVH ��0\U LV∼ 2.1×108 7,&0\U−1�
7KH FKDQJH RI SHULKHOLRQ IRU WKH SDUWLFOHV LQ WKH FORXG LV XS WR 10 000 DX
IRU WKH SDUWLFOHV ZLWK LQLWLDO VHPL�PDMRU D[HV EHWZHHQ 47 000 DQG 51 500 DX�
ZKLFK LV WKHPRVW GLVWXUEHG UHJLRQ RI WKH FORXG� 7KH LQQHU SDUWV RI WKH FORXG
DUH QHDUO\ XQSHUWXUEHG� ,Q )LJ� ��� \HOORZ SDUWLFOHV UHSUHVHQW WKH FKDQJH RI
WKH SHULKHOLRQ DV D IXQFWLRQ RI WKH ILQDO VHPL�PDMRU D[LV IRU WKH 7,&V RULJ�
LQDWLQJ IURP WKH VRODU V\VWHP �FRPSDUH WR )LJ� �� LQ 7RUUHV HW DO� ����D��
$V FDQ EH VHHQ LQ )LJ� ���� GXH WR LWV SUR[LPLW\ WR WKH 6XQ WKH +LOO VSKHUH
RI 3UR[LPD &HQWDXUL RYHUODSV ZLWK WKH VLPXODWHG 7,&V RULJLQDWLQJ IURP WKH
VRODU V\VWHP DQG ZHPD\ WKXV VSHFXODWH DERXW FRPHWV RULJLQDWLQJ IURP WKH
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� '\QDPLFV RI H[R�2RUW FORXGV LQ WKH VRODU QHLJKERXUKRRG

6B;m`2 8X8, *QMiBMm2XXX

���



��� '\QDPLFDO HYROXWLRQ RI H[R�2RUW FORXGV RI WKH 6XQ¶V QHLJKERXU
VWDUV

6B;m`2 8X8, J2�M T2`B�Tb2 +?�M;2b �b � 7mM+iBQM Q7 i?2 b2KB@K�DQ` �tBb Q7 i?2 T�`iB+H2b
BM i?2 2tQ@PQ`i +HQm/bX h?2 ;`2v �`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 #H�+F /QibX h?2 }`bi T�M2H +Q``2bTQM/b iQ S`QtBK�
*2Mi�m`B U`2/V- 7QHHQr2/ #v i?2 bvbi2Kb "�`M�`/Ƕb bi�` U#Hm2V- :HB2b2 e8 U;`22MV- _Qbb
R89 Uv2HHQrV- �M/ _Qbb k93 U#`QrMVX
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� '\QDPLFV RI H[R�2RUW FORXGV LQ WKH VRODU QHLJKERXUKRRG

VRODU V\VWHP HQWHULQJ WKH 3UR[LPD &HQWDXUL V\VWHP� 'XH WR WKH VPDOO SHU�
WXUEDWLRQV RI WKH H[R�2RUW FORXG RI 3UR[LPD WKH RSSRVLWH GRHV QRW KDSSHQ�
+RZHYHU� RXU FDOFXODWLRQV DUH OLPLWHG E\ WKH LQFRPSOHWHQHVV RI RXU FDWD�
ORJXH RI VWDUV LQ WKH VRODU QHLJKERXUKRRG� )RU D FRPSOHWH DQG DFFXUDWH
VDPSOH RI VWDU WKH SURGXFWLRQ RI 7,&V ZLOO QDWXUDOO\ LQFUHDVH� ZKLFK DOVR
LQFUHDVHV WKH FKDQFHV RI RXU VRODU V\VWHP FDSWXULQJ D FRPHW IURP 3UR[�
LPD &HQWDXUL� 1RWH WKDW 3UR[LPD LV NQRZ WR KRVW D SODQHW �$QJODGD�(VFXGp
HW DO� ����� ZKLFK PDNHV WKH H[LVWHQFH RI DQ H[R�2RUW FORXG LQ WKLV V\VWHP
SODXVLEOH �VHH DOVR 6FKZDU] HW DO� ������

%DUQDUG¶V VWDU :LWK �� HQFRXQWHUV� WKH HQFRXQWHU KLVWRU\ RI %DUQDUG¶V
VWDU LV WKHPRVW HYHQWIXO DPRQJ WKH FORVHVW VWDUV WR WKH 6XQ� 7KH FXPXODWLYH
HIIHFW RI WKH SDVVLQJ VWDUV DQG LQ SDUWLFXODU WKH FORVH HQFRXQWHU DW 0.30 SF
�QHDU WKH HGJH RI WKH H[R�2RUW FORXG� UDLVHV WKH VHPL�PDMRU D[LV DQG HFFHQ�
WULFLWLHV RI DERXW 0.52� RI WKH WRWDO FRPHWV LQ WKH 2RUW FORXG RI %DUQDUG¶V
VWDU EHFRPLQJ 7,&V� 7KLV OHDGV WR SURGXFWLRQ UDWH RI 7,&V GXULQJ ��0\U LV
∼ 2.6 × 108 7,& 0\U−1� 7KH FKDQJH LQ WKH SHULKHOLRQ RI WKH SDUWLFOHV ZLWK
ILQDO VHPL�PDMRU D[HV EHWZHHQ 20 000 DQG 40 000 DX LV XS WR 5 000 DX� DQG IRU
WKH SDUWLFOHV ZLWK LQLWLDO VHPL�PDMRU D[HV EHWZHHQ 47 000 DQG 53 000 DX WKH
FKDQJH LV XS WR DOPRVW 20 000 DX �)LJ� ����� (YHQ WKRXJK WKH FKDQJH LQ WKH
HFFHQWULFLW\ LV UDWKHU VPDOO �)LJ� ���� IXWXUH SHUWXUEDWLRQV PD\ OHDG WR WKH
VWULSSLQJ RI PRUH SDUWLFOHV IURP WKH HGJH RI WKH FORXG� 7KH FORVH HQFRXQ�
WHUV IRXQG LQ WKLV ZRUN DUH UHVWULFWHG WR 3 0\U� D ORQJHU ZLQGRZ ZLOO RQO\
LQFUHDVH WKH SHUWXUEDWLRQV LQ WKH V\VWHP� 7KH SRVVLELOLW\ RI WKH H[LVWHQFH
RI DQ H[R�2RUW FORXG DURXQG %DUQDUG¶V VWDU LV YHU\ KLJK LI ZH FRQVLGHU WKDW
WKHUH DUH LQGLFDWLRQV RI DQ H[RSODQHW �VXSHU�HDUWK� RUELWLQJ WKH VWDU �5LEDV
HW DO� ����� DQG WKDW WKH IRUPDWLRQ DQG HYROXWLRQ RI H[R�FRPHWV DUH OLQNHG
WR WKH IRUPDWLRQ DQG HYROXWLRQ RI SODQHWV�

*OLHVH �� $PRQJ WKH VWDUV OLVWHG LQ 7DEOH ��� *OLHVH �� LV WKH PRVW SHU�
WXUEHG V\VWHP� 7KH FKDQJH LQ WKH SHULKHOLRQ RI WKH SDUWLFOHV LV DURXQG
15, 000 DX YDULDWLRQ IRU WKH UHJLRQ ZLWK 52 000 < af < 61 870 DX� )RU WKH
LQQHU SDUW RI WKH V\VWHP �af < 30, 000 DX� WKH FKDQJH LV PLQLPDO �)LJ� �����
DQG WKH FRPHWV UHPDLQ LQ VWDEOH RUELWV� 7KH RXWHU PRVW SDUW RI WKH FORXG
�50 000 < af < 61 870 DX� LV KHDYLO\ SHUWXUEHG� PDLQO\ E\ WKH FORVH HQ�
FRXQWHU ZLWK D UHG GZDUI ZLWK PDVV RI ∼ 0.6 DW ���� SF� D VRODU�W\SH VWDU
ZLWK PDVV RI 1 DW ���� SF� DQG WKH *DODFWLF WLGDO ILHOG� 7KH FRPELQHG HI�
IHFW RI WKH �� HQFRXQWHUV DQG WKH WLGHV IURP WKH JDOD[\ OHDGV WR WKH HMHFWLRQ
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��� '\QDPLFDO HYROXWLRQ RI H[R�2RUW FORXGV RI WKH 6XQ¶V QHLJKERXU
VWDUV

6B;m`2 8Xe, *QMiBMm2XXX
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� '\QDPLFV RI H[R�2RUW FORXGV LQ WKH VRODU QHLJKERXUKRRG

6B;m`2 8Xe, P`#Bi�H 2pQHmiBQM Q7 i?2 T�`iB+H2b BM i?2 2tQ@PQ`i +HQm/ 7Q` � T2`BQ/ Q7 ky Jv`X
6B`bi T�M2H +Q``2bTQM/b iQ S`QtBK� *2Mi�m`B U`2/V- 7QHHQr2/ #v i?2 bvbi2Kb "�`M�`/Ƕb
bi�` U#Hm2V- :HB2b2 e8 U;`22MV- _Qbb R89 Uv2HHQrV- �M/ _Qbb k93 U#`QrMVX
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��� '\QDPLFDO HYROXWLRQ RI H[R�2RUW FORXGV RI WKH 6XQ¶V QHLJKERXU
VWDUV

RI DERXW ������ RI WKH WRWDO QXPEHU RI FRPHWV LQ WKH FORXG� $GGLWLRQDOO\�
∼ 7.98� RI WKH UHPDLQLQJ FRPHWV EHFRPH 7,&V� ZLWK VHPL�PDMRU D[LV EH�
WZHHQ ∼ 6.1 × 104 WR ∼ 2 × 106 DX� 7KLV PHDQV WKDW 7,&V RU ,62V IURP
*OLHVH �� PLJKW UHDFK WKH VRODU V\VWHP LI ZH FRQVLGHUHG WKDW *OLHVH �� LV
5.5× 105 DX IURP WKH 6XQ� 7KH SURGXFWLRQ UDWH RI 7,&V DQG ,62V RI *OLHVH
�� GXULQJ �� 0\U DUH∼ 40× 108 7,& 0\U−1 DQG ���×1010 ,62 0\U−1� 7KH
DQDO\WLF FDOFXODWLRQ LQ 6HFW� ���� VKRZHG WKDW WKH HIIHFW RI SDVVLQJ VWDUV RQ
WKH FRPHWV LQ WKH H[R�2RUW FORXG RI *OLHVH �� LV OLPLWHG� +RZHYHU� ZKHQ
XVLQJ D GHWDLOHG1�ERG\ FDOFXODWLRQV DQG SDUWLFXODUO\ DFFRXQWLQJ IRU WKH FX�
PXODWLYH HIIHFW RI SDVVLQJ VWDUV DQG WKH *DODFWLF WLGDO ILOHG VKRZV WKDW WKH
FORXG LV KHDYLO\ SHUWXUEHG� 7KH GLVFUHSDQF\ RI WKH UHVXOWV LV D FOHDU H[DP�
SOH RI WKH OLPLWDWLRQV RI XVLQJ D VLPSOH DQDO\WLF PRGHO VXFK DV WKH LPSXOVH
DSSUR[LPDWLRQ �(T� ������� 7KHUHIRUH FRPSDULQJ DQDO\WLF PRGHOV ZLWK GH�
WDLOHG QXPHULFDO VLPXODWLRQV ZLOO OHDG WR D PRUH UREXVW FRQFOXVLRQ RI WKH
UHVXOWV�

5RVV ��� 7KLV LV WKH VHFRQG PRVW SHUWXUEHG V\VWHP DPRQJ WKRVH OLVWHG
LQ 7DEOH ���� ZLWK RQH FORVH HQFRXQWHU DW 0.21 SF �0.410\U IURP WRGD\� SDVV�
LQJ WKURXJK WKH H[R�2RUW FORXG� DQG �� HQFRXQWHUV RYHU 200\U� 5RVV ���
DOVR SRVVHVVHV WKH VHFRQG ODUJHVW H[R�2RUW FORXG DPRQJ WKH V\VWHPV VWXG�
LHG LQ WKLV ZRUN� ZLWK LWV HGJH DW 0.28 SF� 3DUWLFXODUO\ WKH SDUWLFOHV ZLWK ILQDO
VHPL�PDMRU D[HV EHWZHHQ 48 000 DQG 57 750 DX DUH KHDYLO\ SHUWXUEHG� ZLWK
SHULKHOLRQ FKDQJHV XS WR ∼ 34 000 DX� $URXQG 0.77� RI WKH FRPHWV LQ WKLV
UHJLRQ EHFRPH 7,&V� ZLWK IXWXUH HQFRXQWHUV IXUWKHU LQFUHDVLQJ WKHLU VHPL�
PDMRU D[LV� $URXQG 7� RI WKH 7,&V UHDFKHV ∼ 400 000 DX� ZKLOH WKH UHVW
DFTXLUHV VHPL�PDMRU D[HV EHWZHHQ 60 000 DQG 120 000 DX� ,Q WKH LQQHU SDUW
RI WKH FORXG �af = 2000±30 000 DX�� WKH SDUWLFOHV UHPDLQ VWDEOH ZLWK D VPDOO
YDULDWLRQ LQ WKHLU RUELWDO HOHPHQWV �)LJ� ��� DQG )LJ� ����� 7KH 7,& SURGXF�
WLRQ UDWH RI 5RVV ��� LQ ��0\U LV∼ 3.85×108 7,&0\U−1� &RQVLGHULQJ WKDW
RXU VLPXODWLRQV DUH OLPLWHG WR D 20 0\U WLPH LQWHUYDO� LI ZH OHW WKH V\VWHP
HYROYHG IRU PRUH WLPH WKH SURGXFWLRQ RI 7,&V ZLOO LQFUHDVH �GXH WR PRUH
VWHOODU HQFRXQWHUV DQG ORQJHU DFWLRQ RI WKH *DODFWLF WLGDO ILHOG� DQG HYHQ�
WXDOO\ WKH SDUWLFOHV ZLWK ODUJHHVW VHPL�PDMRU D[LV ZLOO EHFRPH LQWHUVWHOODU
FRPHWV�

5RVV ��� 7KH HQFRXQWHU KLVWRU\ RI WKLV V\VWHP LV VHFRQG LQ WHUPV RI
QXPEHU RI HQFRXQWHUV� ZLWK �� HQFRXQWHUV LQ 20 0\U DQG RQH FORVH HQ�
FRXQWHU DW 0.24 SF DW WKH HGJH RI LWV H[R�2RUW FORXG� 7KH SHULKHOLRQ RI
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� '\QDPLFV RI H[R�2RUW FORXGV LQ WKH VRODU QHLJKERXUKRRG

WKH SDUWLFOHV ZLWKLQ 46, 000 < af < 53 000 DX FKDQJHV E\ XS WR 30 000 DX
�)LJ� ����� ZKLOH WKH HFFHQWULFLWLHV LQ WKH VDPH UHJLRQ FKDQJH FRQVLGHUDEO\
RYHU WLPH �)LJ� ����� 7KH SURGXFWLRQ RI 7,&V LV FRPSDUDEOH ZLWK WR WKH FDVH
RI %DUQDUG¶V VWDU ZLWK 0.52� RI WKH LQLWLDO FRPHWV WUDQVIRUPHG WR 7,&V DQG
UDWH RI ∼ 2.6 × 108 7,& 0\U−1� +RZHYHU� WKH 7,&V IURP 5RVV ��� DUH
FRQVLGHUDEO\ PRUH SHUWXUEHG SULPDULO\ EHFDXVH RI LWV FORVH HQFRXQWHU ZLWK
DQ 0�GZDUI DW WKH HGJH RI WKH FORXG� $URXQG 13� RI WKH 7,&V DFTXLUHG
VHPL�PDMRU D[HV ODUJHU WKDQ 80 000 DX� ZKLOH WKH UHVW UDQJHV IURP 52 000 WR
80 000 DX� 2QO\ 0.01� RI WKH SDUWLFOHV LQ WKH FORXG EHFRPH K\SHUEROLF� 7KH
SHUWXUEDWLRQV GXH WR WKH *DODFWLF WLGDO ILHOG DQG WKH VWHOODU HQFRXQWHUV GR
QRW FKDQJH WKH G\QDPLFV RI WKH LQQHU UHJLRQV RI WKH FORXG�

2YHUDOO WKH HIIHFW RI WKH VWHOODU IO\E\V DQG WKH *DODFWLF WLGDO ILHOG RQ WKH
6XQ¶V QHLJKERXUV LV UHODWLYHO\ ODUJH� FRQVLGHULQJ WKDW DOO WKH VWDUV VWXGLHG
DUH 0�GZDUIV DQG WKHUHIRUH WKHLU H[R�2RUW FORXG LV PRUH FRPSDFW �ZLWKLQ
0.2 DQG 0.3 SF�� ,Q WKLV ZD\� WKH FRQWULEXWLRQ RI WKH *DODFWLF WLGDO ILHOG LV
UDWKHU VPDOO DQG WKHUHIRUH WKH PRVW GRPLQDQW SHUWXUEDWLRQ DUH WKH FORVH
HQFRXQWHUV� 7KH PRVW SHUWXUEHG V\VWHPV LQ RXU VLPXODWLRQV DUH *OLHVH ���
5RVV ���� 5RVV ��� DQG %DUQDUG¶V VWDU SULPDULO\ GXH WR D YHU\ FORVH HQ�
FRXQWHU ZLWK D VWDU SDVVLQJ WKURXJK WKHLU H[R�2RUW FORXG UHJLRQV�

7KH WRWDO HIIHFW RQ WKHVH VWDUV� LV UHIOHFWHG LQ WKH SURGXFWLRQ UDWH RI 7,&V
DQG ,62V� )RU *OLHVH �� WKHVH UDWHV DUH DERXW 40 × 108 7,& 0\U−1 DQG
���×1010 ,620\U−1� $SSUR[LPDWHO\ 0.77� RI WKH FRPHWV LQ WKH 2RUW FORXG
RI 5RVV ��� EHFRPH 7,&V KDYLQJ D SURGXFWLRQ UDWH RI 3.85×1010 7,&0\U−1�
ZKLFK VHPL�PDMRU H[WHQGV XS WR 400 000 DX� )RU WKH V\VWHPV 5RVV ��� DQG
%DUQDUG¶V VWDU� WKH SURGXFWLRQ UDWH RI 7,&V LV WKH VDPH �∼ 2.6 × 108 7,&
0\U−1�� EXW WKH VHPL�PDMRU RI WKH 7,&V JRHV XS WR 200 000 DX IRU 5RVV ���
DQG 80 000 DX IRU %DUQDUG¶V VWDU� (YHQ WKRXJK %DUQDUG¶V VWDU SURGXFHV WKH
VDPH IUDFWLRQ RI 7,&V DV 5RVV ���� WKH SHUWXUEDWLRQ RI LWV QHDUE\ VWDUV LV
OHDVW VWURQJ� 7KLV LV PDLQO\ EHFDXVH WKH FORVHVW HQFRXQWHU ZLWK %DUQDUG¶V
VWDU LV D EURZQ GZDUI� ZKLFK SHUWXUEDWLRQ LV MXVW VWURQJ HQRXJK WR SHU�
WXUEHG WKH FRPHWV DW WKH HGJH RI LWV H[R�2RUW FORXG� EXW LV QRW VWURQJ HQRXJK
WR GLVORGJH WKH FRPHWV�

)LQDOO\� RQH RI WKH PRVW LQWHUHVWLQJ V\VWHPV LQ RXU OLVW LV WKH FORVHVW VWDU
WR WKH 6XQ� 3UR[LPD &HQWDXUL� 7KH HQFRXQWHU KLVWRU\ RI 3UR[LPD LV WKH
OHDVW HYHQWIXO LQ RXU OLVW� KRZHYHU GXH WR HQFRXQWHUV ZLWK UHODWLYHO\ KLJK
PDVV VWDUV� LQFOXGLQJ WKH 6XQ� WKH SURGXFWLRQ UDWH RI 7,&V LV UHODWLYHO\ KLJK
�∼ 2.1 × 108 7,& 0\U−1�� :H VSHFXODWH WKDW D VPDOO IUDFWLRQ RI WKH 7,&V
IURP RXU VRODU V\VWHP �∼ 5�� ZLOO HQWHU WKH H[R�2RUW UHJLRQV RI 3UR[LPD�
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��� '\QDPLFDO HYROXWLRQ RI H[R�2RUW FORXGV RI WKH 6XQ¶V QHLJKERXU
VWDUV

7KH HIIHFW RI *DODFWLF WLGDO ILHOG RQ WKH VWDUV VWXGLHG KHUH LV OLPLWHG PDLQO\
EHFDXVH RQ DYHUDJH WKHVH 0�GZDUIV SRVVHV VPDOO H[R�2RUW FORXGV WKDW H[�
WHQG RQO\ XS WR 0.25 SF� 7KHUHIRUH WKH PRVW SURPLQHQW SHUWXUEDWLRQ WKDW
WKHVH VWDUV ZLOO VXIIHU LV GXH WR WKH SDVVLQJ VWDUV� %HFDXVH RXU OLVW RI SHU�
WXUELQJ VWDUV LV LQFRPSOHWH WKH QXPEHU RI VWDUV SHUWXUELQJ WKHVH V\VWHPV
LV H[SHFWHG WR EH KLJKHU �VHH %DLOHU�-RQHV HW DO� ������ 7KLV PHDQV WKDW WKH
QXPEHU RI 7,&V DV ZHOO DV LQWHUVWHOODU FRPHWV ZLOO EH KLJKHU WKDQ HVWLPDWHG
KHUH�

����� 7,&V�,62V LQ WKH VRODU QHLJKERXUKRRG

6WXG\LQJ WKH RUELWV RI LQWHUVWHOODU FRPHWV FDQ KHOS XV WR XQGHUVWDQG WKH G\�
QDPLFDO HYROXWLRQ RI WKH SODQHWDU\ V\VWHP IURP ZKLFK WKH ,62 RULJLQDWHG�
)RU WKH QHDUE\ VWDUV WR WKH 6XQ VWXGLHG LQ WKLV ZRUN �7DEOH ����� *OLHVH ��
LV WKH PRVW SHUWXUEHG V\VWHP� $IWHU �� 0\UV DQG WZR YHU\ FORVH HQFRXQ�
WHUV� ����� RI WKH WRWDO FRPHWV LQ WKH FORXG EHFRPH 7,&V� ZKLOH ������ DUH
HMHFWHG WR WKH LQWHUVWHOODU VSDFH� 5RVV ��� LV WKH V\VWHPZKLFK SURGXFHV WKH
VHFRQG ODUJHVW QXPEHU RI 7,&V� DSSUR[LPDWHO\ ����� RI WKH WRWDO QXPEHU
RI FRPHWV DIWHU ��0\U� )ROORZ E\ 5RVV ��� DQG %DUQDUG¶V VWDU ZLWK ������
DQG ILQDOO\ 3UR[LPD &HQWDXUL ZLWK ����� �7DEOH ����� 7KH G\QDPLFDO HYR�
OXWLRQ RI 7,&V ZLOO EH GRPLQDWHG E\ QHDUE\ VWDUV DQG WKH *DODFWLF WLGDO ILHOG�
$V WLPH SDVVHV� 7,&V ZLOO IDFH PRUH VWHOODU HQFRXQWHUV DQG SDUWLFXODUO\ WKH
HIIHFW RI WKH *DODFWLF WLGDO ILHOG ZLOO DIIHFW WKHLU RUELW DQG WKH\ ZLOO EH GLD�
ORJXHG IURP WKHLU KRVW V\VWHPV EHFRPLQJ ,62V�

)RU WKH VWDUV VWXGLHG KHUH� 7,&V IURP %DUQDUG¶V VWDU SRVVHV WKH KLJK�
HVW UHODWLYH YHORFLW\ WR WKH 6XQ DIWHU �� 0\U� ZLWK DQ DYHUDJH RI ����� NP�V
�)LJ� ����� 7KH YDULDWLRQ� LQ WKHLU YHORFLW\� LV VPDOO ∼��������� NP�V� 7KH
VHFRQG V\VWHP ZLWK KLJK UHODWLYH YHORFLW\ WR WKH 6XQ DIWHU �� 0\U� LV *OLHVH
��� ZLWK DQ DYHUDJH YHORFLW\ RI ����� NP�V� DQGZLWK YHORFLWLHV UDQJLQJ IURP
DSSUR[LPDWHO\ ����������� NP�V� 7KH WKLUG DQG ODVW V\VWHP ZLWK KLJK UHOD�
WLYH YHORFLW\ LV 5RVV ��� ZLWK DQ DYHUDJH YHORFLW\ RI ����� NP�V DQG D YDUL�
DWLRQ JRLQJ IURP ����������� NP�V� 7KH V\VWHPV 3UR[LPD &HQWDXUL DQG
5RVV ��� KDYH VPDOO YHORFLWLHV ZLWK UHVSHFW WR WKH 6XQ DIWHU ��0\U� UDQJLQJ
IURP ��������� NP�V DQG ����������� NP�V UHVSHFWLYHO\� 7KH VPDOO YDULD�
WLRQ RI WKH 7,&V UHODWLYH YHORFLW\ LV H[SHFWHG EHFDXVH WKH 7,&V DUH OHDYLQJ
WKH V\VWHP JUDGXDOO\ DQG WKHLU YHORFLW\ LV WKXV GRPLQDWHG E\ WKH YHORFLW\ RI
WKH KRVW VWDU�

7KH VPDOO FKDQJH LQ YHORFLW\ LV HQRXJK WR DOORZ WKH FRPHWV WR OHDYH
WKH +LOO VSKHUH RI WKH KRVW VWDUV DQG LV PDLQO\ LQGXFHG E\ WKH FXPXODWLYH
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h�#H2 8Xj, S`Q/m+iBQM Q7 hA*b �M/ AaPb 7`QK i?2 M2�`#v bi�`b iQ i?2 amMX h?2 }`bi
+QHmKM b?Qrb i?2 M�K2 Q7 i?2 bi�`- 7QHHQr2/ #v i?2 T2`+2Mi�;2 Q7 i?2 iQi�H +QK2ib BM
i?2 2tQ@PQ`i +HQm/b i?�i #2+QK2b hA* Q` AaPX h?2 H�bi +QHmKM `2T`2b2Mib i?2 �p2`�;2
Q7 i?2 iQi�H `2H�iBp2 p2HQ+Biv Q7 i?2 hA*b `2bT2+ib iQ i?2 amM 7Q` 2�+? bi�` �7i2` Ry Jv`
Q7 Q`#Bi�H BMi2;`�iBQMX

6WDU 7,& ,62 〈vrel〉
��� ��� �NPV−1�

3UR[LPD &HQWDXUL ���� � ����
%DUQDUG¶V VWDU ���� � �����
*OLHVH �� ���� ����� �����
5RVV ��� ���� � ����
5RVV ��� ���� ���� �����

HIIHFW RI WKH FORVH HQFRXQWHUV WKDW HDFK V\VWHP IDFHG RYHU WKH ��0\U RI
LQWHJUDWLRQ� ,I ZH FRPSDUH WKH UHODWLYH YHORFLW\ RI WKH 7,&V LQ 7DEOH ���
ZLWK �,�µ2XPXDPXD �∼���� NP�V� 0HHFK HW DO� ����� DQG �,�%RULVRY
����� NP�V� %RULVRY ����� *X]LN HW DO� ����� WKHLU YHORFLWLHV PDWFK ZLWK WKH
7,&V IURP *OLHVH �� DQG %DUQDUG¶V VWDU UHVSHFWLYHO\� 7KLV GRHV QRW LP�
SO\ WKDW �,�µ2XPXDPXD DQG �,�%RULVRY FDPH IURP WKRVH VWDUV� +RZHYHU�
LI ZH FRQVLGHUHG WKDW ,62V KDYH VPDOO YHORFLW\ ZKHQ OHDYLQJ WKHLU V\VWHPV
�7RUUHV HW DO� ����E� +DQGV HW DO� ������ 7KH UHODWLYH YHORFLW\ RI SODQHWDU\
V\VWHPV FDQ EH XVHG WR FRQVWUDLQ WKH YHORFLW\ RI WKH HMHFWHG REMHFW� )RU WKH
IXWXUH GHWHFWLRQV RI ,62V� PDWFKLQJ WKH UHODWLYH YHORFLW\ ZLWK WKRVH VWDUV
LQ WKH VRODU QHLJKERXUKRRG DQG SHUIRUPLQJ EDFNZDUG RUELWDO LQWHJUDWLRQ
�H�J�� 3RUWHJLHV =ZDUW HW DO� ����� ZLOO VHUYH DV FRQVWUDLQ RI WKHLU SRVVLEOH
RULJLQ�

6HFWLRQ ���

6XPPDU\ DQG &RQFOXVLRQV

)ROORZLQJ WKH UHVXOWV DQG PHWKRGV RI 7RUUHV HW DO� �����D�� LQ WKLV SDSHU�
ZH H[SORUHG WKH G\QDPLFDO HYROXWLRQ RI H[R�2RUW FORXGV DURXQG WKH QHDUHVW
VWDUV WR WKH 6XQ� :H VHOHFWHG WKH VWDUV ZLWKLQ � SF IURP WKH 6XQ� ZKLFK ZH
DVVXPHG WR SRVVHVV DQ 2RUW FORXG�OLNH VWUXFWXUH DQG ZLWK DFFXUDWH DVWUR�
PHWULF GDWD IURP *DLD '5�� 7KH VHOHFWHG V\VWHPV DUH� 3UR[LPD &HQWDXUL�
%DUQDUG¶V VWDU� *OLHVH ��� 5RVV ���� DQG 5RVV ���� ,Q 6HFW� ���� ZH FDOFX�
ODWHG WKH QXPEHU RI VWHOODU HQFRXQWHUV WKDW HDFK RI WKH V\VWHPV IDFHG LQ
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��� 6XPPDU\ DQG &RQFOXVLRQV

6B;m`2 8Xd, >BbiQ;`�K Q7 i?2 `2H�iBp2 p2HQ+Biv Q7 i?2 hA*b 7`QK i?2 bi�`b BM h�#H2 8XR
`2bT2+i iQ i?2 amMX *QHQm` #�`b +Q``2bTQM/b iQ i?2 bvbi2Kb S`QtBK� *2Mi�m`B U`2/V-
7QHHQr2/ #v i?2 bvbi2Kb "�`M�`/Ƕb bi�` U#Hm2V- :HB2b2 e8 U;`22MV- _Qbb R89 Uv2HHQrV- �M/
_Qbb k93 U#`QrMVX

WKH SDVW ��0\U DQG ZRXOG HQFRXQWHU LQ WKH QH[W ��0\U� :H ILQG WKDW RQ
DYHUDJH� WKHVH V\VWHPV H[SHULHQFH DURXQG ����� HQFRXQWHUV LQ ��0\U�

8VLQJ WKH LPSXOVH DSSUR[LPDWLRQ �(T� ������� ZH FDOFXODWHG WKH FKDQJH
RI WKH YHORFLW\ LQGXFHGE\ D SDVVLQJ VWDU WR D FRPHW LQ DQ H[R�2RUW FORXG� :H
ILQG WKDW WKH PRVW SHUWXUEHG V\VWHPV GXH WR D FORVH HQFRXQWHUV DUH *OLHVH
��� 5RVV ���� 5RVV ���� DQG %DUQDUG¶V VWDU� 7KHLU ILQDO YHORFLWLHV DUH EH�
ORZ WKH HVFDSH YHORFLW\ DW WKH HGJH RI WKHLU H[R�2RUW FORXG �7DEOH ����� )RU
3UR[LPD &HQWDXUL WKH HIIHFW RI WKH SDVVLQJ VWDUV GR QRW UHSUHVHQW DQ HVVHQ�
WLDO FKDQJH LQ WKH YHORFLW\ RI WKHLU FRPHWV�

7R KDYH D FRPSOHWH VWXG\ RI WKH HIIHFW RI SDVVLQJ VWDUV RQ WKH 6XQ¶V
QHLJKERXU VWDUV� LQ 6HFW� ��� ZH VWXGLHG WKH G\QDPLFDO HYROXWLRQ RI WKH
FRPHWV LQ DQ H[R�2RUW FORXG� :H LQFOXGHG WKH FXPXODWLYH HIIHFW RI SDVV�
LQJ VWDUV ZLWKLQ ��� SF IURP HDFK V\VWHP DQG WKH *DODFWLF WLGDO ILHOG� 8VLQJ
WKH HQFRXQWHU KLVWRU\ RI WKH QHDUE\ VWDUV WR WKH 6XQ �7DEOH ����� ZH LQWH�
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JUDWHG WKH RUELWV RI WKH FRPHWV IRU ��0\U ���0\U LQ WKH SDVW� ��0\U LQ
WKH IXWXUH�� )RU WKH ILYH VWDUV VWXGLHG LQ WKLV ZRUN �7DEOH ����� *OLHVH ���
LV WKH PRVW SHUWXUEHG V\VWHP� *OLHVH �� LV D ELQDU\ V\VWHP RI ZKLFK 2RUW
&ORXG H[WHQGV XS WR ��� SF� ,W IDFHV �� HQFRXQWHUV LQ �� 0\U� KDYLQJ WZR
YHU\ FORVH HQFRXQWHUV DW D GLVWDQFH RI ���� DQG ���� SF� 7KH FRPELQHG HI�
IHFW RI DOO FORVH HQFRXQWHUV �SULPDULO\ WKH WZR FORVHVW� DQG WKH WLGHV IURP
WKH *DOD[\� OHDGV WR D SURGXFWLRQ UDWH RI 7,&V DQG ,62V RI DERXW 40 × 108

7,& 0\U−1 DQG 1.4 × 1010 ,62 0\U−1 RYHU D WLPH LQWHUYDO RI �� 0\U� 7KH
VHPL�PDMRU D[LV RI WKH 7,&V IURP *OLHVH �� UDQJHV IURP ∼ 6.1 × 104 WR
∼ 2 × 106 DX� 7KLV LPSOLHV WKDW 7,&V RU ,62V IURP *OLHVH �� PLJKW UHDFK
WKH VRODU V\VWHP¶V 2RUW FORXG ZKRVH LV ORFDWHG ∼ 5.5× 105 DX DZD\�

5RVV ���� IDFHG D FORVH HQFRXQWHU ZLWK D *�VWDU DW ���� SF �DW WKH HGJH RI
LWV H[R�2RUW FORXG� DQG �� HQFRXQWHUV ZLWKLQ ��� SF� 7KHVH HQFRXQWHUV DQG
WKH HIIHFWV IURP WKH WLGHV RI WKH *DOD[\ IRUP DSSUR[LPDWHO\ 3.8 × 108 7,&
0\U−1� 7KH IROORZ PRVW SHUWXUEHG V\VWHP DUH 5RVV ���� %DUQDUG¶V VWDU�
DQG3UR[LPD&HQWDXUL� 7KH V\VWHPV%DUQDUG¶V VWDU DQG5RVV ��� IDFHG VLP�
LODU HQFRXQWHU KLVWRULHV ���� DQG �� HQFRXQWHUV�� ZKLFK SHUWXUEDWLRQV OHDG
WR WKH IRUPDWLRQ RI∼ 2.6×108 7,&0\U−1 IRU ERWK FDVHV RYHU ��0\U� 1HY�
HUWKHOHVV� WKH SHUWXUEDWLRQ LV ODUJHU LQ 5RVV ���� GXH WR D FORVH HQFRXQWHU DW
���� SF �LQVLGH RI LWV H[R�2RUW FORXG�� 7KLV LV UHIOHFWHG LQ WKH ODUJHU VHPL�
PDMRU D[LV RI WKH 7,&V FRPSDUHG WR WKH RQHV LQ %DUQDUG¶V VWDU �)LJ� �����
)LQDOO\� 3UR[LPD &HQWDXUL IDFHV �� HQFRXQWHUV GXULQJ ��0\U� ZKLFK WR�
JHWKHU ZLWK WKH WLGHV IURP WKH *DOD[\ OHDGV SURGXFWLRQ UDWH RI ∼ 2.1 × 108

7,&0\U−1� 'XH WR LWV SUR[LPLW\ WR WKH 6XQ� WKH H[R�2RUW FORXG RI 3UR[LPD
&HQWDXUL RYHUODSV ZLWK ∼�� RI WKH 7,&V RULJLQDWLQJ IURP WKH VRODU V\VWHP
�)LJ� �� LQ 7RUUHV HW DO� ����D�� 7KHUHIRUH ZH PD\ VSHFXODWH WKDW REMHFWV
FRPLQJ IURP WKH VRODU V\VWHP HQWHU 3UR[LPD &HQWDXUL� 'XH WR WKH VPDOO
SHUWXUEDWLRQV RI WKH H[R�2RUW FORXG RI 3UR[LPD� WKH RSSRVLWH GRHV QRW KDS�
SHQ LQ RXU FDOFXODWLRQV�

2YHUDOO� WKH HIIHFW RI SDVVLQJ VWDUV GRPLQDWHV RYHU WKH WLGHV IURP WKH
*DOD[\� 7KH LPSDFW RI WKH *DODFWLF WLGDO ILHOG LV WRR ZHDN RQ WKH VKRUW WLPH
VFDOH VWXGLHG KHUH� WR DIIHFW WKH RUELWDO HOHPHQWV RI WKH FRPHWV LQ WKH H[R�
2RUW FORXG� %HFDXVH RI WKH VPDOO VL]H RI WKH H[R�2RUW FORXG �DSSUR[LPDWHO\
KDOI RI WKH 2RUW FORXG RI WKH 6XQ�� DQG WKH SRVLWLRQ RI WKH VWDUV LQ WKH *DODF�
WLF SODQH� +RZHYHU� LW LV WKH FRPELQHG HIIHFW RI WKH *DODFWLF WLGDO ILHOG DQG
VWHOODU HQFRXQWHUV ZKLFK VKDSHG WKH HGJH RI WKH H[R�2RUW FORXGV VWXGLHG LQ
WKLV ZRUN� ,W LV LPSRUWDQW WR VWUHVV WKDW HVWLPDWHV SUHVHQWHG LQ WKLV ZRUN
DUH FRQVHUYDWLYH DQG EDVHG RQ D VPDOO VDPSOH RI NQRZQ VWDUV� 7KH SURGXF�
WLRQ UDWHV RI 7,& VFDOH ZLWK WKH WRWDO QXPEHU RI FRPHWV LQ WKH 2RUW FORXG
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IRU DOO WKH V\VWHPV SUHVHQWHG LQ WKLV ZRUN LV DSSUR[LPDWHO\ RI RUGHU 108
7,& 0\U−1 RYHU D WLPH LQWHUYDO RI �� 0\U� $ FRPSOHWH VDPSOH RI QHDUE\
VWDUV ZLOO QDWXUDOO\ LQFUHDVH WKH QXPEHU RI 7,&V DQG ,62V LQ WKH ORFDO VR�
ODU QHLJKERXUKRRG� 7KLV LPSOLHV WKDW WKH QHDUE\ V\VWHPV ZLWK DQ H[R�2RUW
FORXG LQFOXGLQJ WKH VRODU V\VWHPPLJKW JHW FRQVWDQWO\ SROOXWHG E\ LQWHUVWHO�
ODU FRPHWV� 7KHUHIRUH DQ LQWHUVWHOODU FORXG RI FRPHWV LV YHU\ SODXVLEOH�

$FNQRZOHGJHPHQWV 67 H[SUHVVHV KLV JUDWLWXGH WR WKH 0H[LFDQ 1D�
WLRQDO &RXQFLO IRU 6FLHQFH DQG 7HFKQRORJ\ �&21$&<7� IRU WKH JUDQW
����������� ���� WR /HLGHQ 2EVHUYDWRU\ IRU WKH XQFRQGLWLRQDO VXSSRUW�
DQG WR 0D[ZHOO &DL DQG <OYD *|WEHUJ� IRU WKH GLVFXVVLRQV DQG FRPPHQWV
RQ WKH PDQXVFULSW� 7KLV ZRUN KDV PDGH XVH RI GDWD IURP WKH (XUR�
SHDQ 6SDFH$JHQF\ �(6$�PLVVLRQ*DLD �?iiTb,ffrrrX+QbKQbX2b�XBMif;�B���
SURFHVVHG E\ WKH *DLD 'DWD 3URFHVVLQJ DQG $QDO\VLV &RQVRUWLXP �'3$&�
?iiTb,ffrrrX+QbKQbX2b�XBMifr2#f;�B�f/T�+f+QMbQ`iBmK�� )XQGLQJ IRU WKH
'3$& KDV EHHQ SURYLGHG E\ QDWLRQDO LQVWLWXWLRQV� LQ SDUWLFXODU WKH LQVWLWX�
WLRQV SDUWLFLSDWLQJ LQ WKH *DLD 0XOWLODWHUDO $JUHHPHQW� 7KLV ZRUN ZDV FDU�
ULHG 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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0RUELGHOOL� $� 	 1HVYRUQ\� '� ����� HSULQW DU;LY������������ ��
0RUELGHOOL� $�� 7VLJDQLV� .�� &ULGD� $�� /HYLVRQ� +� )�� 	 *RPHV� 5� ����� $VWURQ�
-�� ���� ����

0RUR�0DUWtQ� $� ����� $VWURQ� -�� ���� ��
0RUR�0DUWtQ� $�� 7XUQHU� (� /�� 	 /RHE� $� ����� $S-� ���� ���
1DSLZRW]NL� 5� ����� LQ -RXUQDO RI 3K\VLFV &RQIHUHQFH 6HULHV� 9RO� ���� -RXUQDO RI
3K\VLFV &RQIHUHQFH 6HULHV� ������

1DYDUUR� -� )�� )UHQN� &� 6�� 	 :KLWH� 6� '� 0� ����� $VWURQ� -�� ���� ���
1HVYRUQê� '� ����� $QQX� 5HY� $VWURQ� $VWURSK\V�� ��� ���
1HVYRUQê� '� 	 0RUELGHOOL� $� ����� $VWURQ� -�� ���� ���
1HVYRUQê� '�� 9RNURXKOLFNê� '�� 'RQHV� /�� HW DO� ����� $VWURSK\V� -�� ���� ��
1ROO� .� 6�� *UXQG\� :� 0�� &KLDQJ� (� ,�� 0DUJRW� -� /�� 	 .HUQ� 6� '� ����� %L�
QDULHV LQ WKH .XLSHU %HOW� HG� 0� $� %DUXFFL� +� %RHKQKDUGW� '� 3� &UXLNVKDQN�
$� 0RUELGHOOL� 	 5� 'RWVRQ� ���

���



%LEOLRJUDSK\

1RUGODQGHU� 7�� 5LFNPDQ�+�� 	*XVWDIVVRQ� %� ����� $VWURQ� $VWURSK\V�� ���� $���
1RUGVWU|P� %�� 0D\RU� 0�� $QGHUVHQ� -�� HW DO� ����� $VWURQ� $VWURSK\V�� ���� ���
2RUW� -� +� ����� &RPPXQ� IURP 2EV� /HLGHQ� ���
3DZHOOHN� 1�� .ULYRY� $� 9�� 0DUVKDOO� -� 3�� HW DO� ����� $VWURSK\V� -�� ���� ��
3HFDXW� 0� -� 	 0DPDMHN� (� ����� $VWURSK\V� -RXUQDO� 6XSSO� 6HU�� ���
3HOXSHVV\� )� ,�� YDQ (OWHUHQ� $�� GH 9ULHV� 1�� HW DO� ����� $VWURQ� $VWURSK\V�� ����
$��

3HUU\PDQ� 0� ����� $VWURQRPLFDO 6RFLHW\ RI WKH 3DFLILF &RQIHUHQFH 6HULHV� 9RO�
���� 7KH *$,$ PLVVLRQ� HG� 8� 0XQDUL� �

3HUU\PDQ� 0� $� &�� /LQGHJUHQ� /�� .RYDOHYVN\� -�� HW DO� ����� $VWURQ� $VWURSK\V��
���� /��

3IDO]QHU� 6�� %KDQGDUH� $�� 9LQFNH� .�� 	 /DFHUGD� 3� ����� $VWURSK\V� -�� ���� ��
3IDO]QHU� 6�� 'DYLHV� 0� %�� *RXQHOOH� 0�� HW DO� ����� 3K\V� 6FU�� ��
>>DU;LY@����������@

3LFKDUGR� %�� 0RUHQR� (�� $OOHQ� &�� HW DO� ����� $VWURQ� -�� ���� ��
3OXPPHU� +� &� ����� 0RQ� 1RW� 5� $VWURQ� 6RF�� ��� ���
3RUWHJLHV =ZDUW� 6� 	0F0LOODQ� 6� ����� $VWURSK\VLFDO 5HFLSHV� 7KH DUW RI $086(
�,23 3XEOLVKLQJ�

3RUWHJLHV =ZDUW� 6�� 0F0LOODQ� 6�� +DUIVW� 6�� HW DO� ����� 1HZ $VWURQ�� ��� ���
3RUWHJLHV =ZDUW� 6�� 0F0LOODQ� 6� /� :�� YDQ (OWHUHQ� (�� 3HOXSHVV\� ,�� 	 GH 9ULHV�
1� ����D� &RPSXWHU 3K\VLFV &RPPXQLFDWLRQV� ���� ���

3RUWHJLHV =ZDUW� 6�� 7RUUHV� 6�� 3HOXSHVV\� ,�� %pGRUI� -�� 	 &DL� 0� ;� ����� 0RQ�
1RW� 5� $VWURQ� 6RF� /HWW�� ���� /��

3RUWHJLHV =ZDUW� 6� )� ����� $VWURSK\V� -�� ���� ����
3RUWHJLHV =ZDUW� 6� )� 	 -tONRYi� /� ����� 0RQ� 1RW� 5� $VWURQ� 6RF�� ���� ���
3RUWHJLHV =ZDUW� 6� )�� 0F0LOODQ� 6� /�� YDQ (OWHUHQ� $�� 3HOXSHVV\� )� ,�� 	 GH 9ULHV�
1� ����E� &RPSXW� 3K\V� &RPPXQ�� ���� ���

3RWHPLQH� ,� <� ����� H�SULQWV DU;LY����������� �
3ULFH�:KHODQ� $� 0� ����� -� 2SHQ 6RXUFH 6RIWZ�� �� ���
3XQ]R� '�� &DSX]]R�'ROFHWWD� 5�� 	 3RUWHJLHV =ZDUW� 6� ����� 0RQ� 1RW� 5� $VWURQ�
6RF�� ���� ����

5DILNRY� 5� 5� ����� $S-� ���� ��
5D\PRQG� 6� 1�� $UPLWDJH� 3� -�� 	 *RUHOLFN� 1� ����� $VWURSK\V� -�� ���� ���
5D\PRQG� 6� 1�� $UPLWDJH� 3� -�� 	 9HUDV� '� ����D� $S-� ���� /�
5D\PRQG� 6� 1�� $UPLWDJH� 3� -�� 9HUDV� '�� 4XLQWDQD� (� 9�� 	 %DUFOD\� 7� ����E�
0RQ� 1RW� 5� $VWURQ� 6RF� ���� ����

5HLG� 0� -�� 0HQWHQ� .� 0�� %UXQWKDOHU� $�� HW DO� ����� $VWURSK\V� -�� ���
>>DU;LY@���������@

5HLQ� +� 	 /LX� 6��)� ����� $VWURQ� $VWURSK\V�� ���� $���
5HLQ� +� 	 6SLHJHO� '� 6� ����� 0RQ� 1RW� 5� $VWURQ� 6RF�� ���� ����
5HWWEHUJ� 3�� 5DEERZ� (�� 3DQLW]� &�� 5HLW]� *�� 	 +RUQHFN� *� ����� (6$ 63� ���
>>DU;LY@����(6$63���������5@

���



%LEOLRJUDSK\

5LEDV� ,�� 7XRPL� 0�� 5HLQHUV� $�� HW DO� ����� 1DWXUH� ���� ���
5LFNPDQ� +� ����� %XOO� $VWURQ� ,QVWLWXWHV &]HFKRVORY�� ��� ��
5LFNPDQ� +� ����� 0HWHRULWLFV 3ODQHWDU\ 6FLHQFH� ��� �
5LFNPDQ� +�� )RXFKDUG� 0�� )URHVFKOp� &�� 	 9DOVHFFKL� *� %� ����� &HOHVW� 0HFK�
'\Q� $VWURQ�� ���� ���

5LFNPDQ� +�� )URHVFKOp� &�� )URHVFKOp� &�� 	 9DOVHFFKL� *� %� ����� $VWURQ� $VWUR�
SK\V�� ���� ���

5REHUW $� -� 0DWWKHZV� ����� 4� -� 5� DVWU� 6RF�� ��� ,
6FKOLFKWLQJ� +� (�� )XHQWHV� &� ,�� 	 7ULOOLQJ� '� (� ����� $-� ���� ��
6FKPLGW� 6� -�� :HVW� $� $�� +DZOH\� 6� /�� 	 3LQHGD� -� 6� ����� $-� ���� ����
6FKRO]� 5��'� ����� $VWURQ� $VWURSK\V�� ���� $���
6FK|QULFK� 5�� %LQQH\� -�� 	 'HKQHQ� :� ����� 0RQ� 1RW� 5� $VWURQ� 6RF�� ����
����

6FKZDPE� 0� (� ����� 1DWXUH� ���� ���
6FKZDU]� 5�� %D]Vy� *HRUJDNDUDNRV� 1�� HW DO� �����0RQ�1RW� 5� $VWURQ� 6RF�� ����
����

6KDQQRQ� $�� -DFNVRQ� $� 3�� 9HUDV� '�� 	 :\DWW� 0� ����� 0RQ� 1RW� 5� $VWURQ�
6RF�� ���� ����

6KDQQRQ� $�� -DFNVRQ� $� 3�� 	 :\DWW� 0� &� ����� 0RQ� 1RW� 5� $VWURQ� 6RF�� ����
����

6KHSDUG� 0� .�� 5LFKDUGVRQ� -�� 7D\ORU� 3� $�� HW DO� ����� ,FDUXV� ���� ���
6KHSSDUG� 6� 6� 	 -HZLWW� '� ����� $-� ���� ����
6RXELUDQ� &�� -DVQLHZLF]� *�� &KHPLQ� /�� HW DO� ����� $	$� ���� $�
6WDUN� &� &�� .XFKQHU� 0� -�� 7UDXE� :� $�� HW DO� ����� $VWURSK\V� -�� ���� ����
6WHUQ� 6� $� ����� 3$63� ���� ���
7KH $VWURS\ &ROODERUDWLRQ� 3ULFH�:KHODQ� $�0�� 6LSĘF]� %�0�� HW DO� ����� $VWURQ�
-�� ���� ���

7KRPPHV� (� :�� 'XQFDQ� 0� -�� 	 /HYLVRQ� +� )� ����� 1DWXUH� ���� ���
7RUUHV� 6�� &DL� 0� ;�� %URZQ� $� *� $�� 	 3RUWHJLHV =ZDUW� 6� ����D� $VWURQ� $VWUR�
SK\V�� ���� ��

7RUUHV� 6�� &DL� 0� ;�� 0XNKHUMHH� '�� 3RUWHJLHV =ZDUW� 6�� 	 %URZQ� $� *� $� ����E�
$VWURQ� $VWURSK\V�� VXEPLWWHG� ��

7RUUHV� 6�� 3RUWHJLHV =ZDUW� 6�� 	 %URZQ� $� *� $� ����� 3URF� ,QW� $VWURQ� 8QLRQ�
��� ���

7RUUHV� 6�� =ZDUW� 6� 3�� 	 %URZQ� $� *� $� ����� $VWURQ� $VWURSK\V�� 6XEPLWWHG� ��
7ULOOLQJ� '� (�� 5RELQVRQ� 7�� 5RHJJH� $�� HW DO� ����� $S-� ���� /��
7VLJDQLV� .�� *RPHV� 5�� 0RUELGHOOL� $�� 	 /HYLVRQ� +� )� ����� 1DWXUH� ���� ���
9DOWRQHQ� 0� -� 	 ,QQDQHQ� .� $� ����� $VWURQ� -�� ���
9HUDV� '�� (YDQV� 1� :�� :\DWW� 0� &�� 	 7RXW� &� $� ����� 0RQ� 1RW� 5� $VWURQ�
6RF�� ���� ����

9HUDV� '�� 6KDQQRQ� $�� 	 *lQVLFNH� %� 7� ����� 0RQ� 1RW� 5� $VWURQ� 6RF�� ����
����

���



%LEOLRJUDSK\

9HUDV� '�� :\DWW� 0� &�� 0XVWLOO� $� -�� %RQVRU� $�� 	 (OGULGJH� -� -� ����� 0RQ� 1RW�
5� $VWURQ� 6RF� ���� ����

9LFHQWH� 6� 0� 	 $OYHV� -� ����� $VWURQ� $VWURSK\V�� ���� ���
9RNURXKOLFNê� '�� 1HVYRUQê� '�� 	 'RQHV� /� ����� $VWURQ� -�� ���� ���
:DQJ� /�� 6SXU]HP� 5�� $DUVHWK� 6�� HW DO� ����� 0RQ� 1RW� 5� $VWURQ� 6RF�� ����
����

:HLVVPDQ� 3� 5� ����� (DUWK� 0RRQ 3ODQHWV� ��� ��
:HOVK� %� <� 	 0RQWJRPHU\� 6� /� ����� $GY� $VWURQ�� ����� �
:LFNUDPDVLQJKH� &� ����� ,QW� -� $VWURELRO�� ��� ��
:LGPDUN� $� 	 0RQDUL� *� ����� 0RQ� 1RW� 5� $VWURQ� 6RF� ���� ���
:LHJHUW� 3� 	 7UHPDLQH� 6� ����� ,FDUXV� ���� ��
:LOOLDPV� *� ����� 0LQRU 3ODQHW (OHFWURQ� &LUF�� �����8���
:ULJKW� -� 7� ����� 5HVHDUFK 1RWHV RI WKH $PHULFDQ $VWURQRPLFDO 6RFLHW\� �� ��
<H� 4��=�� =KDQJ� 4�� .HOOH\� 0� 6� 3�� 	 %URZQ� 3� *� ����� $S-� ���� /�
<X� -� 	 /LX� &� ����� 0RQ� 1RW� 5� $VWURQ� 6RF� ���� ����
=KDQJ� 4� ����� $S-� ���� /��
=KDR� *�� =KDR� <� +�� &KX� <� 4�� -LQJ� <� 3�� 	 'HQJ� /� &� ����� 5HV� $VWURQ�
$VWURSK\V�� ��� ���

���







6XPPDU\

7KH JRDO RI P\ WKHVLV LV WR XQGHUWDNH D FRPSUHKHQVLYH VWXG\ RI WKH
VRODU V\VWHP¶V 2RUW FORXG DQG WKH IRUPDWLRQ DQG HYROXWLRQ RI LQWHU�
VWHOODU FRPHWV�

7KH VRODU V\VWHP ZDV IRUPHG DSSUR[LPDWHO\ ���� ELOOLRQ \HDUV DJR� 'H�
VSLWH WKH QXPHURXV WKHRULHV WKDW KDYH EHHQ GHYHORSHG RYHU WKH \HDUV� WKH
IRUPDWLRQ DQG HYROXWLRQ RI WKH VRODU V\VWHP VWLOO UHPDLQV XQFOHDU �3IDO]QHU
HW DO� ����� DQG UHIHUHQFHV WKHUHLQ�� +RZHYHU� VHYHUDO DGYDQFHV KDYH EHHQ
PDGH LQ RXU NQRZOHGJH DERXW WKH VRODU V\VWHP� 7KH PRVW DFFHSWHG WKHRU\
DERXW LWV IRUPDWLRQ DQG HDUO\ HYROXWLRQ GHVFULEHV D JUDYLWDWLRQDO FROODSVH RI
D GHQVH FORXG RI LQWHUVWHOODU JDV DQG GXVW� 7KH FRQVHUYDWLRQ RI DQJXODU PR�
PHQWXP LQGXFHG D UDSLG URWDWLRQ RI WKH FROODSVLQJ FORXG� IODWWHQLQJ LW XQWLO
LW EHFDPH D SURWRSODQHWDU\ GLVN� ,Q WKH FHQWUDO� PRVW GHQVH UHJLRQ RI WKH
GLVN� D VWDU ZDV FUHDWHG ² RXU 6XQ� ,Q D VLPLODU PDQQHU� FOXPS\ VWUXFWXUHV
GHYHORSHG LQ WKH GLVN� 7KHVH HYHQWXDOO\ JUHZ WR IRUP WKH SODQHWV� GZDUI
SODQHWV DQG PRRQV� 7KH OHIWRYHUV RI WKLV SURFHVV OHG WR WKH IRUPDWLRQ RI
VPDOO ERGLHV� VXFK DV DVWHURLGV DQG FRPHWV� 7KLV LV KRZ WKH ILYH PDLQ W\SHV
RI REMHFWV LQ WKH VRODU V\VWHPZHUH IRUPHG� WKH 6XQ� SODQHWV� GZDUI SODQHWV�
PRRQV� DQGPLQRU ERGLHV �DVWHURLGV DQG FRPHWV�� $ VFKHPDWLF UHSUHVHQWD�
WLRQ RI WKH VRODU V\VWHP LV VKRZQ LQ )LJ� 6��

6B;m`2 aR, h?2 bQH�` bvbi2KX h�F2M 7`QK a+?r�K# UkyR9VX
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6XPPDU\

7R EHWWHU XQGHUVWDQG WKH IRUPDWLRQ DQG HYROXWLRQ RI WKH VRODU V\VWHP�
G\QDPLFDO PRGHOV DUH QHHGHG� ,Q SDUWLFXODU� WKH VWXG\ RI FRPHWV FDQ UHYHDO
FULWLFDO SLHFHV RI LQIRUPDWLRQ DERXW WKLV SURFHVV� 7KH RUELWV RI WKH FRPHWV
LQ WKH LQQHU SDUW RI WKH 2RUW FORXG IRUP D IUR]HQ UHFRUG RI WKH HYROXWLRQ RI
WKH VRODU V\VWHP� $W SUHVHQW� FRPHWV LQ WKLV UHJLRQ DUH ORFDWHG DW VXFK ODUJH
GLVWDQFHV IURP WKH FHQWHU RI WKH VRODU V\VWHP WKDW SHUWXUEDWLRQV IURP SODQ�
HWV DUH QHJOLJLEOH� 7KH\ DUH UDWKHU DW ULVN WR EH ULSSHG DZD\ E\ SDVVLQJ VWDUV
RU HYHQ WKH JUDYLWDWLRQDO ILHOG RI WKH 0LON\ :D\ LWVHOI� (VSHFLDOO\ FRPHWV LQ
WKH RXWHUPRVW UHJLRQV DUH VHQVLWLYH WR VXFK H[WHUQDO LQIOXHQFH� DOUHDG\ GXU�
LQJ WKH HDUO\ SKDVHV RI WKH IRUPDWLRQ RI WKH VRODU V\VWHP �H�J�� 7RUUHV HW DO�
����D�E�� 7KHVH H[WHUQDO LQIOXHQFHV KDYH EHHQ VKDSLQJ WKH 2RUW FORXG RYHU
LWV KLVWRU\� SURGXFLQJ FRPHW VKRZHUV UHDFKLQJ LQWR WKH SODQHWDU\ UHJLRQ
DQG VWULSSLQJ FRPHWV RXW LQWR WKH LQWHUVWHOODU VSDFH� IRUPLQJ LQWHUVWHOODU
FRPHWV�

6WXG\LQJ WKH G\QDPLFDO HYROXWLRQ RI FRPHWV FDQ KHOS XV WR FRQVWUDLQ
DQG WR XQGHUVWDQG WKH IRUPDWLRQ DQG HYROXWLRQ RI WKH VRODU V\VWHP� %RWK
WKH KLVWRU\ RI HQFRXQWHUV EHWZHHQ WKH VRODU V\VWHP DQG QHDUE\ VWDUV DQG
WKH HIIHFW RI WKH WLGHV IURP WKH *DOD[\ DUH NH\ FRPSRQHQWV 7KH FXUUHQW
GLVWULEXWLRQ RI QHDUE\ VWDUV DQG WKH *DODFWLF SRWHQWLDO DUH UHDVRQDEO\ ZHOO
NQRZQ� 7KH *DLDPLVVLRQ �*DLD &ROODERUDWLRQ HW DO� ����� ����� GHOLYHUHG D
PDJQLWXGH�OLPLWHG FRPSOHWH VDPSOH RI QHDUE\ VWDUV� 7KHVH VWDUV GRPLQDWH
WKH ORFDO *DODFWLF SRWHQWLDO� DQG WKH\ JLYH ULVH WR RFFDVLRQDO FORVH HQFRXQ�
WHUV� 7KHUHIRUH� GDWD IURP *DLD FDQ EH XVHG DV WHPSODWHV IRU WKH LQLWLDO
FRQGLWLRQV LQ GHWDLOHG VLPXODWLRQV DW GLIIHUHQW PRPHQWV LQ WLPH� &RPELQ�
LQJ DQDO\WLFDO� REVHUYDWLRQDO DQG QXPHULFDO WHFKQLTXHV DUH WKH NH\ FRP�
SRQHQWV WR FRQVWUDLQ DQG EHWWHU XQGHUVWDQG WKH IRUPDWLRQ DQG G\QDPLFDO
HYROXWLRQ RI WKH VRODU V\VWHP�

,Q WKLV WKHVLV� , H[SORUHG WKH IRUPDWLRQ DQG G\QDPLFDO HYROXWLRQ RI
FRPHWV LQ WKH .XLSHU EHOW�VFDWWHUHG GLVN DQG WKH 2RUW FORXG� DFFRXQWLQJ IRU
H[WHUQDO SHUWXUEDWLRQV VXFK DV SDVVLQJ VWDUV DQG WKH JDODFWLF WLGDO ILHOG� $V
D FRQVHTXHQFH RI WKHVH SHUWXUEDWLRQV� WKH IRUPDWLRQ DQG HYROXWLRQ RI LQWHU�
VWHOODU FRPHWV ZHUH LQYHVWLJDWHG� 7KLV WKHVLV LV GLYLGHG LQWR IRXU FKDSWHUV�
&KDSWHU � WUHDWV WKH RULJLQ RI WKH LQWHUVWHOODU REMHFW �,�����8� µ2XPXDPXD
E\ FRPSDULQJ HVWLPDWHV EDVHG RQ REVHUYDWLRQV ZLWK VLPXODWLRQV �6HFW� ���
&KDSWHU � IRFXVHV RQ WKH G\QDPLFDO HYROXWLRQ RI WKH 2RUW FORXG DIWHU WKH LQ�
WHUDFWLRQ ZLWK SDVVLQJ VWDUV DQG WKH *DODFWLF WLGDO ILHOG �6HFW� ��� ,Q &KDS�
WHU �� , VWXGLHG WKH IRUPDWLRQ DQG HYROXWLRQ RI WKH VRODU V\VWHP¶V .XLSHU
EHOW�VFDWWHUHG GLVN DQG 2RUW FORXG LQ WKH HDUO\ VWDJHV RI WKHLU IRUPDWLRQ�
ZKHQ WKH 6XQ ZDV VWLOO LQ LWV ELUWK FOXVWHU �6HFW� ��� )LQDOO\� &KDSWHU � H[�

���



6XPPDU\

SORUHV WKH IRUPDWLRQ RI LQWHUVWHOODU FRPHWV IURP WKH QHLJKERXULQJ VWDUV RI
WKH 6XQ �6HFW� ��� %HORZ� , VXPPDUL]H HDFK FKDSWHU DQG WKH NH\ UHVHDUFK
TXHVWLRQV DGGUHVVHG LQ WKLV WKHVLV�

�� :KDW LV WKH HIIHFW RI PXOWLSOH VWHOODU HQFRXQWHUV DQG WKH *DODF�
WLF WLGDO ILHOG RQ FRPHWV LQ 2RUW FORXG�OLNH VWUXFWXUHV"
�&KDSWHUV � DQG ���

�� :DV WKH IRUPDWLRQ RI WKH 2RUW FORXG WULJJHUHG E\ SODQHW�GLVN
LQWHUDFWLRQ DQG VWHOODU HQFRXQWHUV LQ WKH HDUO\ VRODU V\VWHP"
�&KDSWHU ���

�� :KHUH GR LQWHUVWHOODU FRPHWV FRPH IURP DQG KRZ GR WKH\
IRUP" �&KDSWHUV � DQG ���

&KDSWHU � %DVHG RQ� 7KH RULJLQ RI LQWHUVWHOODU DVWHURLGDO REMHFWV OLNH
�,����� 8� ¶2XPXDPXD� 015$6 ���� /���/�� ���� �3RUWHJLHV =ZDUW� 7RU�
UHV HW� DO�� ������ , VWXGLHG WKH RULJLQ RI WKH LQWHUVWHOODU REMHFW �,� ¶2XPXD�
PXD E\ FRPSDULQJ HVWLPDWHV EDVHG RQ REVHUYDWLRQV ZLWK VLPXODWLRQV� 8V�
LQJ WKH DVWURPHWULF GDWD IURP*DLD�7*$6 �*DLD &ROODERUDWLRQ� %URZQ HW DO�
������ , LQWHJUDWHG WKH RUELW RI ¶2XPXDPXD DQG DOO WKH VWDUV ZLWKLQ ��SF
IURP WKH 6XQ� , ILQG WKDW DERXW ���0\U DJR ¶2XPXDPXD SDVVHG QHDUE\
WKH VWDU +,3 ������ DQG KDG WKUHH RWKHU FORVH HQFRXQWHUV GXULQJ LWV MRXU�
QH\ WRZDUGV WKH 6XQ� , H[SORUHG WKH GLIIHUHQW VFHQDULRV RI IRUPDWLRQ IRU
¶2XPXDPXD DQG FRQFOXGHG WKDW REMHFWV OLNH ¶2XPXDPXD DUH IRUPHG LQ WKH
GHEULV GLVF DV D OHIWRYHU IURP WKH VWDU DQG SODQHW IRUPDWLRQ SURFHVV� DQG
VXEVHTXHQWO\ OLEHUDWHG� , ILQG WKDW WKH PHDQ JDODFWLF GHQVLW\ RI LQWHUVWHOODU
FRPHWV LQ WKH VRODU QHLJKERXUKRRG LV∼ 1014 SHU FXELF SDUVHF� ZKLFKPHQDV
WKDW ZH H[SHFW DERXW �±�� VXFK YLVLWRUV SHU \HDU ZLWKLQ � DX IURP WKH 6XQ�

&KDSWHU � %DVHG RQ� *DODFWLF WLGH DQG ORFDO VWHOODU SHUWXUEDWLRQV RQ WKH
2RUW FORXG� FUHDWLRQ RI LQWHUVWHOODU FRPHWV� $	$ ���� $���� �7RUUHV HW� DO��
������ 8VLQJ WKH SRVLWLRQV� SDUDOOD[HV DQG SURSHU PRWLRQV IURP WKH *DLD
VXUYH\ DQG FRPELQLQJ WKHP ZLWK UDGLDO YHORFLWLHV IURP 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 ������ , FRQVWUXFWHG D FDWDORJXH RI WKH 6XQ¶V QHLJKERXU VWDUV� 7KHQ� ,
FDOFXODWHG WKH FORVHVW HQFRXQWHUV WKDW WKH 6XQ KDV KDG ZLWK RWKHU VWDUV LQ

���



6XPPDU\

WKH UHFHQW SDVW DQG ZLOO KDYH LQ WKH QHDU IXWXUH �7RUUHV HW� DO�� ����� 7RUUHV
HW� DO�� ������ , ILQG WKDW WKH VWDU *-��� ZLOO DSSURDFK WKH 6XQ LQ ��� 0\U
DW WKH GLVWDQFH RI ����SF LQVWHDG RI ���SF DV SUHGLFWHG E\ SUHYLRXV VWXGLHV
�H�J�� '\EF]\ĔVNL 	 %HUVNL ����� DQG UHIHUHQFHV WKHUHLQ�� 7KHQ� XVLQJ WKH
FDWDORJXH RI QHDUE\ VWDUV� , VWXGLHG WKH G\QDPLFDO HYROXWLRQ RI FRPHWV LQ
WKH 2RUW FORXG� DFFRXQWLQJ IRU WKH SHUWXUEDWLRQ RI WKH JDODFWLF WLGDO ILHOG
DQG WKH FXPXODWLYH HIIHFW RI QHDUE\ SDVVLQJ VWDUV� , ILQG WKDW WKH FRPHWV DW
WKH HGJH RI WKH 2RUW FORXG ��������������� DX� JHW KHDYLO\ SHUWXUEHG DQG�
DV D UHVXOW� WKH VHPL�PDMRU D[LV RI ∼���� RI WKH FRPHWV KDYH LQFUHDVHG WR
H[WHQG LQWR LQWHUVWHOODU UHJLRQV� 6LQFH WKH FRPHWV DUH VWLOO ERXQG WR WKH VR�
ODU V\VWHP� ZH FRQVLGHU WKHP WUDQVLWLRQDO LQWHUVWHOODU FRPHWV �7,&V�� 7KH
ILUVW 7,& FDQGLGDWH LV WKH FRPHW &����� 9� �GH OD )XHQWH 0DUFRV 	 GH OD
)XHQWH 0DUFRV ������

&KDSWHU � %DVHG RQ� '\QDPLFDO HYROXWLRQ RI WKH VRODU V\VWHP GHEULV
GLVN LQ LWV ELUWK FOXVWHU� VXEPLWWHG WR $	$ UHFRPPHQGHG IRU SXEOLFDWLRQ
�7RUUHV HW� DO�� ����E�� , VWXGLHG WKH FUHDWLRQ DQG HYROXWLRQ RI WKH VRODU
V\VWHP¶V 2RUW FORXG LQ WKH HDUO\ VWDJHV RI LWV IRUPDWLRQ ZKHQ WKH VXQ ZDV
VWLOO LQ LWV ELUWK FOXVWHU �7RUUHV HW DO� ����E�� , FRQVWUXFWHG WZR PRGHOV IRU
WKH VRODU V\VWHP� ,Q WKH ILUVWPRGHO� , DVVXPHG D FRPSDFW GHEULV GLVN ������
DX�� ZKLOH WKH VHFRQG , DVVXPHG DQ H[WHQGHG GHEULV GLVN �������� DX�� )RU
ERWKPRGHOV� , DFFRXQW IRU WKH SHUWXUEDWLRQV RI WKH JLDQW SODQHWV DQGQHDUE\
VWDUV LQ WKH FOXVWHU� , ILQG WKDW WKH PRVW HIILFLHQW ZD\ WR SHUWXUE D GLVN LV
ZKHQ WKH DQJOH RI LQWHUDFWLRQ EHWZHHQ WKH VRODU V\VWHP DQG WKH SHUWXUEHU
LV EHWZHHQ ���� GHJUHHV LQGHSHQGHQWO\ RI WKH VL]H RI WKH GLVN� $GGLWLRQ�
DOO\� , IRXQG WKDW WKH FUHDWLRQ RI WKH 2RUW FORXG ZDV WULJJHUHG E\ VHFXODU
HQFRXQWHUV� ZKLFK SURGXFH WKH VFDWWHUHG GLVN� 6HGQD� DQG 2RUW &ORXG OLNH
REMHFWV� ZKLOH WKH JLDQW SODQHWV FUHDWHV .XLSHU EHOW REMHFWV� $GGLWLRQDOO\�
DSSUR[LPDWHO\ ��� RI WKH SODQHWHVLPDOV DUH HMHFWHG EHFRPLQJ LQWHUVWHOODU
FRPHWV�

&KDSWHU � %DVHG RQ� '\QDPLFDO HYROXWLRQ RI H[R�2RUW FORXGV DURXQG
WKH 6XQ¶V FORVHVW QHLJKERXUV VWDUV GXH WR ORFDO VWHOODU SHUWXUEDWLRQV DQG
WKH *DODFWLF WLGDO ILHOG� VXEPLWWHG WR $	$� �7RUUHV HW� DO�� ������ 8VLQJ WKH
FDWDORJXH RI WKH FORVHVW VWDUV FRQVWUXFWHG LQ �7RUUHV HW� DO�� ����� 7RUUHV HW�
DO�� ������ DQG WKHPHWKRGV GHYHORSHG LQ �7RUUHV HW� DO�� ����� 7RUUHV HW� DO��
����E�� , FDOFXODWHG WKH FORVHVW HQFRXQWHU IRU HDFK RI WKH 6XQ¶V QHLJKERXU
VWDUV ZLWKLQ � SF DQG ZLWK DFFXUDWH DVWURPHWULF GDWD IURP *DLD '5�� L�H��
3UR[LPD &HQWDXUL� %DUQDUG VWDU� *OLHVH ��� 5RVV ���� DQG 5RVV ���� , ILQG
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WKDW RQ DYHUDJH WKH VWDUV LQ WKH VRODU QHLJKERXUKRRG H[SHULHQFH DURXQG
��±�� FORVH HQFRXQWHUV GXULQJ �� 0\U� SULPDULO\ ZLWK 0�GZDUI VWDUV� ,
WKHQ FDOFXODWHG WKH HIIHFW RI SDVVLQJ VWDUV DQG WKH *DODFWLF WLGDO ILHOG RQ
WKH FRPHWV LQ H[R�2RUW FORXGV DURXQG WKH 6XQ¶V QHLJKERXU VWDUV� 7KH PRVW
SHUWXUEHG V\VWHP RYHU D WLPH LQWHUYDO RI �� 0\U LV *OLHVH �� IROORZHG E\
5RVV ���� %DUQDUG¶V VWDU DQG 5RVV ��� DQG ILQDOO\ 3UR[LPD &HQWDXUL� )RU
*OLHVH �� WKH SURGXFWLRQ UDWH RI WUDQVLWLRQDO LQWHUVWHOODU FRPHWV DQG LQWHU�
VWHOODU REMHFWV LV DERXW ��×108 7,& 0\U−1 DQG ���×1010 ,62 0\U−1� )RU
WKH UHVW RI WKH V\VWHPV WKH UDWH RI 7,& SURGXFWLRQ LV DERXW 2.1 WR 3.8 × 108

7,&0\U−1� 7KLV LPSOLHV WKDW D FRQVLGHUDEOH QXPEHU RI LQWHUVWHOODU FRPHWV
UHVLGH LQ WKH ORFDO QHLJKERXUKRRG� 7KHUHIRUH WKH 6XQ DQG LWV QHLJKERXUV
DUH YLVLWHG E\ LQWHUVWHOODU FRPHWV RULJLQDWLQJ IURP RWKHU VWDUV� ,Q WKLV ZD\�
LW LV SODXVLEOH WKDW DQ LQWHUVWHOODU FRPHW FORXG H[LVWV�
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(O REMHFWLYR GH PL WHVLV HV UHDOL]DU XQ HVWXGLR GHWDOODGR GH OD QXEH
GH 2RUW GHO VLVWHPD VRODU \ OD IRUPDFLyQ \ HYROXFLyQ GH FRPHWDV LQ�
WHUHVWHODUHV�

(O VLVWHPD VRODU VH IRUPy KDFH DSUR[LPDGDPHQWH ����� PLOORQHV GH DxRV�
$ SHVDU GH ODV WHRUtDV TXH VH KDQ GHVDUUROODGR D OR ODUJR GH ORV DxRV� OD
IRUPDFLyQ \ HYROXFLyQ GHO VLVWHPD VRODU D~Q QR HVWi FODUD �3IDO]QHU HW DO�
����� YHU UHIHUHQFLDV�� 6LQ HPEDUJR� VH KDQ UHDOL]DGR YDULRV DYDQFHV HQ
QXHVWUR FRQRFLPLHQWR VREUH HO VLVWHPD VRODU� /D WHRUtD PiV DFHSWDGD VREUH
VX IRUPDFLyQ \ HYROXFLyQ WHPSUDQD GHVFULEH XQ FRODSVR JUDYLWDFLRQDO GH
XQD GHQVD QXEH GH JDV \ SROYR LQWHUHVWHODU� /D FRQVHUYDFLyQ GHO PRPHQWR
DQJXODU LQGXMR XQD UiSLGD URWDFLyQ GH OD QXEH FRODSVDGD� FRPSULPLHQGROD
KDVWD FRQYHUWLUVH HQ XQ GLVFR SURWRSODQHWDULR� (Q OD UHJLyQ FHQWUDO \ PiV
GHQVD GHO GLVFR� VH FUHD HQWRQFHV� XQD HVWUHOOD� QXHVWUR 6RO� 'H PDQHUD
VLPLODU� VH GHVDUUROODURQ HVWUXFWXUDV JUXPRVDV HQ HO GLVFR� (VWDV HYHQWXDO�
PHQWH FUHFLHURQ SDUD IRUPDU SODQHWDV� SODQHWDV HQDQRV \ OXQDV� /DV UHVWRV
GH HVWH SURFHVR OOHYDURQ D OD IRUPDFLyQ GH FXHUSRV SHTXHxRV� FRPR DVWHU�
RLGHV \ FRPHWDV� $Vt HV FRPR VH IRUPDURQ ORV FLQFR WLSRV SULQFLSDOHV GH
REMHWRV HQ HO VLVWHPD VRODU� 6RO� SODQHWDV� SODQHWDV HQDQRV� OXQDV \ FXHU�
SRV PHQRUHV �DVWHURLGHV \ FRPHWDV�� 8QD UHSUHVHQWDFLyQ HVTXHPiWLFD GHO
VLVWHPD VRODU VH PXHVWUD HQ )LJ� 5��

3DUD FRPSUHQGHU PHMRU OD IRUPDFLyQ \ HYROXFLyQ GHO VLVWHPD VRODU� VH
QHFHVLWDQ PRGHORV GLQiPLFRV� (Q SDUWLFXODU� HO HVWXGLR GH ORV FRPHWDV
SXHGH UHYHODU LQIRUPDFLyQ FUtWLFD VREUH HVWH SURFHVR� /DV yUELWDV GH ORV
FRPHWDV HQ OD SDUWH LQWHUQD GH OD QXEH GH 2RUW IRUPDQ XQ UHJLVWUR GH OD
HYROXFLyQ GHO VLVWHPD VRODU� (Q OD DFWXDOLGDG� ORV FRPHWDV HQ HVWD UHJLyQ
HVWiQ XELFDGRV D GLVWDQFLDV WDQ OHMDQDV GHO FHQWUR GHO VLVWHPD VRODU TXH ODV
SHUWXUEDFLRQHV GH ORV SODQHWDV VRQ LQVLJQLILFDQWHV� (VWRV� FRUUHQ HO ULHVJR
GH VHU VHSDUDGRV SRU ODV HVWUHOODV TXH SDVDQ R LQFOXVR SRU HO FDPSR JUDYLWD�
FLRQDO GH OD 9tD /iFWHD� (VSHFLDOPHQWH ORV FRPHWDV HQ ODV UHJLRQHV H[WHUQDV
VRQ PiV VHQVLEOHV D GLFKD LQIOXHQFLD H[WHUQD� \D TXH GXUDQWH ODV SULPHUDV
IDVHV GH OD IRUPDFLyQ GHO VLVWHPD VRODU �H�J�� 7RUUHV HW DO� ����D�E�� (VWDV
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6B;m`2 _R, 1H bBbi2K� bQH�`X hQK�/Q /2 a+?r�K# UkyR9VX

�

LQIOXHQFLDV H[WHUQDV KDQ HVWDGR GDQGR IRUPD D OD QXEH GH 2RUW D OR ODUJR
GH VX KLVWRULD� SURGXFLHQGR OOXYLDV GH FRPHWDV TXH OOHJDQ D OD UHJLyQ SODQ�
HWDULD \ HQYLDQGR FRPHWDV KDFLD HO HVSDFLR LQWHUHVWHODU� IRUPDQGR FRPHWDV
LQWHUHVWHODUHV�

(VWXGLDU OD HYROXFLyQ GLQiPLFD GH ORV FRPHWDV SXHGH D\XGDUQRV D UH�
VWULQJLU \ FRPSUHQGHU OD IRUPDFLyQ \ HYROXFLyQ GHO VLVWHPD VRODU� 7DQWR
OD KLVWRULD GH ORV HQFXHQWURV HQWUH HO VLVWHPD VRODU \ ODV HVWUHOODV FHUFDQDV
FRPR HO HIHFWR GH ODV PDUHDV GH OD JDOD[LD VRQ FRPSRQHQWHV FODYH� /D GLV�
WULEXFLyQ DFWXDO GH ODV HVWUHOODV FHUFDQDV \ HO SRWHQFLDO JDOiFWLFR VRQ EDV�
WDQWH FRQRFLGRV� /D PLVLyQ *DLD �*DLD &ROODERUDWLRQ HW DO� ����� �����
SURGXMR XQDPXHVWUD FRPSOHWD GHPDJQLWXG OLPLWDGD GH HVWUHOODV FHUFDQDV�
(VWDV HVWUHOODV GRPLQDQ HO SRWHQFLDO JDOiFWLFR ORFDO \ GDQ OXJDU D HQFXHQ�
WURV FHUFDQRV RFDVLRQDOHV� 3RU OR WDQWR� ORV GDWRV GH *DLD SXHGHQ XVDUVH
FRPR SODQWLOODV SDUD ODV FRQGLFLRQHV LQLFLDOHV HQ VLPXODFLRQHV GHWDOODGDV
HQ GLIHUHQWHV PRPHQWRV HQ HO WLHPSR� /D FRPELQDFLyQ GH WpFQLFDV DQDOtWL�
FDV� REVHUYDFLRQDOHV \ QXPpULFDV VRQ ORV FRPSRQHQWHV FODYH SDUD UHVWULQJLU
\ FRPSUHQGHUPHMRU OD IRUPDFLyQ \ OD HYROXFLyQ GLQiPLFD GHO VLVWHPD VRODU�

(Q HVWD WHVLV� H[SORUp OD IRUPDFLyQ \ OD HYROXFLyQ GLQiPLFD GH ORV
FRPHWDV HQ HO FLQWXUyQ GH .XLSHU�GLVFR GLVSHUVR \ OD QXEH GH 2RUW� WH�
QLHQGR HQ FXHQWD ODV SHUWXUEDFLRQHV H[WHUQDV� FRPR ODV HVWUHOODV FHUFDQDV
DO 6RO \ HO FDPSRGHPDUHD JDOiFWLFR� &RPR FRQVHFXHQFLD GH HVWDV SHUWXUED�
FLRQHV� VH LQYHVWLJy OD IRUPDFLyQ \ HYROXFLyQ GH ORV FRPHWDV LQWHUHVWHODUHV�
(VWD WHVLV VH GLYLGH HQ FXDWUR FDStWXORV� (O &DStWXOR � VH HQIRFD HQ HO RULJHQ
GHO REMHWR LQWHUHVWHODU �,����� 8� µ2XPXDPXD� XVDQGR FRPSDUDFLRQHV HQ�
WUH HVWLPDFLRQHV EDVDGDV HQ REVHUYDFLRQHV FRQ VLPXODFLRQHV �6HFW� ��� (O
&DStWXOR � VH FHQWUD HQ OD HYROXFLyQ GLQiPLFD GH OD QXEH GH 2RUW GHVSXpV
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GH OD LQWHUDFFLyQ FRQ ODV HVWUHOODV TXH FHUFDQDV DO 6RO \ HO FDPSR GH PDU�
HDV JDOiFWLFR �6HFW� ��� (Q HO &DStWXOR �� HVWXGLp OD IRUPDFLyQ \ HYROXFLyQ
GHO FLQWXUyQ GH .XLSHU�GLVFR GLVSHUVR GHO VLVWHPD VRODU \ OD QXEH GH 2RUW
HQ ODV SULPHUDV HWDSDV GH VX IRUPDFLyQ� FXDQGR HO 6RO WRGDYtD HVWDED HQ VX
JUXSR GH QDFLPLHQWR �6HFW� ��� )LQDOPHQWH� HO &DStWXOR � H[SORUD OD IRUPD�
FLyQ GH FRPHWDV LQWHUHVWHODUHV HQ ODV HVWUHOODV YHFLQDV GHO 6RO �6HFW� ��� $
FRQWLQXDFLyQ� UHVXPR FDGD FDStWXOR \ ODV SUHJXQWDV FODYH GH LQYHVWLJDFLyQ
DERUGDGDV HQ HVWD WHVLV�

�� ¢&XiO HV HO HIHFWR GH P~OWLSOHV HQFXHQWURV HVWHODUHV \ HO FDPSR
GH PDUHDV JDOiFWLFR HQ ORV FRPHWDV HQ QXEHV GH 2RUW \ HVWUXF�
WXUDV VLPLODUHV" �&DStWXORV � \ ���

�� ¢)XH OD IRUPDFLyQ GH OD QXEH GH 2RUW SURYRFDGD SRU OD LQWHU�
DFFLyQ HQWUH ORV SODQHWV� HO GLVFR GH HVFRPEURV \ HQFXHQWURV
HVWHODUHV HQ HO VLVWHPD VRODU WHPSUDQR" �&DStWXOR ���

�� ¢'H GyQGH YLHQHQ ORV FRPHWDV LQWHUHVWHODUHV \ FyPR VH IRU�
PDQ" �&DStWXORV � \ ���

&DStWXOR � %DVDGR HQ� (O RULJHQ GH ORV REMHWRV DVWHURLGHV LQWHUHVWH�
ODUHV FRPR �, � ���� 8� ¶2XPXDPXD� 015$6 ���� /���/�� ���� �3RUWH�
JLHV =ZDUW� 7RUUHV HW� DO�� ������ (VWXGLp HO RULJHQ GHO REMHWR LQWHUHVWH�
ODU �,� ¶2XPXDPXD FRPSDUDQGR HVWLPDFLRQHV EDVDGDV HQ REVHUYDFLRQHV
FRQ VLPXODFLRQHV� 8WLOL]DQGR ORV GDWRV DVWURPpWULFRV GH *DLD�7*$6 �*DLD
&ROODERUDWLRQ� %URZQ HW DO� ������ LQWHJUp OD yUELWD GH ¶2XPXDPXD \ WRGDV
ODV HVWUHOODV GHQWUR GH ��SF GHO 6RO� (QFRQWUp TXH KDFH DSUR[LPDGDPHQWH
���0\U ¶2XPXDPXD SDVy FHUFD GH OD HVWUHOOD +,3 ������ \ WXYR RWURV WUHV
HQFXHQWURV FHUFDQRV GXUDQWH VX YLDMH KDFLD HO VLVWHPD VRODU� ([SORUp ORV
GLIHUHQWHV HVFHQDULRV GH IRUPDFLyQ SDUD ¶2XPXDPXD \ FRQFOXt TXH REMHWRV
FRPR¶ 2XPXDPXD VH IRUPDQ HQ HO GLVFR GH HVFRPEURV FRPR UHVWRV GHO SUR�
FHVR GH IRUPDFLyQ GH HVWUHOODV \ SODQHWDV� 'HVFXEUt TXH OD GHQVLGDG JDOiF�
WLFDPHGLD GH ORV FRPHWDV LQWHUHVWHODUHV HQ HO YHFLQGDULR VRODU HV∼ 1014 SRU
SDUVHF F~ELFR� OR TXH VLJQLILFD TXH HVSHUDPRV GH � D �� YLVLWDQWHV SRU DxR
GHQWUR GH � DX GHO 6RO�

&DStWXOR � %DVDGR HQ� 0DUHD JDOiFWLFD \ SHUWXUEDFLRQHV HVWHODUHV OR�
FDOHV HQ OD QXEH GH 2RUW� FUHDFLyQ GH FRPHWDV LQWHUHVWHODUHV� $	$ ����
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$���� �7RUUHV HW� DO�� ������ 8VDQGR ODV SRVLFLRQHV� SDUDODMH \ PRYLPLHQ�
WRV SURSLRV GH OD PLVLyQ *DLD \ FRPELQiQGRORV FRQ YHORFLGDGHV UDGLDOHV GH
5$9(�'5� �.XQGHU HW DO� ������ *$/$+ '5� �%XGHU HW DO� ������ /$0�
267 '5� �=KDR HW DO� ������ $32*(( '5�� �$EROIDWKL HW DO� ����� \ ;+,3
�$QGHUVRQ 	 )UDQFLV ������ &RQVWUXt XQ FDWiORJR GH ODV HVWUHOODV FHUFDQDV
DO 6RO� /XHJR� FDOFXOp ORV HQFXHQWURV PiV FHUFDQRV TXH HO 6RO KD WHQLGR
FRQ RWUDV HVWUHOODV HQ HO SDVDGR UHFLHQWH \ TXH WHQGUp HQ HO IXWXUR FHU�
FDQR �7RUUHV HW� DO�� ����� 7RUUHV HW� DO�� ������ (QFXHQWUp TXH OD HVWUHOOD
*-��� VH DFHUFDUi DO 6RO HQ ���0\U D XQD GLVWDQFLD GH ����SF� D GLIHUHQFLD
GH ��� SF FRPR OR SUHGLMHURQ HVWXGLRV SUHYLRV �SRU HMHPSOR� '\EF]\ĔVNL 	
%HUVNL ����� \ UHIHUHQFLDV�� /XHJR� XWLOL]DQGR HO FDWiORJR GH HVWUHOODV FHU�
FDQDV� HVWXGLp OD HYROXFLyQ GLQiPLFD GH ORV FRPHWDV HQ OD QXEH GH 2RUW�
FRQVLGHUDQGR OD SHUWXUEDFLyQ GHO FDPSR GH PDUHDV JDOiFWLFR \ HO HIHFWR
DFXPXODWLYR GH ODV HVWUHOODV YHFLQDV� 'HVFXEUt TXH ORV FRPHWDV HQ HO ERUGH
H[WHUQR GH OD QXEH GH 2RUW ��������������� DX� VRQ DOWDPHQWH SHUWXUED�
GRV \� FRPR UHVXOWDGR� HO VHPL�HMH PD\RU GH DSUR[LPDGDPHQWH ��� � GH ORV
FRPHWDV DOFDQ]D GLVWDQFLDV KDVWD ODV UHJLRQHV LQWHUHVWHODUHV� 'DGR TXH HV�
WRV FRPHWDV D~Q HVWiQ XQLGRV DO VLVWHPD VRODU� DGTXLHUH HO QRPEUH FRPHWDV
LQWHUHVWHODUHV GH WUDQVLFLyQ �7,& SRU VXV VLJODV HQ LQJOpV�� (O SULPHU FDQ�
GLGDWR HV HO FRPHWD &����� 9� �GH OD )XHQWH 0DUFRV 	 GH OD )XHQWH 0DUFRV
������

&DStWXOR � %DVDGR HQ� (YROXFLyQ GLQiPLFD GHO GLVFR GH HVFRPEURV GHO
VLVWHPD VRODU HQ VX JUXSR GH QDFLPLHQWR� HQYLDGR D $	$ UHFRPHQGDGR
SDUD SXEOLFDFLyQ �7RUUHV HW� DO�� ����E�� (VWXGLH OD FUHDFLyQ \ HYROXFLyQ
GH OD QXEH GH 2RUW GHO VLVWHPD VRODU HQ ODV SULPHUDV HWDSDV GH VX IRUPD�
FLyQ FXDQGR HO 6RO WRGDYtD HVWDED HQ VX F~PXOR GH QDFLPLHQWR� &RQVWUXt
GRV PRGHORV SDUD HO VLVWHPD VRODU� (Q HO SULPHU PRGHOR� DVXPt XQ GLVFR GH
HVFRPEURV FRPSDFWR ������ DX�� PLHQWUDV TXH HQ HO VHJXQGR DVXPLPRV XQ
GLVFR GH HVFRPEURV H[WHQGLGR �������� DX�� 3DUD DPERV PRGHORV� FRQ�
VLGHUH ODV SHUWXUEDFLRQHV GH ORV SODQHWDV JLJDQWHV \ ODV HVWUHOODV FHUFDQDV
HQ HO F~PXOR HVWHODU� (QFRQWUp TXH OD IRUPD PiV HILFLHQWH GH SHUWXUEDU
XQ GLVFR HV FXDQGR HO iQJXOR GH LQWHUDFFLyQ HQWUH HO VLVWHPD VRODU \ HO SHU�
WXUEDGRU HVWi HQWUH ���� JUDGRV� LQGHSHQGLHQWHPHQWH GHO WDPDxR GH HVWH�
$GHPiV� GHVFXEUt TXH OD FUHDFLyQ GH OD QXEH GH 2RUW IXH SURYRFDGD SRU HQ�
FXHQWURV VHFXODUHV GH HVWUHOODV HQ HO F~PXORV� TXH LQGXMHURQ OD IRUPDFLyQ
GHO GLVFR GLVSHUVR� 6HGQD \ REMHWRV VLPLODUHV D OD QXEH GH 2RUW� PLHQWUDV
TXH ORV SODQHWDV JLJDQWHV FUHDURQ REMHWRV GHO FLQWXUyQ GH .XLSHU� $GHPiV�
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DSUR[LPDGDPHQWH �� � GH ORV REMHWRV HQ HO GLVFR IXHURQ H[SXOVDGRV FRQ�
YLUWLpQGRVH HQ FRPHWDV LQWHUHVWHODUHV�

&DStWXOR � %DVDGR HQ� (YROXFLyQ GLQiPLFD GH ODV QXEHV GH 2RUW DOUHGH�
GRU GH HVWUHOODV YHFLQDV DO 6RO GHELGR D SHUWXUEDFLRQHV HVWHODUHV ORFDOHV \
DO FDPSR GH PDUHDV JDOiFWLFD� HQYLDGR D $	$� �7RUUHV HW� DO�� ������ 8WL�
OL]DQGR HO FDWiORJR GH ODV HVWUHOODV FHUFDQDV DO 6RO FRQVWUXLGR HQ 7RUUHV HW DO�
������ ����D�� \ ORV PpWRGRV GHVDUUROODGRV HQ 7RUUHV HW DO� �����D�E�� FDO�
FXOp ORV HQFXHQWURPiV FHUFDQR TXH FDGD XQD GH ODV HVWUHOODV YHFLQDV GHO 6RO
H[SHULPHQWDURQ GHQWUR GH � SF \ TXH SRVHHQ GDWRV DVWURPpWULFRV GH *DLD
'5�� HV GHFLU ORV VLVWHPDV 3UR[LPD&HQWDXUL� HVWUHOOD GH %DUQDUG� *OLHVH ���
5RVV ��� \ 5RVV ���� (QFRQWUp TXH� HQ SURPHGLR� ODV HVWUHOODV HQ HO YHFLQ�
GDULR VRODU H[SHULPHQWDQ DOUHGHGRU GH ����� HQFXHQWURV FHUFDQRV GXUDQWH
��0\U� SULQFLSDOPHQWH FRQ HVWUHOODV HQDQDV� /XHJR FDOFXOp HO HIHFWR GH ODV
HVWUHOODV SHUWXUEDGRUDV \ HO FDPSR GH PDUHDV JDOiFWLFR HQ ORV FRPHWDV HQ
ODV QXEHV H[R�2RUW HQ ORV VLVWHPDV VHOHFFLRQDGRV� (O VLVWHPD PiV SHUWXU�
EDGR HQ XQ LQWHUYDOR GH WLHPSR GH �� 0\U HV *OLHVH �� VHJXLGR GH 5RVV
���� OD HVWUHOOD GH %DUQDUG� 5RVV ��� \ ILQDOPHQWH 3UR[LPD &HQWDXUL� 3DUD
*OLHVH ��� OD WDVD GH SURGXFFLyQ GH FRPHWDV LQWHUHVWHODUHV GH WUDQVLFLyQ
\ REMHWRV LQWHUHVWHODUHV HV GH DSUR[LPDGDPHQWH �� ×1087,& 0\U −1 \ ���
×1010 ,62 0\U −1 � 3DUD HO UHVWR GH ORV VLVWHPDV� OD WDVD GH SURGXFFLyQ GH
7,& HV GH DSUR[LPDGDPHQWH 2.1 D 3.8 × 108 7,& 0\U −1� (VWR LPSOLFD TXH
XQ Q~PHUR FRQVLGHUDEOH GH FRPHWDV LQWHUHVWHODUHV UHVLGHQ HQ HO YHFLQGDULR
ORFDO� 3RU OR WDQWR� HO 6RO \ VXV YHFLQRV VRQ YLVLWDGRV SRU FRPHWDV LQWHUHVWH�
ODUHV SURFHGHQWHV GH RWUDV HVWUHOODV� 'H HVWDPDQHUD� HV SODXVLEOH TXH H[LVWD
XQD QXEH GH FRPHWD LQWHUHVWHODU�
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+HW GRHO YDQ PLMQ WKHVLV LV RP HHQ XLWJHEUHLGH VWXGLH XLW WH YRHUHQ
QDDU GH 2RUWZRON YDQ KHW ]RQQHVWHOVHO HQ GH YRUPLQJ HQ HYROXWLH YDQ
LQWHUVWHOODLUH NRPHWHQ�

+HW ]RQQHVWHOVHO LV ELM EHQDGHULQJ ���� PLOMDUG MDDU JHOHGHQ JHYRUPG� 2Q�
GDQNV GH YHOH WKHRULsQ GLH GRRU GH MDUHQ KHHQ RQWZLNNHOG ]LMQ EOLMIW KHW RQW�
VWDDQ HQ GH HYROXWLH YDQ KHW ]RQQHVWHOVHO RQGXLGHOLMN �3IDO]QHU HW DO� �����
HQ UHIHUHQWLHV GDDULQ�� (U ]LMQ HFKWHU YHUVFKHLGHQH YRUGHULQJHQ JHPDDNW
LQ RQ]H NHQQLV YDQ KHW ]RQQHVWHOVHO� 'H PHHVW JHDFFHSWHHUGH WKHRULH RYHU
KHW RQWVWDDQ HQ GH YURHJH HYROXWLH EHVFKULMIW KHW LQVWRUWHQ YDQ HHQ GLFKWH
ZRON LQWHUVWHOODLU JDV HQ VWRI RQGHU ]LMQ HLJHQ ]ZDDUWHNUDFKW� +HW EHKRXG
YDQ KRHNPRPHQW LQGXFHHUGH HHQ VQHOOH URWDWLH YDQ GH LQVWRUWHQGH ZRON HQ
SODWWH KHW DI WRW HHQ SURWRSODQHWDLUH VFKLMI� ,Q KHW FHQWUDOH� PHHVW GLFKWH
GHHO YDQ GH VFKLMI ZHUG HHQ VWHU JHYRUPG� RQ]H =RQ� 2S HHQ VRRUWJHOLMNH
PDQLHU YRUPGHQ NORQWHULJH VWUXFWXUHQ LQ GH VFKLMI� 'H]H JURHLGHQ XLWHLQ�
GHOLMN XLW WRW SODQHWHQ� GZHUJSODQHWHQ HQ PDQHQ� +HW UHVWDQW KLHUYDQ OHLG�
GH WRW GH YRUPLQJ YDQ NOHLQH OLFKDPHQ ]RDOV DVWHURwGHQ HQ NRPHWHQ� 'LW LV
KRH GH YLMI YRRUQDDPVWH W\SH REMHFWHQ LQ KHW ]RQQHVWHOVHO ZHUGHQ JHYRUPG�
GH =RQ� SODQHWHQ� GZHUJSODQHWHQ� PDQHQ HQ NOHLQHUH OLFKDPHQ �DVWHURwGHQ
HQ NRPHWHQ�� (HQ VFKHPDWLVFKH ZHHUJDYH YDQ KHW ]RQQHVWHOVHO LV WH ]LHQ LQ
)LJ� 6��

2P KHW RQWVWDDQ HQ GH HYROXWLH YDQ KHW ]RQQHVWHOVHO EHWHU WH EHJULMSHQ
]LMQ G\QDPLVFKH PRGHOOHQ QRGLJ� 0HW QDPH KHW EHVWXGHUHQ YDQ NRPHWHQ
NDQ FUXFLDOH LQIRUPDWLH JHYHQ RYHU GLW SURFHV� ,Q GH EDQHQ YDQ NRPHWHQ
LQ KHW ELQQHQVWH GHHO YDQ GH 2RUWZRON LV GH HYROXWLH YDQ KHW ]RQQHVWHOVHO
YDVWJHOHJG� 0RPHQWHHO EHYLQGHQ NRPHWHQ LQ GH]H UHJLR ]LFK RS ]XONH JUR�
WH DIVWDQGHQ YDQ KHW FHQWUXP YDQ KHW ]RQQHVWHOVHO GDW YHUVWRULQJHQ GRRU
SODQHWHQ YHUZDDUORRVEDDU ]LMQ� =H ORSHQ HHUGHU KHW ULVLFR RP ZHJJHUXNW WH
ZRUGHQ GRRU SDVVHUHQGH VWHUUHQ RI KHW JHWLMGHQYHOG YDQ GH 0HONZHJ ]HOI�
9RRUDO NRPHWHQ LQ GH EXLWHQVWH UHJLR¶V ]LMQ JHYRHOLJ YRRU GH]H H[WHUQH LQ�
YORHGHQ� DO YDQDI GH YURHJH VWDGLD YDQ KHW RQVWDDQ YDQ KHW ]RQQHVWHOVHO
�*DLD &ROODERUDWLRQ HW DO� ����� ������ 'H]H H[WHUQH LQYORHGHQ KHEEHQ GH
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6B;mm` aR, >2i xQMM2bi2Hb2HX J22;2MQK2M p�M a+?r�K# UkyR9VX

�

2RUWZRON GRRU ]LMQ JHVFKLHGHQLV KHHQ JHYRUPG� NRPHWHQ]ZHUPHQ SURGX�
FHUHQG GLH WRW LQ GH SODQHWDLUH UHJLR UHLNWHQ HQ NRPHWHQ ZHJUXNNHQG QDDU
GH LQWHUVWHOODLUH UXLPWH� ZDDU ]H LQWHUVWHOODLUH NRPHWHQ ZHUGHQ�

+HW EHVWXGHUHQ YDQ GH G\QDPLVFKH HYROXWLH YDQ NRPHWHQ NDQ RQV KHO�
SHQ KHW RQWVWDDQ HQ GH HYROXWLH YDQ KHW ]RQQHVWHOVHO EHWHU WH EHJULMSHQ� =R�
ZHO GH JHVFKLHGHQLV YDQ RQWPRHWLQJHQ WXVVHQ KHW ]RQQHVWHOVHO HQ QDEXULJH
VWHUUHQ HQ KHW HIIHFW YDQ GH JHWLMGHQ YDQ GH0HONZHJ ]LMQ EHODQJULMNH RQGHU�
GHOHQ� 'H KXLGLJH YHUGHOLQJ YDQ QDEXULJH VWHUUHQ HQ KHW JDODFWLVFK SRWHQ�
WLDDO ]LMQ UHGHOLMN EHNHQG� 'H *DLD PLVVLH �*DLD &ROODERUDWLRQ HW DO� �����
����� OHYHUGH HHQ PDJQLWXGH�JHOLPLWHHUG YROOHGLJ PRQVWHU RS YDQ QDEXUL�
JH VWHUUHQ� 'H]H VWHUUHQ GRPLQHUHQ GH SODDWVHOLMNH JDODFWLVFKH SRWHQWLDDO
HQ NRPHQ DI HQ WRH GLFKW ELM GH =RQ� 'HUKDOYH NXQQHQ JHJHYHQV YDQ *DLD
GLHQHQ DOV EDVLV YRRU GH EHJLQFRQGLWLHV YDQ JHGHWDLOOHHUGH VLPXODWLHV RS
YHUVFKLOOHQGH PRPHQWHQ LQ GH WLMG� +HW FRPELQHUHQ YDQ DQDO\WLVFKH� RE�
VHUYDWLRQHOH HQ QXPHULHNH WHFKQLHNHQ LV EHODQJULMN RP KHW RQVWDDQ HQ GH
HYROXWLH YDQ KHW ]RQQHVWHOVHO EHWHU WH EHJULMSHQ�

,Q GH]H WKHVLV KHE LN KHW RQWVWDDQ HQ GH HYROXWLH YDQ NRPHWHQ LQ GH
.XLSHUJRUGHO�YHUVWURRLGH VFKLMI HQ GH 2RUWZRON RQGHU]RFKW� UHNHQLQJ KRX�
GHQGPHW YHUVWRULQJHQ ]RDOV YDQ SDVVHUHQGH VWHUUHQ HQ KHW JDODFWLVFK JHWLM�
GHQYHOG� +HW RQWVWDDQ HQ GH HYROXWLH YDQ LQWHUVWHOODLUH NRPHWHQ DOV JHYROJ
YDQGH]H YHUVWRULQJHQ ]LMQ RQGHU]RFKW�'H]H WKHVLV LV YHUGHHOG LQ YLHU KRRIG�
VWXNNHQ� +RRIGVWXN � EHKDQGHOW GH RRUVSURQJ YDQ KHW LQWHUVWHOODLUH REMHFW
,������ 8� ¶2XPXDPXD GRRU VFKDWWLQJHQ JHEDVHHUG RS ZDDUQHPLQJHQ WH
YHUJHOLMNHQ PHW VLPXODWLHV �6HFW� ��� +RRIGVWXN � ULFKW ]LFK RS GH G\QDPL�
VFKH HYROXWLH YDQ GH 2RUWZRON QD LQWHUDFWLH PHW SDVVHUHQGH VWHUUHQ HQ KHW
JDODFWLVFK JHWLMGHQYHOG �6HFW� ��� ,Q +RRIGVWXN � EHVWXGHHU LN KHW RQWVWDDQ
HQ GH HYROXWLH YDQ GH .XLSHUJRUGHO�YHUVWURRLGH VFKLMI HQ GH 2RUWZRON YDQ
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KHW ]RQQHVWHOVHO LQ KHW YURHJH VWDGLXP YDQ KXQ RQWVWDDQ� WRHQ GH =RQ ]LFK
QRJ LQ ]LMQ JHERRUWHFOXVWHU EHYRQG �6HFW� ��� 7HQVORWWH YHUNHQW +RRIGVWXN
� GH YRUPLQJ YDQ LQWHUVWHOODLUH NRPHWHQ YDQ QDEXULJH VWHUUHQ YDQ GH =RQ
�6HFW� ��� +LHURQGHU YDW LN HON KRRIGVWXN HQ GH EHODQJULMNVWH RQGHU]RHNV�
YUDJHQ LQ GH]H WKHVLV VDPHQ�

�� :DW LV KHW HIIHFW YDQ PHHUGHUH VWHOODLUH RQWPRHWLQJHQ HQ KHW
JDODFWLVFK JHWLMGHQYHOG RS NRPHWHQ LQ 2RUWZRON�DFKWLJH VWUXF�
WXUHQ" �+RRIGVWXNNHQ � HQ ���

�� ,V KHW RQWVWDDQ YDQ GH 2RUWZRON YHURRU]DDNW GRRU SODQHHW�
VFKLMI LQWHUDFWLHV HQ VWHOODLUH RQWPRHWLQJHQ LQ KHW YURHJH ]RQ�
QHVWHOVHO" �+RRIGVWXN ���

�� :DDU NRPHQ LQWHUVWHOODLUH NRPHWHQ YDQGDDQ HQ KRH RQVWDDQ
]H" �+RRIGVWXNNHQ � HQ ���

+RRIGVWXN � *HEDVHHUG RS�7KH RULJLQ RI LQWHUVWHOODU DVWHURLGDO REMHFWV
OLNH �,����� 8� ¶2XPXDPXD� 015$6 ���� /���/�� ���� �3RUWHJLHV =ZDUW�
7RUUHV HW� DO�� ������ ,N KHE GH RRUVSURQJ YDQ KHW LQWHUVWHOODLUH REMHFW �,�
¶2XPXDPXD EHVWXGHHUG GRRU VFKDWWLQJHQ JHEDVHHUG RS ZDDUQHPLQJHQ WH
YHUJHOLMNHQ PHW VLPXODWLHV� *HEUXLNPDNHQG YDQ DVWURPHWULVFKH GDWD YDQ
*DLD�7*$6 �*DLD &ROODERUDWLRQ� %URZQ HW DO� ����� KHE LN GH EDDQ YDQ
¶2XPXDPXD HQ DOOH VWHUUHQ ELQQHQ �� SF YDQ GH =RQ JHwQWHJUHHUG� ,N EH�
YRQG GDW RQJHYHHU ��� PLOMRHQ MDDU JHOHGHQ ¶2XPXDPXD GH VWHU +,3 �����
YDQ GLFKWELM SDVVHHUGH� HQ GULH DQGHUH RQWPRHWLQJHQ KDG WLMGHQV KDDU UHLV
QDDU GH =RQ� ,N KHE YHUVFKLOOHQGH VFHQDULR¶V YRRU GH YRUPLQJ YDQ ¶2XPXD�
PXD RQGHU]RFKW HQ JHFRQFOXGHHUG GDW REMHFWHQ ]RDOV ¶2XPXDPXD JHYRUPG
ZRUGHQ LQ GH SXLQVFKLMI DOV HHQ UHVWDQW YDQ KHW VWHU� HQ SODQHHWYRUPLQJV�
SURFHV� HQ YHUYROJHQV ZRUGHQ YULMJHPDDNW YDQ GH VWHU� ,N EHYRQG GDW GH JH�
PLGGHOGH JDODFWLVFKH GLFKWKHLG YDQ LQWHUVWHOODLUH NRPHWHQ LQ GH EXXUW YDQ
GH =RQ∼ 1014 SHU NXELHNH SDUVHF LV� ZDW EHWHNHQW GDW ZH HON MDDU �±�� YDQ
]XONH EH]RHNHUV NXQQHQ YHUZDFKWHQ ELQQHQ � DX YDQ GH =RQ�

+RRIGVWXN � *HEDVHHUG RS� *DODFWLF WLGH DQG ORFDO VWHOODU SHUWXUED�
WLRQV RQ WKH 2RUW FORXG� FUHDWLRQ RI LQWHUVWHOODU FRPHWV� $	$ ���� $����
�7RUUHV HW� DO�� ������ *HEUXLNPDNHQG YDQ GH SRVLWLHV� SDUDOOD[HQ HQ HL�
JHQEHZHJLQJHQ LQ GH *DLD GDWD HQ GDW FRPELQHUHQG PHW UDGLsOH VQHOKHLGV�
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PHWLQJHQ YDQ 5$9(�'5� �.XQGHU HW DO� ������ *$/$+ '5� �%XGHU HW DO�
������ /$0267 '5� �=KDR HW DO� ������ $32*(( '5�� �$EROIDWKL HW DO�
������ HQ ;+,3 �$QGHUVRQ 	 )UDQFLV ������ VWHOGH LN HHQ FDWDORJXV VDPHQ
YDQ GH EXXUVWHUUHQ YDQ GH =RQ� 7RHQ EHUHNHQGH LN GH RQWPRHWLQJHQ GLH GH
=RQ LQ KHW YHUOHGHQ KHHIW JHKDG PHW DQGHUH VWHUUHQ HQ LQ GH WRHNRPVW JDDW
KHEEHQ �7RUUHV HW� DO�� ����� 7RUUHV HW� DO�� ������ ,N YRQG GDW GH VWHU *-���
RYHU ��� PLOMRHQ MDDU GH =RQ JDDW QDGHUHQ WRW RS HHQ DIVWDQG YDQ ����SF
LQ SODDWV YDQ ���SF ]RDOV YRRUVSHOG GRRU HHUGHUH VWXGLHV �H�J�� '\EF]\ĔVNL
	 %HUVNL ����� HQ UHIHUHQWLHV GDDULQ�� 'DDUQD EHVWXGHHUGH LN� JHEUXLNPD�
NHQG YDQ GH]H FDWDORJXV YDQ QDELMH VWHUUHQ� GH G\QDPLVFKH HYROXWLH YDQ
NRPHWHQ LQ GH 2RUWZRON� UHNHQLQJ KRXGHQG PHW KHW JDODFWLVFK JHWLMGHQ�
YHOG HQ KHW FXPXODWLHYH HIIHFW YDQ GLFKWELM SDVVHUHQGH VWHUUHQ� ,N YRQG GDW
NRPHWHQ DDQ GH UDQG YDQ GH2RUWZRON �������������� DX� KHYLJ YHUVWRRUG
ZRUGHQ ZDDUGRRU GH KDOIODQJH DVVHQ YDQ∼���� YDQ GH NRPHWHQ WRHQHPHQ
WRW LQ GH LQWHUVWHOODLUH UHJLR¶V� $DQJH]LHQ NRPHWHQ QRJ VWHHGV JHERQGHQ ]LMQ
DDQ KHW ]RQQHVWHOVHO EHVFKRXZHQ ZH ]H DOV WUDQVLWLRQHOH LQWHUVWHOODLUH NR�
PHWHQ �WUDQVLWLRQDO LQWHUVWHOODU FRPHWV� 7,&V�� 'H HHUVWH 7,& NDQGLGDDW LV
GH NRPHHW &����� 9� �GH OD )XHQWH 0DUFRV 	 GH OD )XHQWH 0DUFRV ������

+RRIGVWXN � *HEDVHHUG RS� '\QDPLFDO HYROXWLRQ RI WKH VRODU V\VWHP
GHEULV GLVN LQ LWV ELUWK FOXVWHU� LQJHGLHQG ELM $	$� DDQEHYROHQ YRRU SXEOL�
FDWLH �7RUUHV HW� DO�� ����E�� :H KHEEHQ KHW RQWVWDDQ HQ GH HYROXWLH YDQ
GH 2RUWZRON YDQ KHW ]RQQHVWHOVHO EHVWXGHHUG LQ GH YURHJH VWDGLD YDQ ]LMQ
YRUPLQJ WRHQ GH =RQ ]LFK QRJ LQ ]LMQ JHERRUWHFOXVWHU EHYRQG� ,N KHE WZHH
PRGHOOHQ YRRU KHW ]RQQHVWHOVHO RSJH]HW� ,Q KHW HHUVWH PRGHO QDPHQ ZH HHQ
FRPSDFWH SXLQVFKLMI DDQ ������ DX�� HQ LQ GH WZHHGH HHQ JURWHUH SXLQVFKLMI
�������� DX�� 9RRU EHLGH PRGHOOHQ KRXGHQ ZH UHNHQLQJ PHW YHUVWRULQ�
JHQ YDQ GH UHX]HQSODQHWHQ HQ YDQ QDELMH VWHUUHQ LQ GH FOXVWHU� ,N EHYRQG
GDW GH PHHVW HIILFLsQWH PDQLHU RP HHQ VFKLMI WH YHUVWRUHQ LV ZDQQHHU GH
KRHN YDQ GH ZLVVHOZHUNLQJ WXVVHQ KHW ]RQQHVWHOVHO HQ GH YHUVWRRUGHU WXV�
VHQ ���� JUDGHQ OLJW� RQDIKDQNHOLMN YDQ GH JURRWWH YDQ GH VFKLMI� 'DDUQDDVW
EHYRQGHQ ZH GDW GH YRUPLQJ YDQ GH 2RUWZRON YHURRU]DDNW ZHUG GRRU QD�
ELMH RQWPRHWLQJHQ PHW DQGHUH VWHUUHQ� GLH GH YHUVWURRLGH VFKLMI� 6HGQD HQ
2RUWZRON�DFKWLJH REMHFWHQ SURGXFHUHQ� WHUZLMO GH UHX]HQSODQHWHQ .XLSHU�
JRUGHOREMHFWHQ PDNHQ� 'DDUQDDVW ZRUGW RQJHYHHU ��� YDQ GH SODQHWHVL�
PDOHQ XLWJHZRUSHQ HQ ZRUGW LQWHUVWHOODLUH NRPHWHQ�
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+RRIGVWXN � *HEDVHHUG RS� '\QDPLFDO HYROXWLRQ RI H[R�2RUW FORXGV
DURXQG WKH 6XQ¶V FORVHVW QHLJKERXUV VWDUV GXH WR ORFDO VWHOODU SHUWXUED�
WLRQV DQG WKH *DODFWLF WLGDO ILHOG� LQJHGLHQG ELM $	$� �7RUUHV HW� DO�� ������
*HEUXLNPDNHQG YDQ GH FDWDORJXV YDQ PHHVW GLFKWELMH VWHUUHQ JHFRQVWUX�
HHUG LQ �7RUUHV HW� DO�� ����� 7RUUHV HW� DO�� ������ HQ YDQ GH PHWKRGHV RQW�
ZLNNHOG LQ �7RUUHV HW� DO�� ����� 7RUUHV HW� DO�� ����E�� EHUHNHQGH LN GHPHHVW
GLFKWELMH RQWPRHWLQJHQ YRRU HON YDQ GH EXXUVWHUUHQ YDQ GH =RQ ELQQHQ �
SF HQ GLH QDXZNHXULJH DVWURPHWULVFKH JHJHYHQV YDQ *DLD '5� KDGGHQ� QD�
PHOLMN YRRU 3UR[LPD &HQWDXUL� GH 6WHU YDQ %DUQDUG� *OLHVH ��� 5RVV ���
HQ 5RVV ���� ,N EHYRQG GDW GH VWHUUHQ LQ GH EXXUW YDQ GH =RQ JHPLGGHOG
URQG GH ����� GLFKWELMH RQWPRHWLQJHQ HUYDUHQ JHGXUHQGH �� PLOMRHQ MDDU�
YRRUQDPHOLMN PHW 0�GZHUJVWHUUHQ� 7RHQ UHNHQGH LN KHW HIIHFW YDQ SDVVH�
UHQGH VWHUUHQ HQ KHW JDODFWLVFK JHWLMGHQYHOG XLW RS GH NRPHWHQ LQ GH H[R�
2RUWZRONHQ URQGGH EXXUVWHUUHQ YDQ GH =RQ�+HWPHHVW YHUVWRRUGH V\VWHHP
JHGXUHQGH HHQ WLMGVLQWHUYDO YDQ �� PLOMRHQ MDDU LV *OLHVH ��� JHYROJG GRRU
5RVV ���� GH 6WHU YDQ %DUQDUG HQ 5RVV ��� HQ XLWHLQGHOLMN 3UR[LPD &HQ�
WDXUL� 9RRU *OLHVH �� LV GH SURGXFWLHVQHOKHLG YDQ WUDQVLWLRQHOH LQWHUVWHO�
ODLUH NRPHWHQ HQ LQWHUVWHOODLUH REMHFWHQ RQJHYHHU ��×108 7,& SHU PLOMRHQ
MDDU HQ ���×1010 ,62 SHU PLOMRHQ MDDU� 'LW LPSOLFHHUW GDW HU HHQ DDQ]LHQOLMN
DDQWDO LQWHUVWHOODLUH NRPHWHQ LQ GH EXXUW YDQ GH =RQ LV� 'HUKDOYH ZRUGHQ
GH =RQ HQ ]LMQ EXUHQ EH]RFKW GRRU LQWHUVWHOODLUH NRPHWHQ GLH YDQ DQGHUH
VWHUUHQ NRPHQ� 2S GH]H PDQLHU LV KHW DDQQHPHOLMN GDW HHQ LQWHUVWHOODLUH
NRPHWHQZRON EHVWDDW�
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/LVW RI SXEOLFDWLRQV

5HIHUHHG SDSHUV

�� '\QDPLFDO HYROXWLRQ RI H[R�2RUW FORXGV DURXQG WKH 6XQ¶V FORVHVW
QHLJKERXU VWDUV GXH WR ORFDO VWHOODU SHUWXUEDWLRQV DQG WKH *DODFWLF
WLGDO ILHOG� VXEPLWWHG WR $VWURQRP\ 	 $VWURSK\VLFV� LQ UHYLHZ� �����
6� 7RUUHV� 6� 3RUWHJLHV =ZDUW� DQG $� *� $� %URZQ�

�� '\QDPLFDO HYROXWLRQ RI WKH VRODU V\VWHP GHEULV GLVN LQ LWV ELUWK FOXV�
WHU� VXEPLWWHG WR $VWURQRP\ 	 $VWURSK\VLFV� UHFRPPHQG IRU SXEOL�
FDWLRQ� ����E�
6� 7RUUHV� 0� ;� &DL� '� 0XNKHUMHH� 6� 3RUWHJLHV =ZDUW� DQG $� *� $�
%URZQ�

�� *DODFWLF WLGH DQG /RFDO 6WHOODU 3HUWXUEDWLRQ RQ WKH 2RUW &ORXG� &UH�
DWLRQ RI ,QWHUVWHOODU &RPHWV� $VWURQRP\ 	 $VWURSK\VLFV ��� � $����
����D�
6� 7RUUHV� 0� ;� &DL� 6� 3RUWHJLHV =ZDUW� DQG $� *� $� %URZQ�

�� 7KH 2ULJLQ RI ,QWHUVWHOODU $VWHURLGDO 2EMHFWV /LNH �,����� 8�
¶2XPXDPXD� 0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\
�015$6� ���� /���/��� �����
6� 3RUWHJLHV =ZDUW�6� 7RUUHV
� ,� 3HOXSHVV\� -� %pGRUI� DQG0� ;� &DL�

&R�DXWKRU

�� 2QFH XSRQ D WLPH LQ WKH 2RUW FORXG� VXEPLWWHG WR 6FLHQFH� �����
6� 3RUWHJLHV =ZDUW� 6� 7RUUHV� $� *� $� %URZQ� DQG 0� ;� &DL�

�� (YROXWLRQ RI WKH 2XWHU 3ODQHWV DQG 3ODQHWHVLPDOV GXH WR *DV 'UDJ
LQ 7UDQVLWLRQ 'LVNV� $36 LG� &������ �����
6� 1DYDUUR� 0� 5H\HV�5XL]� +� $YHYHV� &� &KDYH]� 6� 7RUUHV�

�� (IIHFW RI D *DVHRXV 7UDQVLWLRQ 'LVF RQ 3ODQHWHVLPDO 'ULYHQ 0LJUD�
WLRQ� '36 ���� LG�������� �����
0� 5H\HV�5XL]� +� $FHYHV� &� &KDYH]� 6� 7RUUHV�


(TXDO FRQWULEXWLRQ DV WKH ILUVW DXWKRU�
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�� 7KH 7UDQVQHSWXQLDQ $XWRPDWHG 2FFXOWDWLRQ 6XUYH\ �7$26 ,,�� $V�
WHURLGV� &RPHWV� 0HWHRUV� 1R� ����� LG������ �����
0� -� /HKQHU� 6��<� :DQJ� 3� +R� 7� /HH� =��:� =KDQJ� :��/ <HQ�
0� 5H\HV 5XL]� '� +LULDUW� $� 3� *UDQDGRV� 6� 7RUUHV� &� $OFRFN� $�
6]HQWJ\RUJ\L� -� &� *HDU\� 7� 1RUWRQ� *� )XUHV]�

&RQIHUHQFH SURFHHGLQJV

�� '\QDPLFV RI WKH 2RUW FORXG LQ WKH *DLD HUD ,� FORVH HQFRXQWHUV� ,$8�
��� *DLD V\PSRVLXP� �����
6� 7RUUHV� 6� 3RUWHJLHV =ZDUW� DQG $� *� $� %URZQ�

�� '\QDPLFV DQG KDELWDELOLW\ LQ YHU\ ORZ PDVV VWDUV WKDW EHORQJ WR
VWHOODU FOXVWHUV� $VWURELRORJ\ 6FLHQFH &RQIHUHQFH� �����
6� 7RUUHV 	 %� 3LFKDUGR�

�� '\QDPLFV RI SURWRSODQHWDU\ GLVN LQ VWHOODU FOXVWHUV� YHU\ ORZ PDVV
VWDUV� $'(/$� �����
6� 7RUUHV 	 %� 3LFKDUGR�

,Q SUHSDUDWLRQ

�� '\QDPLFV RI ORZ PDVV VWDUV LQ GLIIHUHQW *DODFWLF HQYLURQPHQWV� LQ
SUHSDUDWLRQ� �����
6� 7RUUHV�

�� 'HEULV GLVN VXUYLYDELOLW\ DURXQG YHU\ ORZPDVV VWDUV� WR EH VXEPLW�
WHG WR 015$6� �����
6� 7RUUHV 	 %� 3LFKDUGR�

�� 6WHOODU FOXVWHU FKDUDFWHUL]DWLRQ XVLQJ DUWLILFLDO LQWHOOLJHQW PHWKRGV
WR SUHGLFW *DLD REVHUYDEOHV� LQ SUHSDUDWLRQ� �����
-� $OEHUW� 6� 7RUUHV� DQG 6� 3RUWHJLHV =ZDUW�
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&XUULFXOXP 9LWDH

, ZDV ERUQ LQ 0H[LFR FLW\ DSSUR[LPDWHO\ �� \HDUV DJR� :KHQ , ZDV D
FKLOG� , ZDV FXULRXV DERXW HYHU\WKLQJ� DQG DOZD\V DVNHG P\VHOI KRZ
WKH WKLQJV ZRUN"� ,Q SDUWLFXODU� , ZDV IDVFLQDWHG ZLWK RQH VWRU\ WKDW
P\ SDUHQWV XVHG WR WHOO PH� 7KH P\VWHU\ RI WKH WKUHH VWDUV RQ WKH
VN\� WKDWP\VWHULRXVO\ DSSHDUHG RQO\ GXULQJ &KULVWPDV� )RU VRPDQ\
\HDUV� , WULHG WR ILQG WKH DQVZHU WR VXFK DQ HYHQW EXW GLG QRW VXFFHHG
�DOWKRXJK , ZDV YHU\ FORVH�� :KHQ ILQDOO\ , HQWHUHG WR WKH VHFRQGDU\
VFKRRO� , DVNHG P\ SK\VLFV WHDFKHU� DQG KLV DQVZHU ZDV� ³7R GLVHQ�
WDQJOH VXFK D P\VWHU\ \RX KDYH WR EHFRPH DQ $VWURQRPHU� EXW LQ
RUGHU WR GR WKDW \RX KDYH WR VWXG\ ILUVW D EDFKHORU GHJUHH LQ 3K\VLFV�
D PDVWHU GHJUHH LQ $VWURSK\VLFV DQG ILQDOO\ D 3K' LQ $VWURSK\VLFV´�
DQG WKHQ WKH MRXUQH\ ZKR EURXJKW PH KHUH EHJDQ�

,Q ���� , HQUROOHG LQ WKH 1DWLRQDO $XWRQRPRXV 8QLYHUVLW\ RI
0H[LFR �81$0� WR VWXG\ 3K\VLFV� 7KH ILUVW \HDUV ZHUH WRXJK� EXW
TXLFNO\ , DGDSWHG WR WKH UK\WKP� ,QP\ VHFRQG \HDU� , ZHQW WR WKH ,Q�
VWLWXWH RI $VWURQRP\ WR RIIHU P\ VHUYLFHV DV D VWXGHQW� 7KH UHVXOW RI
WKDW YLVLW FRPSOHWHO\ FKDQJHG P\ OLIH� , PHW %DUEDUD 3LFKDUGR� ZKR
DIWHU D VPDOO LQWHUYLHZ RIIHUHG PH WR VXSHUYLVH P\ EDFKHORU WKHVLV
DQG PRUH LPSRUWDQW KHU IULHQGVKLS� :LWK %DUEDUD¶V VXSSRUW� , SDU�
WLFLSDWHG LQ VHYHUDO LQWHUQDWLRQDO SURMHFWV OLNH $32*(( DQG 7$26�
,,� ,Q ���� , PRYHG WR 7DLSHL DV SDUW RI WKH VFLHQWLILF WHDP RI 7$26�
,, DW WKH $FDGHPLD 6LQLFD ,QVWLWXWH RI $VWURQRP\ DQG $VWURSK\VLFV
�$6,$$�� $IWHU D VXFFHVVIXO LQWHUQVKLS LQ 7DLZDQ DQG DV D SDUW RI WKH
QH[W VWHS LQ WKH OLVW WR EHFRPH DQ $VWURQRPHU� $W WKH HQG RI �����
, ZRQ D VFKRODUVKLS IURP WKH 6SDQLVK JRYHUQPHQW WR HQURO LQ WKH
PDVWHU LQ $VWURSK\VLFV DW 8QLYHUVLGDG $XWyQRPD GH 0DGULG � 8QL�
YHUVLGDG &RPSOXWHQVH GH 0DGULG ZKHUH , ZRUNHG FORVHO\ ZLWK (YD
9LOODYHU�

���



&XUULFXOXP 9LWDH

,Q WKH IDOO RI ����� , ZDV QRWLILHG WKDW , ZDV DZDUGHG D IHOORZ�
VKLS IURP WKH0H[LFDQ 1DWLRQDO &RXQFLO IRU 6FLHQFH DQG 7HFKQRORJ\
�&21$&<7� IRU 3K' VWXGLHV DEURDG� $IWHU VHYHUDOPHHWLQJVZLWK $Q�
WKRQ\ %URZQ DQG D ORW RI EXUHDXFUDF\ ILQDOO\� LQ 1RYHPEHU �����
, ODQGHG LQ 6FKLSKRO� )XOO RI GUHDPV DQG HQWKXVLDVP , VWDUWHG P\
3K' LQ $VWURSK\VLFV �DQG WKH ODVW VWHS LQ P\ OLVW� DW /HLGHQ 2EVHUYD�
WRU\ XQGHU WKH VXSHUYLVLRQ RI $QWKRQ\ %URZQ DQG 6LPRQ 3RUWHJLHV
=ZDUW� 'XULQJ IRXU \HDUV� , WUDYHOOHG WKH ZRUOG� WDONHG� FROODERUDWHG
DQG VKDUHG ZLWK ZRQGHUIXO SHRSOH DQG VFLHQWLVWV� DQG , H[SORUHG WKH
RULJLQ DQG HYROXWLRQ RI WKH RXWHU VRODU V\VWHP�

,Q )HEUXDU\ ����� , DFFHSWHG D SRVWGRFWRUDO IHOORZVKLS DW WKH
8QLYHUVLW\ RI &DOLIRUQLD� /RV $QJHOHV �8&/$� LQ 86$� , ZLOO MRLQ
6PDGDU 1DR]¶V UHVHDUFK JURXS� DQG , ZLOO FRQWLQXH WKH MRXUQH\ WKDW
, VWDUWHG PDQ\ \HDUV DJR� GLVFRYHU WKH XQLYHUVH�

���







$FNQRZOHGJHPHQWV

$ERXW IRXU \HDUV DJR� , FDPH WR WKH 1HWKHUODQGV WR SXUVXH P\ 3K'�
, QHYHU LPDJLQHG WKDW P\ OLIH ZLOO FRPSOHWHO\ EH FKDQJHG DORQJ WKHVH
\HDUV� , PHW ZRQGHUIXO SHRSOH DQG VFLHQWLVWV ZKRVH VXSSRUW� DGYLFH
DQG IULHQGVKLS KHOSHGPH WR DFKLHYHP\ JRDO� , ZLOO DOZD\V EH JUDWHIXO
WR DOO RI \RX WKDW ZHUH ZLWK PH LQ RQH ZD\ RU DQRWKHU LQ P\ 3K'
MRXUQH\� (VSHFLDOO\� , ZRXOG OLNH WR WKDQN���

7R WKH 0H[LFDQ 1DWLRQDO &RXQFLO IRU 6FLHQFH DQG 7HFKQRORJ\
�&21$&<7�� ZKRVH VXSSRUW PDGH P\ 3K' DW /HLGHQ 2EVHUYDWRU\
SRVVLEOH� 7R /HLGHQ 2EVHUYDWRU\ IRU WKH XQFRQGLWLRQDO VXSSRUW� ,Q
SDUWLFXODU� WKDQN \RX (YHOLMQ� $OH[DQGUD� (OV� 0DUMDQ� 0RQLFD� &DU�
ROLQH� (ULN 'HXO� (ULF� IRU DOZD\V VPLOLQJ DQG KHOSLQJ PH ZLWK DOO
WKH EXUHDXFUDF\� FRPSXWHUV� DQG RWKHU LVVXHV WKDW , IDFHG GXULQJ
P\ 3K'� <RX PDGH P\ OLIH DW WKH REVHUYDWRU\ ZD\ PRUH VPRRWK�
7R ;DQGHU IRU DOO WKH VXSSRUW GXULQJ DQG HVSHFLDOO\ LQ WKH ODVW SDUW
RI P\ 3K'� \RX HQFRXUDJHG PH WR SXVK KDUG DQG ILQLVK� 7R DOO WKH
PHPEHUV RI &$67/(� $086(� DQG *DLD JURXSV� IRU EHLQJ SDUW RI
P\ SHUVRQDO DQG VFLHQWLILF GHYHORSPHQW� IRU DOO WKH GLVFXVVLRQV DQG
QLFH FRQYHUVLRQV ZH KDG LQ RXU JURXS PHHWLQJV� ,Q SDUWLFXODU WKDQN
\RX� /XFLH� $GULDQ� ,QLW� 6LOYLD� )UDQ�0DUWLMQ� -HURHQ�0D[� (OHRQRUD�
7RPPDVR� 6WHOOD� )UDVHU� 6WHYHQ� (GZLQ� DQG $UMHQ� 7KDQN \RX� $Q�
WKRQ\ DQG 6LPRQ� IRU \RXU SDWLHQFH� DGYLFHV� VFLHQWLILF GLVFXVVLRQV�
XSV DQG GRZQV� DQG IRU SXVKLQJPH WR EH D EHWWHU VFLHQWLVW DQG ILQLVK
P\ 3K'�

£%iUEDUD�� JUDFLDV SRU FRPSDUWLUPH WX SDVLyQ SRU OD YLGD� SRU ORV
GLQRVDXULRV� SRU OD DVWURQRPtD \ SRU OD HQVHxDQ]D� 0H HQVHxDVWH D
VHU XQD PHMRU SHUVRQD� XQ PHMRU DPLJR� XQ PHMRU DVWUyQRPR� *UD�
FLDV D WL� D WX FRQILDQ]D \ DSR\R LQFRQGLFLRQDO FRQFOXtPL OLFHQFLDWXUD�
PDHVWUtD \ DKRUD GRFWRUDGR� )XLVWH \ VLHPSUH VHUiV PL DPLJD� PL
FRODERUDGRUD� PL PHQWRUD \ PL PDGUH DFDGpPLFD� (VWD WHVLV WH OD
GHGLFR D WL�

���



$FNQRZOHGJHPHQWV

7R P\ IULHQGV LQ WKH REVHUYDWRU\� (OHRQRUD� ,JRQH� .LP� *DE\�
0DUFR� /XLV� 7RPPDVR� &OpPHQW� &KULVWRV� $OH[� $QGUHV� $OYDUR� -LW�
-RVK� 9DOHUL\D� 0LHNH� )UDQ� 0D[� 7MDUGD� 1RHO� &DUPHQ� -HURHQ�
7KRPDV :LMQHQ� 0DULD &ULVWLQD� *DEULHOD� $QQD� 6WHOOD� 'LORYDQ�
5RELQ� $D\XVK� 2VFDU� 0DUWLMQ �WKDQN \RX IRU KHOSLQJ PH ZLWK P\
'XWFK VXPPDU\�� &ULVWLQD �WKDQN \RX IRU DOO WKH OXQFKHV� , KDG D ORW
RI IXQ WDONLQJ ZLWK \RX DERXW OLIH�� DPRQJ PDQ\ RWKHU QLFH SHRSOH ,
PHW� 0\ OLIH LQ WKH REVHUYDWRU\ ZRXOG QRW KDYH EHHQ WKH VDPH ZLWK�
RXW \RX� 0D[� WKDQN \RX IRU DOO WKH QLFH GLVFXVVLRQV DERXW VFLHQFH
DQG OLIH� IRU EHLQJ P\ EHVW FROODERUDWRU� DQG IRU DOO \RXU KHOS GXULQJ
WKHVH \HDUV� , HQMR\HGZULWLQJ SDSHUV ZLWK \RX DQG ,¶P VXUHPRUH ZLOO
FRPH� )UDQ� JUDFLDV SRU WRGR WX DSR\R� ULVDV� WHUDSLDV� JURXS PHHW�
LQJV� DOPXHU]RV \ SRU VHU XQD RIILFH PDWH GH OXMR� /XLV� FRPSDGUH
H[WUDxDUH HVDV ODUJDV FRQYHUVLRQHV DFHUFD GH OD YLGD� TXH FKHYHUH IXH
FRPSDUWLU HO GRFWRUDGR FRQWLJR� (OHRQRUD� WX IXLVWH OD SULPHU SHU�
VRQD D OD TXH FRQRFt� JUDFLDV SRU WRGRV ORV EXHQRV PRPHQWRV TXH
FRPSDUWLPRV� SRU VLHPSUH VRQUHtU \ FKLVPHDU FRQPLJR� SHUR PiV
LPSRUWDQWH JUDFLDV SRU WX DPLVWDG�

$ OD PLQL /DWLQRDPpULFD HQ +RODQGD� /LQD� -RUJH� .DWK\� .DUL�
QRD� $UOHQ� -DYLHUD� 3DXOD� 3HGUR� 3DEOR� 1LFR� +HDWKHU� )UDQ� /L]�
0D[� $QGUHV� <DQHWW� 0DUWD ,UHQH� &ULVWLQD� &ODXGLR �JUDFLDV PDH�
VWUR� SRU ODV FODVHV GH WHQLV�� JUDFLDV D WRGRV SRU KDFHUPH VHQWLU FRPR
HQ FDVD� .DWK\ \ -DYL� JUDFLDV SRU DEULUPH ODV SXHUWDV GH VX FDVD \ SRU
VX DPLVWDG�0DUWD� /LQD \ -RUJH� JUDFLDV SRU WDQWDV ULVDV� EDLOHV� SODW�
LFDV� WHUDSLDV� VDOLGDV DO /HPP\V \ SRU FRPSDUWLU FRQPLJR VXV YLGDV
HQ WRGRV HVWRV DxRV� HVWR\ VHJXUR TXH QXHVWURV FDPLQRV VH YROYHUiQ D
FUX]DU� 1RHO \ 6XV\ QR WHQJR FRPR DJUDGHFHU WRGR OR TXH KLFLHURQ SRU
PL GHVGH TXH OOHJXH D+RODQGD� *UDFLDV SRU WRGDV HVDV FHQDV \ ILHVWDV
PH[LFDQDV� SRU VX DSR\R LQFRQGLFLRQDO� SRU VX DPLVWDG� SRU KDFHUPH
VHQWLU FRPR HQ 0p[LFR� FRQ XVWHGHV VLHPSUH PH VHQWt HQ FDVD� 7R
P\ OLIH IULHQGV� $OHMDQGUR �0DL�� $QGUHD� 6LOYLD� 6RSK\� &HOLQH� -RKQ�
%ULVD� 3DW\� 6DUD� 2IHOLD� 0DWKLHX� =DYDOD� -RUJH� ,EHU� 1D\HOL� (QJLQ�
$OHMDQGUD� 0DEHO� -RDTXLQ� )HU� /LQQ� 0DMD� 0DULD� 1LNLWD� 6KD\HQ�
$QD� 7RPDV� 7KRPDV YDQ GHU 7RRUQ� 3HQQ\� $PUXWD� 9DOHQWLQD� (V�
SHUDQ]D� 1LQJ�0DFOD� .DXVWXEK� 9DQGDQD� 6PULWL� &LFFLR� DQG$OL IRU
DOO WKH JRRG WLPHV DQG WKH RQHV WKDW DUH DERXW WR FRPH� WKDQN \RX DOO�
7R DOO P\ WHDPPDWHV RI WKH YHU\ VXFFHVVIXO DQG XQVXFFHVVIXO IRRWEDOO
FOXE WKDW ZH IRUPHG� ZH FHUWDLQO\ KDG D ORW RI IXQ�
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$PLV TXHULGRV FDVFRV� 5R� &KHUR \ 6HEDV� VLQ XVWHGHVPLV ~OWLPRV
DxRV HQ /HLGHQ QR KXELHUDQ VLGR OR PLVPR� *UDFLDV FRPSDGUHV SRU
WRGDV ODV ILHVWDV� FRQVHMRV� PDFXPEDV� YLDMHV� GHVYHORV� NHEDEV� SDU�
WLGRV GH IXW� FHUYH]DV� WHTXLODV� SHUR VREUH WRGR JUDFLDV SRU VX DPLV�
WDG� HVWR\ VHJXUR QRV YROYHUHPRV D HQFRQWUDU \ UXPEHDU MXQWRV�

$ PLV SDSDV� JUDFLDV SRU VLHPSUH HVWDU FRQPLJR� SRU VX DSR\R
LQFRQGLFLRQDO� SRU VLHPSUH FRQILDU HQPL \ SRU VX FDULxR� 6LQ XVWHGHV
HVWH ORJUR QR KXELHUD VLGR SRVLEOH� $OYDUR \ %HWR JUDFLDV SRU WRGDV
HVDV FRQYHUVDFLRQHV TXH D SHVDU GH OD GLVWDQFLD PH KLFLHURQ VHQWLU
FRPR HQ FDVD� JUDFLDV SRU HO DSR\R TXH VLHPSUHPH KDQ GDGR� (VWKHU
\ .LFKLV JUDFLDV SRU VLHPSUH UHFLELUPH FRQ XQD VRQULVD� SRU VX FDULxR
\ DSR\R� $ PL DEXHODV $QD \ (QULTXHWD JUDFLDV SRU DFRPSDxDUPH
WRGRV HVWRV DxRV HQ OD GLVWDQFLD \ VLHPSUH GDUPH VX FDULxR� $ PL
IDPLOLD 7RUUHV \ 5RGUtJXH] SRU VLHPSUH HVWDU FXDQGR ORV QHFHVLWR�

7DFN Vn P\FNHW /LQ� 6YDQWH� $OLFH� 7KHR� 'DQLHO� $UYLG� /RXLVH�
-DQ� I|U DWW QL DOOWLG OHU PRW PLJ RFK DWW QL KDU YlONRPQDW PLJ WLOO HU
XQGHUEDUD IDPLOM�

<OYD� WDFN Vn P\FNHW I|U DWW GX lU HQ GHO DY PLWW OLY� I|U DWW GX
KDU KMlOSW RFK VW|WWDW PLJ XQGHU DOOD GHVVD nU� I|U DWW YL KDU VNUDW�
WDW� GDQVDW� GLVNXWHUDW YHWHQVNDS� SROLWLN� OLYHW WLOOVDPPDQV� I|U DWW
GX DOOWLG ILQQV GlU RFK I|U DWW GX YLOO XSSWlFND YlUOGHQ PHGPLJ� 0LWW
OLY lU QX WXVHQ JnQJHU ElWWUH� RFK KRV GLJ KLWWDGH MDJ lQWOLJHQ HWW KHP�
.RP DOOWLG LKnJ DWW GX LQWH EDUD lU PLQ ElVWD YlQ� PLQ ElVWD UnGJL�
YDUH� PLQ I|UWURJQD� PHQ GX lU RFNVn PLWW OLYV NlUOHN�

:LWK ORYH 6DQWLDJR�

���



±7KH 8QLYHUVH ZKLFK� LQ WKH VXSUHPHQHVV RI LWV
V\PPHWU\� LV EXW WKH PRVW VXEOLPH RI SRHPV�

(XUHND >H[WUDFW@� (GJDU $OODQ 3RH �����



D
ynam

ics of the O
ort C

loud and the Form
ation of Interstellar C

om
ets    ·    Santiago Torres R

odríguez   


	Introduction
	Comets
	Short period comets 
	Long period comets
	Interstellar comets

	Methods and data
	Gaia
	AMUSE

	Thesis

	The origin of interstellar asteroidal objects like 1I/2017 U1 'Oumuamua
	Introduction
	'Oumuamua as a rare object
	Observational constraints
	Dynamical ejection from the Sun's Oort cloud
	Origin from the Oort cloud of another star
	Origin from the debris disc of another star

	Where did 'Oumuamua come from
	An origin from the solar neighbourhood
	An origin from beyond the solar neighbourhood

	Discussion and conclusions

	Galactic tide and local stellar perturbations on the Oort cloud: creation of interstellar comets
	Introduction
	Model for stellar encounters
	Analytic model
	Perturbations on the Oort cloud

	Close encounters with the solar system
	Observational model
	Stellar encounters with the Solar System
	The case of GJ 710/HIP 89825

	Dynamical evolution of the Oort cloud
	Numerical model 
	Galactic tide and Gaia star perturbation 

	Summary and Conclusions

	Dynamical evolution of the solar system debris disk in its birth cluster
	Introduction
	Numerical implementation
	Effect of stellar encounters on the early solar system
	Extended models
	Compact models
	Extended vs compact models and the Oort cloud

	Interstellar objects
	Summary and Conclusions

	Dynamical evolution of exo-Oort clouds around the Sun's closest neighbour stars due to local stellar perturbations and the Galactic tidal field
	Introduction
	Close stellar encounters experienced by the Sun's nearest neighbours
	Dynamical evolution of exo-Oort clouds of the Sun’s neighbour stars
	TICs/ISOs in the solar neighbourhood

	Summary and Conclusions

	Bibliography
	Summary
	Resumen
	Samenvatting
	List of publications
	Curriculum Vitae
	Acknowledgements

