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Chapter 1
Introduction



� ,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
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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 ���
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��� &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� �����

�



� ,QWURGXFWLRQ

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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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

�?iiT,ffb+BX2b�XBMif;�B�f
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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�

��



���0HWKRGV DQG GDWD

&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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� ,QWURGXFWLRQ

&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�
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��� 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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� ,QWURGXFWLRQ

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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��� 7KHVLV

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
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� ,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�
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��� 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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