
'XVW\ &RPHWV DV 3RVVLEOH ;�5D\ 0XOWL�0LUURU 0LVVLRQ 7DUJHWV

6� ,EDGRY

,QVWLWXWH RI $VWURSK\VLFV� 'XVKDQEH ������� 7DMLNLVWDQ

+LJK�YHORFLW\ FROOLVLRQV EHWZHHQ FRPHWDU\ DQG LQWHUSODQHWDU\ GXVW SDUWLFOHV DV

SRVVLEOH ;�UD\ JHQHUDWLQJ SURFHVV LQ GXVW\ FRPHWV LV FRQVLGHUHG� 8QLTXH

LQIRUPDWLRQ DERXW JHQHUDWLRQ RI KLJK�WHPSHUDWXUH SODVPD GXH WR FROOLVLRQV RI

GXVW SDUWLFOHV PD\ EH REWDLQHG IURP REVHUYDWLRQV RI GXVW\ FRPHWV LQ WKH LQQHU

KHOLRVSKHUH ZLWK WKH ;�UD\ PXOWL�PLUURU WHOHVFRSH DW KLJK DQJXODU� VSDWLDO

UHVROXWLRQ�

�� ,QWURGXFWLRQ

7KH SDVVDJH RI GXVW\ FRPHWV WKURXJK WKH =RGLDFDO GXVW FORXG DW VPDOO

KHOLRFHQWULF GLVWDQFHV� 5≤�$8� LV DFFRPSDQLHG E\ FROOLVLRQV RI FRPHWDU\ DQG

LQWHUSODQHWDU\ GXVW SDUWLFOHV ZLWK KLJK UHODWLYH YHORFLWLHV� 9 ������ NP�VHF�

FRUUHVSRQGLQJ WR LPSDFW VSHFLILF SRZHUV RI WKH RUGHU RI ��������� :�FP� DQG

LQLWLDO WHPSHUDWXUHV RI SODVPD EOREV 7R ������� .� $FFHOHUDWLRQ RI GXVW SDUWLFOHV

WR VXFK YHORFLWLHV XQGHU ODERUDWRU\ FRQGLWLRQV LV D SUREOHP EHLQJ VROYHG VR IDU� VR

WKDW H[SHULPHQWDO GDWD RQ WKH JHQHUDWLRQ RI KRW SODVPD DQG ;�UD\ UDGLDWLRQ GXH

WR GXVW JUDLQV FROOLVLRQV DUH DEVHQW�

7KH H[SHFWHG ;�UD\ OXPLQRVLW\ RI FRPHWV GXH WR FROOLVLRQV RI FRPHWDU\ DQG

LQWHUSODQHWDU\ GXVW JUDLQV ZDV FDOFXODWHG� EXW RQO\ IRU WKH FROOLVLRQDOO\�WKLFN ]RQH

RI WKH FRPHWDU\ FRPDH �,EDGRY ����� ����� ����� ������ $ VWURQJ FRPHWDU\ ;�UD\

UDGLDWLRQ ZDV GLVFRYHUHG E\ WKH 526$7 �/XVVH HW DO� ����� 'HQQHUO HW DO� �����

DQG GLIIHUHQW WKHRUHWLFDO PRGHOV ZHUH SURSRVHG� VPDOO FXUUHQW VKHHWV LQ WKH VRODU

ZLQG �%UDQGW HW DO�� ������ JHQHUDWLRQ RI NH9 HOHFWURQV LQ WKH FRPHWDU\ FRPD YLD

ZDYH SDUWLFOH LQWHUDFWLRQ DV WKH VRXUFH PHFKDQLVP RI FROOLVLRQDO H[FLWDWLRQ RI WKH

;�UD\ HPLVVLRQ �%LQJKDP HW DO�� ������ FKDUJH WUDQVIHU LQWHUDFWLRQ EHWZHHQ WKH

KLJKO\ FKDUJHG VRODU ZLQG KHDY\ LRQV �C C O O6 5 7 6+ + + +, , , HWF�� DQG FRPHWDU\

PROHFXOHV �&UDYHQV� ������ VFDWWHULQJ RI WKH VRODU ;�UD\ UDGLDWLRQ E\ YHU\ VPDOO

GXVW SDUWLFOHV �:LFNUDPDVLQJKH DQG +R\OH� ������ FROOLVLRQDO VHOI�JHQHUDWLRQ RI

KLJK�YHORFLW\ GXVW SDUWLFOHV RI YHU\ VPDOO VL]HV ������� $� LQ WKH FRPHWDU\ FRPDV

�,S DQG &KRZ� ������ 3URGXFWLRQ RI ;�UD\V E\ FROOLVLRQV EHWZHHQ FRPHWDU\ DQG

LQWHUSODQHWDU\ GXVW JUDLQV ZDV GLVFXVVHG DV ZHOO �.UDVQRSROVN\ ������ KRZHYHU



WKH SUHVHQFH RI DQ DWWRJUDP FRPHWDU\ GXVW FORXG �VHH 8WWHUEDFN DQG .LVVHO �����

6DJGHHY HW DO� ����� DQG IUDJPHQWDWLRQ RI LQWHUSODQHWDU\ GXVW SDUWLFOHV LQ WKH

FRPDH RI FRPHWV ZHUH QRW WDNHQ LQWR DFFRXQW�

,Q WKH SUHVHQW SDSHU PDLQ FKDUDFWHULVWLFV RI SKRWRQV SURGXFHG LQ GXVW\ FRPHWV

GXH WR JHQHUDWLRQ RI KLJK�WHPSHUDWXUH SODVPD EOREV IURP FRPHWDU\ DQG

LQWHUSODQHWDU\ GXVW JUDLQV FROOLVLRQV DUH FRQVLGHUHG�

�� 3URGXFWLRQ RI KLJK�HQHUJ\ SKRWRQV LQ GXVW\ FRPHWV

'XVW\ FRPHWV OLNH FRPHW +DOOH\ ���� ,,, DUH FKDUDFWHUL]HG E\ WKH GXVW WR JDV

SURGXFWLRQ UDWH UDWLR µ ≡ ≥M Md g/ .01 �6DJGHHY HW DO� ����� 5HLQKDUG ������ ,Q

VXFK FRPHWV WKH PDLQ LQWHUDFWLRQ PHFKDQLVP EHWZHHQ WKH FRPHWDU\ JDV�GXVW

FRPD DQG LQWHUSODQHWDU\ GXVW LV DQ H[SORVLRQ�W\SH PHFKDQLVP UHVXOWLQJ

SURGXFWLRQ RI KLJK�WHPSHUDWXUH SODVPD EOREV DQG KLJK�HQHUJ\ SKRWRQV �,EDGRY

������

���� (QHUJ\ RI SKRWRQV� 7KH PRVW SUREDEOH HQHUJ\ RI SKRWRQV HPLWWHG IURP WKH

SODVPD EOREV� (P� LV GHWHUPLQHG E\ WKH LQLWLDO WHPSHUDWXUH RI WKH EOREV 7R �,EDGRY

������ QDPHO\
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+HUH $ LV WKH PHDQ PDVV QXPEHU RI DWRPV LQ FROOLGLQJ SDUWLFOHV� P+ LV WKH PDVV

RI D K\GURJHQ DWRP� 9 9R5����� 9R LV WKH YDOXH RI 9 DW 5 �$8� ] LV WKH PRVW

SUREDEOH PXOWLSOLFLW\ RI FKDUJH RI WKH SODVPD LRQV� [�≡,]�N7R� ,] LV WKH LRQL]DWLRQ

SRWHQWLDO RI WKH ]�LRQV� WKH QXPHULFDO FDOFXODWLRQ LQ ��� FRUUHVSRQGV WR $ ���

9R �� NP�VHF� ] �� [� �� VR WKDW IRU $ ��� ] �� 9R �� NP�VHF ZH JHW (P ���5

H9� 7KXV� GXVW\ FRPHWV DW 5≤�$8 DUH VRXUFHV RI (89 DQG ;�UD\V�

���� 3URSHU (89 DQG ;�UD\ OXPLQRVLW\� 7KH SURSHU VKRUW�ZDYHOHQJWK OXPLQRVLW\ RI

GXVW\ FRPHWV FRQQHFWHG ZLWK JHQHUDWLRQ RI KRW SODVPD E\ WKH ZD\ FRQVLGHUHG�

/[≡/�(≥(P�� PD\ EH H[SUHVVHG DV WKH VXP RI WKH OXPLQRVLWLHV RI WKH FROOLVLRQDOO\

WKLFN DQG FROOLVLRQDOO\ WKLQ ]RQHV RI WKH FRPHWDU\ GXVW FRPD� /V DQG /Y � 8VLQJ

WKH HIILFLHQF\ RI FRQYHUVLRQ RI WKH NLQHWLF HQHUJ\ RI FROOLGLQJ GXVW JUDLQV LQWR

HOHFWURPDJQHWLF UDGLDWLRQ� N[ ([ �(LQ �,EDGRY ������ ZH KDYH
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+HUH r n r r Rx o c o xo≡ = −π σ 2 2 LV WKH UDGLXV RI WKH FROOLVLRQDOO\ WKLFN ]RQH RI WKH

FRPHWDU\ GXVW FRPD� L�H� WKH FRPHWRFHQWULF GLVWDQFH ZLWKLQ ZKLFK WKH IOX[ RI

LQWHUSODQHWDU\ GXVW JUDLQV SHQHWUDWLQJ LQWR WKH FRPHWDU\ FRPD IXOO\ WUDQVIRUPV

LQWR SODVPD EOREV GXH WR FROOLVLRQV ZLWK FRPHWDU\ GXVW SDUWLFOHV� ρ LV WKH VSDWLDO

PDVV GHQVLW\ RI LQWHUSODQHWDU\ GXVW� WKH PHDQ QXPEHU GHQVLW\ RI FRPHWDU\ GXVW

SDUWLFOHV LQ WKH FRPD� QF QRF�UR �U�� � LV XVHG� QRF LV WKH YDOXH RI QF DW U UR� UR LV

WKH UDGLXV RI WKH FRPHWDU\ QXFOHXV� σ LV WKH HIIHFWLYH FURVV VHFWLRQ IRU FROOLVLRQV

EHWZHHQ FRPHWDU\ DQG LQWHUSODQHWDU\ GXVW JUDLQV� σ �π�D�!� �D� ! LV WKH PHDQ

YDOXH RI D� GHWHUPLQHG XVLQJ WKH ODZ IRU D QXPEHU GHQVLW\ RI FRPHDU\ GXVW

SDUWLFOHV Q�D�aD�S� D LV WKH UDGLXV RI D FRPHWDU\ GXVW SDUWLFOHV� WKH IRUPXOD IRU σ LV

FKRVHQ WR UHSURGXFH WKH LGHD WKDW WKH PHDQ VL]H RI LQWHUSODQHWDU\ GXVW SDUWLFOHV

ZLWKLQ WKH FRPHWDU\ GXVW FRPD ZLOO EH FORVH WR WKH PHDQ VL]H RI FRPHWDU\ GXVW

SDUWLFOHV GXH WR LQWHQVH IUDJPHQWDWLRQ RI LQWHUSODQHWDU\ GXVW SDUWLFOHV DW WKH

ERXQGDU\ RI WKH FRPHWDU\ GXVW FRPD� WKH PHDQ YDOXH RI ρ ρR5���� �*UXQ HW DO�

����� DQG N[  N[R5���� DUH XVHG IRU REWDLQLQJ /V /V�5�� /VR� U[R� ρR DQG N[R DUH WKH

YDOXHV RI /V� U[� ρ DQG N[ DW 5 �$8�

7KH OXPLQRVLW\ RI WKH FROOLVLRQDOO\ WKLQ ]RQH RI WKH FRPHWDU\ GXVW FRPD PD\ EH

H[SUHVVHG� DIWHU LQWHJUDWLRQ RYHU WKH YROXPH RI F\OLQGULFDO FROXPQ DORQJ WKH

GLUHFWLRQ RI WKH UHODWLYH YHORFLW\ 9� DV

( )L k
V

r r r
r r

r
LV x x c x

c x

x
s= − =

−ρ
π

3

2

2
,

���

ZKHUH UF LV WKH UDGLXV RI WKH FRPHWDU\ GXVW FRPD�

7KH UDGLXV RI WKH FROOLVLRQDOO\ WKLFN ]RQH RI WKH FRPHWDU\ GXVW FRPD� U[�

GHSHQGV RQ WKH YDOXH RI VL]H GLVWULEXWLRQ SDUDPHWHU RI FRPHWDU\ GXVW SDUWLFOHV S �
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•
LV WKH GXVW SURGXFWLRQ UDWH RI WKH FRPHWDU\ QXFOHXV� δ LV WKH GHQVLW\ RI

WKH GXVW SDUWLFOHV� 9G� DQG 9G� DUH WKH RXWIORZLQJ YHORFLWLHV RI GXVW SDUWLFOHV ZLWK

VL]HV D� DQG D�� UHVSHFWLYHO\� D� DQG D� DUH WKH PLQLPDO DQG PD[LPDO UDGLL RI

GXVW SDUWLFOHV HPLWWHG IURP WKH FRPHWDU\ QXFOHXV �,EDGRY ������



$FFRUGLQJ WR ���� ��� DQG ��� ZLWK S �� Md

•
 ��� J�VHF� δ ��� J�FP�� 9G�  �[���

FP�VHF� D�  � PP� N[R  ����� ρR  �[����� J�FP�� 9 �[��� FP�VHF DQG UF

 ���[���� FP ZH KDYH U[� �[��� FP� /V� ���[���5�� HUJ�VHF DQG /Y� ���[����5��

HUJ�VHF� )RU S �� D� ���� FP� 9G� �[��� FP�VHF DQG RWKHU SDUDPHWHUV DERYH

LQGLFDWHG XVLQJ ���� ��� DQG ��� ZH JHW U[� ���[��� FP� /V� �[���5�� HUJ�VHF�

/Y� �[����5�� HUJ�VHF�

$VVXPLQJ WKDW IRU DWWRJUDP GXVW SDUWLFOHV S �� D� ���� FP� 9G� �Ã��� FP�VHF�

Md

•
 ��� J�VHF ZH REWDLQ U[��$7� ���[��� FP� /V��$7� �[����5�� HUJ�VHF�

/Y��$7� �[����5�� HUJ�VHF�

�� &RQFOXVLRQ

2EVHUYDWLRQV RI GXVW\ FRPHWV DW VPDOO KHOLRFHQWULF GLVWDQFHV� 5≤�$8� ZLWK ;00

DUH KLJKO\ GHVLUDEOH WR JHW GDWD RQ SURGXFWLRQ RI KRW SODVPD GXH WR KLJK YHORFLW\

FROOLVLRQV RI GXVW JUDLQV�

7KH SUREOHP RI LGHQWLILFDWLRQ RI GLIIHUHQW PHFKDQLVPV RI ;�UD\ JHQHUDWLRQ LQ

FRPHWV LV DFWXDO� ,W LV UHDVRQDEOH WR JHW ;�UD\ VSHFWUD RI FRPHWV ZLWK KLJK VSDWLDO

UHVROXWLRQ DV ZHOO DV WKH GHSHQGHQFH RI WKH ;�UD\ VSHFWUD DQG OXPLQRVLW\ RI

FRPHWV RQ KHOLRFHQWULF GLVWDQFH�

7KH DXWKRU LV JUDWHIXO WR WKH ;00 3URMHFW 6FLHQWLVW 'U� )UHG -DQVHQ IRU

LQYLWDWLRQ WR WKH �VW ;00 :RUNVKRS DQG ILQDQFLDO VXSSRUW DQG WR 'U� 0LFKDHO

'DKOHP IRU FRRSHUDWLRQ YLD (�PDLO GXULQJ SUHSDUDWLRQ RI P\ YLVLW WR WKH

:RUNVKRS�

5HIHUHQFHV

%LQJKDP� 5�� 'DZVRQ� -�0�� 6KDSLUR� 9�'�� 0HQGLV� '�$� DQG .HOOHW� %�-�� �����

*HQHUDWLRQ RI ;�UD\V IURP &RPHW &�+\DNXWDNH ���� %�� 6FLHQFH ���� ������

%UDQGW� -�&�� /LVVH� &�0� DQG <L� <�� ����� 6PDOO FXUUHQW VKHHWV LQ WKH VRODU ZLQG

DV WKH FDXVH RI ;�UD\ HPLVVLRQ LQ FRPHWV� %$$6 ���� 1R� ��� ���

&UDYHQV� 7�(�� ����� &RPHW +\DNXWDNH ;�UD\ VRXUFH� &KDUJH WUDQVIHU RI VRODU

ZLQG KHDY\ LRQV� *HRSK\V� 5HV� /HWW� ��� ��������

'HQQHUO� .�� (QJOKDXVHU -�� 7UXPSHU -�� ����� ;�UD\ HPLVVLRQV IURP FRPHWV

GHWHFWHG LQ WKH 5RQWJHQ ;�UD\ VDWHOOLWH DOO�VN\ VXUYH\� 6FLHQFH ���� ����������

*UXQ� (�� =RRN� +�$�� )HFKWLJ� +�� *LHVH 5�+�� ����� &ROOLVLRQDO EDODQFH RI WKH

PHWHRULWLF FRPSOH[� ,FDUXV ��� ��������

,EDGRY� 6�� ����� 3RVVLELOLW\ RI ;�UD\ JHQHUDWLRQ LQ FRPHWV� &RPHW &LUF� 8665�

1R����� ����



,EDGRY� 6�� ����� 2Q WZR PHFKDQLVPV RI ;�UD\ JHQHUDWLRQ LQ FRPHWV� ,Q�

3URSHUWLHV DQG ,QWHUDFWLRQV RI ,QWHUSODQHWDU\ 'XVW� (GV� 5�+� *LHVH DQG 3�/�

/DP\� 5HLGHO� 'RUGUHFKW� SS���������

,EDGRY� 6�� ����� ,QWHUDFWLRQ PHFKDQLVPV RI FRPHWV ZLWK WKH =RGLDFDO GXVW FORXG�

,Q� 'LYHUVLW\ DQG 6LPLODULW\ RI &RPHWV� (GV� (�-� 5ROIH DQG %� %DWWULFN� (6$ 63�

����

SS� ��������

,EDGRY� 6�� ����� 2Q WKH HIILFLHQF\ RI ;�UD\ JHQHUDWLRQ LQ LPSDFWV RI FRPHWDU\ DQG

]RGLDFDO GXVW SDUWLFOHV� ,FDUXV ��� 1R��� ��������

,EDGRY� 6�� ����� ,QWHUSODQHWDU\ GXVW LQWHUDFWLRQ ZLWK FRPHWV� 3URGXFWLRQ RI ;�

UD\V� $GY� 6SDFH 5HV� ��� 1R���� ������

,EDGRY� 6�� ����� 3K\VLFDO 3URFHVVHV LQ &RPHWV DQG 5HODWHG 2EMHFWV�

&RVPRVLQIRUP 3XEO� &RPS�� 0RVFRZ�

,S� :��+� DQG &KRZ� 9�:�� ����� 2Q K\SHUYHORFLW\ LPSDFW SKHQRPHQD RI

PLFURGXVW DQG QDQR ;�UD\ IODUHV LQ FRPHWDU\ FRPDH� ,FDUXV ���� 1R��� ����

����

.UDVQRSROVN\� 9�� ����� 2Q WKH QDWXUH RI VRIW ;�UD\ UDGLDWLRQ LQ FRPHWV� ,FDUXV

���� 1R��� ��������

/LVVH� &�0�� 'HQQHUO� .�� (QJOKDXVHU� -� HW DO�� ����� 'LVFRYHU\ RI ;�UD\ DQG (89

HPLVVLRQ IURP &RPHW +\DNXWDNH &����� %�� 6FLHQFH ���� ��������

5HLQKDUG� 5�� ����� 7KH *LRWWR HQFRXQWHU ZLWK FRPHW +DOOH\� 1DWXUH ���� ����

����

6DJGHHY� 5�=�� %ODPRQW� -�� *DOHHY� $�$� HW DO�� ����� 9HJD VSDFHFUDIW HQFRXQWHUV

ZLWK FRPHW +DOOH\� 1DWXUH ���� ��������

6DJGHHY� 5�=�� (YODQRY� (�1�� =XENRY� %�9� HW DO�� ����� 'HWHFWLRQ RI YHU\ VPDOO

GXVW LQ WKH YLFLQLW\ RI QXFOHXV RI FRPHW +DOOH\� 3LV
PD $VWURQ� =K� ��� ��������

8WWHUEDFN� 1�*� DQG .LVVHO� -�� ����� $WWRJUDP GXVW FORXG D PLOOLRQ NLORPHWHUV

IURP FRPHW +DOOH\� $VWURQ� -�� ���� ����������

:LFNUDPDVLQJKH� 1�&� DQG +RLOH� )� 9HU\ VPDOO GXVW JUDLQV �96'3
V� LQ &RPHW

&����� %� �+\DNXWDNH�� $VWURSK\V� 6SDFH 6FL� ���� ��������


