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&RPSDULQJ WKH DGVRUSWLRQ SURSHUWLHV DQG GLVVRFLDWLRQ RQ D 3W����� ZLWK WKDW RQ D )H����� VXUIDFH� ZH KDYH FRQ�

VLGHUHG VHYHQ FRRUGLQDWLRQ PRGHV RI WKH DGVRUEHG ELQGLQJ VLWH� GL�σ� ∆� µ� π�µ� ��IROG� ��IROG� DQG ��IROG VLWHV�

2Q WKH 3W����� VXUIDFH� WKH DGVRUEHG ELQGLQJ VLWH RI FDUERQ GLR[LGH ZDV VWURQJHVW DW WKH ��IROG VLWH DQG ZHDNHVW

DW WKH π�µ�VLWH� 7KH DGVRUEHG ELQGLQJ VLWH RQ WKH )H����� VXUIDFH ZDV VWURQJHVW DW WKH GL�σ VLWH DQG ZHDNHVW DW

WKH ��IROG VLWH� :H KDYH IRXQG WKDW WKH ELQGLQJ HQHUJ\ DW HDFK VLWH WKDW H[FHSWHG ��IROG RQ WKH )H����� VXUIDFH

ZDV VWURQJHU WKDQ WKH ELQGLQJ HQHUJ\ RQ WKH 3W����� VXUIDFH DQG WKDW FKHPLVRUEHG &2� EHQGV EHFDXVH RI PHWDO

PL[LQJ ZLWK �πX → �D�� &2� RUELWDO� 7KH GLVVRFLDWLRQ UHDFWLRQ RFFXUHG LQ WZR VWHSV� ZLWK DQ LQWHUPHGLDWH FRP�

SOH[ FRPSRVHG RI DWRPLF R[\JHQ DQG π ERQGLQJ &2 IRUPLQJ� 7KH 2&2 DQJOHV RI UHDFWLRQ LQWHUPHGLDWH FRP�

SOH[ VWUXFWXUH IRU WKH GLVVRFLDWLRQ UHDFWLRQ ZHUH ���R RQ WKH 3W������ DQG ���R RQ WKH )H ����� VXUIDFH�:H KDYH

IRXQG WKDW WKH &2� GLVVRFLDWLRQ UHDFWLRQ RQ WKH )H����� VXUIDFH SURFHHGV HDVLO\� ZLWK DQ DFWLYDWLRQ HQHUJ\ DERXW

��� H9 ORZHU WKDQ WKDW RQ WKH 3W����� VXUIDFH�

,QWURGXFWLRQ

,Q FRQWUDVW WR WKH H[WHQVLYH QXPEHU RI H[SHULPHQWDO DQG
WKHRUHWLFDO VWXGLHV RQ WKH DGVRUSWLRQ RI &2 RQ PHWDO VXUIDFH�
DGVRUSWLRQ RI &2� KDV UHFHLYHG OLWWOH DWWHQWLRQ� 5HFHQWO\�
JURXSV�������� KDYH VWDUWHG WR VWXG\ WKH DGVRUSWLRQ &2�� XVLQJ
D YDULHW\ RI XOWUDKLJK YDFXXP �8+9� VXUIDFH VFLHQFH WHFK�
QLTXH� &2� DGVRUSWLRQ RQ PHWDO VXUIDFH LV RI SDUWLFXODU LQWHU�
HVW EHFDXVH LWV UROH LQ D YDULHW\ RI UHDFWLRQV� LQFOXGLQJ WKH
%RXGRXDUW HTXLOLEULXP DQG )LVKHU�7URSVK V\QWKHVLV���� ,W KDV
EHHQ UHSRUWHG� WKDW &2� KDV DGVRUEHG RQ PHWDO VXUIDFHV WR
IRUP WZR VWDWHV� RQH RI ZKLFK LV D SK\VLVRUEHG OLQHDU &2�

VWDWH DQG WKH RWKHU� D FKHPLVRUEHG EHQW &2�
− VWDWH� 7KH

FKHPLVRUEHG DQLRQLF VSHFLHV WXUQV RXW WR UHSUHVHQW DQ LQWULQ�
VLF SUHFXUVRU IRU &2� GLVVRFLDWLRQ LQWR &2 DQG R[\JHQ RQ
1L������ DQG )H������ VXUIDFHV� )UHXQG DQG FR�ZRUNHUV�

DUULYHG DW WKHRUHWLFDO WKH UHSUHVHQWDWLRQ RI WKH WKUHH FRRUGL�
QDWLRQ PRGHV RI &2� RQ 1L DWRP� 7KH\ IRXQG WKDW WKH ERQG�
LQJ EHWZHHQ WKH &2� PRLHW\ DQG WKH PHWDO DWRP LV GHVFULEHG
EHVW DV D &2�

− DQLRQ LQWHUDFWLQJ ZLWK D 1L FDWLRQ� WKH\ VXJ�
JHVW WKDW WKH HOHFWURQ WUDQVIHU WR &2� PRLHW\ GULYHV WKH
REVHUYHG EHQW JHRPHWU\ RI WKH FRRUGLQDWHG &2� PROHFXODU
DQG LV DFFRPSDQLHG E\ DQ HORQJDWLRQ RI WKH &�2 ERQG GLV�
WDQFH ZLWK UHVSHFW WR WKH OLQHDU IUHH PROHFXOH� 7KH\ DOVR
DGGUHVV WKH FRUUHVSRQGHQFH EHWZHHQ &2�

− DQG PHWDO�&2�

YLEUDWLRQ IUHTXHQFLHV�� $QGHUVRQ�� FDOFXODWHG WKH WKHRUHWLFDO
ELQGLQJ HQHUJLHV� ERQG OHQJWK RI &2� DQG &2 RQ D &X�����
VXUIDFH XVLQJ WKH $6('�02 PHWKRG� +H VXJJHVWV WKDW WKH
FKHPLVRUEHG &2� EHQGV EHFDXVH RI PHWDO G PL[LQJ ZLWK WKH
�πX → �D� &2� RUELWDOV� :HOGHU DQG &2�ZRUNHUV� IRXQG WKH
EHQW DQLRQLF VSHFLHV WR EH VWDEOH XS WR ��� R. RQ WKH )H�����
VXUIDFH DQG LGHQWLILHG LW DV WKH SUHFXUVRU WR GLVVRFLDWLRQ LQWR
DGVRUEHG &2 DQG DWRPLF R[\JHQ� $W WHPSHUDWXUHV DERYH
URRP WHPSHUDWXUH WKH DGVRUEHG &2 IRUPHG E\ &2� GLVVRFLD�
WLRQ XQGHUJRHV GLVVRFLDWLRQ LQWR DGVRUEHG FDUERQ DQG R[\�

JHQ�� :HOGHU� PHDVXUHG WKH LQLWLDO KHDW RI DGVRUSWLRQ RI &2�

RQ SRO\FU\VWDOOLQH LURQ ILOP DW ��� R. WR EH ���� H9�PRO�
PXFK KLJKHU WKDQ WKDW RI &2� ZKLFK ZDV IRXQG WR EH ����
H9�PRO� 7KXV� KH VXJJHVWV WKDW WKLV FOHDUO\ SRLQWV WR GLVVR�
FLDWLYH DGVRUSWLRQ RI &2��
)RU WKH GLVVRFLDWLRQ UHDFWLRQ�

&2��D� →  &2�D� � 2�D� ���

1DVVLU�� IRXQG WKDW &2� LV VWURQJO\ FKHPLVRUEHG RQ WKH
)H����� VXUIDFH DQG XQGHUJRHV VHTXHQWLDO FDUERQ�R[\JHQ
ERQG FOHDYDJH� +H SURSRVHV WKDW WKH GLVVRFLDWLRQ UHDFWLRQ
RFFXUV LQ WZR VWHSV ZLWK DQ LQWHUPHGLDWH VWDWH FRPSRVHG RI
DWRPLF R[\JHQ DQG π�ERQGLQJ &2 IRUPLQJ�
7KLV SDSHU SUHVHQWV WKH UHVXOWV RI D WKHRUHWLFDO LQYHVWLJD�

WLRQ LQWR WKH PHFKDQLVP RI &2� GLVVRFLDWLRQ UHDFWLRQ RYHU
3W����� DQG )H������ :H FDOFXODWH WKH ELQGLQJ VLWHV RI DGVRU�
EDWHV� WKH ELQGLQJ HQHUJLHV� WKH FKDUJH WUDQVIHU� WKH VWUXFWXUH
RI &2� DGVRUSWLRQ� WKH VWUXFWXUH RI UHDFWLRQ LQWHUPHGLDWH
FRPSOH[ � DQG WKH DFWLYDWLRQ HQHUJ\ IRU GLVVRFLDWLRQ UHDFWLRQ�

7KHRUHWLFDO 0HWKRG

,Q WKH SUHVHQW VWXG\� ZH XVHG WKH DWRP VXSHUSRVLWLRQ DQG
HOHFWURQ GHORFDOL]DWLRQ PROHFXODU RUELWDO �$6('�02� WKH�
RU\������������������ 7KLV WHFKQLTXH KDV EHHQ XVHG LQ SUHYLRXV
VWXGLHV RI FDUERQ PRQR[LGH DGVRUSWLRQ RQ 3W�������� DQG
��������� DQG DFHW\OHQH DGVRUSWLRQ RQ )H������� ������ DQG
��������� 7KH SDUDPHWHUV XVHG LQ WKH SUHVHQW VWXG\ DUH LQ
7DEOH �� 7KH FOXVWHUV XVHG DUH DVVLJQHG KLJK VSLQ� VR WKDW
HDFK G�EDQG RUELWDO FRQWDLQV DW OHDVW RQH HOHFWURQ� 7KXV�
ORZHU OHYHOV LQ WKLV EDQG DUH GRXEO\ RFFXSLHG� DQG VRPH
XSSHU OHYHO DUH VLQJO\ RFFXSLHG� 7KLV JLYHV WKH FOXVWHUV
DSSUR[LPDWHO\ WKH EXON PDJQHWLF PRPHQW RI LURQ� 2XU SXU�
SRVH IRU WKH SUHVHQW ZRUN LV XQGHUVWDQGLQJ WKH UHODWLYH UHDF�
WLYLWLHV RI FOHDQ 3W����� DQG )H����� VXUIDFHV WRZDUG FDUERQ
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GLR[LGH� IRU ZKLFK RXU PRGHO VKRXOG EH VDWLVIDFWRU\� :H SODQ
WR XVH FOXVWHUV PXFK ODUJHU WKDQ 3W�� DQG )H�� LQ IXWXUH VWXG�
LHV RI FRYHUDJH GHSHQGHQW SKHQRPHQD�
7KH $6('�02 WKHRU\ LV D VHPLHPSLULFDO DSSURDFK IRU

GHWHUPLQLQJ DSSUR[LPDWH PROHFXODU VWUXFWXUHV� IRUFH FRQ�
VWDQWV� ERQG VWUHQJWKV� HOHFWURQLF VSHFWUD� DQG UHDFWLRQ HQHUJ\
VXUIDFHV DQG RUELWDOV� VWDUWLQJ ZLWK H[SHULPHQWDO DWRPLF YDOHQFH
LRQL]DWLRQ SRWHQWLDOV DQG FRUUHVSRQGLQJ VODWHU RUELWDOV� 7KLV
WKHRU\ LGHQWLILHV WZR HQHUJ\ WHUPV IRU WKH FKHPLFDO ERQG IRU�
PDWLRQ� 2QH LV D SDLUZLVH DWRP�DWRP UHSXOVLRQ HQHUJ\ FDOOHG
(5� 7KH RWKHU LV DQ DWWUDFWLYH HQHUJ\ GXH WR HOHFWURQ GHORFDOL�
]DWLRQ E\ RQH�HOHFWURQ PROHFXODU RUELWDO HQHUJ\� (02� ZKLFK
LV REWDLQHG E\ GLDJRQDOL]LQJ D +DPLOWRQLDQ VLPLODU WR WKH
H[WHQGHG +�FNHO +DPLOWRQLDQ�

(  (5 � (02� ���

3W DWRPV DUH LQ D IDFH�FHQWHUHG FXELF %UDYDLV ODWWLFH DQG )H
DWRPV DUH ERG\�FHQWHUHG FXELF� )RU FDOFXODWLRQ RQ WKH PHWDO
VXUIDFHV ZH KDYH PRGHOHG D PHWDO FOXVWHU DV VKRZQ LQ )LJXUH
�� $ EXON VXSHULPSRVDEOH ���DWRP FOXVWHU LV XVHG WR PRGHO

WKH 3W������ $ ���DWRP FOXVWHU� ZKLFK LV DQ RSHQ VWUXFWXUH� LV
XVHG WR PRGHO WKH )H������ :H FRQVLGHUHG VHYHQ FRRUGLQD�
WLRQ PRGHV RI ELQGLQJ VLWHV DV VKRZQ LQ )LJXUH �� &DOFXODWHG
ERQG GLVWDQFHV� YLEUDWLRQDO IUHTXHQFLHV DQG GLVVRFLDWLRQ HQHU�
JLHV IRU WKH &2� JDV V\VWHP DUH LQ UHDVRQDEOH IUHTXHQFLHV
ZLWK H[SHULPHQWDO UHVXOWV�������� DV VKRZQ LQ 7DEOH �� 7R SUR�
GXFH UHDVRQDEOH IUHTXHQFLHV DQG FKDUJH WUDQVIHUV LQ WKLV DG�
VRUSWLRQ VWXG\� )H DQG 3W LRQL]DWLRQ SRWHQWLDOV����� ZHUH LQ�
FUHDVHG E\ ��� H9� DQG 2 DQG & LRQL]DWLRQ SRWHQWLDOV ZHUH
GHFUHDVHG E\ ��� H9 DV VKRZQ LQ 7DEOH ��
*HQHUDOO\� D PHWKRG WKDW FDOFXODWHV WKH VWUXFWXUHV RI D

UHDFWLRQ LQWHUPHGLDWH FRPSOH[ FRQVLGHUV WZR UHDFWLRQ SDWK�
ZD\V� 2QH LV WKH R[LGDWLRQ UHDFWLRQ SDWKZD\� 7KH RWKHU LV WKH
GLVVRFLDWLRQ SDWKZD\� ZKLFK LQYROYHV EUHDNLQJ WKH ILUVW &2

7DEOH �� $WRPLF 3DUDPHWHUV� 3ULQFLSDO 4XDQWXP 1XPEHU �Q�� 9DOHQFH 6WDWH ,RQL]DWLRQ 3RWHQWLDO �,3�� 2UELWDO ([SRQHQWV �ζ� DQG 5HVSHFWLYH
&RHIILFLHQW �&� IRU G RQO\� IRU DOO DGVRUSWLRQ VWXGLHV 3W DQG )H LRQL]DWLRQ SRWHQWLDOV DUH LQFUHDVHG E\ ��� H9� DQG 2 DQG & LRQL]DWLRQ SRWHQWLDOV
DUH GHFUHDVHG E\ ��� H9� )XUWKHU GLVFXVVLRQ LQ UHI ��

$WRP
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&D � ����� ���� � ����� �����
2D � ����� ���� � ����� �����
3WD � ���� ���� � ���� ����� � ���� ������ ����� ������ ����
)HE � ���� ���� � ���� ���� � ���� ������ ������ ������ ����

D5HI� ��� E5HI� ���

)LJXUH �� �D� ���DWRP FOXVWHU PRGHO RI 3W����� LV EXON VXSHU�
LPSRVDEOH ZLWK 3W�3W QHDUHVW QHLJKERU GLVWDQFH RI ���� c� �E� ���
DWRP FOXVWHU PRGHO RI )H����� LV RSHQ VWUXFWXUH� 7ZR PHWDO DWRPV
VHSDUDWHG E\ ����� c LQ D GL�σ VLWH�

)LJXUH �� �D� $GVRUSWLRQ VLWHV IRU &2� PROHFXOH VWXGLHG RQ
3W������ �E� $GVRUSWLRQ VLWHV IRU &2� PROHFXOH VWXGLHG RQ )H������

7DEOH �� &DOFXODWHG %RQG /HQJWKV� 5H� +DUPRQLF )RUFH &RQVWDQWV� NH� 'LVVRFLDWLRQ (QHUJLHV� 'H� %RQG $QJOHV� θH� DQG %HQGLQJ )RUFH
&RQVWDQWV� N IRU &2� JDV VWDWH �([SHULPHQWDO 9DOXHV DUH LQ 3DUHQWKHV�

0ROHFXOHV 6WDWH 5H �c� NH �P G\QH�c� 'H �.FDO�PROH� θH �GHJ� Nθ �P G\QH�c�

&2� ;� Σ �
J ����������D �����������D − ��������D �����������D

&2�
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D5HI� ��� E5HI� ��� F5HI� ���
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ERQG LQ FDUERQ GLR[LGH� ,Q WKLV ZRUN� ZH FDOFXODWHG WKH
VWUXFWXUHV RI WKH UHDFWLRQ LQWHUPHGLDWH FRPSOH[� XVLQJ WKH
ILUVW &2 ERQG EUHDNLQJ LQ FDUERQ GLR[LGH� $OO RI WKH DQJOHV
DUH RSWLPL]HG WR WKH QHDUHVW � IXOO GHJUHH DQG WKH GLVWDQFH WR
WKH QHDUHVW ��� c�

5HVXOWV DQG 'LVFXVVLRQ

7KH FDOFXODWHG UHVXOWV IRU WKH DGVRUEHG &2� RQ WKH 3W�����
DQG )H����� VXUIDFH DUH JLYHQ LQ 7DEOHV � DQG �� 2Q WKH GL�σ�
∆� µ� DQG π�µ�VLWH� ZH FDUULHG RXW WKH RSWLPL]DWLRQ E\ PDLQ�
WDLQLQJ WKH 2�&�2 D[LV RI FDUERQ GLR[LGH SDUDOOHO WR WKH VXU�
IDFH DW GLIIHUHQW KHLJKWV DQG YDU\LQJ WKH &�2 ERQG OHQJWKV RI
WKH &2� PROHFXOH DQG 2&2 DQJOHV DZD\ IURP WKH VXUIDFH�
2Q WKH ��IROG� ��IROG� DQG ��IROG VLWH� ZH FDUULHG RXW WKH RSWL�
PL]DWLRQ E\ PDLQWDLQLQJ WKH YHUWLFDO D[LV RI FDUERQ GLR[LGH
ZLWK RQH R[\JHQ HQG GRZQ� )RU WKH SODWLQXP� WKH &�2 ERQG
OHQJWKV RQ WKH µ DQG π�µ�VLWH DUH ���� c� DQG WKH\ DUH ���� c
RQ WKH GL�σ� ∆� ��IROG� ��IROG� DQG ��IROG VLWH� 2Q WKH µ DQG π�
µ�VLWH� WKH GLVWRUWHG FDUERQ GLR[LGH JHRPHWULHV LQ LWV JDV
SKDVH SXW LQ WKH 2&2 DQJOHV ZLWKLQ �R IURP ���R� 7KH
JHRPHWU\ RI FDUERQ GLR[LGH LV PRVW GLVWRUWHG DW GL�σ� 7KH 3W�
& GLVWDQFHV IURP FDUERQ RI WKH DGVRUEHG FDUERQ GLR[LGH WR
WKH SODWLQXP VXUIDFH DW HDFK VLWH DUH ���� c� ���� c� ���� c�
DQG ���� c� UHVSHFWLYHO\ �VHH )LJXUH ��� 7KLV 3W�& GLVWDQFH
UHIHUUV WR WKH KHLJKW� 2Q WKH ��IROG� ��IROG� DQG ��IROG VLWH�
WKH DGVRUEHG FDUERQ GLR[LGHV DUH YHUWLFDO ZLWK WKH 2 HQG GRZQ DW HDFK VLWH� ,Q WKLV FDVH� WKH 3W�2 GLVWDQFHV ZKLFK

UHIHUU WR WKH KHLJKW DW HDFK VLWH DUH ���� c� ���� c� DQG
���� c� UHVSHFWLYHO\ �VHH )LJXUH ��� ,W FDQ EH VHHQ WKDW WKH
DGVRUEHG &2� PROHFXOH FDQ RFFXS\ WKH GL�σ� ∆� µ� π�µ�VLWH�
��IROG� ��IROG� DQG ��IROG VLWH� 7KHLU ELQGLQJ HQHUJLHV LQ
3W����� DUH ���� H9� ���� H9� ���� H9� ���� H9� ���� H9� ����
H9� DQG ���� H9� UHVSHFWLYHO\� 7KH DGVRUSWLRQ RI FDUERQ
GLR[LGH LV VWURQJHVW DW WKH ��IROG VLWH DQG ZHDNHVW DW WKH π�µ�
VLWH� 7KH ELQGLQJ HQHUJ\ RI WKH ��IROG VLWH LV LQ UHDVRQDEOH
DJUHHPHQW ZLWK DQ HDUOLHU VWXG\�� ZKLFK ZDV ���� H9 IRU WKH
3W����� VXUDFH� 2Q WKH )H����� VXUIDFH� WKH &�2 ERQG
OHQJWKV RI FDUERQ GLR[LGH DUH ���� c RQ WKH GL�σ� ∆� µ� π�µ�
DQG ��IROG VLWH� 7KH &�2 ERQG OHQJWKV RQ WKH ��IROG DQG ��
IROG VLWH DUH ���� c� 7KH 2&2 DQJOHV DUH ���R IRU WKH GL�σ�
∆� µ� π�µ� DQG ���R IRU WKH µ VLWH� 7KRVH RI WKH ��IROG� ��IROG�
DQG ��IROG VLWH DUH ���R �VHH )LJXUH ��� 7KH )H�& GLVWDQFHV�
ZKLFK UHIHU WR WKH KHLJKW DW HDFK VLWH� DUH ���� c� ���� c�
���� c DQG ���� c� UHVSHFWLYHO\�VHH )LJXUH ��� 2Q WKH ��IROG�
��IROG� DQG ��IROG VLWH� WKH DGVRUEHG FDUERQ GLR[LGHV DUH YHU�
WLFDO� ZLWK WKH 2 HQG GRZQ DW HDFK VLWH� ,Q WKLV FDVH� WKH )H�2
GLVWDQFHV IURP WKH 2 HQG GRZQ FDUERQ GLR[LGH WR WKH SODWL�
QXP VXUIDFH DW HDFK VLWH DUH ���� c� ���� c� DQG ���� c�
UHVSHFWLYHO\� 7KLV )H�2 GLVWDQFH UHIHUV WR WKH KHLJKW �VHH )LJ�
XUH ��� ,W FDQ EH VHHQ WKDW WKH DGVRUEHG &2� PROHFXOH FDQ
RFFXS\ WKH GL�σ� ∆� µ� π�µ� ��IROG� ��IROG� DQG ��IROG VLWH�
7KHLU ELQGLQJ HQHUJLHV LQ WKH )H����� DUH ���� H9� ���� H9�
���� H9� ���� H9� ���� H9� ���� H9� DQG ���� H9� UHVSHFWLYHO\�
$GVRUSWLRQ RI FDUERQ GLR[LGH LV VWURQJHVW DW WKH GL�σ VLWH DQG
ZHDNHVW DW WKH ��IROG VLWH� 8QIRUWXQDWHO\� WKH ELQGLQJ HQHU�
JLHV DW HDFK VLWHV DUH XQNQRZQ IRU FDUERQ GLR[LGH� :H ZHUH
DOVR LQWHUHVWHG LQ WKH LQLWLDO KHDW RI DGVRUSWLRQ RI FDUERQ

7DEOH �� &DOFXODWHG *HRPHWULHV DQG %LQGLQJ (QHUJLHV �%(� RQ
WKH 3W����� 6XUIDFH DQG )H�����

%LQGLQJ
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GL�σ ��� ���� ���� ���� ��� ���� ���� ����
∆ ��� ���� ���� ���� ��� ���� ���� ����
µ ��� ���� ���� ���� ��� ���� ���� ����

π�µ ��� ���� ���� ���� ��� ���� ���� ����
��IROG ��� ���� ���� ���� ��� ���� ���� ����
��IROG ��� ���� ���� ���� ��� ���� ���� ����
��IROG ��� ���� ���� ���� ��� ���� ���� ����

*HRPHWU\ RI DGVRUEHG FDUERQ GLR[LGH� θ LV 2&2 DQJOH� 5 �c� LV &2
ERQG OHQJWK� K LV WKH GLVWDQFHV EHWZHHQ FDUERQ DWRP RI &2� DQG WKH
VXUIDFH SODQH�,Q FDVH RI ��IROG� ��IROG DQG ��IROG VLWH� K LV WKH GLVWDQFH
EHWZHHQ R[\JHQ DWRP �2 HQG GRZQ� RI &2� DQG WKH VXUIDFH� &2� LV
YHUWLFDO ZLWK 2 DWRP HQG GRZQ� D6HH )LJXUH �� E6HH )LJXUH �� F6HH )LJXUH ��

7DEOH �� &DOFXODWHG 0XOOLNHQ 2YHUODS 3RSXODWLRQV DQG &KDUJH �T�
IRU WKH PRVW IDYRUDEOH VLWH RI WKH $GVRUEHG &DUERQ 'LR[LGH� 7KH
PRVW IDYRUDEOH VLWH RQ 3W����� LV ��IROG VLWH DQG WKH VLWH RQ )H�����
LV GL�σ VLWH

3W�� FOXVWHU )H�� FOXVWHU

0�&RYHUODS
D ����� �����

&�2RYHUODS ���� ����
T ���� ����

D&DOFXODWHG 0XOOLNHQ 2YHUODS 3RSXODWLRQ EHWZHHQ WKH VXUIDFH PRGHO FOXVWHU
DQG FDUERQ DWRP LQ FDUERQ GLR[LGH�

)LJXUH �� 6WUXFWXUH GHWDLOV IRU &2� PROHFXOHV RQ WKH 3W�����
VXUIDFH�
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GLR[LGH RQ FOHDQ SRO\ FU\VWDOOLQH LURQ ILOPV DW ��� R.� %HFDXVH
RXU SDUDPHWHU VHOHFWLRQ ZDV GRQH WHQWDWLYHO\� WKH ELQGLQJ
HQHUJLHV DW HDFK VLWH PD\ EH D ELW LQ HUURU� ,W LV LQWHUHVWLQJ WR
QRWH WKDW WKH GLIIHUHQFH EHWZHHQ WKH ELQGLQJ HQHUJ\ RI WKH
PRVW IDYRULWH VLWH DQG H[SHULPHQWDO YDOXH� LV DERXW ����
+RZHYHU� ZKHQ ZH LJQRUH WKH ELQGLQJ HQHUJ\ RI µ�VLWH DQG
��IROG� EHFDXVH LW KDV D KLJK GHYLDWLRQ IURP WKH ELQGLQJ
HQHUJ\ RI GL�σ VLWH� WKH DYHUDJH YDOYH RI WKH ILYH VLWHV� ZKLFK
LV ���� H9� LV LQ DJUHHPHQW ZLWK WKH H[SHULPHQWDO YDOXH��

ZKLFK LV ���� H9� $ &RPSDULVLRQ WKH &2� ERQG GLVWDQFHV IRU
OLQHDU IUHH &2� JDV PROHFXOHV �7DEOH �� ZLWK WKRVH IRU WKH ��
IROG� ��IROG� DQG ��IROG� VKRZV WKH &�2 ERQG GLVWDQFH WR EH
���� c HORQJDWHG WR WKH OLQHDU IUHH JDV VWDWH RQ 3W����� VXU�
IDFH� 2Q LURQ VXUIDFH� &2� ERQG GLVWDQFHV DUH RQO\ ���� c
HORQJDWHG DW ��IROG DQG ��IROG� $FFRUGLQJ WR FDOFXODWLRQ� WKH
&2� ERQG DQJOH DW GL�σ� ∆� DQG π�µ LV ���R� 7KLV UHVXOW LV LQ
UHVRQDEOH DJUHHPHQW ZLWK $QGHUVRQ©V VXJJHVWLRQ�� WKDW
FKHPLVRUEHG &2� EHQGV EHFDXVH RI PHWDO G PL[LQJ ZLWK WKH
�πµ→�D�� &2� RUELWDOV� 6LJQLILFDQWO\� WKH �%� H[FLWHG VWDWH
IRU &2�� ZLWK RQH HOHFWURQ H[FLWHG IURP WKH �πJ WR WKH �πµ

RUELWDO� EHQGV WR ���R� DQG DGVRUEHG &2 GLVWDQFHV VKULQN
���� c WR HTXLOLEULXP LQ 7DEOH �� 7KH UHVXOW LV WKDW WKH HOHF�
WURQ IURP WKH VXUIDFH PHWDO WUDQVIHUV WR WKH &2� PRLHW\��

)LJXUH � VKRZV WKH FRUUHODWLRQ GLDJUDP IRU &2� ELQGLQJ WR
D GL�σ VLWH RI WKH )H�� FOXVWHU DQG ��IROG VLWH RI WKH 3W�� FOXV�
WHU DV VKRZQ LQ )LJXUH �� 7KH KDWFKHG UHJLRQ DW WKH WRS RI WKH
GRXEOH ILOOHG EDQG UHJLRQ LQGLFDWHV VLQJO\ RFFXSLHG RUELWDO
HQHUJ\ OHYHOV DW WKH WRS RI WKH ERQG� 2Q WKH LURQ VXUIDFH�
FKHPLVRUEHG &2� EHQGV EHFDXVH RI )HV�G EDQG PL[LQJ ZLWK
WKH �πµ→�D�� &2� RUELWDOV DV VKRZQ LQ )LJXUH �� 7KH ELQG�
LQJ LQ WKH FKHPLVRUEHG PROHFXOH LV D UHVXOW RI WKH SDUWLFLSD�
WLRQ RI WKH �D�� RUELWDO LQ WKH ERQGLQJ WR WKH VXUIDFH� 2Q WKH

SODWLQXP VXUIDFH� FKHPLVRUEHG &2� LV VWDELOL]HG E\ PL[LQJ
ZLWK WKH 3WV�G EDQG� 7KH �σJ LV D ORQH SDLU RUELWDO DQG LW
LV ELQGLQJ WR WKH SODWLQXP VXUIDFH� $V PHQWLRQ DERYH� WKH
ELQGLQJ HQHUJ\ DW WKH ��IROG VLWH LV ���� H9 IRU WKH 3W�� FOXV�
WHU DQG ���� H9 DW GL�σ VLWH IRU WKH LURQ VXUIDFH� +RZHYHU�
ZH KDYH IRXQG WKDW WKH ELQGLQJ HQHUJ\ LV VWURQJHVW DW WKH
GL�σ VLWH RQ WKH LURQ VXUIDFH DQG DW WKH ��IROG VLWH RQ WKH
SODWLQXP�
7KH QH[W H[DPLQDWLRQ LV WKH GLVVRFLDWLRQ UHDFWLRQ� :H KDYH

WUHDWHG DFWLYDWLRQ HQHUJ\ EDUULHU FKDQJH� ,W LV WKH HQHUJ\
FKDQJH IURP HTXLOLEULXP RI WKH PRVW IDYRUDEOH VLWH DPRQJ
VHYHQ FRRUGLQDWLRQ PRGHV� )RU WKH SODWLQXP VXUIDFH� DV WKH
&�2 ERQG RI WKH DGVRUEHG FDUERQ GLR[LGH LV VWUHWFKHG IXUWKHU
IURP HTXLOLEULXP LQ WKH RQH�IROG VLWH� GLVVRFLDWLQJ LQWR &2
DQG 2 IUDJPHQWV ZLWK DQ DFWLYDWLRQ EDUULHU RI ���� H9� )RU
WKH LURQ VXUIDFH� DV WKH &�2 ERQG RI WKH DGVRUEHG FDUERQ
GLR[LGH LV VWUHWFKHG IXUWKHU IURP HTXLOLEULXP LQ WKH GL�σ VLWH�
LW GLVVRFLDWHV LQWR &2 DQG 2 IUDJPHQWV ZLWK DQ DFWLYDWLRQ
EDUULHU RI ���� H9� :H KDYH FRPSDUHG WKH UHGXFHG RYHUODS
SRSXODWLRQ RI WKH DGVRUEHG &2� PROHFXOH ZLWK WKDW RI WKH
UHDFWLRQ LQWHUPHGLDWH FRPSOH[ LQ WKH &2� GLVVRFLDWLRQ UHDF�
WLRQ� 7DEOH � VKRZV WKH FDOFXODWHG 0XOOLNHQ RYHUODS SRSXOD�
WLRQ DQG FKDUJH IRU WKH PRVW IDYRUDEOH VLWH RI DGVRUEHG
FDUERQ GLR[LGH� 0�&RYHUODS LV WKH FDOFXODWHG 0XOOLNHQ RYHUODS
SRSXODWLRQ RI 3W�& ERQG DQG )H�& ERQG RI WKH DGVRUEHG FDU�
ERQ GLR[LGH� &�2RYHUODS LV WKH FDOFXODWHG 0XOOLNHQ RYHUODS
SRSXODWLRQ RI WKH &�2 ERQG LQ DGVRUEHG FDUERQ GLR[LGH�
7DEOH � VKRZV WKH FDOFXODWHG UHVXOWV RI WKH UHDFWLRQ LQWHUPH�
GLDWH FRPSOH[ LQ WKH GLVVRFLDWLRQ UHDFWLRQ� ,W LV RI LQWHUHVW WR
QRWH WKDW �VHH 7DEOHV � DQG ��� RQ JRLQJ IURP DGVRUEHG UHDF�
WDQWV WR WKH >&2���2���@ FRPSOH[� WKH UHGXFHG RYHUODS SRSX�
ODWLRQ RI 3W�& DQG )H�& LQFUHDVHV ZKLOH WKDW RI &���2���

GHFUHDVHV DQG WKDW RI RWKHU &2 LQFUHDVHV YHU\ VOLJKWO\ RQ WKH
3W�� FOXVWHU� 7KDW RI RWKHU &2 RQ WKH )H�� FOXVWHU GHFUHVHV
YHU\ VOLJKWO\� 7KLV FDQ EH DWWULEXWHG WR WKH JUDGXDO VWUHQJWK�

)LJXUH �� 6WUXFWXUH GHWDLOV IRU &2� PROHFXOHV RQ WKH )H�����
VXUIDFH�

)LJXUH �� 2UELWDO 3LFWXUHV DQG HQHUJ\ OHYHO IRU IUHH &2� DQG &2�

DGVRUEHG WR PHWDOV VXUIDFH� 7KH HQHUJ\ OHYHOV IRU WKH FDUERQ
GLR[LGH LQ OLQHDU IUHH VWDWH DUH LQ WKH ILUVW DQG WKH VL[WK FROXPQ� 7KH
VHFRQG FROXPQ LV WKH HQHUJ\ OHYHOV IRU FDOFXODWHG FDUERQ GLR[LGH WR
WKH )H����� VXUIDFH� 7KH ILIWK FROXPQ LV DGVRUEHG FDUERQ GLR[LGH WR
WKH 3W����� VXUIDFH�
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HQLQJ RI ERQGV IRU 3W�& ERQG DQG )H�& ERQG LQ WKH GLVVRFLD�
WLRQ UHDFWLRQ� 7KH VWUXFWXUHV RI WKH UHDFWLRQ LQWHUPHGLDWH
FRPSOH[ DUH VKRZQ LQ )LJXUHV � DQG �� )LJXUH � VKRZV SORW
RI WKH HQHUJ\ YHUVXV WKH UHDFWLRQ FRRUGLQDWH� ∆( LV WKH HQHUJ\
FKDQJH IRU &2� GLVVRFLDWLRQ SDVVLQJ WKURXJK WKH UHDFWLRQ
LQWHUPHGLDWH FRPSOH[� IRUPLQJ WKH SURGXFWV &2 DQG 2 RYHU
WKH 3W�� FOXVWHU DQG )H�� FOXVWHU� 2Q WKH SODWLQXP VXUIDFH� WKH
&2�� &2 DQG 2 DUH ERXQG WR WKH RQH�IROG VLWH� 7KH UHDFWLRQ

LQWHUPHGLDWH FRPSOH[ LV UHDFKHG ZKHQ &2 DGOD\HU RI FDUERQ
GLR[LGH LV WUDQVIRUPHG WR WKH WZR�IROG VLWH� 2Q WKH LURQ VXU�
IDFH� UHDFWDQW &2� LV ERXQG WR WKH GL�σ VLWH� $GVRUEHG &2
IRUPV RI D EULGJH DQG FHQWHU RI WKH &2 ERQG OHQJWK LV SODFHG
RQ WKH GL�σ VLWH ZKLFK WZR PHWDO DWRPV VHSDUDWHG E\ ����� c�
7KH DGVRUEHG &2 LV WLOWHG E\ ��R IURP WKH VXUIDFH QRUPDO�
7KH R[\JHQ DWRP LV ERXQG WR WKH RQH�IROG VLWH� )LJXUHV � DQG
�� VKRZ WKH VWUXFWXUH RI UHDFWLRQ LQWHUPHGLDWH FRPSOH[� 7KH
FDOFXODWHG 2&2 DQJOH RQ WKH 3W�� FOXVWHU LV ���R� DQG LW LV
���R RQ WKH )H�� FOXVWHU� 7KH GLVWDQFH RI WKH &���2��� LV ���� c
IRU WKH SODWLQXP DQG ���� c IRU WKH LURQ� 7KH KHLJKW WKDW LV
UHIHUUHG WR IRU WKH 3W�& GLVWDQFH LV ���� c IRU WKH SODWLQXP
DQG ���� c IRU WKH LURQ� 7KH FDOFXODWHG DFWLYDWLRQ HQHUJ\ RI
WKH UHDFWLRQ LQWHUPHGLDWH FRPSOH[ LV ���� H9 IRU WKH SODWL�
QXP DQG ���� H9 IRU WKH LURQ VXUIDFH� 2UELWDO SLFWXUHV DQG
HQHUJ\ OHYHOV RQ WKH )H�� FOXVWHU DUH VKRZQ LQ )LJXUH �� 7KH
HQHUJ\ OHYHOV IRU WKH FDUERQ GLR[LGH DUH LQ WKH ILUVW FROXPQ
DQG WKRVH IRU WKH DGVRUEHG GLVVRFLDWLRQ UHDFWLRQ LQWHUPHGLDWH
FRPSOH[ LV LQ WKH WKLUG FROXPQ� 7KH VHFRQG FROXPQ LV IRU D
IUHH FRPSOH[ VWUXFWXUH LQ ZKLFK WKH VXUIDFH LV UHPRYHG� 7KLV
FROXPQ VKRZV WKDW WKH RUELWDO LV FRPSRVHG RI DWRPLF R[\JHQ
DQG π�ERQGLQJ &2 IRUPLQJ DV ZDV SRLQWHG RXW LQ UHI ���
&RPSDUHG ZLWK WKH FDUERQ GLR[LGH PROHFXOH� WKH HQHUJ\ LQ
WKH IUHH FRPSOH[ VWUXFWXUH PROHFXOH LQFUHDVHV E\ DQ DYHUDJH
RI ���� H9� &RPSDUHG ZLWK DGVRUEHG FDUERQ GLR[LGH RQ WKH
)H�� FOXVWHU DV VKRZQ LQ )LJXUH �� WKH HQHUJ\ LQ WKH FRPSOH[�
ZKLFK LV LQ WKH WKLUG FROXPQ RI )LJXUH �� LQFUHDVHV RQ DYHU�
DJH E\ ���� H9� 7KH UHVXOW LV ODUJHO\ GXH WR WKH GHVWDELOL]D�
WLRQ RI WKH 2�&�2 RUELWDO� ZKLFK LV FDXVHG E\ LQFUHDVLQJ WKH
&���2��� GLVWDQFH� 7KH WKLUG FROXPQ RQ WKH VXUIDFH VKRZV
WKDW WKHVH RUELWDOV DUH VWDELOL]HG E\ PL[LQJ ZLWK )HV�G EDQG
RUELWDOV�

7DEOH �� &DOFXODWHG UHVXOWV RI WKH ,QWHUPHGLDWH &RPSOH[ IRU WKH
'LVVRFLDWLRQ 5HDFWLRQ &2� DGV→&2DGV�2DGV RQ D 3W����� 6XUIDFH
DQG )H����� VXUIDFH� & RI &2� LV DW WZR�IROG VLWH

3W�� FOXVWHU )H�� FOXVWHU

$FWLYDWLRQ HQHUJ\ ���� ����
0�&RYHUODS

D ���� ����
&�2RYHUODS ���� ����
&���2���RYHUODS ���� ����
T�&�2� ���� ����
T�&���2���� ����� �����
∠2&2�'HJUHH�E ��� ���
K�&�F ���� ����

D&DOFXODWHG 0XOOLNHQ 2YHUODS 3RSXODWLRQ EHWZHHQ WKH VXUIDFH PHWDO FOXVWHU
DQG FDUERQ DWRP LQ WKH LQWHUPHGLDWH FRPSOH[� E6HH )LJXUH � DQG �� FK�&� LV
WKH GLVWDQFH EHWZHHQ FDUERQ RI WKH LQWHUPHGLDWH FRPSOH[ DQG WKH VXUIDFH�

)LJXUH �� $Q HQHUJ\ YHUVXV UHDFWLRQ FRRUGLQDWH SORW IRU WKH UHDFWDQW
VWXGLHG� ∆( LV WKH FKDQJH IRU &2� SDVVLQJ WKURXJK D FRPSOH[�
IRUPLQJ &2 DQG 2 SURGXFWV RYHU WKH 3W�� DQG WKH )H�� FOXVWHU� 2Q
WKH SODWLQXP VXUIDFH� &2�� &2� DQG 2 DUH ERXQG WKH RQH�IROG VLWH�
2Q WKH ,URQ VXUIDFH� &2� LV ERXQG WR WKH GL�σ VLWH� DQG &2 WR D VLWH
ZKLFK D FHQWHU RI DGVRUEHG &2 ERQG OHQJWK LV SODFH RQ WKH FHQWHU RI
WKH WZR PHWDO DWRPV GLVWDQFH VHSDUDWHG E\ ����� c� &2 LV WLOWHG E\
��R IURP WKH VXUIDFH QRUPDO�

)LJXUH �� 2UELWDO FRUUHODWLRQ GLDJUDP IRU GLVVRFLDWLRQ UHDFWLRQ RI
FDUERQ GLR[LGH RQ WKH )H������ 7KH >&2�@ FROXPQ RI OHYHOV LV D
IUHH UHDFWLRQ LQWHUPHGLDWH FRPSOH[ LQ ZKLFK KDV VXUIDFH UHPRYHG�
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&RQFOXVLRQ

,Q WKH SUHVHQW VWXG\� ZH KDYH DUULYHG DW WKH IROORZLQJ
UHVXOWV E\ XVLQJ WKH $6('�02 WKHRU\�
7KH GLVVRFLDWLRQ UHDFWLRQ RFFXUV LQ WZR VWHSV ZLWK DQ LQWHU�

PHGLDWH FRPSOH[ FRPSRVHG RI DWRPLF R[\JHQ DQG WKH IRU�
PDWLRQ RI π ERQGLQJ &2 IRUPLQJ�
D� 7KH ELQGLQJ HQHUJ\ RI FDUERQ GLR[LGH RQ WKH LURQ VXU�

IDFH LV VWURQJHU WKDQ WKDW RI SODWLQXP�
E� 7KH ELQGLQJ HQHUJ\ RI FDUERQ GLR[LGH LV VWURQJHVW DW WKH

��IROG VLWH RQ WKH 3W����� VXUIDFH DQG DW WKH GL�σ VLWH RQ WKH
)H����� VXUIDFH�
F� 7KH DGVRUEHG VWUXFWXUH DUH EHQW DW WKH GL�σ VLWH RQ WKH

)H�� FOXVWHU DQG WKH 3W�� FOXVWHU�
G� 7KH DGVRUEHG VWUXFWXUHV DUH EHQW DW WKH ∆�VLWH� µ�VLWH�

DQG π�µ�VLWH RQ WKH )H����� VXUIDFH DQG QHDUO\ OLQHDU DW WKH
µ�VLWH� π�µ�VLWH RQ WKH 3W����� VXUIDFH�
H� &2� ERQG GLVWDQFHV DUH HORQJDWHG WR WKH OLQHDU IUHH JDV

VWDWH RQ 3W������ 2Q LURQ VXUIDFH� &2� ERQG GLVWDQFHV DUH
HORJDWHG RQO\ DW ��IROG DQG ��IROG�
I� 7KH 2&2 DQJOHV RI WKH UHDFWLRQ LQWHUPHGLDWH FRPSOH[

DUH ���R RQ WKH )H�� FOXVWHU DQG ���R RQ WKH 3W�� FOXVWHU DV
VKRZQ LQ )LJXUH ��
J� 7KH DFWLYDWLRQ HQHUJ\� ZKLFK LQYROYHV EUHDNLQJ WKH ILUVW

&2 ERQG LQ FDUERQ GLR[LGH� LV ���� H9 RQ WKH 3W����� VXU�
IDFH DQG ���� H9 RQ WKH )H����� VXUIDFH� UHVSHFWLYHO\� &2�

GLVVRFLDWLRQ RQ WKH )H����� VXUIDFH SURFHHG OHVV HDVLO\ WKDQ
RQ WKH 3W����� VXUIDFH�
$FNQRZOHGJPHQW� 7KH DXWKRUV ZLVK WR DFNQRZOHGJH WKH

ILQDQFLDO VXSSRUW RI WKH .RUHD 5HVHDUFK )RXQGDWLRQ PDGH LQ
WKH SURJUDP \HDU �����
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