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5HFHLYHG )HEUXDU\ �� ����

7UDQVLWLRQ�PHWDO LPLGR �RU QLWUHQH� 0 15� FRPSOH[HV KDYH
DWWUDFWHG FRQWLQXRXV LQWHUHVW���� :H KDYH EHHQ FRQWLQXRXVO\
LQWHUHVWHG LQ 5H�LPLGR FRPSOH[HV �5H 15�� )RU H[DPSOH�
ZH UHFHQWO\ SUHSDUHG VHYHUDO 5H�LPLGR FRPSOH[HV RI WKH
W\SH 5H�1$U��35���&O� �35� 30H�� 3(W�� 3�20H��� $U &�+��
����L�3U��&�+�� IURP WKH UHDFWLRQV RI 5H�1�&�+������L�3U����
&O��S\� ��� ZLWK VPDOO SKRVSKLQHV RU SKRVSKLWHV�� 7KH SURG�
XFWV ZHUH UHPDUNDEO\ LQHUW WR FDUERQ QXFOHRSKLOHV �=Q5�� 5
 0H� (W� $O5�� 5 0H� (W� 50J%U� 5 0H� (W� 0©&S� 0©
 /L� 1D� 7O� 1D&S
� DQG K\GULGHV �/L%(W�+� /L%(W�'��
5HDFWLRQV RI WUDQVLWLRQ�PHWDO R[R RU LPLGR FRPSOH[HV ZLWK

K\GURJHQ KDOLGHV DUH NQRZQ WR SURFHHG E\ SURWRQDWLRQ RI WKH
QDPHG OLJDQG DQG VXEVWLWXWLRQ E\ KDOLGH LRQV� JHQHUDOO\ ZLWK�
RXW FKDQJH LQ WKH R[LGDWLRQ VWDWH RI WKH PHWDO���� 7KHUH KDYH
EHHQ RQO\ D YHU\ IHZ UHSRUWV RQ WKH UHDFWLRQ RI WKH LPLGR
FRPSOH[ ZLWK DQ RUJDQLF DFLG�� )RU LQVWDQFH� WKH 5H�9��
LPLGR FRPSOH[� PHU�WUDQV�5H0H��30H����13K�� UHDFWV ZLWK
DFHWLF DFLG �&+�&22+� $F2+� WR JLYH FLV�WUDQV�5H�$F2���
�30H���0H�13K� �HT ����� :H VHW RXW WKH UHDFWLRQ RI 5H�1�
&�+������L�3U���&O��S\� ��� ZLWK EHQ]RLF DFLG �3K&22+� WR
FKHFN WKH UHDFWLYLW\ RI WKH 5H�LPLGR FRPSOH[ WRZDUG DQ DUR�
PDWLF FDUER[\OLF DFLG� +HUHLQ ZH UHSRUW WKH SUHSDUDWLRQ DQG
VWUXFWXUH RI >5H&O��1�&�+������L�3U����&�+�&2��2�2©�@ ����

([SHULPHQWDO 6HFWLRQ

8QOHVV RWKHUZLVH VWDWHG� DOO WKH UHDFWLRQV KDYH EHHQ SHU�
IRUPHG ZLWK VWDQGDUG 6FKOHQN OLQH DQG FDQQXOD WHFKQLTXHV
XQGHU DQ DUJRQ DWPRVSKHUH� $LU�VHQVLWLYH VROLGV ZHUH PDQLS�
XODWHG LQ D JORYH ER[ ILOOHG ZLWK DUJRQ� *ODVVZDUH ZDV
VRDNHG LQ .2+�VDWXUDWHG ��SURSDQRO IRU FD� �� K DQG
ZDVKHG ZLWK GLVWLOOHG ZDWHU DQG DFHWRQH EHIRUH XVH� *ODVV�
ZDUH ZDV HLWKHU IODPH�GULHG RU RYHQ�GULHG� +\GURFDUERQ VRO�
YHQWV ZHUH VWLUUHG RYHU FRQFHQWUDWHG +�62� IRU FD� �� K�
QHXWUDOL]HG ZLWK .�&2�� VWLUUHG RYHU VRGLXP PHWDO� DQG GLV�
WLOOHG E\ YDFXXP WUDQVIHU� %HQ]HQH ZDV GLVWLOOHG RYHU VRGLXP
PHWDO XQGHU $U� %HQ]RLF DFLG �3K&22+� ZDV GLVWLOOHG XQGHU
$U� GHJDVVHG E\ IUHH]H�SXPS�WKDZ F\FOHV� DQG VWRUHG XQGHU
$U� 5H�1�&�+������L�3U���&O��S\� ��� ZDV SUHSDUHG E\ WKH
OLWHUDWXUH PHWKRG������

�+� DQG ��&^�+`�105 VSHFWUD ZHUH UHFRUGHG ZLWK D
%UXNHU $0; ��� 0+] VSHFWURPHWHU ZLWK UHIHUHQFH WR LQWHU�

QDO VROYHQW UHVRQDQFHV DQG UHSRUWHG UHODWLYH WR WHWUDPHWK\OVL�
ODQH� ,5 VSHFWUD ZHUH UHFRUGHG ZLWK D 1LFROHW ��� )7,5
VSHFWURSKRWRPHWHU� 0HOWLQJ SRLQWV ZHUH PHDVXUHG ZLWK D
7KRPDV +RRYHU FDSLOODU\ PHOWLQJ SRLQW DSSDUDWXV ZLWKRXW
FDOLEUDWLRQ� (OHPHQWDO DQDO\VHV ZHUH SHUIRUPHG E\ WKH .RUHD
%DVLF 6FLHQFH &HQWHU�
3UHSDUDWLRQ RI >5H&O��1�&�+������L�3U����&�+�&2��

2�2©�@ ���� $ GHHS JUHHQ VROXWLRQ RI � ����� J� ����� PPRO�
DQG EHQ]RLF DFLG ����� J� ����� PPRO� LQ EHQ]HQH ��� P/�
ZDV UHIOX[HG IRU �� K WR JLYH D GHHS EURZQ VROXWLRQ� 7KH
UHVXOWLQJ VROXWLRQ ZDV ILOWHUHG� DQG WKH VROYHQW ZDV UHPRYHG
XQGHU YDFXXP WR JLYH D EODFN EURZQ RLO� 7KH RLO ZDV ZDVKHG
ZLWK KH[DQH ��� P/ × �� DQG GULHG XQGHU YDFXXP WR REWDLQ
���� J ���� �VW FURS \LHOG� RI >5H&O��1�&�+������L�3U����
�&�+�&2��2�2©�@ ���� 7KH KH[DQH ZDVKLQJV ZHUH FRQFHQ�
WUDWHG XQGHU YDFXXP DQG WKHQ VWRUHG DW ��� �& WR JLYH
EURZQ�EODFN FU\VWDOV� 7KHVH FU\VWDOV ZHUH ZDVKHG ZLWK FROG
KH[DQH ��� P/ × �� DQG GULHG XQGHU YDFXXP WR REWDLQ DGGL�
WLRQDO ���� J ���� �QG FURS \LHOG� WRWDO \LHOG ���� RI �� 7KH
SURGXFW ZDV UHFU\VWDOOL]HG IURP KH[DQH�

�+ 105 �&'&O��� δ ����� ��+� G� RUWKR�+ LQ EHQ]RDWH��
����� ��+� G� RUWKR�+ LQ EHQ]RDWH�� ����� ��+� P� SDUD�+ LQ
EHQ]RDWH�� ����� ��+� P� PHWD�+ LQ EHQ]RDWH�� �����������
��+�P� LPLGR SKHQ\O�� ����� ��+� VHSW� GLDVWHUHRWRSLF &+0H���
����� ��+� EU� GLDVWHUHRWRSLF &+0H��� ����� ���+� G� GLDVWH�
UHRWRSLF &+0H��� ����� ���+� G� GLDVWHUHRWRSLF &+0H���
��&^�+`�105 �&'&O��� δ ������� �&2��� ���������������
�SKHQ\O�� ������ �&+0H��� ������ �&+0H��� ������ �&+0H���
������ �&+0H��� $QDO� &DOFG IRU &��+��1�2�&O�5H� &� ������
+� ����� 1� ����� 2� ����� )RXQG� &� ������ +� ����� 1� �����
2� ����� PS� ������� �&� ,5 �.%U�� ����� ����� ����� �����
����� ����� ���� �& 2�� ����� ����� ���� ���� ���� ����
���� ��� FP−��
;�UD\ 6WUXFWXUH 'HWHUPLQDWLRQ� $OO ;�UD\ GDWD ZHUH FRO�

OHFWHG ZLWK XVH RI D 6LHPHQV 3� GLIIUDFWRPHWHU HTXLSSHG ZLWK
D 0R ;�UD\ WXEH DQG D JUDSKLWH FU\VWDO PRQRFKURPDWRU�
'HWDLOV RQ FU\VWDO GDWD DQG LQWHQVLW\ GDWD DUH JLYHQ LQ 7DEOH
�� 7KH RULHQWDWLRQ PDWUL[ DQG XQLW FHOO SDUDPHWHUV ZHUH GHWHU�
PLQHG E\ OHDVW�VTXDUHV DQDO\VHV RI WKH VHWWLQJ DQJOHV RI ��
UHIOHFWLRQV LQ WKH UDQJH ����R � �θ � ����R� 7KUHH FKHFN UHI�
OHFWLRQV ZHUH PHDVXUHG HYHU\ ��� UHIOHFWLRQV WKURXJKRXW GDWD
FROOHFWLRQ DQG VKRZHG QR VLJQLILFDQW YDULDWLRQV LQ LQWHQVLW\�
,QWHQVLW\ GDWD ZHUH FRUUHFWHG IRU /RUHQ] DQG SRODUL]DWLRQ
HIIHFWV� 'HFD\ FRUUHFWLRQV ZHUH DOVR PDGH� 7KH LQWHQVLW\ GDWD
ZHUH HPSLULFDOO\ FRUUHFWHG ZLWK SVL�VFDQ GDWD� $OO FDOFXOD�
WLRQV ZHUH FDUULHG RXW ZLWK XVH RI WKH 6LHPHQV 6+(/;7/
SURJUDPV���

$ \HOORZ FU\VWDO RI �� VKDSHG DV D EORFN� RI DSSUR[LPDWH
GLPHQVLRQV ���� × ���� × ���� PP�� ZDV XVHG IRU FU\VWDO


&RUUHVSRQGLQJ $XWKRU� 7HO� ����������������� )D[� ��������
��������� H�PDLO� VZOHH#FKHP�VNNX�DF�NU

���
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DQG LQWHQVLW\ GDWD FROOHFWLRQ� 7KH XQLW FHOO SDUDPHWHUV LQGL�
FDWHG WKH WULFOLQLF XQLW FHOO ZLWK WKH WZR SRVVLEOH VSDFH
JURXSV� 3� DQG 3�� $ VWDWLVWLFDO DQDO\VLV RI UHIOHFWLRQ LQWHQ�
VLWLHV VXJJHVWHG D FHQWURV\PPHWULF VSDFH JURXS� DQG WKH VWUXF�
WXUH DQDO\VLV FRQYHUJHG RQO\ LQ 3�� 7KH VWUXFWXUH ZDV VROYHG
E\ WKH GLUHFW PHWKRG DQG UHILQHG E\ IXOO�PDWUL[ OHDVW�VTXDUHV
FDOFXODWLRQV RI ) �©V� LQLWLDOO\ ZLWK LVRWURSLF DQG ILQDOO\ DQLVR�
WURSLF WHPSHUDWXUH IDFWRUV IRU DOO QRQ�K\GURJHQ DWRPV� $OO
K\GURJHQ DWRPV ZHUH JHQHUDWHG LQ LGHDOL]HG SRVLWLRQV DQG
UHILQHG LQ D ULGLQJ PRGHO�
)LQDO DWRPLF SRVLWLRQDO SDUDPHWHUV DUH VKRZQ LQ 7DEOH ��

7KH VHOHFWHG ERQG GLVWDQFHV DQG ERQG DQJOHV DUH VKRZQ LQ
7DEOH ��

5HVXOWV DQG 'LVFXVVLRQ

3UHSDUDWLRQ� &RPSRXQG �� D ELV�LPLGR� 5H�9,,� FRPSOH[�
UHDFWV ZLWK EHQ]RLF DFLG �3K&22+� LQ UHIOX[LQJ EHQ]HQH WR
JLYH D 5H�LPLGR EHQ]RDWR FRPSRXQG� >5H&O��1�&�+������L�
3U����&�+�&2��2�2©�@ ���� LQ ��� \LHOG �HT ��� 2QH FKORUR
DQG RQH S\ULGLQH �S\� OLJDQGV KDYH EHHQ GLVSODFHG E\ WKH
FKHODWLQJ EHQ]RDWR OLJDQG GXULQJ WKH UHDFWLRQ� 7KH WZR LPLGR
�1$U� OLJDQGV KDYH UHPDLQHG LQWDFW� DQG WKHUH KDV EHHQ QR
FKDQJH LQ WKH IRUPDO R[LGDWLRQ VWDWH RI WKH 5H PHWDO� &RP�

7DEOH �� ;�UD\ GDWD FROOHFWLRQ DQG VWUXFWXUH UHILQHPHQW IRU �
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SRXQG � LV DLU� DQG PRLVWXUH�VWDEOH ERWK LQ VROXWLRQ DQG LQ
WKH VROLG VWDWH�
,Q �+105 VSHFWUD RI �� PHWK\Q\O SURWRQV �&+0H�� LQ WKH

LVRSURS\O VXEVWLWXHQWV VKRZ WZR VHSWHWV DW δ ����� DQG �����
SSP� GXH WR WKHLU GLDVWHUHRWRSLF UHODWLRQVKLS� 7KH PHWK\O
SURWRQV �&+0H�� LQ WKH LVRSURS\O VXEVWLWXHQWV DOVR H[KLELW
GLDVWHUHRWRSLF UHODWLRQVKLS DQG DSSHDU DV WZR GRXEOHWV DW δ
����� DQG ����� SSP� 7KH GLDVWHUHRWRSLF UHODWLRQVKLS DOVR
DSSHDUV LQ ��&^�+`�105 VSHFWUD RI �� 7KH ,5 EDQG DW ����
FP−� FDQ EH DVVLJQHG WR WKH & 2 ERQG LQ WKH EHQ]RDWR
OLJDQG�

6WUXFWXUH� 7KH PROHFXODU VWUXFWXUHV RI � ZLWK WKH DWRPLF
QXPEHULQJ VFKHPH DSSHDUV LQ )LJXUH �� &RPSRXQG � KDV WZR
FKORUR OLJDQGV� RQH η��EHQ]RDWR �&�+�&2��2�2©�� DQG WZR
LPLGR 1$U �$U ����GLLVRSURS\OSKHQ\O� OLJDQGV� 7KH FRRUGL�
QDWLRQ VSKHUH RI 5H FDQ EH GHVFULEHG DV D GLVWRUWHG RFWDKH�
GURQ LQ ZKLFK WKH WZR 1$U OLJDQGV DUH PXWXDOO\ FLV� 7KH WZR
&O OLDJQGV DUH WUDQV WR HDFK RWKHU� DQG HDFK 1$U OLJDQG LV
WUDQV WR WKH R[\JHQ DWRP �2� RU 2�� LQ WKH EH]RDWR OLJDQG�
7KH HTXDWRULDO SODQHG� GHILQHG E\ 1�� 1�� 2�� 2�� DQG 5H��
LV QHDUO\ SODQDU ZLWK WKH DYHUDJH DWRPLF GLVSODFHPHQW RI
������ c� :LWK UHVSHFW WR WKH HTXDWRULDO SODQH� WKH WZR LPLGR
DU\O SODQHV LQ WKH 1$U OLJDQGV KDYH GLKHGUDO DQJOHV �������R

DQG �������R� 7KH EH]RDWH SKHQ\O ULQJ �&���&��� LV QHDUO\
SDUDOOHO WR WKH HTXDWRULDO SODQH ZLWK D GLKHGUDO DQJOH RI
������R�
7KH 5H��1��&� DQG 5H��1��&�� ERQG DQJOHV ���������R�

��������R� DQG WKH 5H�1� DQG 5H��1� ERQG GLVWDQFHV
��������� c� ��������� c� DUH IDLUO\ W\SLFDO RI DU\O LPLGR
OLJDQGV LQ KLJK R[LGDWLRQ VWDWH 5H FRPSOH[HV�� 7KHVH DQJOHV
DQG GLVWDQFHV LQGLFDWH WKDW WKH 5HLPLGR JURXSV �5H�1�5� LQ
� DUH OLQHDU DQG WKH 5H�1 ERQGV KDYH D WULSOH ERQG FKDUDFWHU
ZLWK DQ VS�K\EULG QLWURJHQ�
&DUER[\OLF DFLGV XVXDOO\ EHKDYH DV PRQRDQLRQLF R[\JHQ�

GRQRU OLJDQGV� $OWKRXJK WKH GLYLVLRQ PD\ QRW EH VKDUSO\ GLV�
WLQFW� WKUHH FRRUGLQDWLRQ PRGHV RI WKH FDUER[\OLF DFLGV KDYH
EHHQ LGHQWLILHG� PRQRGHQWDWH� FKHODWLQJ� DQG EULJLQJ��� 6\P�
PHWULFDOO\ FKHODWLQJ FRRUGLQDWLRQ LV OHVV FRPPRQ WKDQ PRQR�
GHQWDWH FRRUGLQDWLRQ� 7KH WZR 5H�2 ERQG GLVWDQFHV �5H��
2�� �������� c� 5H��2�� �������� c� DUH HVVHQWLDOO\ WKH
VDPH� VXJJHVWLQJ WKH V\PPHWULFDOO\ FKHODWLQJ FRRUGLQDWLRQ
RI WKH EHQ]RDWR OLJDQG�
,Q VXPPDU\� ZH KDYH SUHSDUHG D 5H�9,,��LPLGR EHQ]RDWR

FRPSRXQG� >5H&O��1�&�+������L�3U����&�+�&2��2�2©�@ ����
E\ WUHDWLQJ 5H�1�&�+������L�3U���&O��S\� ��� ZLWK EHQ]RLF
DFLG LQ D VWRLFKLRPHWLF PDQQHU� ,Q WKLV UHDFWLRQ� WKH EHQ]RDWR
OLJDQG KDV GLVSODFHG RQH FKORUR DQG RQH S\ULGLQH �S\� OLJDQGV�
&RPSRXQG � KDV EHHQ FKDUDFWHUL]HG E\ 105 DQG ,5 VSHF�

WURVFRS\� DQG LWV PROHFXODU VWUXFWXUH KDV EHHQ GHWHUPLQHG E\
;�UD\ GLIIUDFWLRQ�
$FNQRZOHGJPHQW� 7KLV ZRUN LV EDVHG RQ UHVHDUFK VSRQ�

VRUHG E\ WKH %UDLQ .RUHD �� 3URMHFW�
6XSSOHPHQWDU\ 0DWHULDO $YDLODEOH� 7DEOHV RI IXOO ERQG

GLVWDQFHV DQG ERQG DQJOHV� DQLVRWURSLF WKHUPDO SDUDPHWHUV�
SRVLWLRQDO SDUDPHWHUV IRU K\GURJHQ DWRPV� WRUVLRQ DQJOHV ��
SDJHV�� OLVWLQJV RI REVHUYHG DQG FDOFXODWHG VWUXFWXUH IDFWRUV
��� SDJHV�� 6XSSOHPHQWDU\ PDWHULDOV DUH DYDLODEOH IURP RQH
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