
2Q�WKH�EHKDYLRU�RI�HXURSLXP�R[RFRPSRXQGVLQ�PROWHQ�&V,
9�/�&KHUJLQHWV��7�3�5HEURYD��<X�1�'DWVNR��9�)��*RQFKDUHQNR�.�1�%HOLNRY
��(�1�.LVLO
��<X�,�'RO]KHQNR

��1�1�.RVLQRY�(�(�9RURQNLQD

6FLHQWLILF�DQG�7HFKQRORJLFDO�&RUSRUDWLRQ��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV���1DWLRQDO
$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH�����/HQLQ�$YH���������.KDUNLY��8NUDLQH

1DWLRQDO�7HFKQLFDO�8QLYHUVLW\��.KDUNLY�3RO\WHFKQLFDO�,QVWLWXWH��

���)UXQ]H�6W���������.KDUNLY��8NUDLQH

5HFHLYHG�0D\���������
,QWHUDFWLRQV�RI�(X���ZLWK�R[LGH�LRQV�DQG�SURFHVVHV�DFFRPSDQ\LQJ�GLVVROXWLRQ�RI�(X�2�LQ� PROWHQ�&V,� DW� ����&� ZHUH� VWXGLHG� E\� SRWHQWLRPHWULF� PHWKRG� DQG� VHTXHQWLDO� DGGLWLRQ

PHWKRG��(OHFWURFKHPLFDO�FHOO�ZLWK�D�PHPEUDQH�R[\JHQ�HOHFWURGH�3W�2��_=U2��<�2���ZDV�XVHGIRU�WKH�GHWHUPLQDWLRQ�RI�HTXLOLEULXP�PRODOLW\�RI�2�±��6ROXELOLW\�SURGXFW�RI�(X2�LV�HTXDO�WR
3(X2� ��������Ü���PRO�� �NJÜ��� L�H���(X2� LV�SUDFWLFDOO\� LQVROXEOH� LQ�PROWHQ�&V,�� ,QWHUDFWLRQRI�(X�2��ZLWK�&V,� OHDGV�WR�IRUPDWLRQ�RI�(X2�DQG�2�±� LQ�WKH�VROXWLRQ��6DWXUDWHG�VROXWLRQ
FRQWDLQV�DSSUR[LPDWHO\�����Ü��PRO�NJÜ��(X2�DQG�����Ü��PRO�NJÜ��RI�2�±��WKH�GLVVROYHG�(X2
LV� QRQ�GLVVRFLDWHG�� 7KHVH� DGPL[WXUHV� HVVHQWLDOO\� DIIHFW� OXPLQHVFHQFH� SURSHUWLHV� RI� VLQJOH
FU\VWDOV�JURZQ�IURP�WKH�VDWXUDWHG�VROXWLRQ�RI�(X�2��LQ�&V,�DV�FRPSDUHG�ZLWK�SXUH�&V,�
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���,QWURGXFWLRQ
7KH�SUHVHQW�GD\�VLWXDWLRQ�LQ�PDWHULDO�VFL�

HQFH� RI� KDOLGH� VFLQWLOODWRUV� LV� FKDUDFWHUL]HG
E\� FRQVLGHUDEOH� LQFUHDVH� RI� DWWHQWLRQ� RI� LQ�
YHVWLJDWRUV� WR� FRPSRVLWLRQV� EDVHG� RQ� (X�
FRQWDLQLQJ� DONDOL� DQG� DONDOLQH� HDUWK� PHWDO
KDOLGHV��$OWKRXJK� VXFK�PDWHULDOV�DV�6U,��(XRU�&V,�(X�ZHUH�NQRZQ�DV�VFLQWLOODWLRQ�PDWH�
ULDOV�ORQJ�VLQFH�>����@��WKHLU�WKRURXJK�LQYHV�
WLJDWLRQV� VWDUWHG�VRPH�\HDUV�DJR��7KH�PDLQ
UHDVRQ� RI� WKLV� FRQVLVWV� LQ� QHZ� SRVVLELOLWLHV

RI� GHHS� SXULILFDWLRQV� RI� FKHPLFDOV�� )RU� LQ�
VWDQFH��6U,��RI����������SXULW\�GRSHG�ZLWK
�� �� (X��� GHPRQVWUDWHV� OLJKW� \LHOG� PRUH
WKDQ���������SKRWRQV�0H9�>�@��ZKHUHDV�WKH
VLPLODU�VFLQWLOODWRU�REWDLQHG�IURP�6U,��RI�UH�DJHQW�TXDOLW\�GRHV�QRW�GLIIHU�IURP�WKH�PDWH�
ULDO� REWDLQHG� LQ� >�@� DQG� SRVVHVVHV� WKH� OLJKW
\LHOG�RQO\��������SKRWRQV�0H9�>�@��7KHUH�LV
QR�LQIRUPDWLRQ�DERXW�DGPL[WXUHV�GHFUHDVLQJ
WKH�ZRUNLQJ� SDUDPHWHUV� RI� WKH� VDLG� VFLQWLO�
ODWRU�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�

��� )XQFWLRQDO�PDWHULDOV�������������



7KH� VHFRQG� GLUHFWLRQ� RI� HXURSLXP�KDOLGH
�PDLQO\�� (X,��� XVH� LV� WKH� WUHDWPHQW� RI� WKHWUDGLWLRQDO� 7O�GRSHG� DONDOL� PHWDO� KDOLGHV� WR
VXSSUHVV� DIWHUJORZ�� ZKLFK� PD\� EH� DVFULEHG
WR� SUHVHQFH� RI� VRPH� R[\JHQ�FRQWDLQLQJ� DG�
PL[WXUHV�� $OWKRXJK� WKLV� DSSURDFK� LV� VXF�
FHVVIXO� LQ�VRPH�FDVHV� >����@�� WKH�PHFKDQLVP
RI� (X��� LRQ� DFWLRQ� RQ� WKH� PHOW� SURSHUWLHV
UHPDLQV�XQFOHDU���

7KH� SXUSRVH� RI� WKH� SUHVHQW� ZRUN� LV� WR
VWXG\� SURFHVVHV� RI� LQWHUDFWLRQ�RI�(X���ZLWK
2�±�DQG�GLVVROXWLRQ�RI�(X�2��LQ�PROWHQ�&V,�

���([SHULPHQWDO
&V,� �$OGULFK�����������RI�&V,��ZLWK� WKH

WRWDO� PRODOLW\� RI� R[\JHQ�FRQWDLQLQJ� DGPL[�
WXUHV� HTXDO� WR� �Ü����Ü��PRO�NJÜ�� RI� 2�±
�DIWHU� PHOWLQJ�� ZDV� XVHG� IRU� WKH� H[SHUL�
PHQWV�� 7KH� WRWDO� FRQFHQWUDWLRQ� RI�2�±� ZDV
GHWHUPLQHG� E\� UHYHUVH� WLWUDWLRQ� SURFHGXUH
GHVFULEHG�HOVHZKHUH�>�@���

(X�2�� �6WDQIRUG� 0DWHULDO� &RUSRUDWLRQ�2;����1�� ������� �� RI� (X�2��� ZDV� XVHGZLWKRXW�SXULILFDWLRQ�
$QK\GURXV�(X,��ZDV�SUHSDUHG�E\�GLVVROX�WLRQ� RI�(X�2�� LQ� DTXHRXV�+,� �UHDJHQW� TXDO�LW\�� DQG� 1+�,� �UHDJHQW� TXDOLW\�� WDNHQ� LQPRODU�UDWLR�����WR�(X�ZDV�DGGHG�WR�WKH�VROX�

WLRQ�� 7KH� REWDLQHG� VROXWLRQ� ZDV� HYDSRUDWHG
DQG�GULHG�XS�WR�IRUPDWLRQ�RI�EURZQ�SRZGHU
�(X,��1+�,� ZLWK� WUDFHV� RI� ,�� DQG� ZDWHU��7KLV�SRZGHU�ZDV�FDUHIXOO\�KHDWHG�LQ�YDFXXP
WR� EHJLQQLQJ� RI� ,�� HYDSRUDWLRQ�� ZKLFKVWDUWHG�DW�����&�RZLQJ�WR�WKH�IROORZLQJ�UH�
DFWLRQ

(X,�����������o��W�!�����Å&��YDFXXP����(X,������,�n� ���

$W�WKH�HQG�RI�WKH�GHFRPSRVLWLRQ�UHDFWLRQ
WKH�SURFHVV�RI�1+�,�VXEOLPDWLRQ�VWDUWHG��WKHVXEOLPDWLRQ� SURFHVV� ZDV� DFFRPSDQLHG� ZLWK
+,�IRUPDWLRQ�LQ�KRW�]RQH�DQG�DGGLWLRQDO�SX�
ULILFDWLRQ� RI� (X,�� IURP� R[\JHQ�FRQWDLQLQJDGPL[WXUHV� WKDW� FRXOG� EH� GHVFULEHG� E\� WKH
VFKHPH�

�+,n���2���o�+�2n����,� ���
DQG� DGPL[WXUH� R[LGH� LRQV� ZHUH� UHSODFHG
IURP�WKH�ILQDO�SRZGHU�

7KH�SURFHVVHV�RI�LQWHUDFWLRQ�RI�(X���ZLWK
2�±�DQG�GLVVROXWLRQ�RI�(X�2�� LQ�PROWHQ�&V,ZHUH� VWXGLHG� E\� FRQWURO� RI� HTXLOLEULXP�PR�
ODOLW\� RI� R[LGH� LRQ� FRQFHQWUDWLRQ� LQ� WKH
PHOW��7KH�SRWHQWLRPHWULF�FHOO�IRU�WKLV�GHWHU�
PLQDWLRQ�PD\�EH�SUHVHQWHG�E\�WKH�IROORZLQJ
VFKHPH

���3W_$J_$J����&V,__&V,���2��_<&=_3W�2������ ���
�ZKHUH�<&=�LV�\WWULD�VWDELOL]HG�]LUFRQLD�����
=U2��������<�2���DQG�LWV�FRQVWUXFWLRQ�LV�GH�VFULEHG�LQ�GHWDLO�HOVHZKHUH�>�@��7KH�GHVFULS�
WLRQV�RI�WKH�SRWHQWLRPHWULF�WLWUDWLRQ�URXWLQH
DQG� WKH� VHTXHQWLDO� DGGLWLRQ� PHWKRG� �6$0�
DUH� SUHVHQWHG� WKHUH�� WRR�� 7R� SURYLGH� LQHUW
DWPRVSKHUH� LQ�WKH�FHOO�KLJK�SXUH���������$U
ZDV�XVHG�

���5HVXOWV�DQG�'LVFXVVLRQ
(�S2�FDOLEUDWLRQ�SORW��$V�D�UXOH��TXDQWLWD�

WLYH� LQYHVWLJDWLRQV� RI� EHKDYLRU� RI� R[\JHQ
VSHFLHV� LQ� PROWHQ� VDOWV� UHTXLUH� SUHOLPLQDU\
FDOLEUDWLRQ� RI� PHDVXULQJ� GHYLFHV� DJDLQVW
HTXLOLEULXP�2�±� FRQFHQWUDWLRQ� LQ� WKH� PHOW�
:H�SHUIRUPHG� WKH� FDOLEUDWLRQ�RI� FHOO� ���� LQ
PROWHQ�&V,�DW�����&�DGGLQJ�WR�WKH�SXUH�PHOW
NQRZQ� DPRXQW� RI� .2+�� ZKLFK� ZDV� FRQVLG�
HUHG�DV�D�VWURQJ�/X[�EDVH��L�H���LWV�GLVVRFLD�
WLRQ�DFFRUGLQJ�WR�WKH�VFKHPH�

�.2+�o��.����2�����+�2n ���
ZDV�FRPSOHWH�LQ�GU\�DWPRVSKHUH�

7KH� SORW� RI� HPI� �(�� RI� FHOO� ���� YV�� S2
�S2{ÜORJD2�±|� ÜORJP2�±�� D2�±� DQG�P2�±� DF�WLYLW\� DQG� PRODOLW\� RI� 2�±�� UHVSHFWLYHO\�� LV
SUHVHQWHG� LQ� )LJ���� DV� LV� VHHQ� LW� FRQVLVWV� RI
WZR� OLQHDU� VHFWLRQV�ZKLFK� VORSHV� DUH� FORVH� WR
����� 57�)� �WKHRUHWLFDO� YDOXH� LV� ����� P9� DW
����&��DW�KLJK�S2�YDOXHV�DQG�����57�)��WKHR�
UHWLFDO� YDOXH� LV�����P9�DW�����&�� DW� ORZ�S2�
7KH�LQIOHFWLRQ�SRLQW�LV�GHVFULEHG�E\�WKH�IROORZ�
LQJ� FRRUGLQDWHV��S2� ������ DQG�(� �Ü���P9�
6XFK�D�IRUP�RI�WKH�FDOLEUDWLRQ�SORW�LV�XVXDO
IRU� 3W�2��_<6=� R[\JHQ� HOHFWURGH� LQ� PROWHQVDOWV�>�@��7KH�XSSHU�VHFWLRQ�RI�WKH�SORW�FRU�

)LJ����� 7KH� FDOLEUDWLRQ�GHSHQGHQFH� RI� HPI�(�
YV��S2�RI�FHOO�����LQ�PROWHQ�&V,�DW�����&�

9�/�&KHUJLQHWV�HW�DO����2Q�WKH�EHKDYLRU�RI�HXURSLXP����
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UHVSRQGV�WR�RFFXUUHQFH�RI�WZR�HOHFWURQ�SURF�
HVV� RQ� WKH� HOHFWURGH��ZKLFK� LV� H[SUHVVHG�E\
WKH�IROORZLQJ�HTXDWLRQ�

�
�2�n�����H

B
� �2��� ���

7KH� LQFUHDVH�RI�2�±�FRQFHQWUDWLRQ� LQ�WKH
PHOWV�UHVXOWV�LQ�WKH�IRUPDWLRQ�RI�VWDEOH�SHU�
R[LGH� LRQV� DW� WKH� HOHFWURGH� VXUIDFH� DQG� WKH
FKDUDFWHU� RI� WKH� HOHFWURGH� SURFHVV� LV
FKDQJHG� DQG� WKH� VR�FDOOHG� RQH�HOHFWURQ� UH�
YHUVLELOLW\

�
�2������H

B
� �2�� ���

WDNHV�SODFH�
7KH�VHFWLRQV�DUH�DSSUR[LPDWHG�E\�WKH�IRO�

ORZLQJ� HTXDWLRQV� REWDLQHG� E\� OHDVW� VTXDUHV
PHWKRG�

(� ������r���������r������S2��P9�
DW��S2�!������

���

(� ������r����������r�����S2���P9�
DW��S2��������

���

7KH� VORSHV� RI� WKH� SORWV� DUH� VRPHZKDW
ORZHU� FRPSDULQJ� ZLWK� WKH� FRUUHVSRQGLQJ
WKHRUHWLFDO�YDOXHV��WKLV�WDNHV�SODFH�IRU�PRO�
WHQ� KDOLGHV� SRVVHVVLQJ� VWURQJ� UHGXFWLRQ
SURSHUWLHV��7KH�VDPH�UHDVRQ�FDXVHV�WKH�VKLIW
RI�WKH�LQIOHFWLRQ�SRLQW�IURP�S2� ����PROWHQ
FKORULGHV��WR�ORZHU�YDOXHV�LQ�PROWHQ�LRGLGHV
RZLQJ�WR�WKH�GHFUHDVH�RI�R[LGDQW��2��±��VWD�ELOLW\� LQ� VROXWLRQV� ZLWK� UHGXFWLRQ� SURSHU�
WLHV�

� 2Q� (X2� VROXELOLW\� LQ� PROWHQ� &V,�� 7KH
GHWHUPLQDWLRQ� RI� (X2� VROXELOLW\� LQ� PROWHQ
&V,�ZDV�SHUIRUPHG�E\�WKH�SRWHQWLRPHWULF�WL�
WUDWLRQ�PHWKRG��7KH�UHDFWLRQ�

(X�����2��� �(X2p ���
ZDV� VWXGLHG�� )RU� WKLV� SXUSRVH� DPRXQW� RI
(X,��� FRUUHVSRQGLQJ� WR� ������ PRO�NJÜ�� RI(X���ZDV�DGGHG�WKH�PHOW��7KH�WLWUDWLRQ�ZDV
SHUIRUPHG�E\�DGGLWLRQV�RI�.2+������2�±��DQG
PHDVXULQJ�RI�WKH�HTXLOLEULXP�HPI��7KH�LQLWLDO
DPRXQW�RI�.2+�ZDV�YHU\�VPDOO����Ü��PRO�NJÜ��
WKDW�ZDV�QHFHVVDU\�WR�REWDLQ�UHVXOWV�LQ�QRQ�
VDWXUDWHG�VROXWLRQ�UHJLRQ��ZHUH�LW�H[LWV�

7KH� XVXDO� DQG� GLIIHUHQWLDO� WLWUDWLRQ
FXUYHV�DUH�SUHVHQWHG�LQ�)LJ�����$FFRUGLQJ�WR
WKHLU� IRUP� �WKH� DEVHQFH� RI� VKDUS� S2� GURSV
DW� WKH� ILUVW� DGGLWLRQV� RI� WKH� WLWUDQW�� (X2
FDQ� EH� UHIHUUHG� WR� SUDFWLFDOO\� LQVROXEOH
R[LGH� LQ� PROWHQ�&V,� DQG� WKH� PDJQLWXGH� RI
S2� GURS� DW� WKH� HTXLYDOHQFH� SRLQW� �DSSUR[L�
PDWHO\� �� S2� XQLWV�� DOORZV� WR� VXSSRVH� H[�

WUHPHO\� ORZ� VROXELOLW\� SURGXFW� YDOXH� IRU
(X2���

7KH� FDOFXODWLRQV� RI� WKHUPRG\QDPLF� SD�
UDPHWHUV� RI� HTXLOLEULXP� ���� ZHUH� PDGH� RQ
WKH�EDVLV� RI� FRQVXPSWLRQ�RI�R[LGH� LRQ��)URP
WKH� REWDLQHG� HTXLOLEULXP� HPI� WKH� S2� YDOXH
ZDV�REWDLQHG�IURP�HTXDWLRQ�����DW�(!Ü���P9
DQG� IURP� HTXDWLRQ� ���� DW�(�Ü���P9��7KDQ
WKH�FRQVXPSWLRQ�RI�2�±�ZDV�FDOFXODWHG�IURP
WKH�LQLWLDO�PRODOLW\�RI�2�±��P2��� ��DV

'P2��� �P2��� ���P2��� �P2��� ������S2� ����
)URP� WKLV� YDOXHV� VROXELOLW\� SURGXFW

�3c(X2��
3c(X2� �P(X�����P2��� 

 ��P(X��� ���'P2���������S2�
����

DQG�GLVVRFLDWLRQ�FRQVWDQW��.c(X2�

.c(X2� �
P(X�����P2��

P(X2
� 

 ��P(X�����'P2���������S2
'P2��

����

ZHUH� FDOFXODWHG�� 7KH� H[SHULPHQWDO� DQG� FDO�
FXODWHG�YDOXHV�DUH�SUHVHQWHG�LQ�7DEOH���

7KHVH�GDWD�JLYH�HYLGHQFH�WKDW�DOO�WKH�VR�
OXWLRQV�REWDLQHG�E\�DGGLWLRQ�RI�2�±� WR�(X��
VROXWLRQV� LQ�PROWHQ�&V,� DUH� VDWXUDWHG�� L�H��
HYHQ�WKH�ILUVW�VPDOO�DGGLWLRQ�RI�.2+�FDXVHV
WKH� SUHFLSLWDWLRQ� RI� (X2�� ,QGHHG�� WKH� FRQ�
VLGHULQJ� FKDQJHV� RI� S.c(X2� WRJHWKHU� ZLWKWKH� LQFUHDVH� RI� �P2��� �� VKRZV� WKDW� WKHUH� LV
GLUHFWHG� VKLIW� RI� WKH� FDOFXODWHG� YDOXH� �LQ�

)LJ����� 8VXDO� ���� DQG� GLIIHUHQWLDO� ���� FXUYHV
RI� SRWHQWLRPHWULF� WLWUDWLRQ� RI� (X��� �(X,��
�����PRO�NJÜ��� ZLWK� 2�±� LQ� PROWHQ� &V,� DW
����&�

9�/�&KHUJLQHWV�HW�DO����2Q�WKH�EHKDYLRU�RI�HXURSLXP����
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FUHDVH��ZKHUH�DV�S3cc(X2�RVFLOODWHV�UDQGRPO\QHDU�VRPH�DYHUDJH�YDOXH��$FFRUGLQJ�WR� >��@
VXFK� D� EHKDYLRU� RI� WKH� FDOFXODWHG� YDOXHV
FRQILUPV�WKH�IRUPDWLRQ�RI�WKH�VDWXUDWHG�VR�
OXWLRQ�� 6R�� WKH� VROXELOLW\� SURGXFW� LQGH[� RI
(X2�� S3(X2� LV� HVWLPDWHG� DV� ����r���� WKDWFRUUHVSRQGV�WR��������Ü���PRO��NJÜ���6XFK�D
YDOXH� DOORZV� WR� UHIHU�(X2� WR� R[LGHV� SUDFWL�
FDOO\�LQVROXEOH�LQ�PROWHQ�&V,�

�2Q�(X�2��VROXELOLW\�LQ�PROWHQ�&V,��,QYHVWL�
JDWLRQV� SHUIRUPHG� LQ� WKH� SUHYLRXV� VHFWLRQ
JLYH�XV�SRVVLELOLW\�WR�GHWHUPLQH�WKH�VROXELO�
LW\� SURGXFW� YDOXH� RI� (X2�� L�H��� SDUDPHWHU
FRQQHFWHG�ZLWK�WKH�EHKDYLRU�RI�LRQL]HG�SDUW
RI� GLVVROYHG� R[LGH�� +RZHYHU�� D� SDUW� RI� D
VROLG� VXEVWDQFH� LV� GLVVROYHG� LQ� WKH� PHOW
ZLWKRXW� GLVVRFLDWLRQ�� ,Q� RUGHU� WR� HVWLPDWH
WKH� IUDFWLRQ�RI� WKH�QRQ�GLVVRFLDWHG�R[LGH� LQ
WKH� VDWXUDWHG� VROXWLRQ� WKH� VHTXHQWLDO� DGGL�
WLRQ� PHWKRG� GHVFULEHG� LQ� >��@� VHHPV� PRUH
DSSURSULDWH���

7KLV� PHWKRG� FRQVLVWV� LQ� DGGLQJ� VRPH
DPRXQWV� RI� WKH� R[LGH� VWXGLHG� WR� WKH� PHOW
ZLWK� WKH� PHDVXULQJ� HTXLOLEULXP� HPI�� 7KH
R[LGH� LV� DGGHG� XS� WR� VDWXUDWLRQ�� ZKLFK� UH�
VXOWV� LQ� PLQLPXP� LQ� (ÜSP� SORW� DV� LW� LV
VKRZQ� LQ�)LJ�����6XFK�D�SORW�JLYHV�SRVVLELO�
LW\�WR�PDNH�VRPH�FRQFOXVLRQV���

7KH�ILUVW��WKH�SRLQW�GHVLJQDWHG�LQ�)LJ���
E\� DUURZ� �� FRUUHVSRQGV� WR� DPRXQW� RI
(X�2���ZKLFK�LV�GLVVROYHG�LQ�WKH�PHOW�RQO\SDUWLDOO\� DQG� VRPH� TXDQWLW\� RI� WKH� R[LGH
UHPDLQV�QRQ�GLVVROYHG��7KH�SDUWLDO�GLVVROX�
WLRQ� UHVXOWV� LQ� WKH� HVVHQWLDO� GHFUHDVH� RI
(X�2�� SDUWLFOH� VL]H� DQG� LWV� VROXELOLW\� DF�

FRUGLQJ�2VWZDOG�)UHXQGOLFK�UXOH�LQFUHDVHV�
7KH� IROORZLQJ� DGGLWLRQV� RI� (X�2�� OHDG� WRLQFUHDVH�RI� WKH�DYHUDJH�VL]H�RI�(X�2��SDU�WLFOHV�DQG�LWV�VROXELOLW\�GHFUHDVHV��DQG�HPI
LQFUHDVHV��� 3RLQW� �� REWDLQHG� E\� FURVV�VHF�
WLRQ� RI� KRUL]RQWDO� OLQH� FRUUHVSRQGLQJ� WR
WKH�PLQLPDO� HPI� LQ� WKH� SORW� ZLWK� WKH� LQ�
FOLQHG�OLQH�FRUUHVSRQGLQJ�WR�WKH�(ÜSP�GH�
SHQGHQFH� LQ� QRQ�VDWXUDWHG� VROXWLRQV� GHVLJ�
QDWHV� WKH� SRLQW� RI� WKH� VDWXUDWLRQ�� ZKHUH
SP� ������ L�H��� ������Ü��PRO�NJÜ�� RI� (X�2��,W�VKRXOG�EH�QRWHG�WKDW�WKLV�YDOXH�LV�LQ�JRRG
DJUHHPHQWV�ZLWK�WKH�UHVXOWV�RI�TXDQWLWDWLYH
DQDO\VLV� IXOILOOHG� E\� SRODURJUDSKLF� PHWKRG�
7KH� VHFRQG�� WKH� HPI� YDOXH� DW� VDWXUDWLRQ� LV
HTXDO� WR� Ü���P9� DQG� WKLV� YDOXHV� DOORZV� WR
IRXQG�S2�DQG�HTXLOLEULXP�R[LGH�LRQ�PRODOLW\
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DV� ����� DQG� �������Ü��PRO�NJÜ��� UHVSHF�
WLYHO\��7R�DVFULEH� WKLV�2�±� FRQFHQWUDWLRQ� WR
D�GHILQLWH�SURFHVV�WKH�DGGLWLRQDO�VWXGLHV�DUH
UHTXLUHG�

$OWKRXJK�(X��� LRQV�DUH�NQRZQ�WR�EH�XQ�
VWDEOH� LQ� LRGLGH�PHOWV�� WKH� YDOHQFH� VWDWH� RI
(X� LQ�PROWHQ�&V,� VKRXOG� EH� FOHDUHG��7KHUH�
IRUH�� ZH� SHUIRUPHG� WKH� JURZWK� RI� VLQJOH
FU\VWDO� IURP�&V,�PHOW� VDWXUDWHG�ZLWK� SURG�
XFWV�RI�(X�2�� LQWHUDFWLRQ�ZLWK�WKLV�PHOW�E\%ULGJPDQ�6WRFKEDUJHU�PHWKRG��7KH�UDGLROX�
PLQHVFHQFH�VSHFWUXP�RI�WKH�JURZQ�VDPSOH�LV
SUHVHQWHG� LQ� )LJ���� �FXUYH� ���� ,W� FRQWDLQV
WZR�EDQGV�� WKH� ILUVW�ZLWK� WKH�PD[LPXP� OR�
FDWHG� DW� ���� QP� FRUUHVSRQGV� WR� VHOI�OXPL�
QHVFHQFH�RI�XQGRSHG�&V,��VHH�)LJ����FXUYH���
DQG� WKH� VHFRQG� RQH� ZLWK� PD[LPXP� DW
���� QP� FDQ� EH� DVFULEHG� WR� (X��� OXPLQHV�
FHQFH���GÜ�I�WUDQVLWLRQ���7KH�EDQGV�LQ�ORQJ�
ZDYH� UHJLRQ�� HVSHFLDOO\� DW� � O� !� ���� QP�
ZKLFK� FRXOG� EH� UHIHUUHG� WR� (X��� OXPLQHV�
FHQFH�DUH�QRW�REVHUYHG���

6R�� ZH� FDQ� FRQFOXGH� WKDW� WKH� SURFHVV� RI
(X�2��GLVVROXWLRQ�LQ�PROWHQ�&V,�LV�DFFRPSD�QLHG�ZLWK�WKH�UHDFWLRQ�

(X�2�p����,��o��(X2���2�����,�n ����
DQG� WKLV� HTXLOLEULXP� LV� VKLIWHG� WR� WKH� ULJKW
FRPSOHWHO\��7KH�PRODOLW\�RI�(X2�LQ�WKLV�VDWX�
UDWHG�VROXWLRQ�LV�HTXDO�WR�������Ü��PRO�NJÜ��

6LQFH� FRQFHQWUDWLRQ� RI� GLVVROYHG� LQ� &V,
(X�2�� �������Ü��PRO�NJÜ��� FRLQFLGHV� FRP�SOHWHO\�ZLWK�WKH�HTXLOLEULXP�PRODOLW\�RI�2�±
�������Ü��PRO�NJÜ���� LW� IROORZV� WKDW� UHDFWLRQ
�����LV�RQO\�D�SURFHVV�JHQHUDWLQJ�R[LGH�LRQV
DQG� WKH� GLVVRFLDWLRQ� RI� (X2� DFFRUGLQJ� WR
UHDFWLRQ

(X2GLVVROYHG�o�(X�����2�� ����
LV�VXSSUHVVHG�

)LJ����JLYHV�WKH�DQVZHU�RQ�DQRWKHU�TXHV�
WLRQ��GR�VXFK�ORZ�FRQFHQWUDWLRQV�RI�WKH�SDU�
WLFLSDQWV�RI�UHDFWLRQ� �����DIIHFW�WKH�SURSHU�
WLHV�RI�&V,��7KH�ILUVW�PD[LPXP�LQ�WKH�FU\V�
WDO� SROOXWHG� E\�(X�2�� LV� ORFDWHG�DW�����QPZKHUHDV�SXUH�PDWHULDO�SRVVHVVHV�WKH�VLPLODU
PD[LPXP� DW� ���� QP� DQG� IURP� >��@� LW� IRO�
ORZV� WKDW� WKH� IRUPHG�DPRXQW� RI� R[LGH� LRQV
LQ� WKH� PHOW� �������Ü��PRO�NJÜ��� PDNHV� WKLV
VFLQWLOODWRU� VORZHU�� 7KH� VHFRQG� VHTXHQFH� RI
WKH�VDLG�SROOXWLRQ� LV� LQWHQVLYH�HQRXJK�EDQG
RULJLQDWHG�E\�(X��� >��@��+HQFH�� LI�&V,�PHOW
LV� NHSW� LQ� FRQWDFW� ZLWK�(X�2��� WKHQ� JURZQIURP� WKLV� PHOW� VLQJOH� FU\VWDO� SRVVHVVHV� DS�
SUHFLDEO\� GLVWLQJXLVKHG� OXPLQHVFHQW� FKDUDF�
WHULVWLFV�
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RI� (X2� DQG� 2�±� LQ� WKH� VROXWLRQ�� 6DWXUDWHG
VROXWLRQ� FRQWDLQV� RI� ������Ü��PRO�NJÜ�� (X2
DQG� ������Ü��PRO�NJÜ�� RI�2�±�� WKH� GLVVRFLD�
WLRQ�RI�(X2�XQGHU� WKHVH�FRQGLWLRQV� LV� FRP�
SOHWHO\�VXSSUHVVHG���

5DGLROXPLQHVFHQFH� VSHFWUXP� RI� &V,� VLQ�
JOH� FU\VWDO� JURZQ� IURP� WKH� VDWXUDWHG� VROX�
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