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6LOLFRQ� PLFURFU\VWDOV� JURZQ� LQ� IRUP� RIZKLVNHUV�� GXH� WR� WKHLU� SHUIHFW� FU\VWDOOLQHVWUXFWXUH� DQG� KLJK� PHFKDQLFDO� VWUHQJWKFRPELQHG� ZLWK� YHUVDWLOH� DQG� LQH[SHQVLYHWHFKQRORJ\�� DUH� D� PRGHO� PDWHULDO� RI� JRRGSURVSHFWV�WR�VWXG\�WKH�SLH]RUHVLVWDQFH�HIIHFWLQ� VLOLFRQ� LQ� WKH� ZLGH� WHPSHUDWXUH� UDQJH�LQFOXGLQJ� WKH� FU\RJHQLF� WHPSHUDWXUHV�� $WWKH�VDPH�WLPH��VLOLFRQ�ZKLVNHUV�DUH�DQ�LGHDOPDWHULDO�WR�GHVLJQ�SLH]RUHVLVWLYH�PHFKDQLFDOVHQVRUV� >����@�� ,W� LV� NQRZQ� WKDW� D� JLDQW� SL �]RUHVLVWDQFH�PD\�EH�REVHUYHG�LQ�GRSHG�VHPL �FRQGXFWRUV� DW� FU\RJHQLF� WHPSHUDWXUHV�ZKHQWKH�HOHFWULFDO�FRQGXFWDQFH�LV�GXH�WR�KRSSLQJEHWZHHQ� WKH� ORFDOL]HG� RU� SDUWLDOO\� ORFDOL]HGLPSXULW\� VWDWHV� >�@�� 7KH� HIIHFW� RI� XQLD[LDOPHFKDQLFDO� VWUDLQ� �FRPSUHVVLRQ�� RQ� WKH� H[ �

WULQVLF� FRQGXFWLRQ� RI� VLOLFRQ� DW� FU\RJHQLFWHPSHUDWXUHV�ZDV�GHVFULEHG�LQ�>�@��7KH�KRS �SLQJ� FRQGXFWLRQ� LQ� XQLD[LDOO\� VWUHVVHGERURQ�GRSHG� VLOLFRQ� QHDU� PHWDO�LQVXODWRUWUDQVLWLRQ� �0,7�� LQ� WKH� WHPSHUDWXUH� UDQJH���������� .� KDV� EHHQ� VWXGLHG� >�@�� %XW� LQWKDW� SDSHU�� WKHUH� LV� QR� LQIRUPDWLRQ� DERXWWKH� SLH]RUHVLVWDQFH� HIIHFW� LQ� GRSHG� VLOLFRQQHDU�0,7�DW�FU\RJHQLF�WHPSHUDWXUHV�2XU� VWXGLHV� RI� WKH� FRPSOH[� EHKDYLRU� RIVLOLFRQ� ZKLVNHUV� PRGHUDWHO\� DQG� KHDYLO\GRSHG� ZLWK� ERURQ� DW� FRQFHQWUDWLRQV� VOLJKWO\ORZHU� WKDQ� WKH� FULWLFDO� FRQFHQWUDWLRQ� RI� WKHPHWDO�LQVXODWRU�WUDQVLWLRQ��0,7��OHG�WR�REVHU �YDWLRQV�RI�YHU\�KLJK�SLH]RUHVLVWDQFH�DW�����.�7KH� HVWLPDWHG� JDXJH� IDFWRU� �*)�� YDOXH� ZDVIRXQG�WR�EH�RI�DERXW������⋅��� DW�����.�>�@�
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7KLV� LV� DSSUR[LPDWHO\� WZR� RUGHUV� KLJKHUWKHQ� D� FRQYHQWLRQDO� JDXJH� IDFWRU� LQ� S�W\SH6L EHLQJ�RI�RUGHU�*)  ������7KH�SXUSRVH�RIWKLV� ZRUN� LV� WR� VWXG\� WKH� SLH]RUHVLVWLYHSURSHUWLHV� RI� ERURQ� GRSHG� 6L ZKLVNHUV� DWFU\RJHQLF�WHPSHUDWXUHV�WR�UHYHDO�WKH�GRSLQJOHYHO� ZKHUH� WKH� PD[LPXP� SLH]RUHVLVWDQFHFRXOG� EH� REVHUYHG�� DV� ZHOO� DV� WR� VWXG\� WKHWHPSHUDWXUH�EHKDYLRU�RI�JDXJH�IDFWRU�6LOLFRQ� ZKLVNHUV� �6:�� ZHUH� JURZQ� E\FKHPLFDO�WUDQVSRUW�UHDFWLRQV�LQ�D�FORVHG�V\V �WHP� ZLWK� %U DV� WUDQVSRUW� DJHQW� >�@�� 6:JURZHG� DV� HORQJDWHG� UHJXODU� KH[DJRQDOSULVPV� ZLWK� WKH� VLGH� IDFH� ZLGWK� EHWZHHQ� DIHZ�PLFURQV�DQG�D�IHZ�WHQV�RI�PLFURQV��7KHORQJLWXGLQDO� D[LV� RI� WKH� FU\VWDOV� FRUUH �VSRQGV� WR� WKH� >���@� FU\VWDOORJUDSKLF� GLUHF �WLRQ�� 7KLV� GLUHFWLRQ� FRUUHVSRQGV� WR� WKHPD[LPDO� ORQJLWXGLQDO� SLH]RUHVLVWDQFH� LQS�W\SH� VLOLFRQ��7KHUHIRUH� WKH�ZKLVNHUV�ZHUHGRSHG� GXULQJ� WKHLU� JURZWK� ZLWK� ERURQ� DWFRQFHQWUDWLRQV�RI��⋅���� WR��⋅���� FP����7KHSUHVHQFH� RI� JROG� DQG� SODWLQXP� DV� JURZWKLQLWLDWLQJ�LPSXULWLHV�SURYLGHG�VRPH�FRPSHQ �VDWLRQ�RI�DFFHSWRU�LPSXULW\��)RU�H[SHULPHQ �WDO�VWXGLHV������PP�ORQJ�ZKLVNHUV�ZLWK�WKHVLGH�IDFH�ZLGWK�RI�DERXW�������µP�ZHUH�VH�OHFWHG�� (OHFWULFDO� FRQWDFWV� WR� WKH� FU\VWDOVZHUH�IDEULFDWHG�E\�ZHOGLQJ�RI�3W PLFURZLUH�7KH�SLH]RUHVLVWLYH�SURSHUWLHV�RI�6L ZKLVN�HUV� ZHUH� VWXGLHG� LQ� WKH� WHPSHUDWXUH� UDQJHIURP�����WR�����.��%HFDXVH�RI�WKH�ZKLVNHUVPDOO� GLPHQVLRQV�DQG�VSHFLILF� VKDSH�� D� VSH �FLDO� WHFKQLTXH� RI� VWUDLQLQJ� GXULQJ� H[SHUL �PHQWDO� PHDVXUHPHQWV� ZDV� HODERUDWHG�� 'XHWR� WKH� VPDOO� GLPHQVLRQV� DQG� VSHFLILF� VKDSHRI�6L ZKLVNHUV��LW�ZDV�LPSRVVLEOH�WR�DSSO\�DPHFKDQLFDO� ORDGLQJ� GLUHFWO\� WKHUHWR�� 7KHUH �IRUH�� WKH� H[SHULPHQWV� RQ� SLH]RUHVLVWDQFHZHUH� SHUIRUPHG� ZLWK� VDPSOHV� PRXQWHG� RQVSHFLDOO\� PDQXIDFWXUHG� VXEVWUDWHV�� ,Q� WKLVFDVH��WKH�VDPSOH�XQGHUJRHV�D�WKHUPDO�VWUDLQ
εW�� DULVLQJ�GXH�WR� WKH�GLIIHUHQFH� LQ� WKHUPDOH[SDQVLRQ�FRHIILFLHQWV�RI�WKH�VDPSOH�DQG�WKHVXEVWUDWH� PDWHULDO�� 7KLV� WKHUPDO� VWUDLQ� εWFRXOG�EH�HVWLPDWHG�LQ�WKH�LVRWURSLF�DSSUR[L �PDWLRQ�DV�>�@�

εW(7) = γ∫>7�
7

αV(7) − αF(7)@GW� ���

ZKHUH� αV�7�� DQG� αF�7�� DUH� WKH� WKHUPDO� H[�SDQVLRQ�FRHIILFLHQWV�RI�WKH�VXEVWUDWH�DQG�WKHVDPSOH��UHVSHFWLYHO\��7���WKH�KDUGHQLQJ�WHP�SHUDWXUH� RI� DGKHVLYH� WKDW� ZDV� XVHG� IRUPRXQWLQJ� WKH� ZKLVNHUV� RQ� VXEVWUDWH�� 7KHGLPHQVLRQOHVV� IDFWRU� γ FKDUDFWHUL]HV� WKHVWUDLQ� WUDQVPLVVLRQ� IURP� WKH� VXEVWUDWH� WRWKH� VDPSOH�� 7KH� γ YDOXH� ZDV� GHWHUPLQHGWKHRUHWLFDOO\� DQG� H[SHULPHQWDOO\� LQ� >�@�� LWHTXDOV������7KH�HVWLPDWHG�εW�7��YDOXHV�IRU�6LZKLVNHUV� PRXQWHG� RQ� GLIIHUHQW� VXEVWUDWHVDUH�SUHVHQWHG�LQ�7DEOH��7KXV��WKH�PRXQWLQJRI� 6L ZKLVNHUV� RQ� VHOHFWHG� VXEVWUDWHV� SUR �YLGHV� WKH� WHQVLOH� �RQ� TXDUW]� VXEVWUDWH�� DQGFRPSUHVVLYH� �RQ� &X VXEVWUDWH�� VWUDLQ� RIWKHVH�FU\VWDOV�7KH�JDXJH�IDFWRU�RI�6L PLFURFU\VWDOV�DQGLWV� WHPSHUDWXUH�GHSHQGHQFH�ZHUH� FDOFXODWHGIURP� H[SHULPHQWDO� GDWD� RQ� UHVLVWLYLW\� YV�WHPSHUDWXUH� RI� IUHH� �XQVWUDLQHG�� DQGVWUDLQHG� FU\VWDOV�� *DXJH� IDFWRU� ZDV� HVWL �PDWHG�DV� . = (ρ − ρ�) ⁄ (ρ� × ε)� ���
ZKHUH� ρ� LV� WKH� HOHFWULFDO� UHVLVWLYLW\� RI� XQ �VWUDLQHG� FU\VWDOV�� ρ�� WKDW� RI� VWUDLQHG� FU\V�WDO�� ε�� WKH� XQLD[LDO� VWUDLQ� DSSOLHG� WR� WKHFU\VWDO�� 7KH� UHVLVWLYLW\� RI� 6L ZKLVNHUV� ZDVGHWHUPLQHG� IURP� WKH� UHVLVWDQFH� RI� PLFUR �FU\VWDOV� DQG� WKHLU� JHRPHWULFDO� GLPHQVLRQV�WKDW� ZHUH� GHWHUPLQHG� E\� PLFURVFRS\�� 'XU �LQJ� WKH� H[SHULPHQW�� UHVLVWDQFH� RI� FU\VWDOVZDV� PHDVXUHG� E\� GLJLWDO� GHYLFH� ZLWK� DXWR �PDWLF� GDWD� UHJLVWUDWLRQ� E\� FRPSXWHU�� 7KHGDWD� RI� WHPSHUDWXUH� VHQVRU� PRXQWHG� QHDUWKH�LQYHVWLJDWHG�FU\VWDO�ZHUH�UHJLVWUDWHG�VL �PXOWDQHRXVO\�� 7KH� H[SHULPHQWV� ZLWK� 6LZKLVNHUV� DW� FU\RJHQLF� WHPSHUDWXUHV� ZHUHFDUULHG� RXW� LQ� ,QWHUQDWLRQDO� /DERUDWRU\� RI+LJK� 0DJQHWLF� )LHOGV� DQG� /RZ� 7HPSHUD �WXUHV�LQ�:URFODZ��3RODQG�)RU� SLH]RUHVLVWLYH� LQYHVWLJDWLRQ�� VHOHFWHGZHUH� VLOLFRQ� ZKLVNHUV� ZLWK� GLIIHUHQW� ERURQFRQFHQWUDWLRQV� FRUUHVSRQGLQJ� ERWK� WR� WKHPHWDOOLF�DQG�LQVXODWLQJ�VLGHV�RI�PHWDO�LQVX �ODWRU�WUDQVLWLRQ��0,7���7DNLQJ�LQWR�DFFRXQWWKDW� FULWLFDO� ERURQ� FRQFHQWUDWLRQ� LQ� VLOLFRQFRUUHVSRQGLQJ� WR�0,7�� LV� 1F  ��⋅���� FP��

7DEOH��7KHUPDO�VWUDLQ�RI�VLOLFRQ�ZKLVNHUV�PRXQWHG�RQ�VXEVWUDWHV
6XEVWUDWH 7  �����. 7  ����. 7  ����. 7  �����.&RSSHU �����⋅���� �����⋅���� �����⋅���� �����⋅�����0HOWHG�TXDUW] ����⋅���� ����⋅���� ����⋅���� ����⋅����
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>�@��WKH�SUHVHQWHG�H[SHULPHQWDO�VHWV�VHOHFWHGE\� ERURQ� GRSLQJ� IRUP� D� ORJLFDO� VHTXHQFH�VDPSOHV� IURP� 6L�%� VHW� ZLWK� 1%  �⋅���� FP�� VKRZ�WKH�W\SLFDO�PHWDOOLF� FRQ �GXFWLYLW\�� WKH�VDPSOHV�IURP�VHWV� 6L�%� ZLWK1%  ��⋅���� FP�� DQG� 6L�%� ZLWK� 1%  ���⋅���� FP�� DUH� RQ� WKH� 0,7� PHWDOOLFVLGH��ZKHUHDV� WKH�VDPSOHV� IURP�VHWV� 6L�%�ZLWK�1%  ��⋅���� FP�� DQG�6L�%� ZLWK�1% ��⋅���� FP�� DUH� RQ� WKH� 0,7� LQVXODWLQJVLGH��6DPSOHV�IURP�6L�%� DQG�6L�%� VHWV�DUHLQ� WKH� YLFLQLW\� RI�0,7�� ,Q� )LJ����������� DUHSUHVHQWHG�DUH�H[DPSOHV�RI�WKH�H[SHULPHQWDOUHVXOWV� REWDLQHG�� WKDW� LV�� WKH� WHPSHUDWXUHGHSHQGHQFHV� RI� UHVLVWLYLW\� IRU� IUHH� �XQ �VWUDLQHG�� PLFURFU\VWDOV� DQG� IRU� FU\VWDOVPRXQWHG� RQ� VXEVWUDWHV�� &RUUHVSRQGLQJ� WHP�SHUDWXUH�GHSHQGHQFHV�RI�JDXJH�IDFWRU�FDOFXODWHGIURP�HTXDWLRQ�����DUH�VKRZQ�LQ�)LJ����������0LFURFU\VWDOV�RI�WKH�PRVW�GRSHG�6L�%� VHWPDQLIHVW�D� W\SLFDO�PHWDOOLF� WHPSHUDWXUH�GH �SHQGHQFH� RI� UHVLVWLYLW\�� PRQRWRQRXV� LQ� WKHZKROH�WHPSHUDWXUH�UDQJH�IURP�����WR�����.ZLWK� D� SRVLWLYH� WHPSHUDWXUH� FRHIILFLHQW� RIUHVLVWLYLW\��7&5���)LJ������3LH]RUHVLVWDQFH�RIWKHVH�VDPSOHV�LV�DOVR�PRQRWRQRXV�DQG��FODV �VLF�� RQH� �FI�� FXUYHV� �� DQG� �� IRU� VWUDLQHGVDPSOHV�ZLWK�FXUYH���LQ�)LJ������7KLV�PHDQVWKDW� WKH� JDXJH� IDFWRU� RI� WKHVH� FU\VWDOV� GH �SHQGV�VOLJKWO\�RQ�WHPSHUDWXUH�DQG�KDV�SRVL �WLYH� VLJQ� IRU� ERWK� WHQVLOH� DQG� FRPSUHVVLYHVWUDLQ� �VHH� )LJ������ )RU� PLFURFU\VWDOV� IURP6L�%� VHW� ZKHUH� ERURQ� GHQVLW\� FRUUHVSRQGVWR� PHWDOOLF� VLGH� RI� 0,7�� ZH� REVHUYHG� WKDWKLJK� FRPSUHVVLYH� VWUDLQ� IURP� WKH� FRSSHUVXEVWUDWH�DW�FU\RJHQLF�WHPSHUDWXUHV��WXUQV�WKH� VDPSOH� LQWR� WKH� FULWLFDO� 0,7� UHJLRQZKHUH� WKH� QHJDWLYH� VLJQ� RI� JDXJH� IDFWRU� LVREVHUYHG��7KLV�PHDQV�WKDW� LQ� WKLV�FDVH�� WKHPLFURFU\VWDO� UHVLVWLYLW\� LQFUHDVHV� DW� FRP �

SUHVVLYH� VWUDLQ� LQ� VSLWH� RI� FODVVLFDO� 6PLWK¶VSLH]RUHVLVWDQFH��ZKHQ�UHVLVWLYLW\�RI� S�6L GH�FUHDVHV�DW�FRPSUHVVLYH�VWUDLQ�>��@�7KH�PLFURFU\VWDOV�IURP� 6L�%� VHW�DUH�WKHPRVW� FORVH� WR� WKH�0,7� DW� WKH�PHWDOOLF� VLGHWKHUHRI�� 7KH�PHWDOOLF� WHPSHUDWXUH� EHKDYLRURI�WKH��IUHH��VDPSOH��)LJ�����FXUYH����XQGHUWHQVLOH� VWUDLQ� IURP� TXDUW]� VXEVWUDWH� EH �FRPHV�FORVHU�WR�WKH�LQVXODWLQJ�VDPSOHV�ZLWKQHJDWLYH� 7&5�DW� KHOLXP� WHPSHUDWXUHV� �)LJ����FXUYH�����$�KLJK�FRPSUHVVLYH�VWUDLQ�IURP

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�WKH�UHVLV�WLYLW\� IRU� S�W\SH�6L ZKLVNHUV� IURP�6L�%� VHW�IUHH� ���� XQVWUDLQHG�� DQG� XQGHU� FRPSUHVVLYH����DQG�WHQVLOH�����VWUDLQV�

)LJ����� *DXJH� IDFWRU� RI� S�6L ZKLVNHUV� IURP6L�%� VHW� YV�� WHPSHUDWXUH� DW� WHQVLOH� ���� DQGFRPSUHVVLYH�����VWUDLQV�

)LJ����� *DXJH� IDFWRU� RI� S�6L ZKLVNHU� IURP6L�%� VHW� YV�� WHPSHUDWXUH� XQGHU� WHQVLOH� ���DQG�FRPSUHVVLYH�����VWUDLQV�)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�WKH�UHVLV�WLYLW\� IRU� S�W\SH�6L ZKLVNHUV� IURP�6L�%� VHW�IUHH� ���� XQVWUDLQHG�� DQG� XQGHU� FRPSUHVVLYH����DQG�WHQVLOH�����VWUDLQV�
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WKH�FRSSHU�VXEVWUDWH�WUDQVIRUPV�WKLV�VDPSOHLQWR� DQ� LQVXODWLQJ� RQH� �)LJ����� FXUYH� ���7HPSHUDWXUH�GHSHQGHQFHV�RI� WKH�JDXJH� IDF �WRU� IRU� VXFK� PLFURFU\VWDOV� FDOFXODWHG� IURPWKH�H[SHULPHQWV�RQ�VXEVWUDWHV�DUH�SUHVHQWHGLQ�)LJ�����$W�OLTXLG�KHOLXP�WHPSHUDWXUH��WKHJDXJH�IDFWRU�LV�*)≈���⋅��� IRU�WHQVLOH�VWUDLQDQG� *)≈����⋅��� IRU� FRPSUHVVLYH� VWUDLQ�� 6LPLFURFU\VWDOV�IURP�6L�%� VHW�EHKDYH�DV�LQVXOD�WRUV�LQ�WKH�ZKROH�WHPSHUDWXUH�UDQJH��)LJ�����UHPDLQLQJ� FORVH� WR� WKH� 0,7�� 7KH� VWUDLQVIURP�VXEVWUDWHV�FKDQJH�YHU\�HIIHFWLYHO\�WKHUHVLVWLYLW\�RI�FU\VWDOV�DW�FU\RJHQLF�WHPSHUD �WXUHV�� (YHQ� D� HODWLYHO\� VPDOO� WHQVLOH� VWUDLQIURP�WKH�TXDUW]�VXEVWUDWH����� ⋅���� UHODWLYHXQLWV��LQFUHDVHV�WKH�UHVLVWLYLW\�E\�IDFWRU�FD�����DW�����.��ZKLOH�FRPSUHVVLYH�VWUDLQ�IURPWKH� FRSSHU� VXEVWUDWH� �����⋅���� UHODWLYHXQLWV�� FDXVHV� D� GUDPDWLF� ULVH� RI� UHVLVWLYLW\E\� FD�� ����� WLPHV�� 7KLV� LV� UHDOO\� D� JLDQWSLH]RUHVLVWDQFH�� 7KH� JDXJH� IDFWRU� IRU� WKHVHVDPSOHV� DWWDLQV� DW� ���� .� *)≈����⋅��� IRUFRPSUHVVLYH�VWUDLQ�DQG�*)≈�⋅��� IRU�WHQVLOHVWUDLQ��)LJ������$� IXUWKHU� GHFUHDVH� RI� LPSXULW\� FRQFHQ �WUDWLRQ� LQ� PLFURFU\VWDOV� GRHV� QRW� UHVXOW� LQDQ\� LQFUHDVH� RI� JDXJH� IDFWRU� DW� FU\RJHQLFWHPSHUDWXUHV��6DPSOHV�RI�6L�%� VHW�VKRZ�WKHW\SLFDO� LQVXODWLQJ� WHPSHUDWXUH� EHKDYLRU� RIUHVLVWLYLW\�� 7KH� ρ�7�� GHSHQGHQFH� LV� QRWFKDQJHG� TXDOLWDWLYHO\� DIWHU� PRXQWLQJ� RQVXEVWUDWHV� DQG� FKDQJHV� UHODWLYHO\� VOLJKWO\TXDQWLWDYHO\� DV� FRPSDUHG� WR� PLFURFU\VWDOVIURP�6L�%� VHW��7KH�WHPSHUDWXUH�GHSHQGHQFHRI�JDXJH�IDFWRU�*)�7��IRU�WKHVH�FU\VWDOV�KDVDQ� H[WUHPXP� LQ� WKH� WHPSHUDWXUH� UDQJH� ��WR� ��� .� QHDU� WKH� FULWLFDO� WHPSHUDWXUH� RIPHWDO�LQVXODWRU� SKDVH� WUDQVLWLRQ�� DW� ���� .�WKH QRQ�FODVVLFDO�SLH]RUHVLVWDQFH�RI�WKHVH�FU\V �WDOV� EHFRPHV� VPDOO��7KH�PD[LPXP�JDXJH� IDF �WRU�YDOXH�IRU�WKHVH�VDPSOHV�DWWDLQV� *) �����
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