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H�PDLO�FRQWDFW�RI�PDLQ�DXWKRU��IWG#QXFUHVL�IUHHQHW�NLHY�XD�
�
$EVWUDFW��,W�LV�VKRZQ�WKDW�FROOLVLRQOHVV�RUELW�WUDQVIRUPDWLRQ�RI�WKH�ORFDOO\�WUDSSHG�SDUWLFOHV�WR�WKH�ORFDOO\�SDVVLQJ�
RQHV� DQG� YLFH� YHUVD� LQ� WKH�:HQGHOVWHLQ�OLQH� RSWLPL]HG� VWHOODUDWRUV� UHVXOWV� LQ� VWRFKDVWLF� GLIIXVLRQ� RI� HQHUJHWLF�
LRQV��7KLV�GLIIXVLRQ�FDQ�OHDG�WR�WKH�ORVV�RI�DQ�HVVHQWLDO�IUDFWLRQ�RI�HQHUJHWLF�LRQ�SRSXODWLRQ�IURP�WKH�UHJLRQ�ZKHUH�
WKH�FKDUDFWHULVWLF�GLIIXVLRQ�WLPH�LV�VPDOO�FRPSDUHG�WR�WKH�VORZLQJ�GRZQ�WLPH��7KH�ORVV�UHJLRQ�DQG�WKH�PDJQLWXGH�
RI�WKH�ORVV�FDQ�EH�PLQLPL]HG�E\�VKDSLQJ�WKH�SODVPD�WHPSHUDWXUH�DQG�GHQVLW\�SURILOHV�VR�WKDW�WKH\�VDWLVI\�FHUWDLQ�
UHTXLUHPHQWV��7KH�SUHGLFWLRQV�RI�WKH�GHYHORSHG�WKHRU\�DUH�LQ�DJUHHPHQW�ZLWK�WKH�UHVXOWV�RI�QXPHULFDO�PRGHOOLQJ�
RI� FRQILQHPHQW� RI�a�SDUWLFOHV� LQ�D�+HOLDV� UHDFWRU��ZKLFK�ZDV�FDUULHG�RXW� LQ� WKLV�ZRUN�ZLWK� WKH�XVH�RI� WKH�RUELW�
IROORZLQJ�FRGH��7KH�FRQVLGHUHG�GLIIXVLRQ�VHHPV� WR� UHSUHVHQW� WKH�GRPLQDQW�PHFKDQLVP�RI�FODVVLFDO� ORVVHV�RI�a�
SDUWLFOHV�LQ�D�+HOLDV�UHDFWRU��
�
���,QWURGXFWLRQ�
�
7KH�ODFN�RI�WKH�D[LDO�V\PPHWU\�LV�NQRZQ�WR�OHDG�WR�WKH�ORVV�RI�DOO�ORFDOO\�WUDSSHG�a �SDUWLFOHV�
LQ� FRQYHQWLRQDO� VWHOODUDWRUV�� 7KHUHIRUH�� D� UHDFWRU� EDVHG� RQ� VXFK� V\VWHPV� LV� QRW� SRVVLEOH��
6HYHUDO�ZD\V�DUH�VXJJHVWHG�WR�PDNH�DFFHSWDEOH�WKH�FRQILQHPHQW�RI�DOSKDV��2QH�RI�WKHP�LV�WR�
RSWLPL]H� WKH� PDJQHWLF� FRQILJXUDWLRQ�� 7KLV� ZD\� LV� LPSOHPHQWHG� LQ� WKH� FRQVWUXFWLRQ� RI�
VWHOODUDWRU�:HQGHOVWHLQ���;�DQG� WKH�GHYHORSPHQW�RI�D�+HOLDV� UHDFWRU� >���@�� ,Q� WKH�RSWLPL]HG�
VWHOODUDWRUV� �ZKLFK� FDQ� DOVR� EH� UHIHUHG� WR� DV� +HOLDV� FRQILJXUDWLRQV�� WKH� HIIHFWV� RI� SODVPD�
GLDPDJQHWLVP�DUH�VXIILFLHQWO\�VWURQJ�WR�PDNH�FORVHG�DQG�ZHDNO\�GHIOHFWLQJ�IURP�WKH�PDJQHWLF�
IOX[�VXUIDFHV�WKH�FRQWRXUV�RI�WKH�ORQJLWXGLQDO�DGLDEDWLF�LQYDULDQW�� Ð= GOY- __ ��7KLV�LPSOLHV�WKDW�

VXSHUEDQDQD�RUELWV�ZLOO�QRW�DULVH��DQG�WKXV��WKH�ORFDOO\�WUDSSHG�SDUWLFOHV��ZKLFK�FRQVWLWXWH�WKH�
PDLQ� IUDFWLRQ� RI� HVFDSLQJ� DOSKDV� LQ� FRQYHQWLRQDO� VWHOODUDWRUV�� ZLOO� EH� FRQILQHG� LQ� WKH�
RSWLPL]HG� V\VWHPV�� +RZHYHU�� ZH� ZLOO� VKRZ� LQ� WKLV� ZRUN� WKDW� D� FRQVLGHUDEOH� IUDFWLRQ� RI�
HQHUJHWLF� LRQV� FDQ� EH� ORVW� HYHQ� LQ� WKH� RSWLPL]HG� VWHOODUDWRUV�� 7KH� UHDVRQ� IRU� WKLV� LV� WKH�
VWRFKDVWLF� GLIIXVLRQ� RI� WKH� VR�FDOOHG� ³WUDQVLWLRQLQJ� SDUWLFOHV´�� L�H��� SDUWLFOHV�ZKRVH�RUELWV� DUH�
WUDQVIRUPHG�IURP�ORFDOO\�WUDSSHG�WR�ORFDOO\�SDVVLQJ�RQHV�DQG�YLFH�YHUVD��
�
���'LIIXVLRQ�RI�WUDQVLWLRQLQJ�SDUWLFOHV�
�
:H�VWXG\�WKH�GLIIXVLRQ�DULVLQJ�GXH�WR�WKH�IROORZLQJ��7KH�DGLDEDWLFLW\�RI�WKH�SDUWLFOH�PRWLRQ�LQ�
WKH�SKDVH� VSDFH�EUHDNV�GRZQ�QHDU� WKH� VHSDUDWUL[�EHWZHHQ� WKH� UHJLRQV�RI� ORFDOO\� WUDSSHG�DQG�
ORFDOO\�SDVVLQJ�RUELWV� �VHH�)LJ������%HFDXVH�RI� WKLV� WKH�DGLDEDWLF� LQYDULDQW�-�DFTXLUHV�D�SKDVH�
GHSHQGHQW� MXPS� HDFK� WLPH�ZKHQ� D�SDUWLFOH� FURVVHV� WKH� VHSDUDWUL[� >�@�>�@��7KH�SKDVHV�RI� WKH�
PRWLRQ� GR� QRW� FRUUHODWH� IRU� VXFFHVVLYH� WUDQVLWLRQV�� 7KHUHIRUH�� WKH�PXOWLSOH� FURVVLQJV� RI� WKH�
VHSDUDWUL[�DUH�DFFRPSDQLHG�E\�WKH�UDQGRP�ZDON�RI�SDUWLFOHV�LQ�WKH�-�VSDFH��UHVXOWLQJ�LQ�VSDWLDO�
GLIIXVLRQ�� 1RWH� WKDW� VWRFKDVWLF� GLIIXVLRQ� KDYLQJ� WKH� VDPH� QDWXUH� PD\� WDNH� SODFH� DOVR� LQ�
WRNDPDNV��ZKHUH�� KRZHYHU�� LW� SOD\V� D�PLQRU� UROH�� EHLQJ� DVVRFLDWHG�ZLWK� WKH�SUHVHQFH�RI� WKH�
ULSSOH�ZHOOV�>�@���
�
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)LJ�� ��� 6NHWFK� RI� OHYHO� FRQWRXUV� RI� - � IRU� WKH�
ORFDOO\� WUDSSHG� SDUWLFOHV� �WKLQ� OLQHV�� DQG� WKH�

�=k �FRQWRXU��EROG�OLQH�LQVLGH�WKH�SODVPD��LQ�
D� +HOLDV�� /RFDOO\� WUDSSHG� SDUWLFOHV� PRYLQJ�
DORQJ� WKH� �=- � FRQWRXUV� EHFRPH� ORFDOO\�
SDVVLQJ�RQHV�DIWHU�FURVVLQJ�WKH�EROG�OLQH��

�
7KH�FRUUHVSRQGLQJ�GLIIXVLRQ�FRHIILFLHQW�FDQ�EH�ZULWWHQ�DV�IROORZV��
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ZKHUH� UD � LV� WKH�FKDQJH�RI� WKH�SDUWLFOH� UDGLDO� FRRUGLQDWH�FDXVHG�E\� WKH�RUELW� WUDQVIRUPDWLRQ��
�PHDQV�HQVHPEOH�DYHUDJLQJ��U� LV�WKH�HIIHFWLYH�IOX[�VXUIDFH�UDGLXV�GHILQHG�E\�WKH�HTXDWLRQ�

���U%=y �� % � LV� WKH� DYHUDJH� YDFXXP� PDJQHWLF� ILHOG� DW� WKH� PDJQHWLF� D[LV�� t� LV� WKH�
FKDUDFWHULVWLF�WLPH��
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tO�DQG�tS�DUH�WKH�FKDUDFWHULVWLF�WLPHV�RI�WKH�SDUWLFOH�PRWLRQ��LQ�WKH�ORFDOO\�WUDSSHG�DQG�SDVVLQJ�
VWDWHV��7KH� IDFWRU� ���� WDNHV� LQWR� DFFRXQW� WKDW� D� SDUWLFOH� FURVVHV� WKH� VHSDUDWUL[� WZLFH�SHU� IXOO�
SHULRG�RI�D�K\EULG�SDVVLQJ�ORFDOL]HG�RUELW��7KH�WLPH�tO� LV�HVVHQWLDOO\� WKH�SUHFHVVLRQ�WLPH�RI�D�
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qqt &G3S � ZKHUH� q& � LV� WKH� IUHTXHQF\� RI� WKH� SRORLGDO�

PRWLRQ�RI�D�SDVVLQJ�SDUWLFOH��3� LV� WKH�SUREDELOLW\�RI� WKH�RUELW� WUDQVIRUPDWLRQ�UHVXOWLQJ� LQ� WKH�
WUDS� RI� D� SDVVLQJ� SDUWLFOH�� 7KH� SUREDELOLW\�3� DQG� WKH� UDGLDO� MXPS� FDXVHG� E\� WKH� VHSDUDWUL[�
FURVVLQJ�FDQ�EH�H[SUHVVHG�LQ�WHUPV�RI�WKH�ORQJLWXGLQDO�LQYDULDQW�>�@�>�@��$OO�LQJUHGLHQWV�LQ�(T��
����ZHUH� FDOFXODWHG�ZLWK� XVLQJ� WKH� ERXQFH�DYHUDJHG� HTXDWLRQV� RI� WKH� SDUWLFOH�PRWLRQ� LQ� WKH�
PDJQHWLF�ILHOG�
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ZKHUH� y�� q�� f� DUH� WKH� PDJQHWLF� IOX[� FRRUGLQDWHV� ZLWK� y� WKH� WRURLGDO� PDJQHWLF� IOX[�� e��
GHVFULEHV� WKH� FKDQJH� RI� WKH� YDFXXP� PDJQHWLF� ILHOG� GXH� WR� ILQLWH� b�� eP�� eK�� DQG� eW� DUH� WKH�
DPSOLWXGHV�RI�WKH�PLUURU��KHOLFDO��DQG�WRURLGDO�KDUPRQLFV��UHVSHFWLYHO\��eP�EHLQJ�GRPLQDQW�LQ�
WKH� SODVPD� FRUH��1�!!��� LV� WKH� QXPEHU� RI� WKH� ILHOG� SHULRGV� DORQJ� WKH� ODUJH� D]LPXWK�RI� WKH�
WRUXV�� $V� D� UHVXOW�� D� GLIIXVLRQ� FRHIILFLHQW� ZDV� REWDLQHG�� ,WV� PDJQLWXGH� IRU�
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ZKLFK�LV�WKH�FDVH�LQ�WKH�SODVPD�FRUH�RI�D�+HOLDV��FDQ�EH�HYDOXDWHG�DV�
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ZKHUH�w%�LV�WKH�HQHUJHWLF�LRQ�J\URIUHTXHQF\��r%�LV�WKH�J\URUDGLXV��D�DQG�5�DUH�WKH�PLQRU�DQG�
PDMRU� UDGLL� RI� WKH� WRUXV�� UHVSHFWLYHO\�� G[G �
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SDUWLFOHV�ZLWK�WKH�SLWFK�DQJOH�SDUDPHWHU�
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7KH� FRQGLWLRQ� WKDW� DQ� HQHUJHWLF� LRQ�ZLOO� EH� ORVW� EHFDXVH� RI� GLIIXVLRQ� �UDWKHU� WKDQ� GLVSODFHG�
ZLWKLQ�WKH�SODVPD��LV�
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,W� LV� RI� LPSRUWDQFH� WR� NQRZ� WKH� IUDFWLRQ� RI� WUDQVLWLRQLQJ� SDUWLFOHV�� ZKLFK� LV� HVVHQWLDOO\� WKH�
VWRFKDVWLF�GLIIXVLRQ�LQGXFHG� ORVV� IUDFWLRQ� RI� DOSKD� SDUWLFOHV�ZKHQ� WKH� FRQGLWLRQ�
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��� $OSKD� SDUWLFOH� ORVV� LQ� D� +HOLDV� UHDFWRU�� SUHGLFWLRQV� RI� D� WKHRU\� DQG� QXPHULFDO�
VLPXODWLRQV�
�
8VLQJ� (TV�� �������� OHW� XV� HYDOXDWH� WKH� GLIIXVLRQ� WLPH� DQG� WKH� IUDFWLRQ� RI� WUDQVLWLRQLQJ� a�
SDUWLFOHV�LQ�D�+HOLDV�UHDFWRU�ZLWK�1 ���5�D� ����DQG�b�a����>�@��$W�ILUVW��ZH�PDNH�D�VLPSOH�
HVWLPDWH�E\�DSSUR[LPDWLQJ�)RXULHU�KDUPRQLFV�RI�WKH�PDJQHWLF�ILHOG�LQ�(T������DV�IROORZV��
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WKH�RWKHU�KDQG��WKH�VORZLQJ�GRZQ�WLPH�RI�D�����0H9�a �SDUWLFOH�LQ�D�SODVPD�ZLWK�WKH�HOHFWURQ�
GHQVLW\ ������� -í-= PQ
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WKDW� DQ�HVVHQWLDO� IUDFWLRQ�RI�DOSKDV�ZLOO�EH� ORVW� WR� WKH�ZDOO� IURP�D� IOX[�VXUIDFH�RI� WKH� UDGLXV�
U�D ����LQ�D�V\VWHP�ZLWK� ��� =

%
D r ��EXW�SDUWLFOHV�FDQ�KDUGO\�HVFDSH�IURP�WKH�U�D ����VXUIDFH�
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D r �� )XUWKHUPRUH��ZKHQ�SURILOH� VKDSHV�RI� WKH�SODVPD�GHQVLW\�DQG� WHPSHUDWXUH�
DUH�VXFK�WKDW�tV�GHFUHDVHV�ZLWK�WKH�UDGLXV��WKH�FRQGLWLRQ VG

tt << �PD\�YLRODWH�QHDU�WKH�SODVPD�
HGJH��7KHQ�HQHUJHWLF� LRQV�ZLOO�GLIIXVH� WR� WKH�SHULSKHU\�DQG� WKHUPDOL]H� LQ� WKDW�UHJLRQ�� ,Q� WKLV�
FDVH�WKH�PDLQ�HIIHFW�RI�WKH�VWRFKDVWLF�GLIIXVLRQ�ZLOO�EH�WKH�EURDGHQLQJ�RI�WKH�UDGLDO�SURILOH�RI�
WKH�SRZHU�GHSRVLWLRQ�RI�HQHUJHWLF�LRQV�UDWKHU�WKDQ�WKHLU�ORVV��$V�
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Q7 �����t ��WKLV�ZLOO�EH�WKH�

FDVH�ZKHQ�WKH�WHPSHUDWXUH�SURILOH�LV�SHDNHG��ZKHUHDV�WKH�QH�U��SURILOH�LV�IODW���
�
1RZ�ZH�FDOFXODWH�QXPHULFDOO\�WKH�GLIIXVLRQ�FRHIILFLHQW��WKH�IUDFWLRQ�RI�WUDQVLWLRQLQJ�SDUWLFOHV�
DQG�WKH�GLIIXVLRQ�WLPH��XVLQJ�FRUUHVSRQGLQJ�HTXLOLEULXP�GDWD��7KH�REWDLQHG�GHSHQGHQFH�RI�tG�
RQ�a�DW�U�D� ����LV�SUHVHQWHG�LQ�)LJ�����:H�REVHUYH�WKDW�WKH�GHSHQGHQFH�RI�tG�RQ�a�KDV�D�UDWKHU�
IODW�PLQLPXP�DURXQG�
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)LJ�� ��� 7KH� GLIIXVLRQ� WLPH� YHUVXV� WKH� SLWFK�
SDUDPHWHU� �� -á %( ma � DW� DU ���= � LQ� D�

+HOLDV�UHDFWRU�ZLWK� ����=b ��

�
7KHVH� UHVXOWV� DUH� LQ� DJUHHPHQW�ZLWK� WKH� FRQILQHPHQW� WLPH� DQG� WKH� IUDFWLRQ� RI� ORVW� SDUWLFOHV�
FDOFXODWHG�QXPHULFDOO\�XVLQJ� D� JXLGLQJ� FHQWHU� FRGH� LQ�5HI�� >�@�� ,Q� WKH�SUHVHQW�ZRUN�� VLPLODU�
FDOFXODWLRQV�ZHUH�FDUULHG�RXW�IRU�D�+HOLDV�UHDFWRU�>�@��7KH�VLPXODWLRQV�EHJDQ�ZLWK�DQ�HQVHPEOH�
RI�����a�SDUWLFOHV��DOO�RI�ZKLFK�KDYH�WKH�VDPH�LQLWLDO�HQHUJ\�(�� �����0H9�EXW�DUH�DVVLJQHG�WR�
GLIIHUHQW� VWDUWLQJ� UDGLL� DFFRUGLQJ� WR� WKH� DSSURSULDWH� ELUWK� SURILOH�� WKH� UHPDLQLQJ� VSDWLDO� DQG�
YHORFLW\�FRRUGLQDWHV�ZHUH�FKRVHQ� UDQGRPO\��7KH�SODVPD�SDUDPHWHUV�DQG�SURILOHV�ZHUH� WDNHQ�
IURP� ��'� QXPHULFDO� VLPXODWLRQV� IRU� WZR� VFHQDULRV�� ILUVW�� D� KLJK�GHQVLW\� �FHQWUDO� HOHFWURQ�
GHQVLW\� ��������� -í= PQ
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��� ORZ�WHPSHUDWXUH� �FHQWUDO� WHPSHUDWXUH� 7����  ��� NH9� �� FDVH�

VLPLODU� WR� WKDW� FRQVLGHUHG� SUHYLRXVO\� >�@�� VHFRQG�� ORZ�GHQVLW\� � ����������� -í= PQ
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��� KLJK�
WHPSHUDWXUH��7��� ��NH9���FDVH���7KHVH�VFHQDULRV�OHDG�WR�QHDUO\�LGHQWLFDO�ELUWK�SURILOHV�IRU�WKH�
a�SDUWLFOHV� EXW� VORZLQJ�GRZQ� WLPHV� ZKLFK� GLIIHU� E\� D� IDFWRU� RI� IRXU�� *LYHQ� WKH� DUJXPHQWV�
DERYH��RQH�PXVW� WKHUHIRUH�H[SHFW�JUHDWHU� ORVVHV�RI�IDVW�a�SDUWLFOHV�IRU� WKH�ORZ�GHQVLW\��KLJK�
WHPSHUDWXUH� VFHQDULR� DV� HYHQ� WKRVH�SDUWLFOHV�ERUQ�QHDU� WKH�SODVPD�FHQWHU� �ZLWK� V
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FDQ�GLIIXVH�WR�WKH�SODVPD�HGJH�EHIRUH�VORZLQJ�GRZQ��7KH�FDUULHG�RXW�FDOFXODWLRQV�FRQILUPHG�
WKLV�� ,W� ZDV� IRXQG� WKDW� �L�� IRU� WKH� KLJK�Q�� ORZ�7� VFHQDULR� ��� SDUWLFOHV� DUH� ORVW� GXULQJ� D�
VLPXODWLRQ�WLPH�RI������V�OHDGLQJ�WR�D�ORVW�HQHUJ\�IUDFWLRQ�RI�����������RI�ZKLFK�LV�GXH�WR���
SDUWLFOHV�ZLWK�(ORVV!��0H9��ZKHUH�(ORVV�LV�WKH�HQHUJ\�RI�HVFDSLQJ�LRQV���LL��LQ�WKH�ORZ�Q��KLJK�7�
VFHQDULR� ORVVHV� LQFUHDVH� WR� ��� SDUWLFOHV� GXULQJ� D� VLPXODWLRQ� WLPH� RI������ V�� 7KH� ORVW�HQHUJ\�
IUDFWLRQ�LV�������RI�ZKLFK�����FDQ�EH�DWWULEXWHG�WR����SDUWLFOHV�ZLWK�(ORVV!�0H9��
�
���&RQFOXVLRQV�
�
:H�KDYH�VKRZQ�WKDW�WUDQVLWLRQLQJ�HQHUJHWLF�SDUWLFOHV�LQ�DGYDQFHG�VWHOODUDWRUV�RI�:HQGHOVWHLQ�
OLQH�XQGHUJR�WKH�VWRFKDVWLF�GLIIXVLRQ�DVVRFLDWHG�ZLWK�WKH�RUELW�WUDQVIRUPDWLRQ�RI�ORFDOL]HG�DQG�
SDVVLQJ�SDUWLFOHV��7KLV�GLIIXVLRQ�PD\� OHDG� WR� WKH� ORVV�RI�a�SDUWLFOHV�DQG�RWKHU�HQHUJHWLF� LRQV�
IURP�WKH�SODVPD�FRUH�RI�D�+HOLDV� UHDFWRU�DQG�:HQGHOVWHLQ���;�IRU� WKH� WLPH�a������V��$�NH\�
SDUDPHWHU� DIIHFWLQJ� WKH� PDJQLWXGH� RI� WKH� GLIIXVLRQ� FRHIILFLHQW� LV� WKH� UDWLR� D�r%�
� ���� D'
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rw� ��� 7KH� IUDFWLRQ� RI� HVFDSLQJ�a�SDUWLFOHV� FDQ� EH� RI� WKH� RUGHU� RI� ���� IRU�a�

SDUWLFOHV� SURGXFHG� DW� ��a DU �� ,W� FDQ� EH� HYHQ�PRUH� IRU� WKH� LQMHFWHG� LRQV� ZKHQ� WKHLU� SLWFK�
DQJOHV� FRUUHVSRQG� WR� WUDQVLWLRQLQJ� SDUWLFOHV�� ���aa�__ P
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