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'HYHORSPHQW�RI�ELIXQFWLRQDO�UHFHSWRUV�RI�FDWLRQ�DQG�DQLRQ

JXHVW�LV�WKH�H[FLWLQJ�WRSLF�RI�FRRUGLQDWLRQ�FKHPLVWU\�GXH�WR

WKH�IDFW�WKDW�D�ODUJH�QXPEHU�RI�ELRORJLFDO�SURFHVVHV�LQYROYH

PROHFXODU�UHFRJQLWLRQ�RI�FDWLRQ�DQG�DQLRQ�VSHFLHV��0RVW�RI

WKH� NQRZQ� V\QWKHWLF� UHFHSWRUV� FDSWXUH� D� SDUWLFXODU� DQLRQ

ZLWKRXW�XQGHUJRLQJ�LQWHUDFWLRQ�ZLWK�WKH�FDWLRQLF�FRXQWHULRQ�

,Q� D� HDUO\� VWXG\� RQ� VLPXOWDQHRXV� ELQGLQJ�� (FKPLGWFKHQ

GHVFULEHG� WKH� D]D� FURZQ�� FRQWDLQLQJ� DPPRQLXP� VDOW�PRL�

HWLHV� ZKLFK� ELQG� VXFK� ]ZLWWHULRQLF� FRPSRXQGV� DV� γ�DPL�
QRDFLG�� $� GLIIHUHQW� VWUDWHJ\� IRU� VLPXOWDQHRXV� ELQGLQJ� RI

FDWLRQV�DQG�DQLRQV�PDNHV�XVH�RI�FURZQ�HWKHUV�FRQWDLQLQJ�σ�
ERQGHG�PHWDOV�KDYLQJ�IUHH�FRRUGLQDWLRQ�VLWHV��7KH�ILUVW�FOHDU�

FXW�H[DPSOHV�RI�WKLV�VWUDWHJ\�DUH�EDVHG�RQ�FURZQ�HWKHUV�ZLWK

ERULF�DFLG�HVWHU�PRLHWLHV���,Q�WKH�LQWHUHVWLQJ�ZRUN�RQ�PHWDO�

ORFOHIWV��5HLQKRXGW�DQG�FR�ZRUNHUV�KDYH�GHVFULEHG�WKH�XUD�

QLXP�FRQWDLQLQJ�FDOL[DUHQH��DQG�ELIXQFWLRQDO�UHFHSWRU��FRQ�

WDLQLQJ� XUHD� JURXSV� DW� WKH� XSSHU� ULP� RI� FDOL[>�@DUHQH� DQG

HVWHU�IXQFWLRQDOLW\�DW�WKH�ORZHU�ULP�RI�FDOL[>�@DUHQH�LQ�RUGHU

WR� ELQG� FDWLRQ� DQG� DQLRQ� VLPXOWDQHRXVO\�� $OVR� 8QJDUR

UHSRUWHG�D�GLWRSLF�UHFHSWRU��ZKLFK�ELQGV�FDWLRQ�DQG�FDUER[\�

ODWH� DW� WKH� VDPH� WLPH�� %HHU� IRXQG� D� FDOL[DUHQH� GLWRSLF

UHFHSWRU��ZKLFK�ZDV�FRPSRVHG�RI�/HZLV�DFLG�PHWDO�FHQWHU

DQG�FDOL[DUHQH�HVWHU�DQG�LWV�FDSDFLW\�WR�ELQG�DONDOL�PHWDO�LRQ

DQG�LRGLGH�DQLRQ�ZLWK�SRVLWLYH�FRRSHUDWLYLW\��

$V�D�FRQVHTXHQFH�RI�WKHLU�XSSHU�DQG�ORZHU�ULP�RI�WRSROR�

JLHV�WKH�FDOL[DUHQHV�DUH�DWWUDFWLYH�KRVW�PROHFXOHV�WR�PRGLI\

DQG�VR�FUHDWH�XQLTXH�JHRPHWULHV�IRU�WKH�UHFRJQLWLRQ�RI�WDUJHW

JXHVW�VSHFLHV��7KH�FRPELQDWLRQ�RI�WZR�ELQGLQJ�VLWHV��XUHD�IRU

DQLRQV�DQG�HWK\O�HVWHU�JURXSV�IRU�FDWLRQV��\LHOGV�UHFHSWRU�WKDW

LV�FDSDEOH�RI�ELQGLQJ�KDOLGH�DQLRQV�DQG�DONDOL�PHWDO�FDWLRQV

VLPXOWDQHRXVO\��,Q�RUGHU�WR�LQFUHDVH�WKH�FRRSHUDWLYH�ELQGLQJ

HIIHFW�ERWK�ELQGLQJ�VLWHV�DUH�LQWURGXFHG�DW� WKH�ORZHU�ULP�RI

WKH�FDOL[>�@DUHQH�VNHOHWRQ��:H�UHSRUW�KHUH�WKH�V\QWKHVLV�RI�D

QHZ�ELIXQFWLRQDO�UHFHSWRU�FRQWDLQLQJ�WZR�XUHD�PRLHWLHV�DQG

WZR�HVWHU�JURXSV�DW� WKH� ORZHU� ULP�RI�FDOL[>�@DUHQH�DQG� WKH

VLPXOWDQHRXV�ELQGLQJ�SURSHUWLHV�RI�FDWLRQ�DQG�DQLRQ�JXHVWV

ZHUH�VWXGLHG�

%\� WDNLQJ� DGYDQWDJH� RI� D� VHOHFWLYH� ����DON\ODWLRQ�� ����

ELV�F\DQRSURS\O�R[\FDOL[>�@DUHQH� �� ZDV� SUHSDUHG� E\� WKH

UHDFWLRQ�RI�S�W�EXW\OFDOL[>�@DUHQH� DQG���EURPREXW\URQLWULOH

LQ�WKH�SUHVHQFH�RI�.�&2��
��5HGXFWLRQ�ZLWK�/L$O+��\LHOGHG

WKH� FRUUHVSRQGLQJ� DPLQRFDOL[>�@DUHQH���� ZKLFK�ZDV� WUDQV�

IRUPHG�LQWR�XUHD�GHULYDWLYH���ZKHQ�WUHDWHG�ZLWK�SKHQ\OLVR�

F\DQDWH��)LQDOO\�PHWDO�ELQGLQJ�HVWHU�JURXSV�ZHUH�LQWURGXFHG

E\�WKH�UHDFWLRQ�RI���ZLWK�HWK\O�EURPRDFHWDWH�LQ�WKH�SUHVHQFH

RI� 1D+� �6FKHPH� ���� ,Q� RUGHU� WR� LQFUHDVH� WKH� FRRSHUDWLYH

ELQGLQJ� SURSHUWLHV�� FRQH� FRQIRUPHUV� RI� UHFHSWRU� ��� DUH

GHVLUHG�� )RUWXQDWHO\� WKH� KLJK� \LHOG� RI� FRQH� SURGXFW� ZDV

REWDLQHG��7KH��+�105�VSHFWUXP�RI���VKRZV�D�SDLU�RI�GRX�

EOHWV�DW�δ������DQG������IRU�WKH�HLJKW�EULGJH�PHWK\OHQH�SUR�
WRQV�DQG�WZR�VLQJOHWV�DW�δ �����DQG������IRU�WKH�IRXU�W�EXW\O
SURWRQV��$OVR� WZR�VLQJOHWV�DW�δ �����DQG������IRU� WKH�HLJKW
DURPDWLF� SURWRQV� DUH� REVHUYHG�� )RXU� XUHD� 1�+� SURWRQV

DSSHDU� DV� D� VLQJOHW� DW� δ ����� DQG� D� WULSOHW� DW� δ ����� DV
H[SHFWHG��

7KH�FDWLRQ�DQG�DQLRQ�ELQGLQJ�SURSHUWLHV�ZHUH�H[DPLQHG�E\
�+�105�WLWUDWLRQ�H[SHULPHQWV�LQ�&'&O���7KH�DGGLWLRQ�RI��

HTXLYDOHQW�RI�1D&O2��FDXVHG�D�GRZQ�ILHOG�VKLIW�RI�DURPDWLF

DQG� PHWK\OHQH� SURWRQV� DV� REVHUYHG� SUHYLRXVO\� LQ� VLPLODU

HVWHU�GHULYDWLYHV�RI�FDOL[>�@DUHQH��)XUWKHU�DGGLWLRQ�RI�1D&O2�

GRHV�QRW�PDNH�D�FKDQJH��VXJJHVWLQJ�WKDW�UHFHSWRU�1D��IRUPV

D�� � ��VWRLFKLRPHWU\�FRPSOH[HV�DQG�FRPSOH[HV�DUH�IRUPHG

LQ�VROXWLRQ�ZLWK�VRGLXP�LRQ�DW�WKH�ORZHU�ULP�RI�HVWHU�JURXSV�

6XEVWDQWLDO�GRZQ�ILHOG�VKLIW�RI�XUHD�1+�VLJQDO�ZDV�REVHUYHG

ZKHQ� WHWUDEXW\ODPPRQLXP� FKORULGH�� EURPLGH� DQG� LRGLGH

VDOWV� ZHUH� DGGHG�� LQGLFDWLQJ� WKDW� DQLRQ� ELQGLQJ� LV� WDNLQJ

SODFH�DW�WKH�XUHD�YLFLQLW\��7KH�UHVXOWLQJ�WLWUDWLRQ�FXUYHV�LQGL�

FDWHG�� � ��FRPSOH[�VWRLFKLRPHWU\��6WDELOLW\�FRQVWDQWV��7DEOH

���ZHUH�FDOFXODWHG�IURP�WKH�WLWUDWLRQ�UHVXOWV�XVLQJ�(4105�

IRU�FRPSOH[DWLRQ�ZLWK�FKORULGH��EURPLGH�DQG�LRGLGH�LQ�RUGHU

6FKHPH �� 6\QWKHVLV�RI�%LIXQFWLRQDO�5HFHSWRU���
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PHWDO�FDWLRQV��)LJXUH�����$�VLJQLILFDQW�LQFUHDVH�LQ�WKH�VWUHQJWK

RI�DQLRQ�ELQGLQJ�LV�REVHUYHG�ZKHQ�WKH�DONDOL�PHWDO�FDWLRQV

DUH�ERXQG�VLPXOWDQHRXVO\��&KORULGH�ELQGLQJ�VWUHQJWK�LQFUHDVH

PRUH�WKDQ�WKUHH�IROG��EURPLGH�ELQGLQJ�VHYHQ�IROG�DQG�LRGLGH

ELQGLQJ����WLPHV�LQ�WKH�SUHVHQFH�RI�VRGLXP�LRQ��7KLV�SRVLWLYH

FRRSHUDWLYH�ELQGLQJ�RI� WKH�FKORULGH��EURPLGH�DQG� LRGLGH� LQ

WKH� SUHVHQFH� RI� VRGLXP�FRXOG� EH� DWWULEXWHG� WR� HOHFWURVWDWLF

HIIHFWV� RI� WKH� FRPSOH[HG�PHWDO� FDWLRQ��$QLRQ�ELQGLQJ�ZDV

HQKDQFHG� PRUH� VWURQJO\� LQ� WKH� SUHVHQFH� RI� VRGLXP� UDWKHU

WKDQ�OLWKLXP�FDWLRQ��ZKLFK�FDQ�EH�H[SODLQHG�E\�WKH�IDFW�WKDW

VRGLXP�LV�NQRZQ�WR�IRUP�KLJKO\�VHOHFWLYH�FRPSOH[�ZLWK�WKH

ORZHU�ULP� GLVXEVWLWXWHG� FDOL[>�@DUHQH� HWK\O� HVWHUV�� ,QWHUHVW�

LQJO\�ZKHQ�H[FHVV�WHWUDEXW\ODPPRQLXP�FKORULGH�ZDV�DGGHG

LQ�WKH�VRGLXP�UHFHSWRU�FRPSOH[��LW�ZDV�REVHUYHG�WKDW�VRGLXP

LRQ�EHFDPH�IUHH�IURP�WKH�FRPSOH[�VORZO\��,W�FRXOG�EH�DWWUL�
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ELQGLQJ� HVWHU� VLWHV�� $V� D� UHVXOW�� VRGLXP� ELQGLQJ� PRGH

EHFRPH�GLVWXUEHG�DQG�ILQDOO\�ORVH�WKH�VRGLXP��2Q�WKH�RWKHU

KDQG� FKORULGH� ELQGLQJ� ZDV� PDLQWDLQHG� LQ� WKH� SUHVHQFH� RI

OLWKLXP� FDWLRQ�� /LWKLXP� LV� VPDOOHU� WKDQ� VRGLXP� DQG� DOVR

ELQGLQJ�VWUHQJWK�LV�PXFK�ZHDNHU�WKDQ�WKDW�RI�VRGLXP�WRZDUG

WKH�HVWHU�VLWHV��VXJJHVWLQJ�WKDW�VL]H�DQG�ELQGLQJ�VWUHQJWK�SOD\

DQ�LPSRUWDQW�UROH�IRU�WKH�ELIXQFWLRQDOLW\�RI�WKH�GLWRSLF�UHFHS�

WRU��7KLV�UHVXOW�VXJJHVWV�WKDW�VHOHFWLYH�ELQGLQJ�GRHV�QRW�FRPH

IURP�ELQGLQJ�VWUHQJWK�RQO\��EXW�IURP�WKH�VL]H�DQG�WKH�DSSUR�

SULDWH�ELQGLQJ�VWUHQJWK�

,Q� FRQFOXVLRQ�� ELIXQFWLRQDO� UHFHSWRU� �� FDQ� ELQG� DONDOL
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