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$GGLQJ D PDJQHWLF ILHOG JUDGLHQW WR WKH FRQYHQWLRQDO 7* V\VWHP FRQVWUXFWV WKH PDJQHWLF WKHU�

PRJUDYLPHWU\ DQDO\VLV �7*�0� L�H� )DUDGD\ PHWKRGV� DQG WKH PDJQHWLF GHULYDWLYH WKHUPR�

JUDYLPHWU\ �'7*�0�� WHFKQLTXHV� :H XVHG WKH WHFKQLTXHV WR VWXG\ WKH QDQRFU\VWDOOLQH SURFHVVHV

RI WKH )H&X1E6L% DQG )H&X1E&R6L% DPRUSKRXV DOOR\V� 6RPH SUREOHPV RI WKHLU DSSOLFDWLRQV

VXFK DV WKH FKDUDFWHULVWLF WHPSHUDWXUH 7
PLQ

DQG 7
&
DUH DOVR GLVFXVVHG LQ GHWDLO�

.H\ZRUGV� DPRUSKRXV DOOR\V� )HUPL�'LUDF GLVWULEXWLRQ� QDQRFU\VWDOOLQH� SKDVH WUDQVLWLRQ DQG
7*� 7*�0� DQG '7*�0� WHFKQLTXHV

,QWURGXFWLRQ

7KH 7*�0� �0DJQHWLF 7KHUPRJUDYLPHWULF $QDO\VLV L�H� 7KHUPRPDJQHWRPHWU\�
70� WHFKQLTXH LV D NLQG RI WHFKQLTXH WKDW ZH DGG D PDJQHWLF ILHOG JUDGLHQW (∂+�∂\)
RQ WKH 7* V\VWHP DQG PHDVXUH WKH σ±7 FXUYHV IRU WKH UHODWLRQVKLS EHWZHHQ WKH WRWDO
VDWXUDWHG PDJQHWLF PRPHQW SHU XQLW PDVV �σ� DQG WHPSHUDWXUH �7�� 7KH '7*�0�
�0DJQHWLF 'HULYDWLYH 7KHUPRJUDYLPHWU\� WHFKQLTXH FDQ EH XVHG VLPXOWDQHRXVO\ WR
UHFRUG WKH ILUVW GHULYDWLYH RI WKH FKDQJH RI σ XVLQJ D )LUVW 'HULYDWLYH &RPSXWHU
�)'&�� L�H�� WR JHW WKH Gσ�G7±7 FXUYH�

70 �7KHUPRPDJQHWRPHWU\� LV GHILQHG E\ WKH ,&7$ DV µD WHFKQLTXH LQ ZKLFK WKH
PDJQHWLF VXVFHSWLELOLW\ RI D VXEVWDQFH LV PHDVXUHG DV D IXQFWLRQ RI WHPSHUDWXUH
ZKLOH WKH VXEVWDQFH LV VXEMHFWHG WR D FRQWUROOHG WHPSHUDWXUH SURJUDPPH¶� 7KH GHWHU�
PLQDWLRQ RI WKH PDJQHWLF VXVFHSWLELOLW\ RI D VXEVWDQFH DW YDULRXV WHPSHUDWXUH KDV
EHHQ XVHG LQ LQRUJDQLF FKHPLVWU\ IRU PDQ\ \HDUV DV D PHDQV RI GHWHUPLQLQJ PHWDO
LRQ R[LGDWLRQ VWDWHV� VWHUHR�FKHPLVWU\� &XULH SRLQWV� DQG VR RQ� 7KH FKDQJH LQ WKH 7*�
RU σ±7 FXUYHV RI VXEVWDQFH LV GHWHUPLQHG E\ WKH SUHVHQFH RU DEVHQFH RI D PDJQHWLF
ILHOG JUDGLHQW �7*�70�� 7KLV PDJQHWLF ILHOG LV VXSSOLHG E\ HLWKHU D SHUPDQHQW RU DQ
HOHFWURPDJQHWLF PDJQHW� ,QVWUXPHQWV GHVFULEHG LQ WKH OLWHUDWXUH LQFOXGH D KHOLFDO�
VSULQJ PLFUREDODQFH ± )DUDGD\ RU *RX\ PDJQHW DSSDUDWXV >�±�@� $LQVZRUW VHPLPL�
FUR UHFRUGLQJ EDODQFH ± )DUDGD\ PDJQHW DSSDUDWXV >�@ 3HUNLQ (OPHU 7*6�� WKHUPR�
EDODQFH >�@ DQG &DKQ PLFUREDODQFH ± )DUDGD\ PDJQHW V\VWHPV >�±�@� +RZHYHU� LQ
WKH V\VWHP ZLWK WKH SUHVHQFH RI D PDJQHWLF ILHOG JUDGLHQW� VRPH FRQIXVLQJ RU LQDFFX�
UDWH FRQFHSWV KDYH EHHQ XVHG LQ VRPH SDSHUV >��� ��@� )RU H[DPSOH�
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�� WR FRQIXVH WKH FRQFHSW RI PDVV ZLWK PDJQHWLF IRUFH� ,Q IDFW� WKHUH LV VXEVWDQWLDO

GLIIHUHQFH EHWZHHQ WKH PHDVXUHG SK\VLFDO TXDOLW\ IRU σ±7 DQG Z�±7 FXUYH GXULQJ

KHDWLQJ� EHFDXVH WKH IRUPHU KDV QR ZHLJKW �RU JUDYLW\� YDULDWLRQ FDXVHG E\ WKDW RI WKH

PDVV RI WKH VDPSOH GXULQJ KHDWLQJ� ,Q WKLV SDSHU� ZH SUHIHU WKH µσ±7¶ FXUYH WR WKH

µZ�±7¶ FXUYH� EHFDXVH WKHUH LV QR YDULDWLRQ RI WKH PDVV RI WKH VDPSOH LQ WKLV V\VWHP

GXULQJ KHDWLQJ�

�� 7KH PLQLPXP RI WKH '7* FXUYHV ZDV GHILQHG DV WKH &XULH WHPSHUDWXUH 7&′ DQG
7&′′RI 1L DQG 1L)H�2� VDOW >��@� ZKLFK PLJKW EH QRW WUXH �VHH WKH QH[W FKDSWHU��

5HFHQWO\� ZH KDYH UHSRUWHG WR XVH WKHVH WHFKQLTXHV WR VWXG\ WKH SURFHVV RI WKH
QDQRFU\VWDOOL]DWLRQ RI WKH )H&X1E6L% DPRUSKRXV DOOR\ >��� ��@� ,Q WKLV SDSHU� ZH
QDPH WKHP VSHFLDOO\ WKH µ7*�0�¶ WHFKQLTXH DQG WKH µ'7*�0�¶ WHFKQLTXH� DQG PDNH
IXUWKHU GLVFXVVLRQ RI VRPH SUREOHPV RQ WKHLU DSSOLFDWLRQV LQ WKH PDWHULDO VWXG\� VXFK
DV WKH FKDUDFWHULVWLF WHPSHUDWXUH 7PLQ �YDOOH\ WHPSHUDWXUH� DQG 7& �&XULH WHPSHUD�
WXUH� DQG WKH SKDVH WUDQVLWLRQ EHKDYLRXU� HWF�

$SSOLFDWLRQV�RI�WKH�7*�0��DQG�'7*�0��WHFKQLTXHV�RQ�PDWHULDO
VWXG\

0HDVXULQJ σ DQG LWV YDULDWLRQ UDWH ZLWK WHPSHUDWXUH �Gσ�G7� LQ WKH PDJQHWLF
PDWHULDOV

)LJXUH � LV WKH σ±7 DQG Gσ�G7±7 FXUYH RI WKH )H&X1E6L% DPRUSKRXV DOOR\

PHDVXUHG E\ 7*�0� DQG '7*�0� WHFKQLTXHV GXULQJ KHDWLQJ >��@� 7KH YDULDWLRQ RI

σ ZLWK 7 FDQ EH UHSUHVHQWHG GLUHFWO\ E\ WKH KHLJKW YDULDWLRQ ∆K VKRZQ RQ WKH UHFRUGHU
>��@� :KHQ WHPSHUDWXUH YDULHV IURP WKH URRP WHPSHUDWXUH WR 7&� WKH UHFRUGHU VKRZV

WKH YDULDWLRQ RI KHLJKW� ∆K ��� FP� $FFRUGLQJ WR HTXDWLRQ ���
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'XULQJ KHDWLQJ� LI σ YDULHV� WKH UHFRUGHU ZLOO VKRZ WKH YDULDWLRQ RI KHLJKW �∆K��
7KH YDULDWLRQ RI σ ZLWK 7 FDQ EH UHSUHVHQWHG GLUHFWO\ E\ WKH KHLJKW YDULDWLRQ ∆K
VKRZQ RQ WKH UHFRUGHU� ,I ZH QRUPDOL]H WKH σ �XQLW\ RU ������ ZH FDQ JHW WKH σ±7
FXUYH� ZKLFK LV QDPHG WKH 7*�0� WHFKQLTXH� )XUWKHUPRUH� ZH FDQ JHW WKH Gσ�G7±7
FXUYH VLPXOWDQHRXVO\� E\ PHDQV RI WKH )'& V\VWHP� ZKLFK LV QDPHG WKH '7*�0�
WHFKQLTXH �FXUYH � LQ )LJ� � DQG FXUYHV � DQG � LQ )LJ� ��� 7KH TXDQWLW\ RI Gσ�G7 LV
WKH YDULDWLRQ UDWH RI σ ZLWK WHPSHUDWXUH LQ WKH PDJQHWLF PDWHULDOV�

6WXG\ RQ WKH SKDVH WUDQVIRUPDWLRQ RI PDJQHWLF DOOR\V

7KH 7*�0� DQG '7*�0� WHFKQLTXHV DUH VLPSOH DQG YHU\ XVHIXO H[SHULPHQWDO
PHWKRGV IRU VWXG\LQJ WKH SKDVH WUDQVIRUPDWLRQ EHKDYLRXU RI PDJQHWLF PDWHULDOV� :H
KDYH UHSRUWHG WR XVH WKLV WHFKQLTXH WR VWXG\ WKH SURFHVV RI WKH QDQRFU\VWDOOL]DWLRQ RI
WKH )H&X1E6L% �DOOR\ 1R� �� DPRUSKRXV DOOR\ >��@� :H VWXG\ IXUWKHU WKH SKDVH WUDQ�
VLWLRQ EHKDYLRXU RI WKH )H&X1E6L% DPRUSKRXV DOOR\ ZLWK DGGLWLRQDO � ZW� &R �DO�

)LJ� � σ±7 DQG Gσ�G7±7 FXUYHV PHDVXUHG E\ 7*�0� DQG '7*�0� WHFKQLTXHV IRU
)H&X1E6L% DPRUSKRXV DOOR\� KHDWLQJ UDWH �� . PLQ

±�
� � ± σ±7 FXUYH RI )H&X1E6L%�

� ± Gσ�G7±7 FXUYHV RI )H&X1E6L%

)LJ� � σ±7 DQG Gσ�G7±7 FXUYHV PHDVXUHG E\ 7*�0� DQG '7*�0� WHFKQLTXHV IRU
)H&X1E6L% DQG )H&X1E&R6L% DPRUSKRXV DOOR\� KHDWLQJ UDWH� �� . PLQ

±�
� � ± σ±7

FXUYH RI )H&X1E6L%� � ± σ±7 FXUYH RI )H&X1E&R6L%� � ± Gσ�G7±7 FXUYHV RI
)H&X1E6L%� � ± Gσ�G7±7 FXUYH RI )H&X1E&R6L
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OR\ 1R� ��� )LJXUH � VKRZV WKH σ±7 DQG Gσ�G7±7 FXUYHV RI WKH QDQRFU\VWDOOLQH SURF�
HVVHV RI WKH )H&X1E6L% �DOOR\ 1R� �� DQG )H&X1E&R6L% DPRUSKRXV DOOR\V �DOOR\
1R� ��� $ VPDOO DPRXQW RI &R FDQ LQFUHDVH WKH &XULH WHPSHUDWXUH RI WKH DPRUSKRXV
DOOR\ DQG LPSURYH WKH FKDUDFWHU RI WKH QDQRFU\VWDOOL]DWLRQ�

7KH FU\VWDOOL]DWLRQ RI )H&X1E&R6L% DOVR H[SHULHQFHV ILYH VWDJHV� VWDJH , �$1%&
UHJLRQ�� WKH DOOR\V DUH WUDQVIRUPHG IURP IHUURPDJQHWLF DPRUSKRXV SKDVH LQWR

SDUDPDJQHWLF RQH� VWDJH ,, �&'( UHJLRQ�� WKH DOOR\V DUH LQ SDUDPDJQHWLF DPRUSKRXV
VWDWH� VWDJH ,,, �()* UHJLRQ� SHDN HIJ�� WKH EFF α�)H6L RU α�)H �&R�6L IHUURPDJQHWLF
QDQRFU\VWDOOLQH SKDVH ZDV IRUPHG IURP SDUDPDJQHWLF DPRUSKRXV VWDWH� VWDJH ,9
�*+, UHJLRQ� YDOOH\ JKL�� WKH VDPSOHV ZHUH WUDQVIRUPHG IURP IHUURPDJQHWLF α�)H6L
RU α�)H�&R�6L SKDVH LQWR SDUDPDJQHWLF RQH� VWDJH 9 �,- UHJLRQ�� WKH VDPSOHV ZHUH
WUDQVIRUPHG IURP SDUDPDJQHWLF α�)H6L RU α�)H�&R�6L QDQRFU\VWDOOLQH SKDVH LQWR WKH
ILQDO VWDEOH )H�% SKDVHV� +RZHYHU� WKHUH DUH GLIIHUHQFHV RI WKH SKDVH WUDQVLWLRQ EH�
KDYLRXU EHWZHHQ WKH )H&X1E6L% DQG WKH )H&X1E&R6L% DPRUSKRXV DOOR\V� ZKLFK
LQFOXGH WKH IROORZLQJV�

D� $GGLQJ D VPDOO DPRXQW RI &R LQFUHDVHV HYLGHQWO\ WKH FKDUDFWHULVWLF WHPSHUD�
WXUHV RI WKH SKDVH WUDQVLWLRQ EHKDYLRXU �7DEOH ���

E� $GGLQJ D VPDOO DPRXQW RI &R LQGXFHV DQ REYLRXV GHFUHDVH RI WKH σ RI DOOR\
1R� � ZLWK WHPSHUDWXUH VWDUWLQJ IURP URRP WHPSHUDWXUH WR ��� .� EXW WKH FXUYH RI DO�
OR\ 1R� � LV PXFK PRUH SUHFLSLWRXV WKDQ WKDW RI DOOR\ 1R� � RYHU ��� .� 7KH UHDVRQ
PLJKW FRPH IURP DQ LQFUHDVH RI WKH IHUURPDJQHWLF H[FKDQJH LQWHUDFWLRQ RI DOOR\ GXH
WR D VPDOO DPRXQW RI &R DGGLQJ�

F� $GGLQJ D VPDOO DPRXQW RI &R LQGXFHV D KLJKHU SHDN �()*+,� RI FXUYH � FRP�
SDUHG WR WKDW RI FXUYH �� DQG WKH SHDN HIJ DQG WKH YDOOH\ JKL LV DOVR EURDGHQ �FXUYHV �
DQG � LQ )LJ� ��� ,W LPSOLHV WKDW DOOR\ 1R� � FDQ JHW PRUH H[FHOOHQW PDJQHWLF SURSHUW\
WKDQ DOOR\ 1R� �� ([SHULPHQWDO UHVXOW VKRZHG WKDW ZKHQ WKH DOOR\V ZHUH DQQHDOHG DW
��� . IRU � K� ZH JRW� %V ���� 7� µPD[ ��⋅��� 7 FP $±�� IRU DOOR\ 1R� � DQG
%V ���� 7� µPD[ ��⋅��� 7 FP $±�� IRU DOOR\ 1R� �� $ EURDGHU HIJ UHJLRQ LQFUHDVHV D
WHPSHUDWXUH UDQJH RI QDQRFU\VWDOOLQH SURFHVV� ,W LV YHU\ XVHIXO IRU FRQWUROOLQJ WKH
SURFHVV RI WKHUPDO WUHDWPHQW�

G� 7KH *+, UHJLRQ RI FXUYH � LV EHWZHHQ ��� DQG ��� .� ZKLFK LQFUHDVHV DERXW
�� .� FRPSDUHG WR WKH UHJLRQ RI FXUYH �� ,W VKRZV WKDW WKH WUDQVLWLRQ WHPSHUDWXUH RI
α�)H�&R�6L SKDVH IURP IHUURPDJQHWLF SKDVH LQWR SDUDPDJQHWLF RQH LV KLJKHU WKDQ
WKDW RI α�)H6L SKDVH� L�H� 7Fα LQFUHDVHV GXH WR WKH DGGLWLRQ RI &R� 7KHUHIRUH� DOOR\
1R� � KDV KLJKHU WKHUPDO�PDJQHWLF VWDELOLW\�

7DEOH � 7KH FKDUDFWHULVWLF WHPSHUDWXUHV RI WKH SKDVH WUDQVLWLRQ EHKDYLRXU PHDVXUHG E\ 7*�0�
DQG '7*�0� WHFKQLTXHV

&KDUDFWHULVWLF SRLQW % & ' ( ) * + 7F
α

,

&KDUDFWHULVWLF WHPSHUDWXUH�. 7PLQ 7F 7S 7( 7) 7* 7+ 7F
α

7,

$OOR\ 1R� � ��� ��� ��� ��� ��� ��� ��� ��� ���

$OOR\ 1R� � ��� ��� ��� ��� ��� ��� ��� ��� ���
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'LVFXVVLRQ RQ WKH YDOOH\ WHPSHUDWXUH 7PLQ� &XULH WHPSHUDWXUH 7& DQG ΘS RI
WKH PDJQHWLF PDWHULDO

)LJXUH � VKRZV WKH SURFHVVHV RI WUDQVIRUPDWLRQ IURP IHUURPDJQHWLVP LQWR SDUD�
PDJQHWLVP LQ WKH )H&X1E6L% DPRUSKRXV DOOR\� 7KHUH DUH WKUHH FKDUDFWHULVWLF WHP�
SHUDWXUH RQ WKH FXUYH� 7PLQ� 7& DQG ΘS� 1RZ WKUHH WHPSHUDWXUHV PHDVXUHG E\ WKH
7*�0� DQG '7*�0� WHFKQLTXHV DUH GLVFXVVHG DV IROORZV�

3K\VLFDO PHDQLQJ RI YDOOH\ WHPSHUDWXUH 7PLQ

7HPSHUDWXUH 7PLQ ��� . LV WKH PLQLPXP RI WKH Gσ�G7±7 FXUYH �WKH SRLQW E WKH
PLQLPXP YDOOH\ RI WKH FXUYH � LQ )LJ� ��� ,W FRUUHVSRQGV WR SRLQW % DW ZKLFK WKH ILUVW
GHULYDWLYH RI σ �LQ WKH σ±7 FXUYH� ZLWK UHVSHFW WR 7 LV HTXDO WR ]HUR L�H� �Gσ�G7�% ��
DQG WKH WUDQVLWLRQ UDWH RI VDPSOH IURP IHUURPDJQHWLF DPRUSKRXV SKDVH LQWR SDUDP�
DJQHWLF RQH LV WKH IDVWHVW DW WKLV WHPSHUDWXUH� 7KH PDJQHWLF SURSHUW\ LV KLJKO\ GH�
SHQGHQW RQ WKH HQHUJ\ VWDWH RI PHWDOOLF HOHFWURQV� 7KH HQHUJ\ GLVWULEXWLRQ RI HOHFWURQ
LQ PHWDO GRHV QRW REH\ %ROW]PDQ¶V GLVWULEXWLRQ EXW WKH RQH RI )HUPL�'LUDF >��@� )LJ�
XUH � VKRZV WKH )HUPL�'LUDF GLVWULEXWLRQ�

$FFRUGLQJ WR WKH WKHRU\ RI WKH 3DXOL SDUDPDJQHWLVP� DERYH )HUPL HQHUJ\ OHYHO�
)HUPL GLVWULEXWLRQ IXQFWLRQ Φ(ε)≠� IRU 7≠�� DQG ZKHQ WKHUH LV D PDJQHWLF ILHOG +�

Φ(ε) LV H[SUHVVHG LQ WKH IROORZLQJ�

Φ(ε) = �

H[S




ε − εP
N7





+ �

���

,W UHSUHVHQWV WKH SUREDELOLW\ WKDW WKHVH VWDWHV DUH RFFXSLHG� εP LV )HUPL HQHUJ\ IRU
7≠�� DQG ZLWK D PDJQHWLF ILHOG +� 7KH PDJQHWL]DWLRQ 0 LV DSSUR[LPDWHO\ H[SUHVVHG
LQ WKH IROORZLQJ�

0 = +µ%
� ∫∂Φ

∂ε
1(ε)Gε ���

)LJ� � )HUPL�'LUDF GLVWULEXWLRQ� IRU 7 �� + �� FXUYH �� )HUPL HQHUJ\ ε=εI=N7I�
Φ(ε)=��>H[S(ε−εI)�(N7)+�@� IRU 7≠�� +≠�� FXUYHV � DQG �� ε=ε=N7P�
Φ(ε)=��>H[S(ε−εP)�(N7)+�@� FXUYH � LV ∂ϕ(ε)�∂ε YV� ε� ∂ϕ(ε)�∂ε LV DSSUR[LPDWHO\ D δ
IXQFWLRQ
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ZKHUH� µ% LV WKH %RKU PDJQHWRQ� 1�ε� LV WKH GHQVLW\ RI HOHFWURQ GLVWULEXWLQJ DFFRUG�
LQJ WR HQHUJ\� DQG LW LV JHQHUDOO\ FDOOHG WKH VWDWH GHQVLW\� $QG ∂Φ(ε)�∂ε LV DSSUR[L�
PDWHO\ D δ IXQFWLRQ� ([FHSW LQ D YHU\ QDUURZ UDQJH �DERXW WKH ZLGWK RI N7��
∂Φ(ε)�∂ε LV DOZD\V HTXDO WR ]HUR� DQG LW UHDFKHV WKH PD[LPXP ZKHQ ε=εP� IXUWKHU�
PRUH� ZKHQ 7→� .� ∂Φ(ε)�∂ε→∞� 7R ILQG WKH GHULYDWLYH RI Φ(ε) ZLWK UHVSHFW WR 7�

�FXUYH � LQ )LJ� ���� ZH SXW GΦ(ε)�Gε � DQG JHW ε=εP� :LWKRXW WKH PDJQHWLF ILHOG� WKH
YDOXH RI ε DW DEVROXWH ]HUR LV FDOOHG WKH )HUPL HQHUJ\ εI� εI N7I L�H� 7I LV WKH )HUPL
WHPSHUDWXUH GHFLGHG E\ WKH )HUPL HQHUJ\ εI � ZLWK WKH SUHVHQFH RI WKH PDJQHWLF ILHOG
DQG 7≠�� ε=εP N7P� 7P KDV WKH GLPHQVLRQ RI WHPSHUDWXUH� DQG LW WRNHQV WKH QHFHV�
VDU\ WHPSHUDWXUH IRU WKH HOHFWURQV WR WUDQVLW WR WKH HQHUJ\ RI )HUPL VXUIDFH� %\ RE�
VHUYLQJ WKDW WKH VKDSHV RI WKH FXUYHV LQ )LJV � DQG � DUH YHU\ DOLNH� ZH EHOLHYH WKDW
7P UHIOHFWV WKH )HUPL WHPSHUDWXUH GHFLGHG E\ WKH )HUPL HQHUJ\� $QG WKH GLIIHUHQFH
RI 7P EHWZHHQ WKH FXUYHV � DQG � LQ )LJ� � VKRZV WKDW EHFDXVH RI WKH LQFUHDVHG LQWHU�
DFWLYH FRXSOLQJ GXH WR WKH DGGLWLRQ RI &R� DOOR\ 1R� � KDV JDLQHG REYLRXV LQFUHDVH RI
HQHUJ\ ZKLFK LV QHFHVVDU\ IRU HOHFWURQV WR WUDQVLW WR WKH )HUPL HQHUJ\ DQG VHTXHQ�
WLDOO\ WKH LQFUHDVHG WKHUPDO DQG PDJQHWLF VWDELOLW\� 7KHUHIRUH� WKH 7*�0� DQG
'7*�0� WHFKQLTXHV PD\ VXSSO\ DQRWKHU ZD\ RI VWXG\LQJ WKH PDJQHWLF LQWHUDFWLQJ
LQIOXHQFH RI &R WR DPRUSKRXV DOOR\ 1R� �� )XUWKHU VWXG\ RQ VXFK DVSHFW ZLOO EH UH�
SRUWHG LQ DQRWKHU SDSHU�

2EYLRXVO\ 7PLQ GLIIHUV IURP WKH JHQHUDOO\ GHILQHG &XULH WHPSHUDWXUH 7&� 6RPH
OLWHUDWXUH >��� ��@ KDYH UHSRUWHG WR HPSOR\ WKLV LQVWUXPHQW WR PHDVXUH WKH '7*
FXUYH RI WKH PL[WXUHV RI 1L DQG 1L)H�2� VDOW� DQG KDYH WDNHQ WKH YDOOH\ WHPSHUDWXUH
7PLQ RI WKH FXUYH DV WKH &XULH WHPSHUDWXUH 7& RI WZR NLQGV RI PDJQHWLF SKDVH� +RZ�
HYHU� LW PLJKW EH QRW WUXH�

&XULH WHPSHUDWXUH 7&

7HPSHUDWXUH 7& ��� . LV WKH IHUURPDJQHWLF &XULH WHPSHUDWXUH� 7KH FKDUDF�
WHULVWLF SRLQW 7& LV GHILQHG DV WKH LQWHUVHFWLRQ RI WKH H[WUDSRODWLRQ OLQHV RI FXUYH $1%
DQG WKH EDVHOLQH ('& �L�H�� WKH σ±7 FXUYH LV H[WUDSRODWHG WR σ→�� )LJ� ��� ,W UHIOHFWV
WKDW WKH VSRQWDQHRXV PDJQHWL]DWLRQ GLVDSSHDUV�

&XULH WHPSHUDWXUH RI SDUDPDJQHWLVP ΘS

7HPSHUDWXUH ΘS ��� . UHSUHVHQWV WKH &XULH WHPSHUDWXUH RI SDUDPDJQHW� LW LV WKH
H[WUDSRODWHG SRLQW RQ WKH FXUYH RI WKH LQYHUVH RI WKH SDUDPDJQHWLF PDJQHWLF VXVFHS�
WLELOLW\ χ ZLWK 7� RU LW LV D µWDLO¶ DSSHDULQJ RQ WKH σ±7 FXUYH� �SRLQW ' LQ )LJ ��� LW UH�
IOHFWV WKDW WKHUH VKRXOG EH D FRXUVH IRU WKH PDJQHWLF PRPHQW WR GLVDSSHDU� :KHQ WKH
WHPSHUDWXUH LV KLJKHU WKDQ ΘS� WKH PDJQHWLF PRPHQW VKRZV WRWDOO\ UDQGRP VWDWLVWLFDO
GLVWULEXWLRQ�

&RQWHQW DQDO\VLV RI WZR PDJQHWLF PL[WXUHV

0RVNDOHZLF] >��@ SURYHG WKDW WKH VWUHQJWK RI SHDN LV UHODWHG WR WKH FRQWHQWV RI

WKH SXUH 1L DQG WKH 1L)H�2�⋅VDOW H[LVWLQJ LQ WKH VDPSOH� :H XVHG WKH σ±7 FXUYH RI

WKH 7*�0� WHFKQLTXH� WR PHDVXUH WKH YDULDWLRQ RI YROXPH IUDFWLRQ RI α�)H�6L�
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QDQRFU\VWDOOLQH SKDVH RU UHVLGXDO DPRUSKRXV SKDVH ZLWK 7D PHDVXUHG E\ '7*�0�

WHFKQLTXH �UHIHU WR )LJ� � RI SDSHU %��� LQ WKLV LVVXH��

&RQFOXVLRQV

7KH 7*�0� DQG '7*�0� WHFKQLTXHV DUH VLPSOH DQG YHU\ XVHIXO H[SHULPHQWDO
PHWKRGV IRU VWXG\LQJ WKH QDQRFU\VWDOOLQH SURFHVVHV RI WKH )H&X1E6L% DQG
)H&X1E&R6L% DPRUSKRXV DOOR\V� 7KH\ KDYH ZLGH SURVSHFW RI DSSOLFDWLRQ DV D
PHDQV RI GHWHUPLQLQJ &XULH SRLQWV� VWXG\LQJ WKH WKHUPDO LQWHUDFWLRQ DQG PDJQHWLF
LQWHUDFWLRQ RI DOOR\V� HWF�

  

7KH ZRUN ZDV VXSSRUWHG E\ WKH 6FLHQFH DQG 7HFKQRORJ\ )RXQGDWLRQ RI *XDQJGRQJ 3URYLQFH

RI &KLQD�

5HIHUHQFHV

� /� 1� 0XOD\� ,QGXPDWL DQG /� 0XOD\� $QDO� &KHP�� �� ������ ���5�
� 0� :� 5RZH� -� *HRO� (GXF�� �� ������ ��
� /� 1�� 0XOD\ DQG /� .� .HV� $QDO� &KHP�� �� ������ �����
� (� /� 6LPPRQV DQG :� :� :HQGODQGW�� $QDO� &KHP� $FWD� �� ������ ����
� 3� .� *DOODJKHU DQG :DUQH� 7KHUPRFKLP� $FWD� �� ������ ����
� 0� +\PDQ DQG 0� :� 5RZH� -� &KHP� (GXF�� �� ������ ����
� 0� +\PDQ DQG 0� :� 5RZH� -� *HRO� (GXF�� �� ������ ����
� 0� +\PDQ DQG 0� :� 5RZH� -� *HRSK\V� 5HV�� �� ������ ����
� (� (� /DUVRQ� '� (� :DWVRQ� -� 0� +HUGRQ DQG 0� :� 5RZH� (DUWK 3ODQHW� 6FL� /HWW� ��
������ ����

�� 5� 0RVNDOHZLF]� 3URF� RI WKH )LUVW (XURSHDQ 6\PSRVLXP RQ 7KHUPDO $QDO\VLV� HG� 'ROOL�
PRUH +H\GHQ 	 6RQ /WG�� ����� S� ���

�� -� +� &KHQ DQG &� 5� /L� 7KHUPDO $QDO\VLV DQG $SSOLFDWLRQ� 6FLHQFH 3UHVV� %HLMLQJ �����
S� ���

�� '� 0� /LQ� <� -� &KHQ� +� 6� :DQJ DQG 0� /� /LQ� �WK &77$ DQG %, +XD;LD 7$& �$E�
VWUDFW�� %HLMLQJ� &KLQD� ����� S� ���� �L�H� %��� LQ WKLV LVVXH��

�� '� 0� /LQ� <� -� &KHQ� +� 6� :DQJ DQG 0� /� /LQ� $FWD 6FLHQWLDUXP 1DWXUDOLXP 8QLYHUVL�
WDWLV 6XQ\DWVHQL� �� ������ ���

�� '� 0� /LQ� <� -� &KHQ� +� 6� :DQJ DQG 0� /� /LQ� $FWD 6FLHQWLDUXP 1DWXUDOLXP 8QLYHUVL�
WDWLV 6XQ\DWVHQL� �� ������ ���

�� 0� 0ØOOHU� 1� 0DWWHUQ DQG /� /OLJHQ� =� 0HWDOONXQGH� �� ������ ����
�� '� 6� 'DL DQG .� 0� 4LDQ� )HUURPDJQHWLVP� 6FLHQFH 3UHVV� %HLMLQJ� ����� S� ���

/,1 HW DO�� 7*�0� $1' '7*�0� 7(&+1,48(6 ���

-� 7KHUP� $QDO� &DO�� ��� ����


