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7KH VWUXFWXUHV DQG SURSHUWLHV RI ZDWHU FOXVWHUV��� DQG WKH

K\GUDWLRQ SKHQRPHQD RI FDWLRQV���� DQLRQV���� HOHFWURQV����� DQG

DURPDWLF FRPSRXQGV�� KDYH EHHQ DQ DFWLYH DUHD RI UHVHDUFK

GXULQJ WKH ODVW IHZ GHFDGHV� 2QH RI WKH UHFHQW LQWHUHVWLQJ

LVVXHV LV WKH VWUXFWXUH RI WKH DQLRQLF ZDWHU KH[DPHU RU HOHF�

WURQ�ERXQG ZDWHU KH[DPHU >H��+�2��@�
���� %RZHQ DQG FR�

ZRUNHUV� UHSRUWHG WKH YHUWLFDO HOHFWURQ GHWDFKPHQW HQHUJLHV

�9'(� IRU YDULRXV VL]HV RI FOXVWHUV H��+�2�Q� IROORZHG E\

-RKQVRQ DQG FRZRUNHUV�� 7KHVH H[SHULPHQWV VKRZHG WKDW WKH

DQLRQLF ZDWHU FOXVWHUV IRU Q �� �� �� DQG �� VKRZ SDUWLFXODUO\

VWURQJ 9'( SHDNV� $V \HW� WKLV UHDVRQ KDV QRW EHHQ H[�

SODLQHG� 6LQFH ZH KDYH UHFHQWO\ UHSRUWHG WKH VWUXFWXUHV DQG

SURSHUWLHV IRU Q ��� DW KLJK OHYHOV RI DE LQLWLR WKHRU\��� KHUH

ZH UHSRUW WKH VWUXFWXUH� 9'(� DQG 2�+ YLEUDWLRQDO VSHFWUD

IRU Q � DW WKH VDPH OHYHO RI WKHRU\�

:H KDYH LQYHVWLJDWHG YDULRXV VWUXFWXUHV �EDVHG RQ RXU SUH�

YLRXV ZRUN RQ WKH ZDWHU KH[DPHU�� DQG WKH DQLRQLF ZDWHU

KH[DPHU��� XVLQJ 0|OOHU�3OHVVHW VHFRQG RUGHU SHUWXUEDWLRQ

WKHRU\ �03�� ZLWK WKH DXJ�FF�S9'=�GLII��V�S��V� EDVLV VHW�

7KH H[SRQHQWV RI WKH GLIIXVH EDVLV VHW XVHG WKH VFDOHG YDOXHV

RI WKH RXWHUPRVW H[SRQHQWV E\ ���� 7KH FDOFXODWLRQV ZHUH

FDUULHG RXW XVLQJ D *DXVVLDQ �� VXLWH RI SURJUDPV��� 7KH

ORZHVW HQHUJ\ VWUXFWXUH RI WKH DQLRQLF ZDWHU KH[DPHU LV SUH�

GLFWHG WR EH D S\UDPLG VWUXFWXUH� LQ FRQWUDVW WR WKH FDJH

VWUXFWXUH�������� RI WKH QHXWUDO ZDWHU KH[DPHU �)LJXUH ��� 7KH

GHWDLOV RI RWKHU YDULRXV ORZ�O\LQJ HQHUJ\ VWUXFWXUHV ZLOO EH

UHSRUWHG HOVHZKHUH� 7KRXJK ERWK S\UDPLG DQG FDJH VWUXF�

WXUHV KDYH HLJKW K\GURJHQ ERQGV� WKHLU FOXVWHU VNHOHWRQV DUH

TXLWH GLIIHUHQW� 7KH GLSROH PRPHQW RI WKH DQLRQLF S\UDPLG

VWUXFWXUH LV ���� GHE\H �ZKLFK LV ODUJH HQRXJK WR KDYH VWURQJ

H�GLSROH LQWHUDFWLRQ� ZLWK IRXU FOXVWHUHG GDQJOLQJ K\GUR�

JHQ DWRPV DORQJ WKH GLUHFWLRQ RI WKH GLSROH PRPHQW� 2Q WKH

RWKHU KDQG� WKH GLSROH PRPHQW RI WKH QHXWUDO FDJH VWUXFWXUH

LV ��� GHE\H ZKLFK LV WRR VPDOO WR ELQG DQ H[FHVV HOHFWURQ���

7KRXJK WKH K\GURJHQ ERQGV LQ WKH DQLRQLF S\UDPLG VWUXFWXUH

DUH UDWKHU ZHDN FRPSDUHG ZLWK WKRVH LQ WKH QHXWUDO FDJH

VWUXFWXUH� WKH VWURQJ H�GLSROH LQWHUDFWLRQ LQ WKH DQLRQLF S\�

UDPLG VWUXFWXUH VHHPV WR FRPSHQVDWH WKH ZHDNHQHG K\GUR�

JHQ ERQG VWUHQJWKV�

7KH 9'( RI WKH S\UDPLG VWUXFWXUH LV SUHGLFWHG WR EH ����

H9� ZKLFK LV FORVH WR WKH H[SHULPHQWDO YDOXH RI ���� H9����

6LQFH RXU SUHYLRXV 03� 9'(V IRU Q ��� ZHUH VOLJKWO\

VPDOOHU �E\ a���� WKDQ WKH 9'(V SUHGLFWHG E\ WKH FRXSOHG

FOXVWHU PHWKRG ZLWK VLQJOH� GRXEOH� DQG QRQ�LQWHUDFWLYH WULSOH

H[FLWDWLRQV >&&6'�7�@��� WKH ����FRUUHFWHG 9'( IRU Q � LV

LQ H[FHOOHQW DJUHHPHQW ZLWK WKH H[SHULPHQW� :H KDYH VWXGLHG

WKH 2�+ VWUHWFKLQJ YLEUDWLRQDO IUHTXHQFLHV XVLQJ %HFNH���

/HH�<DQJ�3DUU �%�/<3� GHQVLW\ IXQFWLRQDO WKHRU\ �')7�

HPSOR\LQJ WKH �������* EDVLV VHW GXH WR WKH OLPLWHG FRP�

SXWLQJ SRZHU� $V WKH SUHGLFWHG 2�+ YLEUDWLRQDO VSHFWUD RI

WKH QHXWUDO FDJH KH[DPHU DUH LQ UHDVRQDEOH DJUHHPHQW ZLWK

WKH H[SHULPHQWDO VSHFWUD RI WKH ZDWHU KH[DPHU ERXQG WR D

EHQ]HQH PRQRPHU��� WKRVH RI WKH DQLRQLF S\UDPLG ZDWHU

KH[DPHU DUH IRXQG WR EH DOVR LQ UHDVRQDEOH DJUHHPHQW ZLWK

WKH H[SHULPHQWDO VSHFWUD RI WKH DQLRQLF ZDWHU KH[DPHU�� 7KH

SUHGLFWHG DYHUDJH YDOXH RI WKH V\PPHWULF �ν�� DQG DV\PPH�

WULF �ν�� 2�+ YLEUDWLRQDO IUHTXHQFLHV RI WKH ZDWHU PRQRPHU

����� FP−�� QHHGV WR EH FRPSDUHG ZLWK WKH FRUUHVSRQGLQJ

H[SHULPHQWDO YDOXH ����� FP−�� DV WKH UHIHUHQFH SRLQW RI WKH

VSHFWUD� 7KXV� WKH %�/<3��������* SUHGLFWHG IUHTXHQ�

FLHV VKRXOG EH UHG�VKLIWHG E\ ��� FP−� IRU UHDOLVWLF FRPSDUL�

VRQ ZLWK WKH H[SHULPHQWDO IUHTXHQFLHV� 7KHQ� ZH QRWH WKDW

WKH VSHFWUD RI QHXWUDO FDJH VWUXFWXUH KDYH SHDNV QHDU � FP−�

IRU WKH 2�+ IUHTXHQFLHV LQYROYLQJ GDQJOLQJ + DWRPV �+G�

DQG SHDNV UHG�VKLIWHG E\ XS WR a��� FP−� IRU VWURQJO\ K\GUR�

JHQ ERQGHG 2�+� 2Q WKH RWKHU KDQG� WKH DQLRQLF S\UDPLG

VWUXFWXUH KDYH QR SHDNV QHDU � FP−�� EXW LW KDV SHDNV UHG�

VKLIWHG E\ a��� FP−�� VLQFH WKH GDQJOLQJ + DWRPV LQYROYH

WKH H�+G LQWHUDFWLRQV� 7KH VSHFWUD RI HDFK PROHFXOH LQ

ZDWHU FOXVWHUV VKRZ VLJQDWXUHV RI WKH W\SH RI K\GURJHQ

ERQGV� WKH VLQJOH SURWRQ GRQRU − VLQJOH SURWRQ DFFHSWRU W\SH

�¦GD§�� WKH VLQJOH GRQRU − GRXEOH DFFHSWRU W\SH �¦GDD§�� WKH

GRXEOH GRQRU − VLQJOH DFFHSWRU W\SH �¦GGD§�� WKH GRXEOH

DFFHSWRU W\SH �¦DD§�� 7ZR 2�+ IUHTXHQFLHV LQYROYLQJ WKH

VLQJOH GRQRU W\SH RI ¦GDD§ DQG ¦GD§ DUH UHG�VKLIWHG E\ ��

�¦GD§� DQG ��� FP−� �¦GDD§�� UHVSHFWLYHO\� 7ZR 2�+ IUH�

TXHQFLHV LQYROYLQJ WKH GDQJOLQJ +G DWRPV RI WKH VLQJOH

GRQRU W\SHV RI ¦GD§ DQG ¦GDD§ DUH UHG�VKLIWHG E\ ��� FP−�

�ν �� DQG ��� FP−� �ν ��� 7KH DV\PPHWULF ν � PRGH RI WKH

¦DD§�W\SH ZDWHU VKRZV D YHU\ VWURQJ ,5 LQWHQVLW\� 7KH 2�+

IUHTXHQFLHV RI WKH ¦GGD§�W\SH ZDWHU PROHFXOH DUH UHG�VKLIWHG

$XWKRU WR ZKRP FRUUHVSRQGHQFH VKRXOG EH DGGUHVVHG� (�PDLO�
NLP#SRVWHFK�DF�NU� ,QWHUQHW� ZZZ�FVP�SRVWHFK�DF�NU

)LJXUH �� 6WUXFWXUHV RI WKH DQLRQLF 3\UDPLG ZDWHU KH[DPHU DQG
WKH QHXWUDO &DJH ZDWHU KH[DPHU�
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E\ ������� FP−� IRU V\PPHWULF PRGHV �ν �� DQG �������

FP−� IRU DV\PPHWULF PRGHV �ν ��� 7KH IUHTXHQF\ VKLIWV �δν ��

RI WKH V\PPHWULF PRGHV RI ¦GD§ DQG ¦GDD§�W\SH ZDWHU PROH�

FXOHV DUH −��� DQG −��� FP−�� 7KHVH 2�+ VWUHWFKLQJ IUH�

TXHQFLHV DUH LQ JRRG DJUHHPHQW ZLWK WKH H[SHULPHQWDO

VSHFWUD� 7KH EHQGLQJ IUHTXHQFLHV �ν �� IRU WKH ¦GGD§�� ¦GD§��

DQG ¦GDD§�W\SH ZDWHU PROHFXOHV DUH EOXH�VKLIWHG E\ �������

��� DQG �� FP−� �UHODWLYH WR WKH EHQGLQJ IUHTXHQF\ RI WKH IUHH

ZDWHU PRQRPHU�� ZKLOH WKDW IRU WKH ¦DD§�W\SH LV UHG�VKLIWHG

E\ �� FP−��

,Q FRQFOXVLRQ� ZH ILQG WKDW WKH ORZHVW HQHUJ\ FRQIRUPHU

DPRQJ WKH DQLRQLF ZDWHU KH[DPHU LV WKH S\UDPLG VWUXFWXUH�

DQG LWV 9'( DQG 2�+ VWUHWFKLQJ VSHFWUD DUH LQ JRRG DJUHH�

PHQW ZLWK WKH H[SHULPHQWV�
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HW DO� LELG� ����� ���� ����� .LP� -� HW DO� LELG� ����� ����

���� .LP� .� 6� HW DO� LELG� ����� ��� ����� 0KLQ� %� -� HW
DO� 3K\V� 5HY�$ ����� ��� ����� .LP� -� HW DO� &KHP� 3K\V�
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3K\V� &KHP� ����� ���� ������

�� �D� $\RWWH� 3� HW DO� -� 3K\V� &KHP� % ����� ���� ����� �E�

$\RWWH� 3� HW DO� -� $P� &KHP 6RF� ����� ���� ������ �F�
-RKQVRQ� 0� 6� HW DO� &KHP� 3K\V� /HWW� ����� ���� ���� �G�

&DEDUFRV� 2� 0� -� &KHP� 3K\V� ����� ���� ��

�� �D� 0DMXPGDU� '� HW DO� -� &KHP� 3K\V� ����� ���� ���� �E�
%DLN� -� HW DO� LELG� ����� ���� �����

�� �D� $UPEUXVWHU� 0� HW DO� 3K\V� 5HY� /HWW� ����� ��� ����

�E� +DEHUODQG� +� HW DO� -� &KHP� 3K\V� ����� ��� ����� �F�
'HVIUDQFRLV� &� HW DO� -� &KHP� 3K\V� ����� ��� ����� �G�

'HVIUDQFRLV� &�� /LVIL� $�� 6FKHUPDQQ� -� 3� =� 3K\V� '�

����� ��� ���� �H� /HKU� /� HW DO� 6FLHQFH ����� ���� ����
�� �D� &RH� -� 9� HW DO� -� &KHP� 3K\V� ����� ��� ����� �E� /HH�
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�� �D� %DLOH\� &� *� HW DO� -� 3K\V� &KHP� ����� ���� ������
�E� &DPSDJQROD� 3� -� HW DO� &KHP� 3K\V� /HWW� ����� ����

���� �F� %DLOH\� &� *�� -RKQVRQ� 0� $� LELG� ����� ����

���� �G� .LP� -� HW DO� LELG� ����� ���� ��� �H� $\RWWH� 3� HW

DO� -� &KHP� 3K\V� ����� ���� ���� �I� $\RWWH� 3� HW DO� LELG�
����� ���� �����

��� �D� 6PLWK� '� 0� $� HW DO� -� &KHP� 3K\V� ����� ���� �����

����� ���� ����� ����� ���� ����� �E� .LP� -� HW DO� LELG�
����� ���� ������ �F� %DUQHWW� 5� 1� HW DO� -� &KHP� 3K\V�

����� ��� ����� ����� ��� ����� 3K\V� 5HY� /HWW� ����� ���
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��� �D� 7DUDNHVKZDU� 3� HW DO� -� &KHP� 3K\V� ����� ���� �����

�E� 7DUDNHVKZDU� 3� HW DO� LELG� ����� ���� ����� �F� 7DU�

DNHVKZDU� 3� HW DO� LELG� ����� ���� ����� �G� .LP� .� 6� HW
DO� &KHP� 3K\V� /HWW� ����� ���� ����

��� �D� .LP� -� HW DO� -� &KHP� 3K\V� ����� ���� ������ �E�

.LP� -� HW DO� 3K\V� 5HY� $ ����� ��� 5����
��� �D� .LP� -� .LP� .� 6� -� &KHP� 3K\V� ����� ���� ����� �E�

0KLQ� %� -� HW DO� LELG� ����� ���� ����� �F� 0KLQ� %��-� HW

DO� &KHP� 3K\V� /HWW� ����� ���� ��� �G� .LP� .� 6� HW DO�
LELG� ����� ���� �����H� )UDQNHQ� .� $� HW DO� LELG� �����

���� ��� �I� 7VDL� -�� -RUGDQ� .� '� LELG� ����� ���� ����

��� �D� .LP� .� 6� HW DO� 3K\V� 5HY� /HWW� ����� ��� ���� �E�
/HH� 6� HW DO� LELG� ����� ��� ����� �F� /HH� 6� HW DO� &KHP�

3K\V� /HWW� ����� ���� ���� �G� .LP� .� 6� HW DO� -� $P�

&KHP� 6RF� ����� ���� �����
��� )ULVFK� 0� -� HW DO� *DXVVLDQ ��� 5HY� $� *DXVVLDQ� ,QF��

3LWWVEXUJK� 3$� �����

��� �D� /LX� .� HW DO� 1DWXUH ����� ���� ���� �E� *UHJRU\� -� .�
HW DO� 6FLHQFH ����� ���� ����

��� �D� 3ULEEOH� 5� 1�� =ZLHU� 7� 6� 6FLHQFH ����� ���� ��� �E�

.LP� .�� -RUGDQ� .� '�� =ZLHU� 7� 6� -� $P� &KHP� 6RF�
����� ���� ������


