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�_pNW]U[Sg	L	RWXY]XP	 S	 RWNYQZP	 QRWUV%
TX_`XOZN^N	 PWQYU�	 �P	 ZU`XOPVU	 S_pNW]U[SS
OQcXOPVX__N	 iUVSOgP	 ZU`XOPVN	 S	 eppXZPSV%
_NOPa	pQ_Z[SN_SWNVU_Sg	NbhXZPU	QRWUVTX_Sg�
�	 RN]Nca\	 S_pNW]U[SS	 WXUTSiQXPOg	 OVgia
]XjYQ	OQbhXZPN]	S	NbhXZPN]	QRWUVTX_Sg(	NOQ%
cXOPVTg\POg	[SZTS`XOZS	RNVPNWg\cSXOg	OPU%
YSS	 RWN[XOOU	 QRWUVTX_Sg	L	 RNTQ`X_Sg(	 RX%
WXWUbNPZS	OVXYX_Sd	N	ONOPNg_SS	QRWUVTgX]N%
^N	 NbhXZPU	 S	 RXWXYU`S	 X]Q	 QRWUVTg\cSk
ZN]U_Y�
�RWUVTX_`XOZUg	S_pNW]U[Sg	 YNTj_U	 QYNV%

TXPVNWgPa	_XZNPNWf]	NO_NVNRNTU^U\cS]	PWXbN%
VU_Sg]�	�N	QOPNgVnS]Og	OQjYX_Sg]	ePN(	RWXj%
YX	 VOX^N(	 PWXbNVU_Sg(	RNZUiU__fX	_U	WSO�	 ��

q	�XWXVg^S_	��	��(	 ����

�Y_S]S	Si	VUj_XdnSk	ZU`XOPV	QRWUVTX_`XO%
ZNd	S_pNW]U[SS	gVTg\POg	XX	RNTXi_NOPa	S	[X_%
_NOPa�	 �PS	 ZU`XOPVU	 S_pNW]U[SS	]N^QP	 bfPa
WUOO]NPWX_f	 O	 RNiS[Sd	 WUi_fk	 _UQZ�	 PXNWSS
QRWUVTX_Sg	 S	 ZSbXW_XPSZS(	 PXNWSS	 S_pNW]U%
[SS(	 PXNWSS	VXWNgP_NOPXd(	 bSNpSiSZS	S	YW�
�i^TgYf	 WUi_fk	 UVPNWNV	 _U	 RNTXi_NOPa	 S

[X__NOPa	S_pNW]U[SS	V	ZN_PXZOPX	ONVWX]X__N%
^N	 bSi_XOU	 RWXYOPUVTX_f	 V	 l�m�	 �UZ(	 ON^TUO_N
$NYjQ	S	YW�(	S_pNW]U[Sg	PNTaZN	PN^YU	RNTXi%
_U	 NW^U_SiU[SS(	 ZN^YU	 N_U	 RNTXi_U	 YTg	 NbXO%
RX`X_Sg	 RWN[XOOU	 RWS_gPSg	 WXnX_Sd	S	 PXZQ%
cXd	 YXgPXTa_NOPS�	  X]	 bNTanX	 RNTXi_NOPa
S_pNW]U[SS(	 PX]	 bNTanX	 XX	 [X__NOPa�	 �NW%
WS_^PN_	S	�UdP]U_	QPVXWjYU\P(	`PN	[X__NOPa
S_pNW]U[SS	 _URWg]Q\	 iUVSOSP	 NP	 ZU`XOPVU
RWS_gPfk	 WXnX_Sd	 S	 ]XW(	 NO_NVU__fk	 _U
ePSk	 WXnX_Sgk�	�X__NOPa	 S]XXP	 PNTaZN	 RWU%
VSTa_N	 RXWXYU__Ug	 S	 SORNTaiNVU__Ug	 S_pNW%
]U[Sg�
�N	 
�	 ��	 �PWUPN_NVS`Q	 l�m(	 [X__NOPa	 S_%

pNW]U[SS	 NRWXYXTgXPOg	 ZUZ	 ]UZOS]UTa_Ug
RNTaiU(	 ZNPNWQ\	 NRWXYXTX__NX	 ZNTS`XOPVN
S_pNW]U[SS	 ORNONb_N	 RWSV_XOPS	 V	 Q]X_anX%
_SX	 OWXY_Sk	 RNPXWa�
�N^TUO_N	YWQ^N]Q	NRWXYXTX_S\	l)m	[X__NOPa

S_pNW]U[SS	 XOPa	 pQ_Z[Sg	 [XTS(	 O	 ZNPNWNd
N_U	 ^X_XWSWQXPOg	 STS	 WX[XRPSWQXPOgz�	 #U]X%

_���
 e�
�Uj_XdnSX	 ZU`XOPVU	 S_pNW]U[SS

z	
X_XWU[Sg	XOPa	RWN[XOO(	V	ZNPNWN]	VfbNW	YXTUXP%
Og	OTQ`Ud_N	V	QOTNVSgk	_XYNOPUPZU	S_pNW]U[SS(	U	WX%
[XR[Sg	L	RWN[XOO(	V	WXiQTaPUPX	WXUTSiU[SS	ZNPNWN^N
RWNSiVNYSPOg	 NY_Ni_U`_fd	 VfbNW	 _U	 bUiX	 RWXYOQcX%
OPVQ\cXd	STS	RNTQ`X__Nd	Si	NZWQjU\cXd	OWXYf	S_%
pNW]U[SS	L	 PUZ	 _UifVUX]fd	���'����)�
 �)+���
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PS](	 `PN	 RWXYRNOfTZS	 PXNWSS	 [X__NOPS	 S_%
pNW]U[SS	NP_NOgPOg	 XcX	Z	WUbNPU]	>X__N_U
S	�NT]N^NWNVU�
�N^TUO_N	 NRWXYXTX_S\	��	��	�N_^UWYU	 l,m

S	��	��	$UWZXVS`U	l"m(	[X__NOPa	S_pNW]U[SS
NRWXYXTgXPOg	 ZUZ

( ),p/pW ii 2log=

^YX	 V9	L	VXWNgP_NOPa	 YNOPSjX_Sg	[XTS	RNOTX
VfbNWU
9%^N	VUWSU_PUo
�	L	VXWNgP_NOPa	2VD90D9
YNOPSjX_Sg	[XTS	YN	VfbNWU	T\bN^N	VUWSU_PU�
�i	 VfWUjX_Sg	 ��!	 OTXYQXP(	 `PN	 XOTS	 YN

VfbNWU	 VUWSU_PU	 VOX	 VXWNgP_NOPS	 NYS_UZNVf(
PN	V
�
ey1o	RWS	V9
�
 V	[X__NOPa	S_pNW]U[SS
RNTNjSPXTa_Uo	 RWS	 V9
 �
 V	L	 NPWS[UPXTa_U
�P�X�	 ePN	 RN	 OQPS	 YXiS_pNW]U[Sg!�
�	 PN	jX	VWX]g	 XOTS	RNOTX	RNTQ`X_Sg	S_%

pNW]U[SS	 [XTa	 YNOPS^UXPOg	 O	 VXWNgP_NOPa\
V9	≈	�(	PN	XX	[X__NOPa	ONVRUYUXP	O	]UZOS]UTa%
_f]	ZNTS`XOPVN]	S_pNW]U[SS(	 ZNPNWNX	 _XNb%
kNYS]N	YTg	YNOPSjX_Sg	[XTS�	�NTS`XOPVN	jX
S_pNW]U[SS	_QTXVNd	[X__NOPS	 VNVOX	_X	 NbgiU%
PXTa_N	]UTN	RN	OWUV_X_S\	O	OSPQU[Sg]S	V9
�
V
S	 V9
 �
 V�	*SiS`XOZS	 _QTXVUg	 [X__NOPa	 ONNP%
VXPOPVQXP	 S_pNW]U[SS(	 _X	 S]X\cXd	 NP_NnX%
_Sg	 Z	 YNOPSjX_S\	RNOPUVTX__Nd	 [XTS�

UiTS`_fX	 RN	 NRWXYXTX_S\	 RN_gPSg	 [X_%

_NOPS	 S_pNW]U[SS	 RWNSTT\OPWSWNVU_f	 _U
WSO�	 ��

��!

 

�g +g

_���
 h�
�TT\OPWU[SS	 Z	 NRWXYXTX_S\	[X__NOPS
S_pNW]U[SS	 RN	$UWZXVS`Q	 ��!	 l"m

S	 RN	�PWUPN_NVS`Q	 �+!	 l�m

�X__NOPa	S_pNW]U[SS	RN	$UWZXVS`Q	�WSO�	�(
�!(	 ONNPVXPOPVQ\cUg	VfWUjX_S\	��!(	UYXZVUP%
_U	 OSPQU[SS(	 ZN^YU	 VXWNgP_NOPa	 YNOPSjX_Sg
[XTS	\	 ]UTU�
 V9	 ��	 ��	 �	 ePN]	 OTQ`UX	 RNYWU%
iQ]XVUXPOg	 XYS_OPVX__fd	 NRPS]UTa_fd	 RQPa
���!	 NP	 SOPN`_SZU	 S_pNW]U[SS	#	 Z	 [XTS�
�URWNPSV(	 ON^TUO_N	 NRWXYXTX_S\	�PWUPN_NVS%
`U	 �WSO�	 �(	+!(

,HTI
dH

dRo
ξ

ξ

∆= ��!

^YX	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	L	]XWU	_XNRWXYXTX_%

_NOPS	�e_PWNRSg!(	V	ZNPNWNd ξ	L	OTQ`Ud_Ug	VXTS%
`S_U(	U	Ofξg
L	XX	VXWNgP_NOPao	!	L	UbONT\P%
_Ug	PX]RXWUPQWU(	v	Mv0
y
Mwξ	XOPa	ONbOPVX__N
YSppXWX_[SUTa_Ug	 [X__NOPa	 S_pNW]U[SS	 J(
ZNPNWUg	 OVgifVUXPOg	 O	 Q]X_anX_SX]	 iUPWUP�
�RWXYXTX_SX	��!	UYXZVUP_N	OSPQU[SS	V9
→	�(

RWS	 ePN]	 S]XXPOg	]_NjXOPVN	 RQPXd	 YNOPSjX%
_Sg	[XTS	�#
L�	\!(	PNTaZN	NYS_	Si	ZNPNWfk	L
��	L	VXYXP	Z	[XTS	O	_US]X_anS]S	iUPWUPU]S�
�X__NOPa	 S_pNW]U[SS(	 SYX_PSpS[SWQX]Ug

O	 ZN_ZWXP_f]	 NbhXZPN](	 VN%RXWVfk(	 NP_NOSP%
Og	Z	]UZWNS_pNW]U[SS(	YTg	ZNPNWNd	RN_gPSX
e_PWNRSS	VXOa]U	QOTNV_N�	�N%VPNWfk(	[X__NOPa
S_pNW]U[SS	OQcXOPVX__N	iUVSOSP	NP	WX[XRPS%
WNVU_Sg	S_pNW]U[SS(	P�X�	WX`a	SYXP	N	ViUS]N%
YXdOPVSS	 NbhXZPU	 O	 RNYNb_f]S	 X]Q	S	 VNNbcX
O	 NZWQjU\cXd	 OWXYNd�	�_pNW]U[Sg(	 NbTUYU%
\cUg	 _QTXVNd	 [X__NOPa\(	 _X	 WX[XRPSWQXPOg�
�X__NOPa	 S_pNW]U[SS	 S]XXP	 PX_YX_[S\	 Z
RNVfnX_S\	RWS	YNOPUPN`_N	YTSPXTa_N]	ViUS%
]NYXdOPVSS	 NbhXZPNV�	 �RX[SpSZU	 NbhXZPU�
PXO_Ug	OVgia	[X__NOPS	S_pNW]U[SS	S	[XTS(	O
ZNPNWNd	 ePU	 S_pNW]U[Sg	 VNOPWXbNVU_U	 NbhXZ%
PN]�
�NORWS_S]UX]NX	 NbhXZPN]	 ZNTS`XOPVN	 S_%

pNW]U[SS
 J∑	 YNTj_N	 kUWUZPXWSiNVUPaOg	]UZ%
OS]UTa_N	 bNTanXd	 [X__NOPa\	�9(	 ZNPNWUg
NRWXYXTX_U	 VfnX	 ZUZ	 �����V9yV!�
�	YWQ^Nd	OPNWN_f(	ZNTS`XOPVN	S_pNW]U[SS

]NjXP	 bfPa	 NRWXYXTX_N	 ZUZ

( ) ( )∑−=
ξ

ξ ξξ PPH ln

( )∑
=

=∑
N

i

jj
i

j
i ,p/ppI

1
2log

P�X	 ZN^YU	>	 VUWSU_PNV	 �VOXk	 VNi]Nj_fk!	 S_%
pNW]U[SN__fk	ONNbcX_Sd	]N^QP	WXUTSiNVUPaOg
O	VXWNgP_NOPg]S
VR(	 R	x	�(�(���(	>(	_N	V	YXdOP%
VSPXTa_NOPS	WXUTSiQ\POg	O	VXWNgP_NOPg]S
�`XVSY_N(	NRPS]UTa_f]	VUWSU_PN]	gVTgXP%

Og	 PNP(	 RWS	 ZNPNWN]	 	 	 	 	 	 	 	 S	 pp j ≡ �	 �	 ePN]

OTQ`UX

.pj
i

i
j

i pp ≡

( )2
1 1

log .
> >

9 9 9 9
9 9

J V V yV V �
= =

= =∑ ∑ ∑ �,!

�)!

�NTQ`X__Ug	pNW]QTU	 �,!	 YUXP	 U_UTSPS`XO%
ZQ\	 iUVSOS]NOPa	 ZNTS`XOPVU	 S_pNW]U[SS	 NP
XX	[X__NOPS(	P�X�	NRPS]UTa_NX	YTg	pQ_Z[SN_S%
WNVU_Sg	 NbhXZPU	 ZNTS`XOPVN	 S_pNW]U[SS

�
�

1

,
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9
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P�X�	 VXTS`S_U	 	 	 	 	 	 	 NRWXYXTgXPOg	 ONbOPVX__N

[X__NOPa\	S_pNW]U[SS	S	VXWNgP_NOPa\	YNOPS%
jX_Sg	 [XTS	 ��
 �����	��'
 ��^�������(	 `PN
VRNT_X	 NbhgO_S]N	 S	 OU]NN`XVSY_N�
�WQ^NX	YXTN	L	QOTNVSX	WUVX_OPVU										S

	 	 	 	 	 	 	 �PN	 QOTNVSX	 OVgiU_N(	 ZUZ	 OTXYQXP	 Si
�)!(	 O	 WUV_NVXWNgP_NOPa\	 VOXk	>	 VUWSU_PNV
S_pNW]U[SN__fk	 ONNbcX_Sd�
�_pNW]U[Sg	 OQPa	 iURN]S_UX]fd	 VfbNW

NY_N^N	VUWSU_PU	Si	_XOZNTaZSk�	�N_gP_N(	`PN
iURN]S_UXPOg	 [X__Ug	 S_pNW]U[Sg�
�Tg	 ZNTS`XOPVX__Nd	 N[X_ZS	 [X__NOPS	 OX%

]U_PS`XOZNd	 S_pNW]U[SS	 RWXYTU^UTSOa	 WUi%
TS`_fX	 ]XWf�	 �Y_UZN	 RWS	 ePN]	 VNi_SZU\P
PWQY_NOPS	 YNZUiUPXTaOPVU	 ��	���������
 PU%
ZSk	]XW�
��	��	$UWZXVS`	OVgifVUT	[X__NOPa	S_pNW%

]U[SS	 O	 [XTa\	 YXgPXTa_NOPS(	 RWXYTU^Ug	 WUO%
O]UPWSVUPa	 e_PWNRSd_Q\	]XWQ	>X__N_U	 ZUZ
]XWQ	VXWNgP_NOPS	_XYNOPSjX_Sg	[XTS�	�Y_UZN
V	YU__Nd	PXNWSS	[X__NOPS	S_pNW]U[SS	OQcX%
OPVQXP	 N`XVSY_fd	 _XYNOPUPNZ	 V	 PN](	 `PN	 N_U
RNYVXW^UXP	ZU`XOPVN	S_pNW]U[SS	ZNTS`XOPVX_%
_Nd	 N[X_ZX(	 _X	 SOOTXYQg	 OU]N	 ePN	 ZU`XOPVN�
�RSWUgOa	_U	SYX\	��	�S_XWU	N	PN](	`PN

YTg	 RN_S]U_Sg	 S	 SORNTaiNVU_Sg	 S_pNW]U%
[SS	 RNTQ`UPXTa	 YNTjX_	 NbTUYUPa	 NRWXYX%
TX__f]	 iURUON]	 i_U_Sd(	 P�X�	�	���������
/�	��	>WXdYXW	NRWXYXTgXP	ZNTS`XOPVN	OX]U_%
PS`XOZNd	 S_pNW]U[SS(	 ONYXWjUcXdOg	 V	 PXZ%
OPX(	 ZUZ	 OPXRX_a	 Si]X_X_Sg	 PXiUQWQOU	 l-m�	�N
>WXdYXWQ(	`X]	bNTXX	OTNj_Q\	OPWQZPQWQ	S]X%
XP	PXiUQWQO(	PX]	bNTanX	OQcXOPVQXP	VNi]Nj_N%
OPXd	 YTg	 Si]X_X_Sd	 RNY	 VNiYXdOPVSX]	 NY_N^N
S	 PN^N	jX	 ONNbcX_Sg�
��	�NTaZX_nPXd_	l0m	RWXYTU^UXP	NRWXYXTgPa

[X__NOPa	S_pNW]U[SS	�B!	OTXYQ\cS]	NbWUiN]�

�
�J∑

i
j

i pp ≡
.pp j ≡

,e
IB

IA
V I/Cθθ −

+
=

^YX	 J	L	 ZNTS`XOPVN	 RNOPQRU\cXd	 S_pNW]U%
[SSo θ	L	 PXiUQWQOo	��
��
 �	L	ZN_OPU_Pf�
�WS	 N`X_a	 bNTanN] θ	 S	 N`X_a	 ]UTN] θ

STS
J	[X__NOPa	S_pNW]U[SS	fB!	_XN^WU_S`X_%
_N	 QbfVUXP�	 �WS	 N`X_a	 bNTanN]	 J	 [X__NOPa
S_pNW]U[SS	B
→ 7θ�	�UZOS]UTa_NX	i_U`X_SX
S_pNW]U[SS	 ONNPVXPOPVQXP	 QOTNVS\	  θ	 x
 Jyc(
P�X�	ZN^YU θ	RWNRNW[SN_UTX_	ZNTS`XOPVQ	RNTQ%
`UX]Nd	 S_pNW]U[SS�
�UZS]	 NbWUiN](	 [X__NOPa	 S_pNW]U[SS	 Vf%

OPQRUXP	ZUZ	]_N^NRTU_NVUg	XX	kUWUZPXWSOPSZU�
�YXTUX]	_XZNPNWfX	 VfVNYf	S	 VfYXTS]	 NO_NV%
_fX	pUZPNWf(	VTSg\cSX	_U	N[X_ZQ	[X__NOPS�

�N_gPSX	[X__NOPS	S_pNW]U[SS	S]XXP	O]fOT
RWS	 _UTS`SS�
L	 ��+�	���
 f$�_g�
 SORNTaiQ\cX^N	 S_%

pNW]U[S\o
d	V_QPWX__X^N	ONYXWjU_Sg
�����
��^����Y

���}
L	�	���
ZNPNWQ\	 OPUVSP	 RXWXY	 ONbNd	��


S	RWXYRNTU^UXP	YNOPS`a	RNOWXYOPVN]	SORNTaiN%
VU_Sg	 S_pNW]U[SS�
�X__NOPa	L	 ePN	 OQbhXZPSV_Ug	 N[X_ZU	 RN%

TXi_NOPS	 RNOPQRU\cSk	 STS	 _UdYX__fk	 YU_%
_fk�	�X__Nd	 gVTgXPOg	 S_pNW]U[Sg(	 ZNPNWUg
NPTS`UXPOg	 _NVSi_Nd	 S	 ONYXWjSP	 OVXYX_Sg(
XcX	 _XSiVXOP_fX(	 _N	 _Qj_fX	��
(	 RXWXYU_U
_U	RN_gP_N]	X]Q	gifZX	�XOPXOPVX__N]	STS	SO%
ZQOOPVX__N]!�
�QbhXZP	 YNTjX_	 bfPa	 ^NPNV	 Z	 VNORWSgPS\

S	 NbWUbNPZX	 �RN_S]U_S\!	 S_pNW]U[SS�	�X_%
_NOPa	 S_pNW]U[SS	 RNVfnUXPOg(	 XOTS	 N_U	 RN%
TQ`X_U	 V	 WXiQTaPUPX	 [XTX_URWUVTX__N^N	 RNSO%
ZU	 �RWSTNjX__fk	 QOSTSd!�	 �X__NOPa	 PUZjX
NRWXYXTgXPOg	OTNj_NOPa\	iUYU`S	�[XTS!(	ZNPN%
WQ\	 RWXYRNTU^UXPOg	 WXnSPa�
�U	 WUiTS`_fk	 OPUYSgk	 S_pNW]U[SN__N^N

RWN[XOOU	 RNZUiUPXTS	 [X__NOPS	 NRWXYXTg\POg�
ZNTS`XOPVN]	 i_UZNV	L	 _U	 OPUYSS	 ObNWU	 S

RNTQ`X_Sg	 YU__fk�	 �WS	 WUV_N]	 ZNTS`XOPVX
RWXYRN`PX_SX	 NPYUXPOg	 S_pNW]U[SS(	 RXWXYU_%
_Nd	]X_anS]	ZNTS`XOPVN]	 i_UZNVo
O]fOTNVf]	 ONYXWjU_SX]	L	_U	 OPUYSS	 RX%

WXWUbNPZSo
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