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BDCFEHGJI ILK�M&N	G"NPOJI�I Q�NPRDS�T�U	TWV�T G�X�Y	Z7I�GLNPOJIW[
QPU\NPG"]DT^V�T`_ba > U2OcI"K	d"TWQ�N�MeR"NPGJX�Q�fLGDO�T"gih�jlk m n�o.prq
T^sWS;X�Y�Q	I X	U\Q�T"G�t G�X�s"TuQ	t v�nuw T"s^OJX	G"f"x7I"S I
]�T"Y�Q�X\Q�T"y�O"T ODN�Tux7I"]JX	OcO"f�z T"Y�TWs^N	O�ODTuY�QP{ |
I�K�M'N	O�N	O�IDN K�OJX	d�X d"TW}P~�~�I��JI"NPODQ	X S I�O�N	g�ODTuV�T
T^sW�cN�MeO�TWV�T�GDX�YPZ6I�G"N	OcI^[

α � ��� ( j ) � dLTuQ�TLGDt�g RcGDI
j

≈ � �-� p�Y�Q	X	O"T�UuI"Q�Y�[�TuQ	G�IJ��X	Q�N�S {	Oct�M�]�SD[�}�Q�TuV�T
d�G�IDT^d�G�IDY�QPX�S�S XDC7��G"f"V�I"MeIiY�SJT^UWX�MeI � Y�x7X�Q	I"N�h�I"S I �y^Q�T�Q�T�x�NlY	X�M&TuN � f�M'N	Oc{	Z�N	O�I�NlRDG�TWY�Q	G�X	ODY�Q	U	N	O�OJt��
GcX�K�M'N	G�T"U�q�T"s^GDX	K��JX ~�f�S�SJNPG�ILQPX _�a > � RcGLN�]�Y�Q��
XuU	SL[Dz���N�V�T Y�Tus"T"g U }	dWYPRDNPGDI�M$NPODQPX�� v�nuw
YPRJG"N�Y�Y�T�UuX	O�ODf�z�IDK2R"T�G"T�Zrd�X�Q	X�s^SDN�Q	d"fJ� � Y�M&NPOL[�N�Q�Y�[R�T�M&NPGLN2]cX�Sc{uOLNPgJZ�N�V�Tih�O�I�x�N � �-� prqAY	OcILxrNPODI"[ j
GcX�Y	ZrIJG"NPODI�N�MFh�ID��fcU	N�ScIDyuN	OcI"N�M�qWC��&X	d"T"g�}P~�~)NPdLQ
O�TWYPIDQ OJX�KPUWX	O�IDN T"QPGDI��cX�Q�N�S;{	ODTuV�T Q�N	R�SDTLU\TuV�T
GcX�Y	ZrIJG"NPODI"[.h	�7����q � XrN�V�T5R�G�IDyLIDOcX�]"SD[�~�f�SDScN	G�I"Q	XXuU	Q�TLGDX�M I�v�nuw1s^t�SJXlY	U�[�K�XWO�X¡YlR�GDN�]�RDTuSJTuxrN	O�IDN�M�T
Y�fc�¢N�Y�QPU\T^UWX	OcI�I£U6V�N�SJI�N	U	T"gAQ�N�MeR"N	G�X	Q�fJG�O"T�g1T^sWS;X�Y�Q	I
OcI"K	d"TW}PODNPGLV�N�Q�I�y"N�YPdWT"V�T Y	R�N	dWQPG�X M$T"S�NPdLf^S _ a > �T^sWf�Y�S�T�U	S�N	OcOLT^V�T ID� d�UWX	O�Q�T^UWt�M h�Q�C-NDC
R�TW]�s�X	G�{	N	G�O�t�M�q¤UuGJX	�rX�Q�N�S {	Oct�M¥Q�fcODO�N�ScIJG"T^UWXuO�IDN�M

M&N�x�]�f G�X�K�S I"y�O�t�M&I T�G�I"N	O�Q	X	�cILTLODOct�MeI
RDTuSJTuxrN	O�IL[LM&I.U¦Q	U	N	G"]�T"g.~�X�K�NDC

§ N�TWs^�DT^]�IDM&T K	X�M&N�Q�I�Q	{ � y"Q�T � U	Y�Q�G�N�y^XP[�YP{
T"Q�ODTuY	I�Q�N�SJ{uO"T G"N�]cd"T � �7��� ODN T^Q	O"T"Y	I"Q�Y�[ d
f�OcIDd�X�S;{	OJt�M�[cU	SDNPOJIW[�M)C.¨©y^X\Y�Q�O�TWY�Q	I � GDX	O�N�N¤T^ODT
OJX�suS z�]cX�SJTuY	{ªh�Y�M)C¤S;I"Q�N	G�X	Q�fJG"f«U¬v�n\w�q¥UG^[L]DN
d�G�IDT^dDG�I�Y�Q�X\S�ScT"U1h�M&TuSJNPdWf�S"[cG�OJt��AS;ILs^T5X�Q�T"M®XWG�O�t�� �ODT�Yi]�Tus�X	U	SJN	O�I�N�M�RJG"T"Y�Q�t���M&TWScN	d"f"S'qWCAEHG�IDM®N	G�t
]cG"f"V�IL� � ODNPd"GJI"T�d"GcI"Y�Q	X�ScScIDyuN�Y	d�I�� � Y�T"N�]cI�ODNPO�IJg
h�Y	G"N�]JI(OcIL�«I¯Q	X	d�I�N¥RcG"TWY�Q	t�N � d�X	dª°�± ²�v�³Jw�q �RJG"T	[cU	SD[cz´�6I"�¥�7���µU¶Q�T�g�IDScI�I�ODT^g·M'N	GDN¸I·U
G�X\K�S;ILyLOJt��5Q�N�M RLNPGJX�Q�f�G�OJt��5T"sWS;X�Y�Q�[�� � RJG�IJU	N�]^N	OJt�U
M&T^ODTuV�GDX	~HIJIiv � wPC § Tl]�X	x�N.Y�f"y"N�Q�T"M¹}�Q�T"V�TºOLN�S {�K�[
ODN�RDG�I�K	O�X�Q	{Af�]�IJUuI"Q�N�S {	OJt�M��7��� � T"Q�d�G�t�Q�T"NAsuT"S�N�N
� o"��Q�I�SDN�Q�O�X\K�X	]�U�»'¼¾½ ù�¿rÀ v � w�C6�7d^X\K�X	SDT^Y	{ � y"Q�TQ�N�MeR"N	G�X	Q�fcG�O�XP[ÁTWs"ScX	Y�Q�{��7���ÂUÃ}�Q�T"M�Y�fc��N�Y�Q	U	N	O�ODT
IDT^OJO"T"MÄd"f"s"I�y"N�YPdWT"M�Y�T"N�]�IJO"N	OcI�IÅT"�cUuX�Q	t�UuX\N�Q�U	N�YP{
]cI�XWR�X�K�TLO·Y�f���N�Y�Q	U	T^UWXuO�IL[�Y�T^N�]�IcOLNPOJIW[ÆU¶Q	U	N	G"]�TuM
Y�T^Y�Q�TW[cO�IJI � QDC NDCcRcG�IAU\Y�N��.jºÇij Õ�ß�ØÜÞ =

n�o"È^o�pÂv�ÈDw � XY	X�M®T �7�e� IDK�T"Q	G"T^RJO"T$C É®Y�Q�N�Y�Q�U	N	OJO"T � I
d"TW}P~�~�I��JI�N	O"Q�Ê�G�z´OJX	g�K�NPOJXËd�GDI�Y�QPX�SDS;XÌ»Í¼%½ ù ¿rÎ
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U	Y	z´]Df�T"QPG�ID�cX�Q�N�SJN	O � R�GDI�y"N�M�N�V�T U\N�S I"y�I�OJXlGJX�Y�Q�N�Q
R�T1M®TW]�f"S;z¹I.R�G�I£jºÇm È"oAp¤Y�TuY�QPX	U\S�[�N�Q

≈ −
È.v � w�C

� T"V�S;X�Y	ODTºY�T^UWG�N�M'N	OJO�t�M�Q�N�T"G�N�Q�IDy^N�Y	d^IDM�RcGLN�]�Y�Q��
XuU	SDNPOJIW[�Mlh�Y�M)C � O�X	RJG�I�M$NPG � v�� ��� w�q � RJG�IDy^IJO"T�g1�7�e� U
»Í¼%½ ù��rÀ I¦RDTu]�TWsLODt��¦N�M®f¦d"GcILY�Q	X�ScSJX��Ah�OcX	R�GJI"M&N	G � »'¼�	 �7< qY�SJf"x7I"Q RcGLN�TWs^SJX	]�Xuz)�rIcg�R�T U	N�S I"y�IcO"N UWd"ScX	]FU
α(
j

)
S I"s�G�X	�cILTLODOct�� h�TWQPU\N�y�X	z��rI"� R�T"U	T�G"T"Q�X	M

xrN�Y�Q	duT YPUP[LK	X	OJO�t�� M$N�xr]Df Y�T"sWTLg V�G"f�RJR I"T�O"T�U�q
U	N�QPU\NPg�G"N	Z�N�Q�TWyLOJt���dLT^SDN�s�X	O�IJg�RDT�Y	G�XWUuO"N	OcIDz(Y
d"T�O�d"f�G�IJG"f�zH��I�M Uud"SJX�]�T"M Q�GJX	O"Y�S�[c�JI"T�O�OJt��
d"T"S�N�s�X	O�IJg$C�p�xrN�Y�Q	d^IDMiY�Q	G"f�d"Q�fLGDOct�Mi}�SJN�M®N	O"Q	X�M U
G�N	Z�N�QPdWN »'¼�½�
 ¿ À T^Q	O"T"Y�[LQ�Y�[FT�d"Q�X\}�]�GJt »'¼ �� I
Q�N�QPGDX�}�]cGDt�½ �r= � dWT"Q�T"G�t�N2M&TWx7O"T G�X�Y�Y�M X�Q	G�IJUuX�Q	{
d�X	d O"N�]�NP~)T"G"MeIcG"f"N�Met�N �uM&T"S�N	d"f"S;t��ÍC �&X	d"TuN
GcX�K�s^IDNPODI�N.fDY�S�T�UWO"T � X�N�V�TlTuY�T"suN	OcOLT^Y�Q	{	z�[cU	SD[�N�Q�Y�[
OcX�S I"y�I"N¤Tus��rID��]�SD[�Y�TWY�N�]cOJI"���uM&TuSJN	dufDS��ÂIDT^ODT^U
d�I�Y�S�T�G"TW]cXDC�� ODN�Y�M&TuQ	GW[ ODX Q�T yuQ�TFR�TWY�SJN�]LOJI"N
]�N�S X	z�Q RJG"T"Y�Q�fJz d�X	GDQ�IJO"f Y¬QPG�X	ODY�S"[c�cIL[�M®I I
S;I"s�G�X	�JIL[LM&I ��ODNrUuR"T"ScODN�Q�TWy�O�T"g � T^OJXrU6Q�T¦x�NrUuGDN�M [U	N�YP{\M X O�X\V�SD[�]�OcXDC �)NPg"Y�Q	UuI"Q�N�S {	ODT � O"N�Q	G"f�]�O�T
RcG"T�U\NPG�ILQP{ � y"Q�T2G"NPZ�N�Q�d�X � RDTuY�Q	G"T"NPO�OJX�[lI�K¦xrN�Y�QPd"ID�
Y�Q	G"fcdWQ�fLGJO�t�� }�S�N�M&NPODQ�T�U Y Tus��rILM I IDT^OJX�MeI
h�I�V�G�XWz´�rIDMeI GLTuS { ZrX	GJO�IJG"T^UDq � O"N	I�K�s^N�xrO�T
Y�x7ILM X�N�Q�Y�[�R�GDI¦S z�s�t���RDT^U\TLGLTuQ	X���d�X	d"T"gc�ÝScIDsuT1h�I"S I
U	Y�N��&qrI"K6QPX	d�ID� UWt�]"N�SJN	O�Oct��2U��WM&TuSJNPdLf^SJt��1V GLfcR�R C
�'N�M YPX�Met�M YPG"N�]cO"N�N d^UWX	]�GJX�QPI"y�O"T"N f"V�SDTLU\TuN
T^Q	dWScT"O�N	O�IDN

〈θ
ù
〉 � U	TWKPG�X�Y�Q	X	zH�¢N�N Y G"TuY�Q�T^M

Q�N�MeR"NPGJX�Q�fLGDt � RJG�IJU	N�]"N�Q.d�T"QPGDI��cX�Q�N�S;{	ODTuM&flUudLScX�]�f
U5dWT"}P~�~´IJ�JI"NPODQ�Q�N	RDS�T�U	TuV�T5G�X	Y	ZrI�GDNPODI"[.d^GJI"Y�QPX�SJScX �R�TWYPd"T"Sc{WdWf IDK�M$NPODN	O�I�N N�V�T(TWs"�cN�MeX

∆ � ∼ − 〈θ
ù
〉
C

� TuSJN�N ]�N�QPX�Sc{WO"T"N I R"T"Y�S�N�]DT^UuX\Q�N�S;{	ODTuN
GcX�Y�Y�M&TWQPG"N	OJI"N � T�R�IJG�X	z���N�N�Y�[ ODX dWT�O���N	RJ��Icz
TLRDG�N�]"N�SJNPODOct��iQPX	dDI"M�Tus�G�X�K�TuM¶Q�GcX	OLY�SD[c�cI"T�O�OJt��¤I
S;I"s�G�X	�JIDT^OJO�t�� M&T"] � RLT^K	U	TWS�[�N�Q Y R"T"M®T"�r{uz
Q�N�MeR"NPGJX�Q�fLGDOct�� K	X	UuIDYPILM®T"Y�Q�N	g R"SJTuQ	O�TWY�Q�N	g
Y�T"TuQ	U	N�Q�Y�Q	U	f�z´�6I"� Y�TuY�Q�Tu[cO�IJg O�N Q�TWS;{	d"T
d�X�y"N�Y�QPU\NPODO�T � O"T I f"]�T"U	SJN�Q�U\T�G�I�Q�N�S {	O�T
d"T"ScI�yWN�Y�Q	U	N	OcO"T�T�R�IDYPt�UWX�QP{A}	~�~�N	d"Q.�7��� U�I"T�O�OJt��
d�G�IDY�Q	X�S�S X��eC

� C E¢GDI"s"ScI�x�N	OcODt´g �uQ	G�X	ODY�SL[D�JI"T�O�ODT^�
S;I"s�G�X	�JIDT^OJO�t�g�� R�TW]��cTW] UuX	x�N	O O"N¬Y�Q�T^SJ{ud"T Y
d"T"ScI�yWN�Y�Q	U	N	OcO"T�g � Y	d"TuS {	d"T � U�RLNPG�U\fczªTuy"NPGLN�]c{ � Yd�X�y"N�Y�QPU\NPODO�T"g�Q�Tuy�d�IÅKPGLNPO�IL[&C7¨eT���R"NPGDUut�� � ILKÁOLN�V�T
h�s^SJX�V�Tu]cX	GL[�O�X�S I"y�IczªQ�N��·xrN�Tus��rID��IDT^ODT^U¶]�S"[
s^SJI�xrXugDZrI�� �WM'T"S�N	d"f"S��Jq Y�SDN�]�f"N�Q TWQ�Y�f"Q�Y�Q	UuI"N

RJG�I�OJ�cI�RJI�X�S {	O�T"gAO"N�T"sW�cTW]cI"M&T"Y�Q�IAUWG�X	�rX	Q�N�S {	Oct��£h�U
Q�TuM y�I"Y�ScN Q�f�O�ODN�Sc{WO�t��$q ]cUWI"xrN	O�Icg ]�S"[
U	T"K�OJI�d�ODT^U\NPOJIW[��7��� � RDTuY	d"TuS {	d"f�UiG�N	Z�N�QPdWN�QPIDRcX
»'¼%½ ù � Î T�O�I O"N	U	T"K�M$T"x¢OJt � �JTuQ�[ � ODN�Y�TuMeODNPODO�T �IDM'N	z´Q�M$N�Y�Q�T h U\T©U	Y�[cd"TuMªY�S�fDy^X	N�RDG�I Uut�Y�T^d�ID�
Q�N�MeR"N	G�X	Q�fcG�X��&q U M&T"S�N	d"f"S�[cG�ODt��
h�d�G�ILT;q�d"GJI"Y�QPX�SJScX�� � V�]�N M&TuSJN	dufDSct � s^f"]�f"y�I
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RcG"N�]�Y�QPX	U\S"[�N�Q�Y�T^sWT�g�T"G�I�N	O"Q	X	�cIDT^OJO"T"N�Y�Q�NPdWSJT C�E¢GDI
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