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u��J=HGJILADkoK�K�GJn KJ?BK IqG��q]LCLIqGJkomJK ILA.uWstnqGJ=@K � O Ao^RbF]L?c^HG�ILK \Q^_EaGJILK�ILA�femJK�O�Gl]L[BKL{rbF]LA
n KM^R^@?B�L?c[B?cERKM]'Gx=RAoGJ[B?cijGJkomJK�ILAD^@ERAvER=HGJ�qGl[��LKL{eGlEH=RGj�M�o^ZILKtnL=RKh�oAD^R^@K7 ����J ��M¡! #"%$&"eT

u��J=HGJILADkoK5GJK�X KMCqGJ[cILK�EHKhIqG$G ^R]qG$�oKM[BGJ� KJ=HGJkomJKL{ GlEHADCLkjmlK5A7n Ao=@s7GlCLAoCpEHAtIL?c^Rn KM^R?ckjmJK Aos�stA
G('@]LILGJ=oT

u��J=HGJILADkoK � st?BC)�qGgS Glsd}c[B?wG>bF]LAl{qnL=RKMn KM=@�o?BKJCqGJCLILK%$ stAW^RADsdne=RA>]Ls GJs��L?cAoCpEHA>ILA>?cCL�oADCpEH?c�JKL{eS~KM?
S~]LCLILGJsdADCpEaGJ[ CLGtst?BC)�LGgS~KM=RsdGJkjmlKLT

u��J=HGJILAD�o?csdADCFERKM^zAD^Rn Ao�o?BGJ[BstAoCpERAW?BCpERAoCL^@KM^�^HmJKxIeAD�h?BILKJ^ � u�IL=R?BGJCqG�A>GlK+*!GJAo=_EHAJ{e^RAos �o]%'RG�� Aos
�F]LstKM=HGJILG)�DKMCp�h?c�M�DCL�o?BGtIe?w`J=@?wGgK)EH=RGJ�qGJ[,�LKxn KhILAD=R?wGgERAo= ^R?cILK)�qGJ^_EaGJCpEHA ADCeS GJILKMC-�LKLT

\�G.�M=RGJILADkoKtAoCLKM=@sdADsdADCpEHA � ��AD�o?c[B?wG {LbF]LA stAvGJ�oKJsdnqGlC)�LKM] IL]L=RGJCpEHAvAo^@ERAo^WGJCLKM^ A S~KM?�^RADsdnL=@A
EamlKt�DKMstnL=RADAoCL^@?c�lGxA G EHAoCe�o?BKJ^HGxAvGJILKM=R`8�JAo[ T
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, T , u S~KM=RsdG�IqGJ^ �pGl[w`.- ?wGl^zAo^@nL?B=RGJ?B^ T TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T ,

, T � ��[wGJ^@^R?0/q�jGJkomJK)sdKJ=@S~KM[ � �M?B�oG T TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T �

, T � \Q[B?Bne^ � ?cILAo^zKJ�L[wGlERKM^o{enL=RKM[BGlEHKJ^zA>EH=R?BG.- ?wGJ?c^gTvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T ¡

, T21 VW?B^_EH=@?B�L]L?ck�3hAo^zIeAv=RGJi�3hAo^ZG.- ?BGJ?B^ T TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T �

, T54 6WGJ[cKM^zILA sdGlEH�D=R?BG�Ao^R�D]L=HG T TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T ,  

, T ¡ f [BKMGJC�VW?��J?cEaGl[�f87:9 f ]e=@�MA;9 T TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T , �

, T  <�� '@ADER?c�MKJ^ T TvTvTvTvTvT TvT TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T , �

< �=��> !@?;� �"AB#�CED�AGFIH ��� AG? �8J

� T , ��=R?�EH�o=@?BKM^�ILA ^RAo[cAokomJK	TvT TvT TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T , 4
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� T � ��[wGJ^@^R?0/q�jGJkomJK)sdKJ=@S~KM[ � �M?B�oG T TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T , ¡

� T � � Ao=@? /q�oGJkjmJK)IqGx�D[wGJ^@^R? /L�jGJkomJK)sdKM=_S~KM[ � �M?B�oG T TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T �*4

� T21 �zGJ=HGl�DEHAD=R}c^@EH?c�jGJ^�ILGtGlsdKM^_EH=RG TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T �J¡

� � C8# � #(AG? #�AG? � A����
C ? � �$� A � ? ���

�eT , OQ=RKh�oAoIe?BstAoCpEHK)A>�o=@?cER�o=R?cKM^�ILA stAoIL?ckjmJKdT TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T � ,

�eT � ��KMstnqGJ=HGlkjmJKx�DKMs GJ^ stAoIL?cIqGJ^�nL=@K �JAoCL?cAoCpEHAD^rIeK feV�fLf TvTvTvTvT TvT TvTvT TvT T �M¡

� � �(H+F � ?�C #�AG?���%&�('	�
C ? #�C�
 � ? � � �
� % � '*)+!E#�C � A����
C ? � ��� A � ? ���

1LT , VWAo�DKMCp�MKM[c]LkjmlKdIqGl^ZIe?B^@ER=R?c�L]L?Bk 3 AD^ TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T�1!�

1LT � XZAD^R]L[�EaGJIeKM^�IqGtGJsdKJ^@EH=RG��oKMstnL[cADEaG'TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T�1p¡

1LT � XZAD^R]L[�EaGJIeKM^�^RADnqGJ=HGlILKM^ Aos	ER?Bn KM^zstKM=@S~KM[ � �M?c�oKM^ T TvT TvTvTvTvTvT TvT TvTvT TvT T�1!"

J ��%&?�� C8? #(C � F �
� ?�� � #�C ?�� ! > !���� �(C !�? J�J

4 T , \Q[B?Bne^ � ?cILAo^zIeA 2 Gl�oKM�L? TvT TvT TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T 4� 

4 T � < �oGJ^RKtIqGxAo^_S~Ao=HG$TvTvTvT TvT TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T 4.�

4 T � �q]L^HmJKxS~=@KMCpEaGJ[ IeAvIe]qGJ^ Ao^_S~Ao=HGl^r^@Aos	=@KJEaGJkomJK5TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T 4.�

4 T21 �q]L^HmJK)CqmlK)S~=@KMCpEaGJ[�ILA IL]qGJ^ Ao^_S~Ao=RGJ^ T T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T ¡p�

4 T54 XZADIL^ �e?cS E ILA>S~KM=@s7GJkomJK T TvT TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T ¡! 
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¡eT , ��KMCL�D[B]L^ 3 AD^�T TvTvTvTvTvT TvT TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T  ,

¡eT � O�AD=R^Rn Ao� EH?��JGl^�TvTvTvTvTvT TvT TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T  .�
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, T , VW?wG#�M=HGJsdGxILA 6Z]L�L�L[cA KM=@?��M?cCqGJ[���6r]L�L�e[BAJ{ , ���J¡�� ?cCL�o[c]L?BCeILK7Gl^��pGJ[B`.- ?wGJ^rfe dbh]eA
CqGx�on K �oG)GJ?BCLILG)CLmJK �qGj� ?BGJs ^@?BILK)?cILAoCpEH?0/q�jGlIqGJ^oT TvT TvTvTvTvTvT TvT TvTvT TvT T �

, T � u �D[wGJ^@^R?0/q�jGJkomJKvsdKM=_S~KM[ � �M?B�oG�nL?BKMCeAo?B=RGvIeA���KM[cS�� , �J �"����WstAo=RGJsdADCpEHAZILAo^@�o=R?�EH?��JG
A>CqmJKt�oKMC8/ �M]L=RG)]es7Gx^RADb
	L�oCL�D?wGt�oKMCpEH}cCF]qGeT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T �

, T � \ -eADsdne[BK)?B[c]L^@ER=HGlER?c�MKgILA ]Ls	IL?BG.�M=HGls7GgIeA�6Z]L�L�L[cA �oKMs	?cs7G#�MAoCL^�ILK f V>fLf T�T T 4

, T21 ��[wGJ^@^R?0/q�jGJkomJK)sdKJ=@S~KM[ � �M?B�oGvIeAvIeA � GJ]e�oKM]L[cAo]L=@^oT�T TvT TvTvTvTvTvT TvT TvTvT TvT T ¡

, T54 \Q[B?Bne^ � ?cILAo^ZKM�L[BGlEHKM^�� ?�� A nL=RKJ[wGlERKM^
�~?B?���^RmJK / �J]L=HGJ^WILAg=@AD�MKJ[B]LkomJK bF]LA�n KM^R^@]LAos
]LsdG)^@Ao�DkjmJKtEH=HGlCL^@�JAo=R^RGJ[ �o?B=@�o]L[BGJ=�� �D?BCLioG�� T \Qs GJs�� KM^�KM^Z�jGJ^@KM^o{ �q`)ILKM?c^ Ao?0- KM^
?��M]LGJ?B^rAx]Ls AD?0- K'IL?cS~AD=RADCFERAJ{�bF]LA)�xKM=_EHK��MKJCqGJ[�GJK'nL[wGlCLK'bF]LA)�oKMCpEH�Ds�G'^RAD�okomJK
�o?c=R�o]e[wGJ=DT��rKg�jGJ^@K�KM�L[BGlEHKL{FK�AD?0- K�KM=_EHK��JKMCqGJ[ GJK�ne[wGJCLK �o?c=R�o]e[wGJ=Y�WstAoCLKJ=�bF]LA�KM^
KM]eER=RKM^�A CLK)�jGl^RKtnL=RKM[BGlEHKe{eKtAo?0- K)KM=_EHK��MKJCqGJ[ GlKtne[wGJCLK)�D?B=R�D]L[wGl=z� KtsdGJ?cKM=oT'TvT T "

, T ¡ � s�AD^@S~AD= � ?cILAtER=R?BG.- ?wGJ[��d]LsdG�/ �M]L=RG bF]LA7GJnL=@Ao^RADCpEaG$KJ^vER=R�o^ AD?0- KM^vIL?cS~AD=RAoCpERAo^oN
1 > p > q

A CLAoC)�F]LsdG)IqGJ^ ^RAD�ok�3hAo^Z� �o?c=R�o]e[wGJ=DTPf A
p = 1

{eERAostKM^�K)�jGJ^@KdKJ�L[wGlERKLT "

, T  �W=@AjG7ILAx�DKM� Ao=@ER]L=HGdILK'�o�D]�� ?BsdG.�MAoGJstAoCpEHK
��ILK'VWGlEaG'X Ao[cAjGJ^@A 1 ILK feV�fLf5Aos
�oKhKM=RIeAoCqGJILGJ^ �pGJ[w`l�DEH?c�jGJ^�� u�ILAD[BsdGJC $ � �8�zGJ=_E �:9'A EWGl[ T�{��J M :4�� TvT TvT TvTvT TvT T , �

� T , VW?B^_EH=@?B�L]L?ckjmJK ILKM^ ^R]L� EH?Bn KM^vsdKJ=@S~KM[ � �M?B�DKM^>IqGJ^ �pGJ[B`.- ?wGJ^ Ao^@nL?B=RGJ?B^DNxGJ^ �qGJ=R=RGJIqGJ^
�oKM=@=RAD^Rn KMCLILADs GZGJnL=@K -e?cs7GlIqGJstAoCpEHAP]Ls,bF]qGJ=_EHKrA �oGJIqGr^@]L�eER?Bn K�Ge{ � { � �DKMCpEH=R?c�L]L?
�oKMs �oAD=R�jGtILA ]Ls ERAo=RkDKLT�TvT TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T , "

?c�



� T � \ -eADsdne[BKM^ZILAg�D[wGJ^@^R?0/q�jGJkomJK7stKM=_S~KM[ � �J?B�jG N �MGJ[w`.- ?BGJ^ CqmJK#$ �qGJ=R=RGJIqGJ^DT uW^rER=R�D^ �pG%$
[w`.- ?BGJ^PIqG nL=@?BstAo?c=HG>[B?cC)�qG>^HmJK�feGe{ GJ^�ILG ^RA �M]LCLILGg[B?cC)�qG ^HmJK�f � ArGJ^�IqG EHAD=R�oAD?B=RG
^HmJKdf �lT)T TvT TvTvTvTvTvT TvT TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T �J 

� T � \ -eADsdne[BKM^�ILA �D[wGJ^@^R? /L�jGJkomJKxsdKJ=@S~KM[ � �M?B�oGeN �pGJ[w`"-e?BGJ^��LGJ=R=RGJIqGJ^DTYur^�EH=R�D^ �pGJ[w`"-e?BGJ^
IqG�nL=R?csdAD?B=HG'[c?BC)�qG'^RmJK�f 3zGe{�Gl^ IqG�^RA �M]LCLILG5[B?cC)�qG'^HmJK5f�3��+A7GJ^vIqG'EHAD=R�oAD?B=RG
^HmJKdf�3 �JT�TvT TvTvTvTvTvT TvT TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T � ,

� T21 \ -eADsdne[BKM^'ILA0?cs7G#�MAoCL^7A;- �o[c]L}BIqGl^'IqG GJsdKJ^@EH=RGeN �pGl[w`.- ?wGl^ GJnL=@K -e?cs7GlIqGJstAoCpEHA
GJ[B?cC)�qGJILGJ^!�oKMs Ao^_EH=@Ao[wGl^�nL= � - ?BsdGJ^DT �ZAo^@ERAo^��oGJ^RKJ^o{FGrne=RAo^@AoCLkoG>ILA�AD^@EH=@Ao[BGJ^�s�]e?cEHK
�L=R?c[��qGlCFERAo^ �oKJsdnL=@KMstADEHAD=R?BG KM]�?Bstn KJ^R^R?c�L?B[c?cEHGJ=R?BG7G$stAoIe?BIqG�IqG$=RGJijmlK�G.- ?wGl[YIeK
IL?B^@�oKLT TvT TvT TvTvTvTvTvT TvT TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T �M�

� T54 \ -eADsdne[BKM^ ILA ?BsdG.�MAoCe^ZA - �o[B]e}BIqGJ^ IqGdGJstKM^@ER=HGeN �pGJ[B`.- ?wGJ^�?c=R=RA �M]L[BGJ=RAD^o{q^RKlS~=RAoCeILK
?BCpEHAD=HGJkomJK)KM]��oKMs �oKMstnqGJC)�eAo?B=RGJ^�nL= � - ?cs7GJ^DT�TvT TvT TvTvTvTvTvT TvT TvTvT TvT T �.�

� T ¡ � Ao=@? /q�oGJkjmJK2IqG+�D[wGJ^@^R?0/q�jGJkomJK2sdKM=_S~KM[ � �M?B�oGeN�CLKM^R^RG��D[wGJ^@^R? /L�jGJkomJK+A5G�ILK �W\PV
CqmJK IL?�S~Ao=@Aos ^@?��MCL?0/q�jG EH?c�lGJstAoCpERA5nqGJ=RG ]LsdG ^@]L� $ GJsdKJ^@EH=RG ILA ∼ �J M  �pGJ[B`.- ?wGJ^�L=R?c[��qGlCFERAo^DT�T TvTvTvTvTvT TvT TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T �*4

� T  u IL?c^@ER=R?B�e]L?BkomJK ILGJ^zsdG.�MCL?�EH]LILAD^
g
ILGxGJsdKJ^@EH=RG ILArAo^@nL?B=RGJ?B^�� �L?c^@ERK��M=HGls7G���stKM^ $

EH=RGgbF]LA�K��DKM=@ERA�Aos s7G#�MCL?cER]LILAZAo^_Ea`�� Aos GJ�qGJ? -eK ILK�[c?Bst?cEHA ILAW�oKMstnL[BA EHADijGeT�u
=RA EaGx�oKM=@=RAD^Rn KMCLILA G

logN ∝ 0, 6∆m
T7TvT TvTvT TvT TvTvT T TvT TvT TvTvT TvT T T �� 

� T " VW?B^_EH=@?B�L]L?ckjmJK'IeAt=@AoIL^ �L?cS ER^ nqGJ=HG�G GJstKM^@ER=HG �oKJsdnL[cADEHGeTt��Ao=@�jG$IeAtstADEHGJILAxIqGl^
�pGJ[B`.- ?wGJ^YEH�os =RAoIe^ �L?�S ErstAoCeKM=�bF]LAv e{  .�eTgTvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T �� 

� T � u S~]eCLkjmJK5ILA7[c]Lsd?cCLKM^@?BIqGJIeAxIqG5GJstKM^_EH=HG�ILAdAo^Rne?B=HGl?B^v�7�oKJCL^R?c^@EHADCpEHA �DKMs�Ao^_EH? $
s7G EH?c�lGJ^ =RAD�oAoCpERAo^WnLGJ=HG+�pGJ[B`.- ?wGJ^�ILA �jGJstn KeTZTvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T �."

� T ,  �VW?wG#�M=HGJsdGJ^��DKM= $ �oKM=ZnqGJ=RG7GJ^ �pGJ[w`"-e?BGJ^�Ao^@nL?B=RGJ?B^Z^RADnqGJ=RGJIqGJ^rAos ^R]L� EH?Bn KM^rsdKM=_S~K#$
[ � �J?B�oKJ^oTQ< �oKhA /q�D?BAoCpERA GlC)�M]L[BGJ=�GJ]LstAoCpEHG)nLGJ=HGtGJ^ �pGJ[B`.- ?wGJ^�s7GJ?c^�EaGl=RIL?BGJ^oT�TvT T �.�

�eT , \ -eADsdne[BK ?B[c]L^@ER=HGlER?c�MK IeA2?c^RKJS~KlEaGJ^'AD[B}Bn EH?B�oGJ^ ^@]Ln AD=Rn KM^@EHGJ^ � ?cs7G#�MAos ILA2]Ls7G
�pGJ[B`.- ?wGxf ��T�< �jGJstn K)ERAos , ��"xGJ=R�D^RAD� ILA [BGJILKLT T TvT TvTvTvTvTvT TvT TvTvT TvT T � 1

�eT � \ -eADsdne[BK)ILAv=HGJiomJK7G"-e?BGJ[�Aos	S~]eCLkjmJKtILKt^RADsd? $ Ao? - KtsdGJ?cKM=oTQu [B?cC)�qG+�LKM=@?BioKJCFEHGJ[
�oKM=@=RAD^Rn KMCLILAvGJKx�lGJ[BKJ=zILA

b
GJILKlEaGJILK)nqGl=HGxAo^_EaG �pGJ[w`"-e?BGeTqTvTvTvTvT TvT TvTvT TvT T �:4

�



�eT � \ -eADsdne[BK)ILA �L=R?c[��LKg^R]Ln Ao= /q�o?BGJ[�Aos S~]eCLkjmJKtILK)^RADsd? $ AD?0- Kxs7Gl?BKM=DT�TvT TvTvT TvT T �:4

�eT21 VW?B^_EH=@?B�L]L?ckjmJKWIqGJ^P=HGJi 3 AD^PG.- ?wGJ?c^QGJnqGl=RAoCpERAo^PnqGJ=RG>ERK ILGJ^PGJ^ , ¡M .� �MGJ[w`.- ?BGJ^�stAoIL?cIqGJ^DT �M¡

�eT54 ��KMstnqGJ=HGlkjmJKvAoCpEH=@AWCLKJ^R^HGl^�stAoIL?cIqGJ^PAWIqGlILKM^YILKxfeV�fLf Teurs�� KM^P�oKM=@=RAo^@n KJCLILAos
Gx=HGJi 3 AD^rG"-e?BGJ?B^�sdADIL?BIqGl^�Aos	?cs7G.�JAoCL^zCeK /q[�EH=@K

r
TqTvT TvTvTvTvTvT TvT TvTvT TvT T �! 

�eT ¡ y CL�oAD=@ERAoijGtIqGJ^ZsdADIL?BILGJ^�Aos	S~]LCekjmJKdIqGt=RGJijmlK7G.- ?BGJ[ { nqGJ=HGtGJ^ZCLKM^@^HGJ^ZsdADIL?Bk 3 AD^oT
uW^x?cCL�oAD=@EHADijGJ^)Gl]LsdADCpEaGJs�[BAD�JAostAoCpEHA�nqGl=HG�KM^xKM� '@ADEHKJ^xs7GJ?c^g�D?B=R�D]L[wGl=RAo^D{P�oKMC $
S~KM=RstA�^@A CLKlEaGxn AD[BK)G('@]e^@EHAv[B?cCLAjGl=oT�TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T ��"

�eT  \ -eADsdne[BK�ILA �MGJ[w`.- ?BG � f�3�� ���DKMs sdADIL?BILGJ^�IL?B^@�oKM=@IqGJCpEHAD^5ILA2=HGJiomJK�G.- ?wGJ[ �~K
�jGJstn K�EHAos �oAo=@�jG)ILA �� � xGJ=@�o^RAD� IeAv[BGJILK
� T TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T ���

�eT " \Q^@EHAv� ]Ls	A -eADsdne[BK)A;-hEH=@AostKdADs bF]LAvGtCLKJ^R^HG)stAoIL?cIqG �
b ' 0, 7

��IL?c^R�oKJ=RIqG)IqG
sdADIL?BILG)IeK'feV>fef �

bSDSS ' 0, 3
� {qbF]LA nL=RK8�lGj�MAo[csdADCpEHAv^RAg[c?Bst?cERKM] � =@A �M?BmJK)IqG

�qGJ=@=HGeTY< CLKM^R^@Kt�lGJ[cKM=z� sdGJ?B^z�DKMCL^@?B^@ERAoCpEHAv�oKJs G�S~KM=RsdG�ILKtIL?B^@�oKLT T TvTvT TvT T ���

�eT � ��KMstnqGJ=HGlkjmJK0ADCFER=RA CLKM^@^HGJ^tsdADIL?BILGJ^xA�IqGJILKM^)ILK�feV�fLf�^@AonqGJ=RGJILKM^)ADs�EH?Bn KM^
sdKJ=@S~KM[ � �M?B�DKM^oT�TvTvTvTvT TvT TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T�1 ,

�eT ,  ���KMstnqGJ=HGlkjmJKxADCFER=RA>CLKJ^R^HGl^ZstAoIe?BIqGJ^�A>ILGJILKM^�ILKdfeV�fLf�stKM^_EH=HG�bF]LA C � ^�sdADIL? $
sdKJ^ GJ^�=HGJi 3 AD^ZG.- ?wGJ?c^zAos	=RGJ?BKJ^�=�[B?��JAo?B=RGJstAoCpEHArs7GJ?cKM=RAD^oT TvTvTvT TvT TvTvT TvT T�1F�

1LT , VW?B^_EH=@?B�L]L?ckjmJK'IeAd=RGJi�3hAo^vG.- ?wGl?B^ GJnqGl=RAoCpERAo^vnqGJ=HG , 1*1M¡��MGJ[w`.- ?BGJ^�Ao^@nL?B=RGJ?B^DT �ZKJEHA
bF]LA KrsdKhILAD[BK�EH=@?wG.- ?wGl[ � �D]L=@�lGrAD^Rn Ao^@^HG��!=RAone=RKhIL]Li GrKM�L^@Ao=_�JGlIqGZS GJ[�EaG�ILA �pGJ[w`"-e?BGJ^
GJnqGJ=@AoCpEHADsdADCpEHA>�o?c=R�D]L[wGJ=@Ao^�� ILKM?c^ � [�EH?BstKM^Y?BCpEHAD=@�lGJ[cKM^ � { ADCLbF]qGJCpEHK)bF]LA>KxstK ILAD[BK
KM�L[BGlEHK �~�o]L=_�JG�ER=HGJ�DA&'RGJIqG ��ne=RAD�J� ]es	C � sdAD=RK)sdGJ?BKM= ILA KM� '@A EHKM^DT TvT TvTvT TvT T�1  

1LT � �q]LCLk�3hAo^dILA IL?B^_EH=R?c�L]L?ckjmJK2?BCpEH=@}BCL^@Ao�oGJ^dIeA
p
A$ILA

q
{�nqGl=HG�K�sdKhILAD[BK.EH=R?BG.- ?wGJ[ {

�oKMC S~KM=RstA>KM^�nqGJ=��JstADEH=@KM^�IqG���Gl� AD[wG 1LT , T�T TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T�1!"

�h?



1LT � VW?B^_EH=@?B�L]L?ck�3hAo^vILA7=RGJi�3hAo^gG.- ?wGJ?c^gGlnqGJ=RADCpEHAo^g�oKMs�KM^xG '@]L^@ERAo^�KM�e[wGlERK$A7ER=R?BG.- ?wGJ[ {
^RADnqGJ=HGlIqGJ^ ADs �qGJ=@=HGJILGJ^ A�CqmlK#$ �qGl=R=HGlIqGJ^oT,<>�e^RAo=_�MA.bF]LA.G IL?c^@EH=@?B�L]e?BkjmlK�IqGl^
�pGJ[B`.- ?wGJ^r�qGJ=R=RGJIqGJ^>CLmJK��oKMCpEH�Ds�EaGJCpERKM^>KM� '@A EHKM^ ILA)�qGJ? -eG�=RGJijmlK$G"-e?BGJ[�bF]qGlCFERK
G5IqGJ^ �pGJ[w`"-e?BGJ^vCqmJK#$ �qGJ=R=RGJIqGJ^ � ILA �h?BILK � IL?0/q�o]e[BIqGJIeA7ILA KJ�L^RAD=@�lGJ=��qGl=R=HGl^�Aos
�pGJ[B`.- ?wGJ^dILA0n AD= /q[�� T �rK AoCpEHGJCpEHKL{WGJ^'IL?B^_EH=@?B�L]L?ck�3hAo^dCqG =RA �J?wmJK IqGl^ �pGJ[w`"-e?BGJ^
GJnL=@K - ?cs7GJILGJsdADCpEHA ILA�S GJ�DA ^RmJK2^RAostAo[,�qGJCpEHAD^o{ ?BCLIL?c�jGJCeILK.bh]eA EHGJCpEHK �pGJ[w`"-e?BGJ^
�qGJ=@=HGJIqGl^�bh]LGJCpEHKtCqmJK#$ �qGJ=R=RGJIqGJ^ GlnL=RAD^RAoCpEHGJs IL?B^@�oKM^ CqmlK#$ �D?B=R�D]L[wGl=RAo^DT TvTvT TvT T 4 ,

1LT21 VW?B^_EH=@?B�L]L?ck�3hAo^vILA7=RGJi�3hAo^gG.- ?wGJ?c^gGlnqGJ=RADCpEHAo^g�oKMs�KM^xG '@]L^@ERAo^�KM�e[wGlERK$A7ER=R?BG.- ?wGJ[ {
^RADnqGJ=HGlIqGJ^>Aos EH?cn KJ^WstKM=@S~KM[ � �M?c�oKM^rfeGe{�f �.A)f �����LGJ=R=RGJIqGJ^�AxCLmJK#$ �LGJ=R=RGJIqGJ^r?BC $
�o[c]L}BIqGl^oThT TvT TvTvTvTvTvT TvT TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T 4.�

4 T , XZAD[wGJkomJK5ADCpEH=RA7K�nqGJ=��JsdA EH=@K�ILA ?csdnqGl�DEHK
β
A'G5=RGJijmJK5ILA7�MAD[BKh�o?cIqGJILAD^

γ
bF]LA

�MAo=RGJs ]Ls�Ao[c?BnL^ � ?BIeA EH=@?wG.- ?BGJ[��DKMs =RGJijmlK�G.- ?wGJ[�sdAD=R?BIe?BKMCqGl[
p
T
�rKlEHA�bF]LA)nqGJ=RG

]Ls	IqGlILK
p
{�G��MAD[BKh�o?BILGJILA>bF]qGJ^@A ?cCLILAon AoCeILA ILK)nqGJ= �lsdA EH=RK)ILA ?csdnqGl�DEHKeT TvT T ¡:4

4 T � XZAD[wGJkomJKZAoCpEH=@AzGr=RGJijmlKWILAY�MAo[cK �D?BIqGlILAo^
γ
AzGZ=HGJiomJK�G.- ?BGJ[

p
ILKrKM� '@ADERKW=@Ao^R]e[cEaGlCFERA

ILK AoCL�DKMCpEH=RKe{�nqGJ=RG�ER=R�o^ nqGJ=��JsdA EH=@KM^ ILAd?csdnLGJ�DERK �~=RAD^R]L[�EaGJCLIeK5Aos�]es�KJ� '@ADERK
EH=@?wG.- ?wGl[ ��� AxK'=RAD^R]L[�EaGJILK GJne=RK - ?BsdGJILK nqGl=HG ]LsdG �oKM[c?B^RmJK7S~=RKJCFEHGJ[�bF]LA �MAD=HG ]Ls
Ao[c?BnL^ � ?BILA�nL=RKJ[wGlERKLT!u [B?BC-�qG �MAD=@ER?B�jGl[p�PG =RGJijmlKrG"-e?BGJ[JKJ�eEH?cIqG GlEH=RG8�J�o^!IqGJ^!stAoIL?cIqGJ^
IqGJ^ �pGJ[B`.- ?wGJ^ ILK7feV>fLf T�TvT TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T ¡M¡

4 T � XZAD[wGJkomJKxAoCpER=RAvGt=RGJijmlKdG"-e?BGJ[
q
A K)nqGJ=��JstADEH=@K

γ
TvTvT TvT T TvT TvTvT TvT TvT T ¡! 

� ?c?
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, T , ��KMstnL=R?csdADCFERKM^PILAWKJCLIqGg�DAoCpEH=RGJ?B^
λc

IeKM^ /q[�EH=@KM^ IeKxfeV>fef7�oKMstnqGJ=RGJILKM^Y�oKMs:KM^
ILKM^ /q[�EH=RKJ^zILA 2 K��LCL^@KMC T TvT TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T , �

� T , ��=R?�EH�o=@?BKM^�ILA ^RAo[cAokomJKdILGtGlsdKM^_EH=RG)IeA �MGJ[w`.- ?BGJ^oT�T TvT TvTvTvTvTvT TvT TvTvT TvT T , ¡

� T � � KM=_S~KM[BK��J?wG ILGdGJstKM^_EH=HG��DKMstnL[BA EaGeT T T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T ,  

� T � � KM=_S~KM[BK��J?wG ILGdGJstKM^_EH=HG�IeAvAD^RnL?c=HGJ?c^oT T T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T , "

� T21 ��K KJ=RILADCqGJIqGJ^ ILKJ^ZKJ� '@ADERKM^ IqGJ^ / �M]L=RGJ^�ILA A;- ADsdnL[cKLT TvTvTvTvTvT TvT TvTvT TvT T � 1

� T54 VWAon AoCeIL�oCL�D?wG)sdKJ=@S~KM[ � �M?B�oG IqGl^Z=@Ao[BGJk�3hAo^��DKM= $ �oKM=DT TvT TvTvTvTvTvT TvT TvTvT TvT T �."

�eT , y CL�oAD=@ERAoijGl^ st�oIL?BGJ^>CqGJ^ =RGJi�3hAo^vG.- ?wGl?B^>GJnLGJ=RADCFERAo^
b
�oKJCeS~KM=RstAxK nqGJ= �lsdA EH=RK'IeA

bF]qGJ[B?cIqGJILA��xT�TvTvTvTvTvT TvT TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T ���

�eT � u '@]L^_EHAD^dIqGl^t=@Ao[BGJk�3hAo^)AoCpER=RA CLKM^R^RGJ^tsdADIL?BIqGl^xILA$=RGJijmlK�G"-e?BGJ[zA$GJ^)ILK+feV>fLf {
^RADnqGJ=HGlIqGJ^ n KJ=zEH?Bn KxstKM=@S~KM[ � �M?c�oKLT,TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T�1p 

1LT , O�GJ=��JstADEH=@KM^>IqGJ^>S~]LCek�3hAo^vILA)IL?B^_EH=R?c�L]L?ckjmJK � �pGJ]L^@^R?BGJCqGJ^ �>ILGJ^ =HGJi 3 AD^ G"-e?BGJ?B^W?BC $
EH=@}BCL^@Ao�jGl^�nqGJ=HGgERK ILGJ^�GJ^�AD^RnL?c=HGJ?c^oTY<,sdKhILAo[cKgEH=@?wG.- ?BGJ[��>Ao^@EHGlEH?c^@ER?B�jGlsdADCFERA�sdGJ?B^
^R?,�MCL? /L�jGlER?c�MKeTZTvTvTvTvTvT TvT TvTvT TvT T TvT TvTvT TvT TvTvTvTvTvT TvT TvTvT TvT T�1p¡

1LT � O�GJ=��JstADEH=@KM^>IqGJ^>S~]LCek�3hAo^vILA)IL?B^_EH=R?c�L]L?ckjmJK � �pGJ]L^@^R?BGJCqGJ^ �>ILGJ^ =HGJi 3 AD^ G"-e?BGJ?B^W?BC $
EH=@}BCL^@Ao�jGl^ZnLGJ=HG)GJ^ Ao^@nL?B=RGJ?B^�^RAonLGJ=HGJILGJ^rADs	�qGJ=@=HGJILGJ^�A CqmJK#$ �qGJ=R=RGJIqGJ^DTdTvTvT TvT T 4J 
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1LT � O�GJ=��JstADEH=@KM^>IqGJ^>S~]LCek�3hAo^vILA)IL?B^_EH=R?c�L]L?ckjmJK � �pGJ]L^@^R?BGJCqGJ^ �>ILGJ^ =HGJi 3 AD^ G"-e?BGJ?B^W?BC $
EH=@}BCL^@Ao�jGl^ZnLGJ=HG)GJ^ Ao^@nL?B=RGJ?B^�^RAonLGJ=HGJILGJ^rADs EH?cn KJ^�sdKM=_S~KM[ � �M?B�DKM^oT T TvT TvTvT TvT T 4J 
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u,EH=@?wG.- ?wGl[B?BILGJILAZILKM^ �qGJ[cKM^zIqGJ^ �pGl[w`.- ?wGl^zAo^@nL?B=RGJ?B^zS~KM?�Ao^@ER]LIqGJILGdGlER=HGj�M�D^rILGJ^�S~]LCLk�3hAo^ ILA IL?c^@ER=R? $
�L]L?ckjmJK ILAt=HGJi 3 AD^gG"-e?BGJ?B^vGJnLGJ=RADCFERAo^vILKM^ ^RAo]e^gIL?c^R�oKJ^oT � EH?B[c?BiDKM] $ ^@Ax]LsdG$GJstKM^_EH=HG'ILA �pGJ[B`.- ?wGJ^
[B?csd?�EaGJILGtn KM=WsdG.�MCe?cEH]eILA �

g 6 16
� T �qKM=RGJs ^@Ao[cAo�o?cKMCqGJILGJ^ ∼ , ¡M M  �MGJ[w`.- ?BGJ^rAD^RnL?c=HGJ?c^�ILK$feV>fef

��� ����������������� ��� ���
	�� � � +�� 	 � {FbF]LA S~KM=HGls �o[BGJ^R^@? /q�oGJIqGJ^PstKM=@S~KJ[BK��M?c�jGJstAoCpERA�n KM=P?BCL^@n ADkjmJK>�h?B^@]qGJ[ TO�Gl=HG>AD�h?cEHGJ=��DKMCpEaGJst?BCLGJk�3hAo^�AD^Rn � =R?wGl^o{p=RADsdK8�JAo=HGls $ ^RA�IqG>GJstKM^_EH=HG �pGJ[w`"-e?BGJ^�ADs ?cCFERAo=RGJkjmJKe{M�oKMs
�oKJsdnqGlC)�LAo?c=HGJ^�ne= � - ?BsdGJ^�KM] GJnL=@K - ?cs7GJILGJsdADCpEHA>GJ[c?BC)�LGJIqGJ^z�DKMs	AD^@EH=@Ao[BGJ^ IqG7| GJ[B`.- ?wGeT

uW^>=RGJi�3hAo^vG.- ?BGJ?B^rIqGJ^ �pGJ[B`.- ?wGJ^ZS~KM=HGls stAoIL?cIqGJ^�?cCLIL?c�h?cIL]qGJ[csdADCFERA Ax�DKMs��D=R?cER�o=@?BKM^r]LCL?cS~KJ=RstAo^o{
G('@]L^_EaGJCeILK#$ ^@Ag?c^RKJS~KJEHGJ^ Ao[c}BneER?B�jGl^rGt�jGJILGd?BsdG.�MADs	CLK /L[cEH=@K

r
T � s GJ[,�MKM=@?cEHstKxILA � KMCpEHAx�zGJ=R[cK

S~KM?�ADsdnL=@A �pGlILKdnLGJ=HGt?BCeS~AD=R?B= G)IL?c^@EH=@?B�L]e?BkjmlKxILAg=RGJi�3hAo^ZG.- ?wGl?B^ ?BCpEH=@}BCL^@Ao�oGJ^oTz< sdKhILAo[cK)ILA Ie?B^R�DK
KM�L[BGlEHK5� ?cCL�jGlnqGJi'ILA'=@AonL=@K IL]eio?B=)G�KJ�L^RAD=@�lGJIqG0S GJ[cEHG5ILA��pGJ[B`.- ?wGJ^gGJnqGJ=@AoCpEHADsdADCpEHA��o?c=R�o]e[wGJ=@Ao^oT
u S~=HGlkjmJKx=@AoIL]LiD?BIqGxILA �pGl[w`.- ?wGl^zGJnqGl=RAoCpERAostAoCpEHA �o?c=R�D]L[wGJ=@Ao^D{LbF]LA>^RA KM�L^@Ao=_�JG)^R?c^@ERAosdGlEH?c�jGJstAoCpEHA
CqGJ^ Ao^@nL?B=RGJ?B^vILAdERK IeKM^gKM^ ^R]L� $ EH?cn KJ^ stKM=@S~KJ[ � �M?c�oKM^D{!�7]LsdG S~KM=_EHAt?BCLIe?B�jGlkjmJK ILA bF]LAdKM^gIL?c^R�DKM^
ILAD^@EaGl^��pGJ[B`.- ?wGJ^�^@A&'RGJs ?cCpEH=R?cCL^RAD�jGJstAoCpERA AD[B}Bn EH?B�DKM^oT�< stK IeAo[BKxER=R?wG"-e?BGJ[ stKM^@ER=RKM] $ ^RA sdGJ?B^ AD^@EaG($
EH?c^@ER?B�jGlsdADCFERA>^R?,�MCL? /L�jGlER?c�MKe{qGJ[B�Ds	ILAv^RAD=r�oGJnqGJivILAvnL=RA �MAo=WG)S~=RGJkjmlKd�DKM=R=@ADEaG)ILA �pGJ[B`.- ?wGJ^zbF]qGl^RA
�o?c=R�D]L[wGJ=@Ao^DT ��KMCL�D[B]L}csdKM^D{Ln KM=@EHGJCpEHKL{�bF]LAgKtstK ILAD[BK)ILAvIL?B^@�oKdCqmJK#$ �o?B=@�o]L[BGJ=�ILAD^R�o=@AD�JA�sdAD[��LKJ= GJ^
KM�L^@Ao=_�JGlk�3hAo^ZA>bh]eAgGx=HGlijmJK)ILKM^ AD?0- KM^ CLK)nL[wGlCLK)ILK)IL?B^@�oKtILAD�JA ^@Ao= ILA

p = 0, 849 ± 0, 063
T

\Qsdne=RA �MGJCLILK.]LsdG0GJ� KM=RIqG#�MAos�GJCqGJ[c}cEH?c�jG ^R?BstnL[c? /q�oGJIqGe{�C � ^xnL=RKJnL]L^RADsdKJ^t]es7G�ILAD^R�D=R?BkomJK2IqG
S~KM=@s7GJkomJK ILA �LGJ[BKM^!AD^R�o]e=RKM^ EH=R?BG.- ?wGJ?c^ CLKr�oKMCpEHA -hEHK�ILAY�oKJ[B?B^ 3 AD^!ILA ne=RKJERK��pGJ[B`.- ?wGJ^DT urnL=RK - ?BsdGJCLIeK
GJ^tnL=RKlEHK��pGl[w`.- ?wGl^�n KJ=tAD[B?cnL^ � ?cILAo^+�eKMsdK.�M�oCLADKM^tILA 2 Gl�oKM�L? { CeKJEaGJstKM^)bF]LA$G.ER=R?wG"-e?BGJ[B?cIqGJILA7ILK
KM� '@A EHK�=@Ao^@]L[cEHGJCpEHA7IeA ]LsdG S~]L^RmJK�ILADn ADCLILA IqG �MAo[cK �D?BIqGlILAdIeA �oKM[c?B^RmJK$Ad�jGJ[c�o]L[BGJstKM^vG5�on K �oG
Aos bh]eA2AD^@ERAo^ AoCL�DKMCpEH=RKJ^ IeAD�MADs EHAD='K �DKM=R=@?BILKL{ZnqGJ=RG �MAo=RGJ='Ao[c?BnL^ � ?BIeAo^ �DKMs G EH=@?wG.- ?wGl[B?BILGJILA
Aos�bh]eAo^@EHmJKLT \P^_EH?cs7GJstKM^�bF]LA CLAD^@EHA �oADCq`J=@?BK.KM^)IL?B^@�oKM^)IqGl^ �MGJ[w`.- ?BGJ^�Ao^@nL?B=RGJ?B^xERAoC)�qGls�^R?cILK
�oKJCL^@ER=R]L}cILKM^ZGxnqGJ=@ER?B=zIeA GlnL=RK - ?BsdGJIqGJstAoCpERA

z ' 0, 69 ± 0, 32
T

- ?



-e?c?



� � � ������	 �

� �LA�ER=R?BG.- ?wGJ[c?cE 9>KJSqE �LA �qGl[BKM^ KJS�^Rne?B=HGl[ �pGl[wG.- ?BAD^���GJ^Q^_EH]LIL?cAoIgE �L=RKJ])����E �eAzIL?B^_EH=@?B�L]eER?BKMC S~]LCL� EH?cKMC
KJSqE �LA�GJnLnLGJ=RADCFEQG.- ?wGJ[F=HG EH?BKJ^�KJSqE �LAo?c=�IL?c^ 7F^oT �+Az]e^RAoItGWsdG.�MCe?cEH]eILA $ [B?Bst?cERAoI�^RGJstnL[BA KJS �pGJ[BG.- ?BAo^
�
g 6 16

� T ��A�^RAD[BAo� EHADI ∼ , ¡J M 7^Rne?B=HGl[ �pGl[wG.- ?BAD^ZS~=@KMs E �LA)f V>fLf ��� ������� �
������� ��� ���
	 � � � +�� 	 � {
� �L?c� ��� Ao=RA stKM=Rn)�eKM[BK��J?B�jGl[B[ 9.�D[wGJ^@^R?0/qAoI��:9 � ?c^R]qGl[�?BCL^@n AD�DEH?cKMC T y C�KJ=RILAD=)ERK+Gj�JKM?BI�^RnL]e=R?BKJ]L^
�oKJCFEHGJst?BCqGlER?BKMCe^o{F?BCpEHAD=HGJ� EH?cC)� �MGJ[wG.- ?cAo^���AD=RA�=@AostK �JAoI S~=@KMs E �LAr^HGJstnL[BAl{eGl^�� Ao[B[ GJ^YE �LKM^@A�� ?cE �
CLAoGJ=R�:9��oKJsdnqGlCL?BKMCe^zKM=�� ?cE � S~KJ=RA �J=RKM]LCeI ^_EaGJ=@^oT

� �LAvG.- ?wGl[ =RGlEH?cKM^zKJS!E �eA �pGJ[wG"-e?cAo^���AD=RA sdAoGJ^R]e=RAoI�?cCLIL?c�h?cIL]qGJ[c[ 9tGJCLI�� ?�E ��]LCL?�S~KM=Rs:�D=R?cERAo=@?wGe{ � 9
/LE@EH?BC-� AD[B[c?BneER?B�jGl[�?c^RKMn)�eKJEHAD^ ERK$AoGJ� �

r
$ /L[cEHAD=�?BsdG.�MAlTxu � KMCpEHA7�zGJ=R[cK GJ[��MKJ=R?cE �Ls	�zGJ^v]L^@AoI�ERK

?BC S~Ao= E �LA�IL?c^@ER=R?B�e]eEH?cKMC7KJS!?cCpEH=R?cCL^R?c��G.- ?BGJ[�=HGlER?BKM^DT � �LA>KM�L[BGlEHArIL?B^ 7dstKhILAo[ ?B^ ]LCqGJ�L[cArERK)GJ�o�DKM]LCpE
S~KM=gE �LA'KM�L^@Ao=_�MAoI�[wGl� 7�KJSrGJnenqGJ=RADCpEH[ 9��o?c=R�D]L[wGJ= �pGJ[BG.- ?BAo^DT � �LA'^RsdGJ[B[PS~=HGl�DEH?cKMC KJSZGJnenqGJ=RADCpEH[ 9
�o?c=R�D]L[wGJ= �pGJ[BG.- ?BAD^o{
� �e?B� �)?B^�^ 9h^@ERAosdGlEH?c�jGJ[c[ 9vKM�L^@Ao=@�JAoI)?BCg^RnL?c=HGJ[c^�KJS GJ[c[hstKM=@n)�LKM[cK��M?B�oGJ[p^R]e�eE 9hn AD^o{
?B^YGJ^Y^@ER=RKMC-�g?BCeIL?B�oGlEH?cKMC�E �qG E E �LArIe?B^ 7F^�GJ=RA ?BCeILAoADI ?BCpEH=@?BCL^@?B�oGJ[B[09 AD[B[c?BneER?B�jGl[ T � �LA EH=R?BG.- ?wGJ[esdKhILAo[
?B^YstKM=RAZ^@EHGlEH?c^@EH?c�jGJ[c[ 9x^@?��MCe? /q�oGJCpEzGJCeI GJ[c^RKL{h?cE ?B^ GJ�L[cAZERK�nL=RADIL?B� E E �LA��DKM=R=@Ao�DE S~=HGJ� EH?cKMCdKlS!CLAjGJ=@[ 9
�o?c=R�D]L[wGJ= �pGJ[BG.- ?BAo^DT �+A /qCeI {�E �LAD=RADS~KJ=RAJ{ E �qGlE�E �LAxCLKMC $ �o?c=R�D]L[wGJ=rIL?B^ 75stK IeAo[�ne=RK8�h?BILAD^ G � A EREHAD=
ILAD^R�o=@?BneER?BKMC2KJS E �LA)KM�L^@Ao=_�JG EH?BKJCL^vGJCLI�E �qGlE E �eA7G.- AD^ KMC.E �eAdnL[BGJCLA)KJSYE �LAtIL?c^ 70^ �eKM]L[BI2� At?cC
E �eAv=RGlEH?cK

p = 0.849 ± 0.063
T

3 9$GJILKJneEH?cC)� Gt^R?BstnL[c? /qADI5GJCLGJ[ 9FEH?c�jGJ[!GlnLnL=RKMGJ� � {�� A�nL=@KMn KM^RAgGdILAD^R�o=@?BneER?BKMC5KJS�E �eA S~KM=@s7GlER?BKMC
KJSrEH=R?BG.- ?wGJ[�IqGJ= 7 �LGJ[BKM^x?cC�E �LA �oKMCpEHA -hE KJSW�oKM[c[B?B^@?BKMCe^�KJS�ne=RKJERK��pGJ[BG.- ?BAo^DT�ur^R^@]Lsd?cC)�.E �qGlE)E �LA
nL=@KJEHK��MGJ[wG.- ?cAo^�st?����pE � A =@AonL=@Ao^RADCpEHAoI0�:9 �LKMstK��MADCLAoKJ]L^ 2 GJ�oKM�e? AD[B[c?BnL^@KM?BIL^D{�� AgCLKJERAoI E �qGlE E �LA
EH=@?wG.- ?BGJ[B?�E 9 KJS E �LA =RAD^R]L[�EH?BC-�vKJ� '@Ao� E IeAon AoCLIL^YKMC)E �LA �DKM[B[c?B^R?cKMC �JAo[cK �D?cE 9MT �+AZGJ[c^RK /qCLI)E �eAZADn Kh� �
GlE
� �L?c� ��^@]L� � AoCe�oKM]LCpERAo=R^���KJ]L[BI 9h?BAo[cI0E �LA)=RADbF]L?B=@AoI�ER=R?BG.- ?wGJ[c?cE 9MT��+AtAo^_EH?cs7GlERA�E �qG E ?cC0E �L?c^
^R�DAoCqGl=R?BKxE �LA IL?B^ 7h^ZKJS�^RnL?c=HGJ[ �pGJ[wG"-e?cAo^�� KM]L[cI��qGj�MAv� ADAoC�Gl^R^RADs��L[cAoI GlE

z ' 0.69 ± 0.32
T

- ?c?B?



- ?c�



� ����� � � � � �

� ����� � � ���
	 �

�rAD^@ERA'�jGJnL}�EH]L[cKL{�IeAon KM?B^�IeA ]LsdG5?BCpEH=@K Ie]LkjmJK5^RKM�L=@A'K�S~KM=RsdGlERK5IqGJ^ �pGJ[w`"-e?BGJ^vAo^Rne?B=HGl?B^ � f AokomJK
, T , � {P�'S~Ao?�EaG�]LsdG0�L=RA �MA =RA � ?c^HmJK �L?c^@E � =R?c�jG�^RKJ�L=RA�KM^)^R?c^@ERAosdGJ^xILA��o[BGJ^R^@? /q�oGJkjmJK0IeA �MGJ[w`.- ?BGJ^o{
�oKJs��oCeS Gl^RA � ^PAo^Rne?B=HGl?B^QAZGJK Ao^@bh]eAosdG ILA 6r]e�L�L[BA � f AokomJK , T � � T�\Qs ^RA �M]L?cIqGe{p^HmlKgGJne=RAo^@AoCpEaGlILKM^
KM^ �oKMCe�oAo?�EHKM^!ILAYAo[c?BnL^ � ?BIeAo^!KM�L[BGlEHKM^D{ nL=RKM[BGlEHKJ^�AYER=R?wG"-e?BGJ?B^D{8bF]LA ^@Ao=RmJKW]eER?B[c?BijGlILKM^�GJKZ[BKJC)�MK ILAPEHKhILK
KdERA;-hEHK � f ADkjmJK , T � � T �WGdf ADkjmJK , T 1tS GJi $ ^RAv]Ls7G)=RA �h?B^HmlK7IqGt[B?cERAo=RGlEH]L=RGx=RAo[BGlEH?��lGtGlKM^ZER=HGJ�LGJ[��LKJ^
bF]LA5^@A$IeAoIL?c�jGJ=RGJs � GlCq`J[B?c^RA'IqGl^dIL?c^@ER=R?B�e]L?Bk 3 AD^xILA$=RGJi�3hAo^dG.- ?wGl?B^xIqGJ^ �pGJ[B`.- ?wGJ^xAD^RnL?c=HGJ?c^oT�u
f ADkjmJK , T 4'?BCe^RAo=@AdK$nL=RKJ�L[BADs7G'ILKM^vIL?c^R�oKJ^ CqmlK#$ �D?B=R�D]L[wGl=RAo^ CLK �oKJCFERA;-hEHK5ILKM^ �qGJ[BKJ^vIeAdsdGlEH�D=R?BG
Ao^@�o]L=RGe{eCeK�bF]LAWIL?ciW=@Ao^Rn Ao?�EHK � S~KM=@s7G ILAo^_EaGJ^�Ao^@ER=R]eER]L=HGl^oT��WGgf AokomJK , T ¡ K�[cAo?�EHKM=Q�WGJnL=RAD^RADCFEHGJILK
GJK � ���������
������� ��� ���
	 � � � +�� 	�ArGJ[,�M]LsdGJ^QIqGJ^Y^R]qGl^�nL=@?BCL�D?BnqGJ?c^��jGl=HGJ� EHAo=@}B^_EH?B�oGJ^oT ��?BCqGl[BstAoCpEHAl{pCqGf ADkjmJK , T  tAD^@EHmJK'ILAo[c?BCLAoGJILKM^rKM^W�DKMCpEHA � ILKM^>ILKJ^W�jGlnL}cER]L[BKM^Z^RA �M]L?cCFERAo^�AgKM^WKM� '@ADEH?��MKM^WnL=R?cCL�o?cnqGJ?B^
ILAD^@EaGtVW?c^R^RAD=@EHGJkjmJKeT

�
��� � ������� � ������������ "!$#��
�&%'�)(�#*�+��#,�

uW^ �pGJ[B`.- ?wGJ^�Ao^Rne?B=HGl?B^P^HmJKv^R?c^@ERAosdGJ^PAo^@ERAo[BGJ=RAD^ �DKMCL^@ER?cER]L}BILKJ^QnL=R?cCL�o?cnqGJ[BstAoCpERA�n KM=P]Ls IL?B^@�oK GJnL=RK%$
- ?BsdGJIqGJstAoCpERAx�o?B=@�o]L[BGJ=�A)�qGJ^_EaGJCpERA7GJ� �LGlEaGJIeK$bF]LAl{�GJ[c�os ILAdAD^@ER=RAo[BGJ^o{!�DKMCpEH�os �M`J^ Atn KhAo?B=RG A
^RAgAo�oKJCFER=HG7?csdAD=R^@K7Aos ]Ls �qGl[BK7IeAgsdGlEH�D=R?wG)Ao^@�o]L=RGeT�u �jGJ=RGJ�DERAo=@}B^@ER?B�oGdsdGJ?B^Zs7Gl=R�jGlCFERA IeAo^@EHGJ^
�pGJ[B`.- ?wGJ^�^HmJK ^@Ao]L^P�L=RGJkoKM^QAD^RnL?c=HGJ?c^o{pA � ?cILAoCpERAostAoCpEHAl{hKJCLILA K �DKM=R=@Az?BCpERAoCL^RG>S~KJ=RsdGJkjmJK>AD^@ERAo[wGl=oT�ur^
�pGJ[B`.- ?wGJ^YAo^@nL?B=RGJ?B^�GJnL=@Ao^RADCpEaGJs GJ?BCLILGg]Ls � K%'@KgCLKx�oADCFER=RKxILKxIe?B^R�DKL{e�D]%'RG�?Bstn KM=@E �JCL�o?BGv=@Ao[BGlEH?��JG
IL?csd?cCh]e?e�oKJCeS~KM=RstA K>EH?Bn K sdKJ=@S~KM[ � �M?B�DKW^@A&'RG sdGJ?c^�EaGJ=@IL?BK �pAr]Ls �qGJ[BK ILA sdGlEHAD=R?BGJ[eAD^@EHAD[wGJ=D{F�oKMCL^&$
EH?�EH]L}cILK��qGl^R?B�oGJstAoCpEHAzIeA G.�M[BKJsdAD=HGJILKJ^�AD^@EHAD[wGJ=@Ao^PAzILA�AD^@ER=RAo[BGJ^Qn KM�L=RAD^QAos sdA EaGJ?c^ �pGJ[c�os ILK �qGJ[cK
ILAxsdGlEH�D=R?BG7Ao^@�o]L=RGeT�u�IL?csdADCL^HmlK'=HGJIL?BGJ[ ILKM^ IL?B^@�oKM^W��EH?Bne?B�jGlsdADCFERA�IqG KM=@ILAos ILA 7F?B[BKJnqGJ=R^@Ao�D^
� KJ])GJ[��M]es7GJ^ ILADioAoCLGJ^QILA 7F?B[cKMnqGJ=@^RAD�o^ � {pAoCLbF]qGlCFERK>bF]LA G�Ao^@�jGJ[BGWILA GJ[�EH]L=RGr�zILA�n KM]e�jGJ^Q�DAoCpEHADCqGJ^

,



ILAvnqGJ=@^RAo�D^oT�O KM=@EHGJCpEHKL{qER=HGlEHG%$ ^@AvIeA AD^@EH=@]eEH]e=HGJ^ZILA S GlEHKt�qGJ^_EaGJCpEHA GJ� �qG EaGJIqGl^oT ��]LA GJ^ �pGJ[B`.- ?wGJ^
Ao^@nL?B=RGJ?B^ ^@A �DKMCL^@ER?cER]LAos ILAvIL?B^@�oKM^rGJ� �qG EaGJILKJ^ 'R`)Ao=RGd�oKJC)�LAo�D?BILKtILAD^RILA K7?BCe}B�o?cKxIqG7Gl^@EH=@KMCLKMst?wG
A;-hER=HG.�pGl[w`J� EH?B�oGeT

<�AoCpEHADCLIL?BstAoCpERK>IqG>Ao^@ER=R]eER]L=HG�ILGJ^ �pGJ[B`.- ?wGJ^ Ao^@nL?B=RGJ?B^�=@AobF]LAD=QK>Ao^@ER]LILK IqG�^@]qG>IL?BC �lsd?c�jGe{ ?B^_EHK��l{
ILA>�DKMsdK�GJ^�Ao^_EH=RAD[wGJ^�=@AjG.�JAos	GlKxn KJERAoCL�D?wGJ[ �M=RG8�h?�EaGJ�D?BKMCqGl[ CLKxbF]qGl[ Ao[BGJ^z^RA ADCL�oKMCpER=HGJs ?BstAo=R^RGJ^oT
O�Gl=HG Ao^@ERArne=RKMn � ^R?�EHKL{FGl^ �pGl[w`.- ?wGl^�Ao^@nL?B=RGJ?B^Q^RmJKvS~=@Aob
	LADCFERAostAoCpEHA�GJnL=RK - ?BsdGJIqGl^Qn KM=QIe?B^R�DKM^ /qCLKM^D{
KM]�^@A&'RGe{ Ao^_EH=@]eEH]L=RGJ^��D?B=R�D]L[wGl=RAo^ZA�Gl� �qGlEaGlIqGJ^o{ ]LsdGt�MADi�bF]LA�Gdbh]LGJ^RAgERKJEaGl[B?BILGJILA>IqG7^@]qG7sdGJ^R^RG
� G EH=RAD[wGJILG � ^PAo^@ER=RAD[wGJ^QAZGJK �p`J^ ��A �oAo=_EaGJstAoCpERAZILGv[c]Li�Ao^_EamJK �oKJCL�oADCFER=HGJILGJ^ ADs�]Ls�ne[wGJCLKeT�uW[c�os
IL?c^R^RKe{MG�GJ� KM=@IqG.�MADs,IqGWIL?cC �Jst?B�jG�AD^@EHAD[wGJ= Aos n KJEHADCL�o?BGJ?B^ �M=RG8�h?�EaGJ�D?BKMCqGl?B^ G.- ?B^@^R?Bst�DER=R?c�oKM^�S GJ�D?B[B?�EaG
AoCeKM=RstAostAoCpEHA KxEH=RGlEaGlsdADCFERKtGJCqGJ[c}cEH?c�oK �~�MA 'RGtn KM=�A -eADsdne[BKL{�3 ?BCLCLA;9�� � =RADs7GJ?cCLAJ{ , ��� 1�� T

��KMCpEH]eILKL{PG�n KM^R^@?B�L?c[B?BILGJILA)ILA bF]LA'KM^gIL?B^@�oKM^�CLmJK�^RA 'RGJs�G.- ?B^R^@?Bst�DER=R?B�DKM^v^RAostnL=@A'^RA ?cCL^R?cCh]eKM]
GlER=HGj�M�D^>ILA�]LsdG7^R�D=R?cA�ILA�A � ?cIL�oCe�o?wGl^�KM�L^@Ao=@�lGJ�D?BKMCLGJ?B^DT�u�A;- ?c^@EH�DCL�o?BG ILA��qGl=R=HGl^o{ n KM=WA - AostnL[BKL{
^R]-�MAo=@A bF]LA �qG('RG$]Ls7G IL?B=@AokomJK5nL=@?c�h?B[cA �M?BGJIqG'CLK�Ie?B^R�DK �PA7n Ao[cK5stAoCLKM^ ]Ls�EHAo=@koK�ILGJ^gAD^RnL?c=HGJ?c^
^HmlKtS~KM=_EHADsdADCFERA �qGJ=R=RGJIqGJ^DT <>] EH=HGx�DKMsdn KMCLADCpEHA �o]%'RGxS~KM=@s7G�=@ADS~KM=@kjGtG)?cIL�o?BG�ILA GJ^R^@?BstADEH=@?wG�^RmJK
KM^ZnL= � nL=R?cKM^ �L=HGJkDKM^WAD^RnL?c=HGJ?c^o{qbF]LAl{�G /LCqGJ[ {�^RmJK7AD^@EH=@]eEH]e=HGJ^rbh]eA �oGJ=RAD�oAos ILAv^R?csdA EH=R?BG)GJio?cs�]eEaGl[ T
uW[c�os IL?B^@^RKL{ GJ^ �pGJ[B`.- ?wGJ^ZAo^@nL?B=RGJ?B^�^@AxAoCL�DKMCpEH=RGJs�?BCe^RAo=@?BIqGl^WAos �qGJ[cKM^�ILAxsdGlEH�D=R?BGdAo^@�o]L=RGe{!bF]LA
EaGls�� �Ds�CqmJK nL=@Ao�D?B^HGls�^RAD= ^@?Bst�DEH=@?B�DKM^oT �WG>S GJ[cEHG�ILA ?BCeS~KJ=RsdGJk�3hAo^PG>=RAD^Rn Ao?�EHKvIqGv^@]qG Ao^@ER=R]eER]L=HG {
^R]en@3hA $ ^RA ]L^R]LGJ[BstAoCpEHA bF]LAvAo^_EHAo^ �qGJ[cKM^�^RA 'RGJs	AD^@S~�o=@?B�DKM^o{�stAo^RstK)CqmJK)A;- ?c^@EH?cCLILK)AD�h?cIL�oCL�D?wGJ^ KM� $
^RAD=@�lGJ�D?BKMCqGl?B^�bF]LA GJn KJ?BAos Ao^@^HGd^@]Ln KM^R?ckjmJKLTPu ^R]LG)S~KM=@s7G {eCLKtAoCpEaGlCFERKL{�ILAD�JA AD^@EHGJ= =RAo[BGJ�o?cKMCqGJILG
� S~KJ=RsdG)IeKM^WIL?c^R�DKM^r[c]Lst?BCLKM^@KM^o{#'R`tbF]LAgKM^rGlER]qGJ?B^ZIL?c^R�oKJ^r�DKM[wGJne^HGJ=RGJs	^RKJ�0Gd?cC��q]L�DCL�o?BGtILKdn K%$
EHADCL�o?BGJ[ �M=RGj� ?�EaGJ�D?BKMCLGJ[�IeK �qGl[BKLTg\ ^RA)Ao^_EHAxS~KM=�ER=R?wG"-e?BGJ[ { IL?0/q�o?c[BstAoCpEHA�n KhILAo=&$ ^RA $ ?BG Ao^Rn Ao=RGJ= bF]LA
^RA>S~KM=@s7Gl^R^RA ]Ls IL?B^@�oK)�o?c=R�o]e[wGJ=DT

�rAD^@ERAZ�DKMCpEHA - ERKL{F�zCLAD�oAo^@^H`J=@?BKvAo^_EaGJ� Ao[cAo�oAD=��h}BCL�D]L[BKM^�KM�L^RAD=@�lGJ�D?BKMCqGl?B^�bF]qGJCpERK � S~KJ=RsdGWILKM^QIL?c^R�DKM^
[B]esd?cCLKM^RKJ^�nqGJ=RG�bh]eA$^@A n KM^@^HG.Gj�JGl[B?wGl=gnL=@Ao�o?c^HGJstAoCpERA$G0AD^@EH=@]eEH]e=HG.CqmJK2GJn AoCqGJ^)ILKJ^xnL= � ne=R?BKJ^
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� { AoCpEamJKWG S~KJ=RsdG AD[B}cneEH?c�jG�IqG ?BsdG.�MAos IqG
�pGJ[B`.- ?wG ^RA�ILA �MA�A -e�D[B]L^@?c�lGJstAoCpEHAzG�]Ls A S~Ao?�EHK�ILA�ne=RK%'@ADkjmJKLT �rAD^@EHA��oGJ^RKe{pK �JC)�M]e[BK�ILA�?BCL�D[B?BCLGJkjmJK
i
ADCpEH=RA�GdCLKM=@s7Gl[�GlK nL[wGlCLKdILG �pGJ[B`.- ?wG)A�Gd[c?BC)�LGdILAv� ?c^HGJILGd^RAg=RAo[BGJ�o?cKMCqG)IL?B=@ADEHGJsdADCpEHAg�DKMs G
=HGlijmJKdG.- ?wGJ[!GlnqGJ=RADCpEHA

b
{�bF]LA � ^@?BstnL[BAD^RstAoCpEHAvG)=HGJiomJKdADCpEH=RAvK7AD?0- KtsdADCLKM= A KtAo? - KdsdGJ?BKJ=�IqG
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Ao[c?BnL^@AJN

cos i = b

\QCpEH=RA EaGJCpERKL{ AD^@EHG =RAD[wGJkomJKv^ � �Z�l`J[c?BIqG>^RArGJILKlEaGJ=@sdKM^Q]es sdKhILAo[cK KM�L[wG EHKvGJ� �qGlEHGJILKL{FKM]t^RA 'RG ]Ls
stK ILAD[BK CeK bF]qGl[QK Ie?B^R�DK�IqG �pGJ[w`"-e?BG7�x�o?c=R�D]L[wGJ=WAdG�GJ[�EH]L=RG7�)s�]L?�EHK'stAoCLKM=Wbh]eAtK�=RGJ?BKLT�f A)K
IL?c^R�oK7IqG �pGJ[B`.- ?wG�S~KM=r?BCpEH=@?BCL^@Ao�jGlsdADCFERAgAD[B}Bn EH?B�DKL{qAoCpEHmJK'CqmJKd��n KJ^R^R}��MAD[�KM�eERAo=r^R]qG7?cCL�o[c?BCqGlkjmJKdG
nqGJ=_EH?c=zIqG)=HGJiomJKtG.- ?wGJ[�GlnqGJ=RADCpEHA � GxstAoCLKM^ bF]LA ^RKJ]L� �D^R^@AostKM^r^@]qG)=HGJiomJKtG.- ?wGJ[ ?cCpEH=R}cCL^RAD�jG�� T

\Qs�]Ls�Ao[B?cnL^ � ?BILA ! � FIA � ! { KM^gIeKM?B^vAo? -eKJ^ ?,�M]qGJ?c^ ER�os�IL?csdADCL^ 3hAo^vs7Gl?BKM=@Ao^ bF]LA G5IeK$EHAD=R�DAo?B=@K
Ao? - KLT 2 ` Aos�]Ls�AD[B?Bne^ � ?cILA � �"!�FIA � ! {!KM^ IeKM?B^ Ao? - KM^ ?,�M]qGJ?c^�^HmlK5stAoCLKM=@Ao^vbF]LAdK EHAD=R�oAD?B=@K$AD?0- K
� ��?��M]L=RG , T 4 � TQ\Qs Gls�� KJ^ KM^��jGJ^@KM^o{ A;- ?B^_EHA�]LsdG ^@Ao�DkjmJK�ER=HGJCL^_�MAD=R^HGl[�bF]LA��r]Ls7G �o?B=@�o]LC S~Ao=R�DCL�o?BG
� KJ�F�h?BGJsdADCpEHAJ{ GJbF]LAD[wG)^RAD�okjmlK bF]LAg�DKMCpEH�os KM^ZILKM?c^ Ao?0- KM^Z?��J]qGJ?B^ � T � s AD^@S~Ao= � ?BIeA � � � A ��� AGF {Ln KJ=
^R]LG �MADiJ{qGJne=RAo^@AoCpEaG�KJ^ EH=@�o^ Ao?0- KM^ IL?cS~AD=RADCFERAo^ AWCqmJK�GJnqGJ=@AoCpEaGg^@Ao= �o?B=@�o]L[BGJ=P^RKM�7CLAoC)�F]Ls �JC)�M]e[BKLT

�rK>�oGJ^RK sdGJ?B^ �MAo=RGJ[eIeK>Ao^@S~AD= � ?cILA�ER=R?wG"-e?BGJ[ { KM^QAD?0- KM^�AD^@EamlK>CqG>=HGJiomJK
1 : p : q

� ^@AoCLIeK
1 > p > q

� {
KMCLIeA5EHKMsdGJstKM^)K sdGJ?BKM=tILKM^dAo? -eKJ^ �oKMstK+]eCL?cEH`J=R?cKLT � �LGJs7GlsdKM^

p
A
q
ILA �.A����
C ? A �$� A � ?

� �@� �����(?�C��*AG? T!urnL[B?c�jGJCLIeKZAD^@ERAo^��DKMCL�DAo?cERKM^�GJKr�oGJ^RKrILAY?BCpEHAD=RAo^@^RAl{
q
^RAD=R?wGZG =HGJiomJKWG"-e?BGJ[p?BCpER=R}BCe^RAo�oG

bF]LAv=RAone=RAo^@AoCpEaG7GtAD^Rn Ao^R^@]L=HGt�MAo=_EH?c�jGJ[�IqG �pGJ[B`.- ?wG�A
p
� KtnqGJ=��JstADEH=@K)bh]eA stAoILAvG)Ao[c?BneER?B�o?cIqGJILA

ILKvIL?B^@�oKLN�^RA
p = 1

{hKJ^YIeKM?B^QAD?0- KM^PILKvnL[wGJCeKvIeK IL?c^R�DKv^RmJKv?��M]qGl?B^�A��MKJ[cEaGlsdKM^PGlKv�oGJ^RKvnqGJ=_EH?c�o]L[BGJ=
ILK�Ao[c?BnL^ � ?BIeAgKM�L[BGlEHK � bF]qGJCpEHK s7Gl?B^

p
^@A)GlS GJ^_EaG IqG']LCL?cIqGJILA �

p 6 1
� {�s7GJ?c^�Ao[c}BneER?B�DK7�xK�IL?B^@�oK

� ��?��M]L=RG , T ¡�� T

��KMCp�M�Ds	=RAD^R^RGJ[cEHGJ=zbF]LA KxsdKhILAD[BKgne=RKM[BGlEHK�CLmJKx��]LsdG�=RADnL=RAD^RAoCpEHGJkjmJKt=RAoGJ[B?c^@EHG IqGxAo^_EH=@]eEH]L=RGxILK
#�����	�� IqGJ^ �MGJ[w`.- ?BGJ^ AD^RnL?c=HGJ?c^o{hAos�� KM=RGgnL]LILAD^R^@A>^RAo=�=@Ao[cAD�lGJCpEHA�CeK�Ao^_EH]LILKxILGJ^ �pGJ[B`.- ?wGJ^YAo[c}BneER?B�oGJ^oT�WGl^�Ao^@nL?B=RGJ?B^D{ ^@A�A;- ?c^@EHAr^R?csdA EH=R?BG � GJnL=@K - ?cs7GJILGJsdADCpEHA ���D?B=R�D]L[wGl= ADs Gl[��M]LsdG ^RAo�DkjmJK�ER=HGJCe^@�MAD=R^RGJ[
� A � ?cILAoCpERA bF]LA'Ao[BG$ILA �JG�^@A IqGJ= CLK0nL[BGJCLK5IeK�IL?B^@�oK0AdCqmJK�n Ao=@n ADCLIL?B�D]L[wGl=RstAoCpEHA7G5Ao[cAJT0O KM=
?B^@^RKL{h]Ls:stK ILAD[BK nL=@KM[wGlERK IeAWIL?c^R�oKJ^�CqmJK � /q^@?B�oGJsdADCpEHAZnL[wGJ]e^R}c�JAo[ � CLK��zGJnL}�EH]L[cK 4 {FS GJiDAostKM^ ]e^RK
stKMsdADCpE �JCLADKxILA�EaGl?B^�AD^@ER=R]eER]L=HGJ^ CLKx�DKMCpEHA - ERKdIeA�S~]L^ 3hAo^�ILA>ne=RKJERK��pGJ[B`.- ?wGJ^D{ sdGJ^zCLAD^@ERAv�oGJ^RKe{LK
S~KM=@s7GlERKxnL=RKJ[wGlERKx�v=@ADS~AD=RAoCpERA GlK �LGJ[BKL{eCqmJKtGJK)IL?B^@�oK
� T

� AD^RstK CLKM^ZsdKhILAD[BKM^ ILA IL?B^@�oK7CLmJK#$ �D?B=@�o]L[BGJ=o{q� �qGls7GJstKM^ZILA �"A �:) ! A ��� A+F A � A+�"C �@� C Gt=HGJiomJK
AoCpER=RAPKM^!Ao? -eKJ^�sdADCLKM=�APs7Gl?BKM= IqG / �M]L=RG ne=RK%'@A EaGJIqG T�VWAQS GlERKL{

b
�PG � CL?B�oG �M=HGlCLILAoioGZIe?B=RA EaGJstAoCpERA

stAoCL^@]L=H`j�MAD[!AvK)^@Ao]$�lGJ[cKM=zILADn ADCLILAvKM�p�h?wGJstAoCpEHA>ILGtKM=@?BADCFEHGJkjmlKxAo^RnLGJ�o?BGJ[�ILK)Ao[c?BnL^ � ?BILAlT

 



��?,�M]L=HG , T 4hN�\Q[B?cnL^ � ?BILAD^�KM�L[BGlEHKM^ � ? � A�nL=RKM[BGlEHKJ^ � ?c? ��^HmJK / �M]e=HGJ^QILA =@AD�MKJ[B]LkomJK>bF]LA n KM^@^R]LADs�]LsdG
^RAD�okomJK�EH=RGJCL^@�JAo=@^HGJ[z�D?B=@�o]L[BGJ= � �o?cCLijG � T�\Qs�GJs�� KM^ KM^g�oGJ^RKM^D{ �q`5IeKM?B^ Ao?0- KM^ ?��M]LGJ?B^ A7]es�AD?0- K
IL?�S~Ao=RADCpEHAJ{ bF]LA��vKM=@ERK��MKMCLGJ[ GJKdne[wGJCLKdbF]LAg�DKMCpEH�os Gd^@Ao�DkjmJK �D?B=@�o]L[BGJ=oT �ZK7�jGl^RK7KJ�L[wGlERKL{�K7AD?0- K
KM=_EHK��MKJCqGJ[!GJKtnL[wGlCLKd�D?B=@�o]L[BGJ= � stAoCLKJ=rbF]LAvKM^WKJ]eEH=@KM^rAvCLKd�jGJ^@K7nL=@KM[wGlERKL{qK7AD?0- KtKM=@ERK��MKMCqGl[!GJK
nL[BGJCLKx�o?c=R�D]L[wGJ=�� K)sdGJ?BKM=DT

��?,�M]L=HG , T ¡eN � s Ao^_S~Ao= � ?BILA EH=@?wG.- ?wGl[��5]LsdGB/ �M]e=HG�bF]LA�GJnL=RAD^RADCFEHG KM^dER=R�o^dAo? -eKJ^ IL?cS~AD=RADCFERAo^DN
1 > p > q

A CLAoC)�F]LsdG)IqGJ^�^RAD�ok 3 AD^W� �o?c=R�o]e[wGJ=DTPf A
p = 1

{ EHAostKM^ K)�jGJ^@KdKJ�L[wGlERKLT
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u Ie?B^@ER=R?c�L]L?BkomJK ILAW=RGJi�3hAo^�G.- ?wGJ?c^YGJnqGJ=@AoCpEHAD^
ϕ(b)
ILAW]es7GvGJstKM^@ER=HG IeA��pGJ[B`.- ?wGJ^PAD^RnL?c=HGJ?c^Y=@A �qA EHA

GJ^ IL?B^_EH=@?B�L]L?ck�3hAo^'ILA�=HGJi 3 AD^5G"-e?BGJ?B^'?cCpEH=R}cCL^RAD�jGJ^
f(p)

A
f(q)
{>stKhIL? /q�oGJIqGJ^'n Ao[cKM^ ADS~Ao?�EHKM^�ILA

nL=@K%'@AokomJKLT � s7G7�JAoi)bF]LAtG ILAo^@nL=RK('@AokjmlK$^ � ��ER=R?�� ?BGJ[ Ax^ � n KhILAD=R?wGd^RAo=�S~AD?cEHG ?BCLIL?��h?BIL]qGl[BstAoCpEHA
nqGJ=RG'Ao[B?c^ � ?cILAo^>IeAt=@AD�JKM[B]LkomJKL{ K�]L^RK IqGJ^ S~]LCLk 3 AD^vIeAdIL?c^@ER=R?B�e]L?BkomJK �tA;-hEH=@AosdGJsdADCpEHA � EH?c[�nqGJ=RG
^RAWILADERAo=Rst?BCLGJ=�AD^@EaG EH?B^_EH?c�jGJstAoCpEHArKM^�nLGJ= �JstADER=RKM^ ?BCpEH=@}BCL^@Ao�DKM^zILA�]es7G�GlsdKM^_EH=RG ILA �MGJ[w`.- ?BGJ^oT�f A
KM�L^@Ao=_�JGlsdKM^�]es7GxGJstKM^_EH=HG =HGJiDKpGj�MAo[csdADCpEHA>A;- nL=@Ao^@^R?c�lG)n KhILADsdKM^��oKM=@=R?��J?B=�KxA S~Ao?�EHKxILA>nL=@K%'@AokomJK
GJ[cAjGlE � =R?BGgA ?BCeS~AD=R?B=�KM^�nqGJ=��JsdA EH=@KM^�IqG)IL?B^_EH=R?c�L]L?ckjmJK�?cCpEH=R}cCL^RAD�jGeT

uW^rnL=R?csdAD?B=RGJ^zEHADCFEHGlEH?��lGJ^ ILAg^@Ag?BC S~Ao=R?c=�KdS~KM=@s7G EHK)?BCpEH=@}BCL^@Ao�DK7IqGJ^ �pGJ[B`.- ?wGJ^ n Ao[BGtILAD�oKMCp�JKM[B]LkomJK
IqGJ^�IL?B^_EH=R?c�L]L?ck�3hAo^YILA>=HGJi 3 AD^�G.- ?wGl?B^ GJnqGJ=@AoCpEHAD^�]eEH?c[B?BioGj�JGls GJstKM^@ER=HGJ^ n ADbh]eAoCqGJ^ A�?cCLKMstK��M�DCLAjGJ^
ILAz?cs7G#�MAoCL^ S~KJEHK.�M=H` /L�jGJ^D{J�o]('RGJ^QsdADIL?Bk 3 AD^��h?B^@]qGJ?c^�S~=RADb
	LAoCpEHADsdADCpEHA ^RKJS~=@?wGJs ILA�Ao=R=@KM^QGJ�D?BILADCpEaGJ?c^
KM]�^R?c^@ERAosd`lEH?c�oKM^DT

\Qs:]Ls GJ=@ER?��MKv�o[B`J^R^@?B�oKe{ef GJCLIqG.�JAJ{ ��=@AoADs7GJC � fhEHK 7JAo^ � , �! l ��PIeADEHAD=Rst?BCqGl=HGJs Gl^�IL?c^@EH=@?B�L]e?Bk�3hAo^
ILA�Gl� �qGlEaGlsdADCFERKM^�?cCFER=R}cCL^RAD�oKM^�] EH?B[c?BioGJCLILKZ]LsdG�GJstKM^@ER=HGWILA �pGJ[w`"-e?BGJ^ ILAzIL?�S~Ao=RADCpEHAo^�EH?Bn KM^D{pGJILst? $
EH?cCLILK)bF]LA Ao[BGJ^�nL]LILAD^R^@Aos ^RAD=r� Aos	=@AonL=@Ao^@AoCpEaGJILGJ^rn KM=�AD[B?Bne^ � ?cILAo^�KM�e[wGlERKM^oTY��KMs �*4 1+�pGJ[B`.- ?wGJ^
Ao^@nL?B=RGJ?B^gILK � � � �)���)��	���
 ��� ����� � � � � �
� � ��� � ��� ��� � &(� ��� �~ILA � GJ]e�oKM]L[cAo]L=@^ � IeA � GJ]L�oKJ]L[BAD]L=R^D{
, �M¡ 1
� {!�jGl[B�o]e[wGJ=RGJs bF]LAdAo[BGJ^ n KhILAo=@?wGJs ^RAD= � Aos�=@AonL=@Ao^@AoCpEaGJILGJ^�n KM=>IL?B^@�oKM^v�o?c=R�D]L[wGJ=@Ao^ ILA)=HG($
ijmlK�G.- ?wGl[Y?cCpEH=R}cCL^RAD�jG

q ∼ 0, 25
{�sdAD^RstK$=@Ao^@]L[cEHGJILK5KJ�eEH?cILK5ADs�^@A �M]e?BIqG n KM= �lGJC+IeAoC 3�AD= ���

� , �! � � T��WG EH]L=RGJ[BstAoCpEHAl{hGJ^YER�o�DCL?B�oGJ^ ] EH?B[c?BioGJIqGJ^QnqGl=HG Ao^@ERArER?Bn K ILArGJCq`l[B?B^@AzEaGJsg� �Ds ^RAWne=RAo^_EaGJs
GJK)Ao^_EH]LIeKdIqG)Ao^_EH=@]eEH]L=RGtIeA �MGJ[w`.- ?BGJ^zAo[c}BneER?B�oGJ^o{ �oKMstKxAos 3 ?BC)���JAo[B?�� , �."M �� T

3�?cCLCLA 9 � ILA � GJ]e�oKM]L[cAo]L=@^ � , ��" , � { ]eEH?c[B?BioGJCLILK�GJ[��M]es7GJ^ �oADCFERAoCqGl^rILA �pGl[w`.- ?wGl^�ILK � ��	���� # � ���� �)�/�)��	���
 ��� ����� � � � � ��� � ��� � ��� ��� � &(� ��� � ILA � GJ]L�DKM]L[BAD]L=R^ ADE�GJ[ T�{ , �! J¡�� {�GJIesd?�EH?B=RGJs EHGJs�� �osKM^>stK IeAo[BKJ^WnL=@KM[wGlERK'A�EH=@?wG.- ?wGl[�nqGl=HG Ao^@nL?B=RGJ?B^D{ [BADCpEH?B�D]L[wGl=RAo^WAxAo[B}cneEH?c�jGJ^DTgO�GJ=HG'?cCF�JAo=_EHAo= Gl^>IL?B^&$
EH=@?B�L]e?Bk�3hAo^D{�AD[BAo^ AostnL=RA �pGJ=RGJs�K0GJ[��JKM=R?�EHstK'ILA ILAD�oKMCp�MKJ[B]LkomJK0ILA *�]L�;9 � , �! 1
� {�bF]LA7EHGJs�� �os
S~KM?�] EH?B[c?BioGJILK n KM=��rKhAo=@IL[B?cC)�MAo= � , �! #��� T)\Q^@ERA7Gl[��MKM=@?cERsdKd�oKMCL^@?B^_EHA)Aos��DKMCp�MKM[c]L?B=>]es7G'Ao^_EH?cs7G%$
EH?��lG�?BCL?c�o?wGl[ IqGxIL?c^@ER=R?B�e]L?BkomJK�?BCpER=R}BCe^RAo�oG

f(q)
�oKJs

P (b|q) { bF]LA � GxnL=@KM�qGJ�e?B[B?cIqGJILArILA bF]LA ]Ls7G�pGJ[B`.- ?wG7�DKMs ]es7G'IqGJILG�=RGJijmlK ?cCpEH=R}cCL^RAD�jG
q
^@A&'RG�nL=RK('@ADEaGlIqG'�oKMs�=RGJijmlK�GJnqGJ=@AoCpEHA

b
T)O�Gl=HG�GJ^

Ao^@nL?B=RGJ?B^D{L�oKJCL�o[c]L}B=RGJs bF]LAvK7Gl� �qGlEaGlsdADCFERKdIeAD�MAD=R?BGtAD^@EaGl=rCLK)?cCFERAo=_�JGl[BK
0, 15 6 q 6 0, 35

AvbF]LA
KM^�EH?cn KJ^zs7Gl?B^�EHGJ=RIL?cKM^ GJILst?cER?wGJs:IL?c^R�DKM^ [BAD�JAostAoCpEHA AD[B}Bn EH?B�DKM^z�DKMs

p ∼ 0, 9
T

*!GJs��qGl^�ADE�GJ[ T � , ���p� � ]eEH?c[B?BioGJ=HGls ]es7G GJstnL[wG�GJsdKJ^@EH=RGzILA , � 1!"p�z?BsdG.�MADCL^ ILAPAD^RnL?c=HGJ?c^�sdADIL?BIqGl^
GJ]eERKMsdGlEH?c�jGJstAoCpEHAl{ nL=RK8�MADCL?BADCpEHAo^QIeK�� � � ���-��� � #�� � ��� � ��� �)� � � 	��$� ��� � � ��� ��� � ����� � � ��� � ��� ���
� � & 	�� � � +�� 	 � *!K8�JAoIqG 9M{ , ��".����A �oKMCe�o[B]e}B=HGls bF]LA ]Ls�stK IeAo[BK>�DKMs q ∼ 0, 2

A
p ∼ 0, 9

G('@]L^_EaGj�lG
stAo[��eKM=�GxIL?B^_EH=@?B�L]L?ckjmJKgKM�L^RAD=@�lGJIqG)ILKtbF]LA ]Ls	stK ILAD[BK�^@?BstnL[BAD^RstAoCpEHA>KJ�L[wGlERKLTQ\Q^@EHGt�DKMCL�D[B]L^RmJK
�qGJ^@AoKM] $ ^RA'CLG�KM�L^RAD=@�lGJIqG�S GJ[�EaG ILA'KM� '@A EHKM^)GJnLGJ=RADCFERAostAoCpEHA'�D?B=@�o]L[BGJ=RAD^o{QbF]LA EHADs�^@?BILK0�DKMC /q=&$
sdGJIqG7n KM=�IL?��MAD=R^RKJ^ GJ]eEHKJ=RAo^DT�\Q^@EHG'GJ]L^@�oCL�D?wG S~KM?�CeKJEaGJILG ?BCLIL?c=RA EaGJstAoCpEHA n KJ= | =@KM^R�! M[ � , ��"*4 ���

�



��GJ^HGlCLK0ADEtGJ[ T � , ����� � KM�L^@Ao=@�lGJ=RGJs+$ CqG5ADs�IqGJIeKM^xILK ��� ���'# � � � �)�/�)��	�� 
 ��� ����� � � � � �
� �)��� � �
� ��� � &(� ��� �~ILA � Gl]L�oKM]e[BAo]e=R^gA E)GJ[ Tc{ , ��� , � {�ILAdKMCLILA7?BCeS~AD=R?B=RGJs

0, 8 6 p 6 0, 9
T � GJ?B^ =RAD�oAoC $

EHADsdADCpEHAJ{!X 9hILAoC � �l M  1
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G5=RGJijmJK$s7Gl^R^HG($ [B]esd?cCLKM^R?cIqGJILAx�D=RAD^R�o?BG5�oKJs�K�=RGJ?BKeT �rG5IL�D�jGJIqG$ILA , �! l e{��D]L=@�lGJ^�IeA7=RKlEaGJkomJK
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bF]qGJ^RGJ=RAD^rA , 4.�) �"� gAo^Rn Ao� EH=@KM^rIeAvAD^@ER=RAo[BGJ^ � ��?,�M]L=RG , T  �� T

� K IqGl^�GJ^ KM� Ao=@�lGJk 3 AD^�ILK�feV>fLft^HmJKvS~Ao?cEHGJ^YAos:�o?cCL�oK /q[cER=RKM^ �
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GJK)[BKJC)�MKxILKtnL=RKh�oAD^R^@KdILA �D[wGJ^@^R? /L�jGJkomJK)AvbF]LA AD^@EaG)^RA 'RGe{qn KM=@EHGJCpEHKL{L^@] /q�D?BAoCpERAostAoCpEHAgGJ�o]L=RGJIqGeT

 0

 20

 40

 60

 80

 100

 120

−8 −6 −4 −2  0  2  4  6

nú
m

er
o 

de
 g

al
áx

ia
s

∆T

��?,�M]L=HG7� T ¡eN � AD=R?0/q�jGJkomJK IqGd�o[wGl^R^R?0/q�jGlkjmJK stKM=_S~KM[ � �J?B�jG NzCLKM^@^HG �o[BGJ^R^@? /q�oGJkjmlK AxG ILK �r\PV:CLmJK
IL?�S~Ao=RADs ^@?��MCL?0/q�jG EH?c�lGJstAoCpERA�nqGJ=RG)]es7Gx^R]e� $UGJstKM^_EH=HGxILA ∼ �J M +�pGl[w`.- ?wGl^z�L=R?c[��qGlCFERAo^DT
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�qGJ=@=HGJILGJ^o{�GJ[��M]es7GJ^rGJnqGl=RAo�D?wGJs �DKMstK ^RADCLILK'�qGJ=@=HGJILGJ^�3 KM]5u 3WT y ^@EHK7���oKMstnL=@AoAoCe^R}c�JAo[ {�]LsdG
�MADi bF]LA G nL=RAD^RADCFERA �o[BGJ^R^@? /q�oGJkjmlK5�)EH=R]eCL�jGJILG5Aos��qGl=R=HGlIqG � f�3 �>KM]+CqmlK#$ �qGl=R=HGlIqG � f u � {�CLmJK
GJnL=@Ao^@AoCpEaGJCeILKgG>�D[wGJ^@^RA�?BCpERAo=RstAoIe?w`J=@?wGru�3WTpuW[c�os IL?B^@^RKL{p]es7G �pGJ[B`.- ?wG S~KM=@ERAostAoCpEHA��qGl=R=HGlIqG>��ILA
sdGJ?B^PS `J�o?c[ ?cILAoCpER? /q�oGJkjmJKeN�KM]'^@A&'RGe{eG�nL=RAD^RAoCekjGxILA��qGl=R=HG ��s7Gl?B^YAD�h?BILADCpEHA �~sdADCLKM^z�DKMCpEH=RK8�JAo=R^RG��
bF]LA)G'GJ]L^@�oCL�D?wG'ILAx�qGl=R=HG Tg��KJCFER=R?c�L]L?�nqGl=HG Ao^_EaG'^R]e� $ �D[wGJ^@^R? /L�jGJkomJK'K S GlEHK'IeA�bF]LAtGJ^ �pGJ[B`.- ?wGJ^
�qGJ=@=HGJILGJ^zbF]LA�^@A GJnL=RAD^RADCFEHGJs sg]L?cERKg?BCe�o[B?cCqGJIqGl^ �DKMs =@Ao[BGJkjmJK � [B?BC-�qG ILAr� ?c^HGJILGe{e^RmJKxILA�IL?�S~}B�D?B[
�o[BGJ^R^@? /q�oGJkjmlKLTPuW^R^@?Bs {LCLKM^@^HGdGJsdKJ^@EH=RG�ILAvAo^Rne?B=HGl?B^��qGJ=@=HGJILGJ^ ILAD�JA �DKMsdn KM^_EaG)GJn AoCqGJ^ IqGl^ �pGl[w`%$
- ?wGJ^ZsdGJ?B^�S~KM=_EHAostAoCpERAg�qGJ=@=HGJILGJ^ � KM^W^@]L�eER?Bn KM^rIeA EH=RGJCL^@?BkjmlK � fhu 3 � ILAD�JAos Ao^@EHGJ=W?cCL�o[c]L}BIeKM^ CqG
�o[BGJ^R^@A IqGJ^ CqmJK#$ �qGJ=@=HGJIqGl^oT
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u ��?��J]L=HGt� T  )stKM^_EH=HG)G)IL?B^_EH=@?B�L]L?ckjmJK)ILA sdG.�MCL?�EH]LIeAo^ZGJnqGJ=@AoCpEHAD^rILG7GJstKM^@ER=HGxILAvAo^@nL?B=RGJ?B^DTzf ] $
n KMCLILK ]Ls � CL?��MAo=@^RKvnL[wGlCLKL{MK C � stAo=RK

N
IeA �MGJ[w`.- ?BGJ^�ADs�]Ls �JKM[B]esdA��DKMs � �JAo[L� nL=@KMn KJ=R�o?cKMCqGJ[

G
r3

��A)K �q] -eK$ILA)�jGJILG �pGJ[B`.- ?wG7�tnL=@KMn KJ=R�o?cKMCqGJ[�G
r−2
T7\PCpEHmJKL{!K$C � stAo=@K$IeA �pGl[w`.- ?wGl^��oKMs

�q]8- K sdADCLKM=PbF]LA
F
� nL=@KMn KM=R�D?BKMCqGl[qG

F−3/2
{FKM] {FAos�ERAo=@sdKM^PILAZsdG.�MCL?�EH]LILAl{

logN ∝ 0, 6∆m
T

��KMs ]Ls	G '@]L^@ERA>[B?BCeAjGJ=YILA
logN

n KM=zsdG.�MCL?�EH]LILAl{ KJ�eEH?��MAostKM^ Kx�oKhA /q�D?BAoCpERA  e{ 4l¡ ±  e{  p� bF]LA>��oKJsdnqG EH}c�JAo[ �oKMs  e{ ¡7ILADCpEH=RK'IeAgstAoCLKM^rILA�ILKJ?B^WIeAo^@�h?cKM^WA�� ]Ls ?BCLIL?c�jGJIeKM= ILA��oKJsdnL[cADERAoijGdIqG
GJstKM^@ER=HGeT y ^@EHKd�J{ CqmJKtAo^_EaGJstKM^Z^R?B^_EHADs7GlER?B�oGJsdADCpEHA ?��MCeKM=HGJCeILKdKJ^rKM� '@ADEHKJ^WstAoCLKM^Z�L=@?B[��LGJCpEHAo^ Al{
n KJEaGJCpERKL{�G'GJstKM^@ER=HG CqmlK'ILAD�JAt^@KJS~=RAD=>ILA�A S~Ao?cERKM^>ILAx^@Ao[BADkjmJK'?csdn KM=_EaGJCpEHAD^oT ��KMCp�M�Ds�=RAD^R^HGl[cEaGl=
bF]LA�Ao^_EaG>=RAD[wGJkomJK>AoCpER=RA�C � stAo=RK ILA�KM� '@ADERKM^PAzsdG.�MCL?�EH]LILA ^R]Ln�3hA�]Ls � CL?c�JAo=R^@K Ao^@EH`lEH?c�oKL{p�DKMs GJ^
�pGJ[B`.- ?wGJ^ IL?c^@EH=@?B�L]e}BIqGJ^ ]LCL?�S~KM=RstAostAoCpERA�Az^@Aos A �MKM[c]LkjmlK>IqG�[B]Lst?BCeKM^R?cIqGJILAlT!\Psg� KM=RGrEHKhIqGJ^�Ao^R^RGJ^
^R]en KM^@?Bk 3 AD^>^RA&'RGls AD�h?cILAoCpEHADsdADCpEHAt�o=R?�EH?c�j`j�MAD?B^o{ G'GJnL=RK - ?BsdGJkomJK �x=HGlioKp`j�MAD[QnqGJ=RG Ao^@EHG$GlsdKM^_EH=RG
ILA �pGl[w`.- ?wGl^g=RAD[wGlER?c�lGJstAoCpEHA7�L=R?c[��qGJCpERAo^�A'nL= � -e?cs7Gl^ �zG./qCqGJ[ {QK2=@AoIL^ �L?cS E)sd`.- ?BstK5�

z �
  {  :4�Al{

�oKJsdK)^RA CLKlEaGxCqG ��?��M]e=HGx� T "e{qbF]qGJ^@A sdA EaGJILA IqGl^ �MGJ[w`.- ?BGJ^ ER�os
z �
 e{  ��eT

u���?,�M]L=HG �hT ��stKM^@ER=HG�GzS~]LCLkomJKrIeAY[c]Lst?BCLKM^@?BIqGlILA�IqG GJstKM^_EH=HGzIeA �MGJ[w`.- ?BGJ^�AD^RnL?c=HGJ?c^oT�\P^_EaGzS~]LCLkomJK
ILA [c]Lst?BCLKM^@?BIqGlILAxS~KM?��DKMCL^@ER=R]L}cIqG5^@]Ln KJCLILK0ILADCL^R?cIqGJILA CF]Lst�o=@?B�oG5ILA �pGl[w`.- ?wGl^ �DKMCL^@EHGJCpEHAlT2ur^
sdG.�MCL?�EH]LILAD^xGJ�L^@KM[B] EaGJ^ �

Mg

� S~KM=HGls��jGl[B�o]e[wGJIqGl^�^R?csdnL[cAo^@sdADCFERA �oKJs�K.s � IL]L[cK�ILA�IL?c^@E �lCL�o?BG
m − M = 5 log d − 5

{
d
ERAoCLIeK2^@?BILK.ILA EHAD=Rst?BCqGJIeK2�DKMs�G.[BAD?�ILA 6Z]L�L�L[cA CLG2GlnL=RK - ?BsdGJkjmlK

cz = Ho d
{ 'R` bF]LAxKM^W=RAoIe^ �L?�S EH^>^HmlK'n ADbh]eAoCLKM^DT�O�GJ=HG7ERK IqGl^>GJ^�AD^RnL?c=HGJ?c^ � ?cCL�o[c]L?BCeILK �qGJ=@=HGJILGJ^

A7CLmJK#$ �LGJ=R=RGJIqGJ^ � { ]Ls�G('@]L^@ERA7ILAtS~]LCLkomJK5ILA f � �LAD� �FERAo=x=@Ao^R]e[cEHKJ]+Aos
α = −0, 957 ± 0, 026

A
M∗ = −20, 62±0, 07

{ bh]eA��Y�oKMCL^@?B^_EHAoCpERAz�oKMs,KJ^ �lGJ[cKM=RAD^�]L^@]qGJ?c^�ILA
M ∗ ∼ −19, 5

A
α ∼ −0, 86G −1, 27

nqGl=HG)GJ^ Ao^@nL?B=RGJ?B^�ILA �oGJsdn K � �qKM[ 7JAo^�A ErGJ[ T�{ , �.����� T

u ��?��M]L=RG � T ,  $A;- ?c� AdKM^ Ie?wG.�M=RGJsdGJ^
(g − r) × (g − i)

bF]LAtS~KM=HGls�]eEH?c[B?BioGJILKM^>nLGJ=HG ^R]LnL=@?Bst?B=
GJ[,�M]LsdG �pGJ[B`.- ?wGJ^tGJIe?B�o?cKMCqGJ?c^dbF]LA�GJnL=RAD^RADCFEHGj�JGls �oKM=@Ao^ AD^Rn � =R?wGl^oT � s G('@]L^_EHA�[c?BCLAoGJ=dIeAo^@EHGJ^
=RAD[wGJk 3 AD^ �DKM= $ �oKM=vstKM^@ER=HG$bF]LA7GJ^g?cCL�o[c?BCqGlk�3hAo^ IqGJ^ =RADEHGJ^

(g − r) = c1 + c2(g − i)
Ie?Bst?BCF]LAos

^R?c^@ERAosdGlEH?c�jGJstAoCpEHA ADs Ie?B=RADkjmJK7GJKM^ EH?cn KM^ZsdGJ?B^�EaGl=RIL?cKM^oT \Q^@EHGd�lGJ=R?BGJkjmlKd� n ADbh]eAoCqGe{ s7Gl^rAD^@EaG($
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=RAD�oADCFERAo^rnqGJ=HG+�pGl[w`.- ?wGl^zILA �jGJstn KLT

EH?c^@ER?B�jGlsdADCFERAW^@?��MCL?0/q�jG EH?c�lGe{F�DKMsdKg^RAW�J�>CqG ��Gl� AD[wGx� T54 TP\Q^@ERA�ADS~AD?cERKxILAD�JA>Ao^@EHGJ=z=@Ao[wGl�o?BKJCqGJILK � ^
IL?�S~Ao=RADCpEHAo^ �L?c^@E � =R?wGl^ZIeAvS~KM=@s7GlkjmJK)Ao^_EHAD[wGJ= ILAD^@EHAD^WKM� '@ADEHKJ^
�~n KM=ZA;- ADsdnL[cKL{ 3�=@]Lio]qGl[ ��� �qGJ=R[cKJEj{
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�pGJ[B`.- ?wGJ^DT
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� ��� � � � 	 %'� #�� %�� �)� % 	 ��# ��� � #,��� ��% � %'� #�� 

�

u	nqGl=@EH?c= ILG��qGJ^RA7ILA IqGJIeKM^�ILK2feV�fLf {�S~KM=RGJs�GJILbF]L?c=R?BILGJ^�GJ^ ?BsdG.�MADCL^gCLK�S~KJ=RsdGlEHK��	��
��.ILA
�jGlIqG2]es7G�IqGl^ , ¡ , � �pGJ[B`.- ?wGJ^ Ao^Rne?B=HGl?B^o{YbF]LA'S~KM=HGls�?BIeAoCpEH?0/q�jGJILGJ^x?BCLIe?c�h?BIL]LGJ[BstAoCpEHAlT 2 `.bF]LA
�jGlIqG7�jGlsdn K7EHADs �oAo=@�jG ILA

13, 52 × 8, 98
Gl=R�ost?BC�{ �g�oKMs�]es �LG8�JAo=>sdGJ?B^ ILAg]Ls7G �pGJ[w`"-e?BGtCeK

stAo^RstK �oGJsdn KL{��h?c^@EHK'bF]LA)Gl^ �pGJ[w`"-e?BGJ^ EH}Bne?B�jGl^WEH�Ds stAoCLKJ^>ILA , GJ=R�Dsd?cC�ILAxIL? �JstADEH=@KLT>uW[c�os
IL?c^R^RKe{�G �pGJ[B`.- ?wG�sdGJ?B^g�L=R?c[��qGJCpERA ILA�]Ls��oGJsdn K.CLAos�^RAostnL=@A ��CLAD�oAD^R^HGl=R?wGlsdADCFERA5G �pGl[w`.- ?wG
Ao^@nL?B=RGJ[ ADs	bF]LAo^_EamJKLTYO KM= ?B^R^@KL{L�oGJIqG+�pGJ[B`.- ?wG S~KM?�?B^RKJ[wGJIqG�ADs CLK8�JKM^r�oGJstn KM^�IeA>�oAo=@�jG)ILA

3 × 3GJ=@�ost?BC { �oAoCpER=HGJILKJ^rCqG+�pGl[w`.- ?wG {enqGJ=RG�S GJ�o?c[B?cEHGJ= GJ^ sdADIL?Bk 3 AD^�^R]L�L^@Aob
	LADCFERAo^DT

<�nqGJ^@^RK'^RA �M]L?cCFERA S~KM?�G7A S~ADEH?��lG7sdADIL?BkomJK7ILGJ^W=RGJi�3hAo^>G"-e?BGJ?B^ ILAg�jGJIqGd]Ls7GdIqGJ^ , ¡ , � �MGJ[w`.- ?BGJ^oT
O�Gl=HG>?B^@^RKL{M] EH?B[c?BiDKM] $ ^@AzGWS~AD=R=HGlsdADCFEHG
�����	� �����)ILK>nqGJ�DKJEHA ��
�������� IeK���������{pbF]LAZG('@]L^@EHG�?B^@KJS~KJEaGl^
Ao[c}BneER?B�oGJ^ � ^z?BsdG.�MADCL^oTP< GJ[,�MKM=R?�EHstK =RAobF]LAD=�]Ls:�JGl[BKM=�GJnL=RK - ?BsdGJILK IqGJ^��DK KM=@ILAoCLGJIqGJ^ � 	 {�� Aos
nL? -eAD[B^ �rILK'�oADCpEH=RK IqG �pGl[w`.- ?wG {�GJ[c�os ILAx]LsdG Ao^_EH?BsdGlER?c�lGd?cCL?B�D?wGJ[!IqG'Ao[c?BneER?B�D?BIqGJIeA A�IeK �lC)�M]L[cK
ILAdn KM^@?BkomJK5ILK$^RADsd? $ Ao? - K$sdGJ?BKJ=oT'VWADn KJ?B^vILA7�oGJIqG�G('@]e^@EHAdILA7AD[B?cnL^RAl{�K5=RGJ?BK �7?cCL�o=@AostAoCpEaGlILK
GlER�t]es��oAD=@EHK [B?csd?�EHAvbF]LAd�)IqGlILK�n KM=��l`J=@?BKM^>�D=R?�EH�o=@?BKM^D{�bF]LA)?BCL�D[B]LADs�G�=HGJiomJK�^R?BCLGJ[ $ =R]L}cILK A)K
�M=RGJIL?BADCpEHA'IqGJ^x=@A �M? 3 AD^�A;-hERAo=RCLGJ^ �~�MAD= 2 AoIL=@ioA&'@A � ^ 7F? { , ��"! 5A'IeK �D]LsdADCpEaGJkomJK0ILK�������� � TP\Q^_EaG

� ,



S~Ao=@=HGJstAoCpEHG)ADCpEamJKt=RA EHKM=@CqGxKM^ IL?c�JAo=R^@KM^ZnqGJ= �lsdA EH=RKJ^ �MAoKMst�DER=R?c�oKM^zA>S~KJERKMst�DEH=@?B�DKM^zIqGJ^ ?c^RKJS~KJEHGJ^o{
?BCe�o[B]e?BCLILK GgAD[B?Bn EH?B�D?BIqGlILA

ε
Aos:S~]LCLkomJK�ILKg^RAost? $ Ao? -eKvsdGJ?BKM=DT�u =HGJiomJKxG.- ?BGJ[ GJnqGJ=@AoCpEHA

b = 1− εn K ILA>ADCpEamJKt^RAD=ZKJ�eEH?cIqGxIL?B=@ADEaGlsdADCFERA GxnqGJ=@ER?B=�ILKtG('@]e^@EHAlT

��KMs:Ao^_EHAD^zIqGJILKJ^o{FS~KM? n KM^@^R}c�JAo[ �oKMCe^@EH=@]L?B= �M=R` /q�oKJ^�ILAr=HGJiomJK�G.- ?BGJ[
b
Aos:S~]LCLkjmlKgILK =HGJ?cK �~?B^@ERKg�l{

ILK ^@Aost? $ Ao?0- Kts7Gl?BKM= � {�nqGJ=RGd�jGlIqG �pGJ[B`.- ?wGeT u =HGJiomJK'G.- ?wGl[!�lGJ=@?wG)AoCpEH=@Ax  �~s7GJ?c^WGl� �qGlEaGlIqG���A ,
� sdGJ?c^��o?B=@�o]L[BGJ= � �LAvKd=RGJ?BK)� sdADIL?BIeKtADs nL?0- AD[B^ KM]5ADs GJ=@�o^RAD�J{ ^HGJ� AoCeILK7bF]LA GtAD^R�oGJ[wGtILA nL[wGJ�oG
ILAD^@EaGl^>?BsdG.�MAoCe^W��ILA)  { ���J¡ GJ=R�D^RAD� �lnL? - Ao[ T <��o=@?cER�o=R?cK ILA�AD^R�DKM[��qG IeK �JGl[BKM=Z=RADnL=RAD^RAoCpEHGlEH?��MK IqG
=HGlijmJKvG.- ?wGl[�GJnqGJ=@AoCpEHA nqGJ=RGv]es7G>IqGJILG �pGl[w`.- ?wGr�oKMCL^@?B^_EH?B]tAos ILADERAo=Rst?BCLGJ=��h?B^R]LGJ[BstAoCpEHA G =RA �M?wmlK
KMCLIeA

b
ADs�S~]eCLkjmJK0IeK�=HGJ?cK 'R`$ER?c�JAo^R^@A'^RA AD^@EHGJ�L?B[c?BioGJILK5ADs�]es�nqG EaGJsdGJ=v�oKMCL^_EaGJCpERAJT.VWADn KM?c^

ILAvGJ[,�M]LsdGgA;- n Ao=R?csdADCpEaGJkomJK)�oKMCL^_EaGlERKM] $ ^RA bF]LAgGl^�Ao[B?cnL^RAD^ ^RAvGJnL=@Ao^RADCpEaGj�lGJs	EH?cnL?B�oGJsdADCpEHA�sdGJ?B^
�o?c=R�D]L[wGJ=@Ao^�CqGl^�=RA �J? 3hAo^��oADCpEH=HGl?B^�AJ{qIeAon KM?B^�ILAvGJ[,�M]LsdG �q]eER]qGJkomJKL{

b
Gl�jGJ�qGj�lGxn KJ=�^RA Ao^_EaGJ�L?c[B?cijGJ=

CF]Ls��lGJ[cKM=g^@] /q�D?BAoCpERAostAoCpEHA'�DKMCL^@EHGJCpEHAl{ CqGl^�=RA �M? 3hAo^�sdGJ?c^ A - ERAo=@CqGJ^oT ��KMCp�M�Ds�=RAD^R^HGl[cEaGl=�bF]LA
C � ^�Ao^@EHGJstKM^z?BCpERAo=RAD^R^RGJILKM^�ADs ILA EHAD=Rst?BCqGJ= Kg�lGJ[BKJ=�IqGg=RGJijmlK)G.- ?wGJ[ bF]LA�^RA 'RGx=RAone=RAo^@AoCpEaG EH?c�JK)ILK
S~KM=@s7GlERKdIeK7IL?c^R�oK7�oKMstKd]es ERK IeKLTZO�KM=r?B^R^@KL{ �g?Bstn KM=@EHGJCpEHA>EHKMsdGJ= KM^Z�JGl[BKM=@Ao^Zs7GJ?c^ A;-hEHAD=RCLKM^DT
O�KJ=�KM]eER=RK�[BGJILKL{�AD^R^RG.� G5=RA �M?wmJK$IqG �pGJ[B`.- ?wG�KMCLILA'K5�L=R?c[��LK � C � stAo=RK0IeA �oKMCpEHG.�MAoCe^�n KJ=�nL? $
- Ao[��>�tstAoCLKM=>At�oKJCL^RADb 	eAoCpEHADsdADCFERA KM^ G('@]L^_EHAo^v^HmlK$stAoCLKJ^ �DKMC /�`j�MAD?B^DT7uW^@^R?cs�^RAoCeILKL{ �dsdGJ?B^
^RA �M]L=@KtERKMs7Gl=z]Ls �lGJ[cKM=�bF]LA [BAD�JA Aos	�DKMCpEaGtGtst�oIL?BG�ILA ]Ls	?cCFERAo=_�JGl[BKxILA =HGl?BKM^�A CqmJKtGJn AoCLGJ^
Ao^_EH=@?cEaGlsdADCFERA G � [cEH?cs7Gv?B^@KJS~KJEaG T

O�KJ=@EaGlCFERKL{�]es7G��MADi5ILA EHAD=Rst?BCqGJIeK2]es�?BCpEHAD=@�lGJ[BK0IeA$=RGJ?BKM^xKJCLILA$G.=RGJijmlK+G.- ?BGJ[ 'R`0EH?c�JAo^@^RA5^@A
Ao^_EaGJ�e?B[B?cijGJIeKL{pAo^_EH?BsdG%$ ^RAZ]Ls �JGl[BKM=Ysd�DIL?BKv=RADnL=RAD^RADCFEHGlEH?��MKxILA

b
{LGJCLKlEaGJCLIeK#$ ^@AWGJ?cCLIqG G ?BCe�oAo=_EHADijG

GlER=R?B�e]L}BIqG GgAo^@^RA>�lGJ[BKJ=o{hGJ^R^@K �D?wGJILG � �q]eER]qGJkjmlKxILKM^zn KMCpEHKM^zGJK�=RADILKM=zIeKg�lGJ[BKM= Ao^_EH?BsdGJILKeT�O�Gl=HG
�jGlIqG �MGJ[w`.- ?BGdS~KM=HGls stAoIL?cILKM^ � Ao^@ER?BsdGJILKM^Wbh]LGlEH=@K nLGJ= �JstADER=RKM^DN>=HGJiomJK G.- ?wGJ[

b
{!^@]qG ?cCL�oAD=@ERAoijG {

?BCpERAo=@�lGJ[cK ILAP=HGJ?cKM^o{ AP]Ls,nqGJ=��JsdA EH=@KZIeA bF]qGJ[c?BIqGlILA ��T \P^_EHA � [cER?BstKznqGJ=��JsdA EH=@K �J]qGJ=RILGZ?cCeS~KM=RsdG%$
kjmlK>GW=RAD^Rn Ao?�EHK�IqG�bF]qGl[B?BILGJILAP� ?c^R]qGl[eILK>G '@]L^@ERAzAzILK�Ce}c�MAD[eILA �q]eEH]LGJkjmJKWILKM^��lGJ[cKM=RAD^�ILA

b
T�uW?BCeIqG

bF]LAvCqmJKt^RA&'RG)=RAoGJ[BstAoCpERAvbF]qGlCFER?cEHGlEH?��MKL{LAD[BA n Ao=Rst?cERA>IL?B^_EH?cC)� 	L?c=zAoCpEH=@A K)�DKMC%'@]LCpEHKdIqGJ^ �pGJ[B`.- ?wGJ^
�o]('@K�G('@]L^@ERA)��s7Gl?B^W�DKMC /�`j�JAo[QIqGJbF]LAD[BAxKMCeILAxK�G('@]L^_EHAx��sdGJ?B^rIL]e�h?BIeKM^RK�AxGJCLGJ[B?c^H`%$ [BKM^Z^RADnqGJ=HG($
IqGJstAoCpERAJT �qKM=HGls GlER=R?c�L]L}BIeKM^o{ GJ^R^@?Bs {hER=R�D^�CL}c�JAo?B^�ILA>bF]qGJ[B?cIqGJILA
� ILK�ER?Bn K � ER?BstK �l� KMs � =RA �J]L[wGJ= �
GJ^@^RKh�o?wGlILKM^zGlKM^�nqGl= �JstADER=RKM^ �

�
 !� , �M�v=@Ao^@n AD�DEH?��lGJsdADCpEHA��LGJ[B�Ds IeA��

�
�gnqGJ=RG�GJ^ �pGl[w`.- ?wGl^Y�D]%'@K

G('@]L^_EHAvS GJ[��LKJ] n KM= �oKJsdnL[cADERKtA S~KM=RGJs ?��MCeKM=HGJILGJ^�� n KM= Ao^_EaGJ=@Aos s�]L?�EHK)nL= � - ?BsdGJ^ IqG)� KJ=RIqGtILK
�jGlsdn KL{Ln KM=�A;- ADsdnL[cK
� T �rG ��GJ� Ao[BG �eT , CLKlEaG%$ ^RA>bF]LA GJ^ �pGJ[w`"-e?BGJ^��DKMs	nqGl= �JstADER=RK �

�
 x^RmJKtGJ^

bF]LAtGJnL=@Ao^RADCpEaGJs�G'stAoCLKJ=�?BCL�DAo=_EHAoioG'sd�DIL?wG
σb

T �rKJEHG%$ ^@AgEaGls�� �Ds bF]LA)K�G('@]L^_EHAxS GJ[,�LKM]0nqGJ=RG
, ¡+�pGJ[B`.- ?wGJ^DT

< KM� '@ADEH?��MK ILA)sdADIL?B= Gl^v=RGJi�3hAo^vG.- ?BGJ?B^>GlnqGJ=RADCpEHAo^
b
�)]eEH?c[B?cijGJ=WG ^@]qG�S~]eCLkjmJK ILAtIL?B^_EH=@?B�L]L?ckjmJK

ϕ(b)
CqG'GJCq`J[c?B^@Agn KM^@ERAo=R?cKM=oTvO KM=�?B^@^RKL{ GJ^>?BCL�DAo=_EHAoioGJ^

σb

CqmJK�GlS~A EaGJs IL?B=@ADEHGJsdADCpEHA�K'=@Ao^R]e[cEaGlILK
IqGtGJCq`J[c?B^@AJT �WG�S~]LCekjmJKtILAvIL?B^_EH=R?c�L]L?ckjmJKL{ K)bh]eA ?csdn KM=@EHGg� K ��� > C �"! IeA �pGl[w`.- ?wGl^z�oKMs =HGJiomJK
G.- ?wGl[hADCpEH=RA

b
A
b+∆b

{F?BCeILAon AoCLIeAoCpEHADsdADCFERA�IqGW?cCL�oAD=@EHADijG>GJ^@^RKh�o?BGJIqGWG��oGJIqGWstAoIe?BIqGeT���KMCpEH]eILKL{
�xILAD^RA&'R`j�JAo[PbF]LAtG ?BCL�DAo=@ERAoioG�st�oIe?wG IqGJ^>=RGJi�3hAo^ G"-e?BGJ?B^

σb

^RA 'RG�stAoCeKM=�ILK�bF]LA)K EaGJsdGJC)�eK'ILK
?BCpERAo=@�lGJ[cK

∆b
T�fhA G�?cCL�oAD=@ERAoijGxst�oIL?BG�Aos

b
S~KM^@^RA sdGJ?BKM= bF]LA GJ^�[wGl= �M]L=RGJ^zILKJ^�?BCpEHAD=@�lGJ[BKJ^o{eADCpEamJK

^RAD=R?BG5GJ[�EaG G5nL=RKJ�qGJ�L?c[B?BILGJILAxILAdbh]eA7]LsdG$IqGlIqG5stAoIL?cIqG n Ao=_EHADCL�oAD^R^RA'CLG5=RAoGJ[B?cIqGJILAtG$]es�IeKM^

�p�



?BCpERAo=@�lGJ[cKM^�GJI('RGJ�oADCFERAo^ZAvGxS~KJ=RsdG�IqG)S~]eCLkjmJK)ILAvIL?c^@EH=@?B�L]e?BkjmlK�CqmJK)^RAD=R?BG)�DKMC /�`j�JAo[ T

u S~]LCLkomJK$IeAdIL?c^@ER=R?B�e]L?BkomJK
ϕ(b)
GJIeKJEaGJILG'ERAos��J �?BCpERAo=@�lGJ[cKM^>AoCpER=RAd �A , � ��?,�M]L=HG � T 1
� Tt\P^_EHA

stKM^@ER=RKM] $ ^RAv]Ls C � stAo=RK7GJILADbh]LGJILK ILAvIL?�� ?c^ 3hAo^D{ =@Ao^R]e[cEaGlCLILKtAos ]Ls �L?B^_EHK��J=HGJsdGxbh]eAgA;- ?c� A G
^R]e� AD^@EH=@]eEH]e=HG CeAo�oAD^R^R`J=R?BG � GJCq`l[B?B^@AJ{MsdGJ^Q^@Aos ^RA�ERKM=RCqGl=QA;- �oAD^R^R?��lGJsdADCpEHAZ?B=R=@A �M]e[wGJ=DT���KMs ,  >KM]
, 4)?BCpEHAD=@�lGJ[BKJ^o{ GJ^W�oGJ=HGJ� EHAD=R}B^_EH?c�jGJ^r?Bstn KM=_EaGJCpERAo^ IqG7=@A �M?BmJK7ILA

b ∼ 1
/q�jGJs �oGJs�]���GlIqGJ^ ��Ag�oKJs

�*4dKJ]0s7GJ?c^r?cCpEHAo=_�lGJ[BKM^D{�Gd�qGJ=R=RG ILA�AD=R=RK � n KM?B^@^RKMCL?BGJCqG�� /q�oG �oKMstnqGJ=RGlEH?��JGlsdADCFERA �J=HGJCLIeAJ{�n KM?c^
K7C � stAo=@K7ILAvKM� '@A EHKM^rAos �oGJIqGd?cCpEHAo=_�lGJ[BKt=RADIL]Li $ ^RA s�]L?cERKLT�<�]$^RA&'RG { K)EaGJsdGJC)�eKdILKd?BCpEHAD=@�lGJ[cK
ILK �L?c^@ERK��M=HGls7G GlILKJEaGlILK'�

∆b = 0, 05
T � ADsdKM^D{ n KM=@EHGJCpEHKL{ bF]LAtGJ^>?cCL�oAD=@ERAoijGl^>sd�DIL?wGJ^

σb

^RmJK
stAoCLKM=@Ao^)bF]LA K2EHGJs7GlC)�LK.ILK2?BCpEHAD=@�lGJ[BKeT VWA S G EHKL{YnqGJ=RG2K2^R]L� �oKJC%'@]LCpEHK�ILA��pGJ[w`"-e?BGJ^��DKMs�K
stAo[��eKM= nqGJ= �lsdA EH=RK)ILA bF]qGJ[B?cIqGJILA � �

�
 �� {�Gd?cCL�oAD=@EHADijGtsd�DIL?wG)� bF]qGl^RA�GtsdA EaGJIeA ILKtEaGJsdGJC)�eK

ILK ?BCpEHAD=@�lGJ[cKLT y ^R^@K$stKM^_EH=HG'bF]LAtG�nL=RAD�o?B^RmJK�ILKM^>�lGJ[BKJ=RAo^>AD^@ER?BsdGJILKM^>ILA
b
�)^@] /q�o?cAoCpEHAtnqGJ=RG'KM^

nL=@KMn � ^R?cERKM^�IqG)GJCq`l[B?B^@AJT

��GJ� AD[wG �eT , N y CL�oAD=@ERAoijGl^ sd�DIL?wGl^dCqGl^7=HGli�3hAo^ G"-e?BGJ?B^tGJnLGJ=RADCFERAo^
b
�DKMCeS~KM=@sdA K nqGl= �JstADER=RK2ILA

bF]qGJ[c?BIqGJIeA �xT
�   , � � EHKhIqGJ^�stAoIL?cIqGJ^ GJn ADCqGJ^Z xA ,

no
IeA �MGJ[ T , , 4� �.".� , 4� , ¡ , ¡J �� , 1 1p¡
σb

 e{  p�J¡  e{  ���"   {  ��M� $  e{  p�."  e{  p�."

uW^ ��?��J]L=HGJ^ �eT , { �eT � A �eT �g?c[B]L^_EH=HGls�K�nL=@K �DAo^R^@KxILAWstAoIe?BkjmlKLT�u �pGJ[w`"-e?BG>]eEH?c[B?BioGJIqG �oKMstKgA - Aos+$
nL[cK$�d]Ls7G �pGJ[B`.- ?wG f � CqmlK#$ �qGl=R=HGlIqG IeA7sdG.�MCL?�EH]LILA

r �
, � { "M  Ad�oKhKM=RIeAoCqGJILGJ^����

�
�M� , { ,   , � ◦A������

�
, { ¡� .��" ◦ T�\Q^@EaG �pGJ[B`.- ?wG�=RAD�oAD� AD]�]Ls�nqGJ=��JsdA EH=@K � �  .A5G2=RA �J?wmJK.]eER?B[B?cijGJILG�nqGJ=HG�GstAoIL?ckjmJK�S~KM?�ADCpEH=RA�KM^)=RGJ?BKM^ 4#�.A  .".GJ=@�o^@Ao�J{�=RAo^@]L[cEHGJCLILK.ADs�]Ls7G�=RGJijmlK+G.- ?BGJ[zAo^_EH?cs7GJILG�ILA

b �
 e{ 4J� , ±  e{   , ¡eT u ��?,�M]L=RG �eT , GJnL=RAD^RADCFEHG GJ^t?B^@KJS~KJEaGl^t^@]Ln Ao=Rn KM^_EaGJ^ � ?BsdG.�MADs�IqG �pGJ[B`.- ?wGeT

�rKlEHA�bF]LA)GJ^W?B^RKlS~KJEaGJ^ZILK'�DAoCpEH=@K ^RmJK sdGJ?B^r�o?c=R�o]e[wGJ=@Ao^o{ K bF]LAx^RAg=RA �LADEHAxCeKM^�nL=@?BstAo?B=@KM^Zn KMCpERKM^
IqG ��?��J]L=HG+�eT � NYG)=HGJiomJKtG.- ?wGJ[ �vsdGJ?BKM= CLKt�oAoCpER=RK7A ILADn KJ?B^ ILAvGJ[��J]Ls7Gl^��q]eEH]LGJk�3hAo^D{ ^@A Ao^@EHGJ�L? $
[B?cijG�ADs	]Ls �lGJ[cKM=�GJnL=@K -e?cs7GlIqGJstAoCpEHA>�DKMCL^@EHGJCpEHAlT u,[c?BC)�qG �eKM=R?cioKMCpEaGl[ =RADnL=RAD^RAoCpEHGdK)�JGl[BKM=zIeA

bGJILKlEaGJILK)nqGl=HG)Ao^@EHG �MGJ[w`.- ?BGeT��WG ��?,�M]L=HG+� T �e{LERAostKM^ Gx�JGl=R?wGlkjmJKxILKt�L=@?B[��eKx^R]Ln Ao= /q�o?BGJ[�Aos	S~]LC $
kjmlK�IqGgIL?c^@E �JCL�o?BGgGJKg�oAoCpER=RKLT��rKlEaG%$ ^RAWbF]LAl{LCqGg=@A �M?BmJKg] EH?B[c?BioGJIqG>nqGJ=RGg^RA�IeADEHAD=Rst?BCqGl=

b
K��L=@?B[��eK

^R]en AD= /q�D?wGJ[eEHGJs�� �os
'R`>^RA�Ao^_EaGJ�e?B[B?cioKM]gCh]es �lGJ[BKM=�nL= � - ?BstK>ILAZ� 1e{ 4WsdG.� �JGl=R�o^@Ao�
2
{pbF]LA ��^R?Bst?B[BGJ=

GJK>]L^@]qGJ[csdADCFERA GJILKJEHGJILK>�DKMsdK>�D=R?�EH�o=@?BK>ILA�KJCLILAzEHAD=Rst?BCqGrKvIe?B^R�DK [B]Lst?BCLKJ^RKLT���KMCp�M�Ds =RAD^R^HGl[cEaGl=
CLK'ADCFEHGJCpEHK'bF]LAxAD^R^HG'sdG.�MCL?�EH]LIeAgCqmJK'��G7s7G#�MCL?cER]LILA
3 ILA 2 K��LCe^RKMC {�sdGJ^r^R?Bs G sdG.�MCL?�EH]LILA
ILK /q[cER=RK

r
ILK0feV�fLf T�VWAdbF]qGl[BbF]LAo= sdKhILKL{!K �L=R?c[��LK�^@]Ln AD= /q�D?wGJ[PCqmlK$S~KM?QK$�o=R?�EH�D=R?BK�AD^R�oKJ[��L?cILK

nqGJ=RG�ILADERAo=@sd?cCqGJ=zK)=HGl?BK�sd`.- ?BstK�]eER?B[B?cijGJIeKgnqGJ=RG)G�sdADIL?BkomJKLT � GJ[cKM=RAD^�EH}cnL?B�DKM^zn KM=��JKM[cEHG)IeAv�*4
sdG.�MCL?�EH]LILAD^�^ � �DKMC /q=@s7GJs bF]LA)Ao^_EaGJstKM^>GJIeKJEaGJCeILK'=RA �M? 3hAo^�ne[wGJ]L^@}c�JAo?B^ ��CLAos A;- �oAD^R^R?��lGJsdADCpEHA
?BCpERAo=RCLGJ^ CLAos	A -hEHAo=@CqGJ^DT

�rK �jGl^RK IqGJ^ �pGJ[w`"-e?BGJ^��qGl=R=HGlIqGJ^o{ K nL=RKh�oAD^R^RK$ILA)sdADIL?BkomJK��d]es�n KJ]L�oK IL? /L�o]L[�EaGJILKe{ 'R` bF]LAt�
?Bstn KM=@EHGJCpEHAtCLKJEaGl=gG5Ie?B^@ER?BCLkomJK5ADCpEH=RA G5=HGJiomJK0G.- ?BGJ[PIqG5�qGJ=@=HG5A7G5ILK�Ie?B^R�DKLT.��KMstK�G$�qGJ=R=RG

���



��?,�M]L=HG �eT , N \ - ADsdnL[cK�?B[c]L^@ER=HGlER?c�JKrILA ?B^@KJS~KJEaGl^�Ao[c}BneER?B�oGJ^!^R]Ln Ao=@n KM^_EaGJ^ � ?BsdG.�MADs,ILA�]LsdG��pGl[w`.- ?wG
f � T < �jGJstn KxERAos , �."tGl=R�o^@Ao� ILA [wGlILKLT

� 1
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��?,�M]L=HG �eT21LNQVr?B^@ER=R?c�L]L?BkomJK IqGJ^ =HGJi 3 AD^�G.- ?BGJ?B^YGJnqGl=RAoCpERAo^�nLGJ=HG EHKhIqGJ^YGJ^ , ¡M �� �pGJ[w`"-e?BGJ^QstAoIL?cIqGJ^oT

�x]LsdG Ao^_EH=R] EH]L=RG��LGJ^@EHGJCpEHAtGJ[BKJC)�pGJIqG { G'=HGJiomJK�G.- ?wGl[�ILAD^R^HG�=RA �M?wmlK �x� ADs�stAoCLKM=DT ��]qGlCLILK G
�qGJ=@=HG ERAo=@sd?cCqGe{ GJ^z?B^@KJS~KJEHGJ^�nqGl^R^HGls	Gg^@A �M]L?c=zsdGJ?B^YCL?cER?BIqGlsdADCFERArK�S~KJ=RsdGlEHK ILKxIL?B^@�oK�A�G�=HGJiomJK
G.- ?wGl[�GJ]LstAoCpEaG.GJ�e=R]LneEHGJstAoCpEHAlT ��GJs�� �os�Gl�L=R]Ln EaG0�5G��lGJ=@?wGJkomJK0ILK �JC)�M]L[cK0ILA n KM^@?BkomJK.ILK
^RADsd? $ AD?0- Kxs7Gl?BKM=D{ bF]qGJCeILK7G)�qGJ=@=HG�EHAD=Rst?BCqG T

< nL=@K �DAoIL?csdADCpEHK ILA7stAoIL?ckjmJK'S~KM?Q=@Aon ADER?BILKL{ CqGlER]L=HGl[BstAoCpEHAl{ nLGJ=HG$GJ^ KM]eEH=RGJ^ ∼ , ¡M M ��pGJ[w`"-e?BGJ^o{
=RAD^R]L[�EaGJCeILK�CqG5S~]LCekjmJK�IeA IL?B^_EH=@?B�L]L?ckjmJK ILA =RGJi�3hAo^�G.- ?wGJ?c^gGJnLGJ=RADCFERAo^�ILG ��?��M]e=HG �eT 1e{�KMCLILA GJ^
�qGJ=@=HGJ^ ILA AD=R=RK)^RmJK7Gx=RGJ?Bi�IeKdC � stAo=@KtIeAvKJ� '@ADERKM^rADs	�jGlIqGx?BCpEHAD=@�lGJ[BKeT

� ��� � ��� ( � ��� ��
�� 	 ��� ��� � %'� #,����� ( ���r
 %�� # %�� �)%'� � � �
� � �

� sdGv�JAoi>bF]LA�stAoIe?BIqGJ^�GJ]eERKMs7` EH?B�oGJ^PILA�=RGJijmJK�G.- ?wGJ[�Ao^_EamJKxIe?B^Rn KMCL}��MAD?B^YCLKM^zIqGlILKM^zILKxfeV>fLf { �
�qGJ^_EaGJCpERArn Ao=_EH?BCeAoCpEHAZ�oKMstnqGJ=R`%$ [BGJ^Q�oKJs:GJ^ CeKM^R^RGJ^ stAoIe?Bk�3hAo^DT�uW^Y=HGli�3hAo^ G.- ?wGJ?c^�S~KM=HGJs sdADIL?BIqGl^
GJ]eERKMsdGlEH?c�jGJstAoCpEHA n AD[BK feV�fLf.CLG�?c^RKJS~KlEaG ILAd�*47sdG.� �JGl=R�o^@Ao�

2
ADs �jGlIqG�/q[cER=RKLT u���?��M]e=HG �eT54

stKM^@ER=HG bF]LA2G �DKMCL�DKM=RI �lCL�o?BG��JAo=HGl[>�2�LGJ^@EHGJCpEHA.AD�h?BIeAoCpEHAl{ 'R` bh]eA�KM^�n KMCpEHKM^'^@A�ADCL�oKJCFER=HGJs
ILADCL^HGJstAoCpERAt�DKMCL�DAoCpEH=RGJILKM^ GJK'=RADILKM=>IqG'=@ADEaG

y = x
T �rG'�JAo=@IqGJILAl{ ]es�G('@]L^_EHA)[B?cCLAjGJ=r=RAD^R]L[�EaG

Aos N
b = (0, 932 ± 0, 009) × bSDSS + (0, 051 ± 0, 006)

2 `)bh]eA Kt�oKhA /q�D?BADCFERAgGlC)�M]L[BGJ=�� sdADCLKM= bF]LA , {q?B^R^@Kd?cCLIL?c�jGJ=@?wG�bF]LAvsdADIL?BstKM^ GJ^ �pGJ[B`.- ?wGJ^��oKMstK
^RADCLILK�[cAD�MADsdADCpEHA � sdADCLKM^5�D?B=@�o]L[BGJ=RAD^ 0 ILK bF]LA GJ^5�DKM=R=@Ao^Rn KMCLIeAoCpEHAD^0sdADIL?BIqGl^5ILK�f V>fLf T�f A

�M¡
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b

bSDSS

��?,�M]L=HG+� T 4 NY��KJsdnqGl=HGJkomJKxAoCpEH=@A CeKM^R^RGJ^ sdADIL?BIqGl^�AvILGJILKM^ ILKdfeV>fef T�uWs�� KM^��oKJ=R=RAD^Rn KMCLILADs G
=HGli�3hAo^ZG.- ?wGJ?c^zstAoIL?cIqGJ^�Aos ?BsdG.�MAoCe^zCLK /q[cER=RK

r
T

S~KM=@kjGJstKM^'K��oKhA /q�D?BAoCpERA2[c?BCLAoGJ=�G ^RAD=$CF]L[cKL{WCLK�AoCpEHGJCpEHKL{�K��oKhA /L�o?BADCpEHA�GJC)�M]L[BGJ= =@Ao^R]e[cEaG Aos
1, 0098 ± 0, 0031

T �rG���?��M]e=HG � T 4 {�CLKJEaGlsdKM^Wbh]eA+�pGJ[w`"-e?BGJ^WsdGJ?c^�GJ� �qG EaGJIqGl^>bh]eA
b ∼ 0, 2

^HmJK
A;-hER=RAosdGJstAoCpEHA)=RGJ=HGJ^DTxuW[c�os Ie?B^R^@KL{!n AD=R�DAo� A $ ^@AdbF]LAdG'IL?B^@n AD=R^RmJK�ILKM^ n KJCFERKM^ �)s7GJ?c^�Ao^_EH=@Ao?cEHG
CLAD^@EaG�=RA �M?wmlK �~ILA)n ADbF]LAoCLK

b
�>At^RAtGJ[BGJ= �MG nqGJ=HG�GJ^ �pGJ[B`.- ?wGJ^Ws7GJ?c^��o?c=R�D]L[wGJ=@Ao^ �

b ∼ 1
� T y ^R^@K5�

Ao^@n AD=HGJIeKL{ 'R`5bF]LA'GJ^�=RGJi�3hAo^�G.- ?wGJ?c^gIqGJ^ �pGJ[w`"-e?BGJ^vILA n Ao= /L[�^HmlKL{QAos �MAo=RGJ[ {�s7GJ?c^ � Aos�ILA EHAo=&$
st?BCqGJILGJ^>ILK5bF]LA7GJ^ IqGJ^ �pGJ[B`.- ?wGJ^>ILA)S GJ�DAJ{�n KM?c^vK �L=@?B[��eK AD^@EH`$sdGJ?B^>�DKMCL�oADCpEH=HGlILK�AtAos�]LsdG
=RA �M?wmlK sdGJ?B^P=@A �M]L[BGJ=RstAoCpERAZAD[B}cneEH?c�jGe{pK bh]eAWS GJ�o?c[B?�EaG�KM^ G('@]L^_EHAo^DT y ^R^RKe{eCLK AoCpEaGJCpERKL{en K IeArCqmlKg^RAD=
�MAD=RIqGlILAxAos �pGJ[B`.- ?wGJ^Z�oKMs � K%'@KM^�s�]e?cEHKdnL=RKhAost?BCeAoCpEHAD^oTv<��L^RAD=@�JAxbh]eAxAo^@ERAx[B?csd?�EHA>?BC S~Ao=R?cKM=ZILA
=HGlijmJKgG.- ?wGJ[q�Z�qGJ^_EaGJCpEHAr^R]Ln Ao=@?BKM= � =HGJiomJK�G.- ?BGJ[qAo^@n AD=HGJIqG nqGJ=HG IL?c^R�oKJ^YER}BnL?c�oKvILA ,  �7Fn �ZILAr=HGJ?cK
A)�J J Jn � ILA)GJ[�EH]L=RGe{ n KM=rA;- AostnL[BKe{�bF]LA�EHAD=R?BG7]LsdG7=HGJiomJK ?cCFER=R}cCL^RAD�jG IqG7KJ=RILADs ILAx  {   , T � sdG
IqGJ^��jGJ]L^RGJ^�ILAD^@EaGxIL?c^R�D=RAon �JCL�o?BG��>G�nL=@Ao^RADCLkjGxILKx� K%'@KL{ bF]LA>n KJ=z^RAD=�]Ls7G Ao^@ER=R]eER]L=HGxAD^@S~Ao=@KM?BILGJ[ {
EHKJ=RCqG)GJ^ =HGli�3hAo^ZG.- ?wGJ?c^zstAoIL?cIqGJ^�]Ls	n KM]L�DK)s7GJ?cKM=RAD^oT

�WG���?,�M]L=RG �eT ¡7EHAostKM^>G'=@Ao[wGlkjmJK'ADCFER=RA)GJ^>?cCL�oAD=@ERAoijGl^vILGJ^>sdADIL?BILGJ^
σb

Aos S~]LCLkjmlK ILGJ^>=HGJi 3 AD^
G.- ?wGl?B^

b
T � s�G('@]L^_EHA�ILA�=RA EaG �M=RKJ^R^RAD?B=@K0CLAo^_EHAo^tn KMCpEHKM^)=RAD^R]L[�EaG0Aos�]Ls��DK A;/q�o?cAoCpEHA GJC)�J]L[wGJ=

n KM^R?�EH?c�JK ILA
0, 028 ± 0, 002

{Z?BCLIL?c�jGJCeILK bF]LA2GJ^'?BCe�oAo=_EHADijGJ^�IqGJ^'stAoIe?BIqGJ^7ILA0S GlEHK GJ]esdADCFEHG
[BA �MADsdADCFERA>nqGJ=RG�KM^zKM� '@A EHKM^�sdGJ?c^ �D?B=R�D]L[wGl=RAo^DTPO�KM=�Ao^@ERA sdKJER?c�JKL{ �WCqGlEH]e=HGJ[ bh]eA G��oKMCL�DKM=RI �JCL�o?BG
AoCpER=RAvCLKM^R^RGJ^ sdADIL?BILGJ^�AvGJ^ ILKdfeV>fLf�^RA&'RGxstAoCLKJ^ZAD^@ER=RAo?�EaGxnqGJ=RG

b ∼ 1
T

�! 
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σ b

b

��?,�M]L=HG �eT ¡eN y CL�DAo=_EHAoioG�IqGJ^ sdADIL?BIqGl^ ADs:S~]eCLkjmJKgIqGg=HGlijmJKgG.- ?wGJ[ {hnLGJ=HG GJ^�CLKJ^R^HGl^zsdADIL?Bk 3 AD^oT�ur^
?BCe�oAo=_EHADijGJ^)GJ]esdADCFEHGJs�[BAD�JAostAoCpEHA7nqGJ=HG�KJ^�KM� '@A EHKM^xsdGJ?B^v�o?c=R�D]L[wGJ=@Ao^D{Q�oKMCeS~KJ=RstA7^RA'CeKJEaG5n Ao[cK
G('@]L^_EHA [B?cCLAjGl=oT

uW?cCLIqG�CqG ��?��M]L=RG �eT545CLKJEHG%$ ^@A bF]LA �q`0GJ[,�M]LCL^�n KMCpEHKJ^x�qGJ^@EHGJCpEHA'IL?c^R�DKM=RIqGlCFERAo^D{YsdGJ^�bF]LA�^RmJK
GJn AoCqGl^�GJ[,�M]LCL^��jGJ^@KM^�?cCLIL?c�h?cIL]qGJ?c^ � ∼ 10

�!ILADCpEH=RA ∼ 1600
{Jn KM^R^@?c�JAo[BstAoCpERAzGJ^@^RKh�o?wGlILKM^�G �pGJ[B`.- ?wGJ^

�qGJ=@=HGJILGJ^oT � s7G'�MAD=R? /L�jGJkomJK�ILAdGJ[��J]LCL^vILAo^_EHAo^ �jGJ^@KM^g=@AD�JAo[BKJ] bF]LA7stAo^@sdK CqGJ^vCqmJK#$ �qGJ=@=HGJIqGl^
G7CLKJ^R^HG stAoIe?BIqG)EHAoCeILAxG7^@Ao=�sdGJ?B^ZnL[BGJ]L^R}��MAD[ TWu���?��M]e=HG �eT  tsdKM^_EH=RGd]Ls A;- AostnL[cK ILA �pGl[w`.- ?wG
�oKJs�sdADIL?BILGJ^xIL?B^@�oKM=@IqGJCpEHAD^oT�u �MGJ[w`.- ?BG5Aos�bF]LAD^@EamlK+��]LsdG�f 3���Ao^Rn Ao�D?wGJ[csdADCpEHA�A;-hEHADCL^HG2A
S~KM=_EHAostAoCpERAW�qGJ=@=HGJILGe{FILA�sdG.�MCL?�EH]LILA

r �
, � { �! Ar�oKhKM=RIeAoCqGJILGJ^����

�
, "p� {   1p¡�� ◦ A ����� � �h{ "! #"�� ◦ Tu CLKJ^R^HG�stAoIe?BIqGe{

b = 0, 683± 0, 020
���DAo=_EaGJstAoCpEHAW?BCL�DKMsdnLGlEH}��MAo[��DKMs G�stAoIe?BIqGvnL=RK8�MADCL?BADCpEHA

ILK�f V>fLf {
bSDSS = 0, 268

AgAo^_EHA�� ]Ls ILKM^��oGJ^RKJ^WsdGJ?B^ZA;-hEH=@AostKM^WIeAgIL?c^R�oKJ=RI �JCe�o?wG T ��s�]L?�EHK
nL=@K �l`j�MAD[ {��DKMstK$^@Ad�M�7CqG$?cs7G.�JAos�IqG �pGJ[B`.- ?wGe{!bF]LA G sdADIL?BILG$GJ] EHKMsd`lEH?c�jG'ILK.f V>fLf2ERAoC)�qG {
n KM=YGJ[��M]es�sdKlEH?c�JKL{p^RAr[B?csd?�EaGJILK � �qGJ=@=HG IqG �MGJ[w`.- ?BGe{��MAD=HGJCLIeKg]Ls��lGJ[cKM=Qs�]L?�EHKv�qGJ?0- KvILAZ=HGJiomJK
G.- ?wGl[ T�\ Ao^_EHA��lGJ[BKM=x� ?BCe�oKMCL^@?B^_EHAoCpERA �DKMs�K.S~KM=RsdGlEHK0IeK�IL?c^R�DKL{�bF]LA �o[BGJ=HGJstAoCpERA CLmJK��'EHmJK
GJ� �qG EaGJILKeT �WG ��?��J]L=HG+�eT "xCLKJEHG%$ ^@A>bh]eA Kx�lGJ[BKJ=zILA

bSDSS = 0, 268
IL?ci>=RAo^@n AD?cERK � =@A �M?BmJKxs7Gl?B^

?BCpERAo=RCLG)ILG �pGl[w`.- ?wG T

u �DKMsdnLGJ=HGJkomJKgADCpEH=RAWCLKM^R^RGJ^�stAoIL?cIqGJ^YA>GJ^zILKxfeV>fLf {e^RAonLGJ=HGJILGgn KJ= EH?cn KgsdKM=_S~KM[ � �M?B�DKL{M��stKM^ $
EH=RGJIqG7CLG ��?��J]L=HG �eT � TWuWnLGJ=RADCFERAostAoCpEHA�G7�oKMCe�oKM=@I �JCL�D?wG7��ne?BKM=ZnqGJ=RG GJ^>f 3��JT �rG ��GJ� AD[wG � T � {
GJnL=@Ao^@AoCpEaGJs+$ ^@A>KM^z=@Ao^R]e[cEaGlILKM^zILA G '@]L^@ERAo^�[B?cCLAjGl=RAo^ ILK�EH?cn K

b = α1bSDSS +α2

TY<>^��oKhA /q�D?BAoCpERAo^
GJC)�J]L[wGJ=@Ao^�ILAD�o=@Ao^R�DAos ^R?c^@ERAosdGlEH?c�jGJstAoCpEHA>IeAgf G)nLGJ=HGtf �l{ sdGJ^�IqGlIqGJ^ZGJ^ ?BCL�DAo=_EHAoioGJ^o{qAD^@ERA �DKMs $
n KM=@EHGJsdADCpEHK)CqmJKt� =RAjGl[BstAoCpEHA ^R?,�MCL?0/q�jGlER?c�JKLTPu Ie?cS~Ao=@AoCLkoGtIeA �DKMsdn KM=_EaGJstAoCpEHKxADCpEH=RA �qGJ=@=HGJIqGl^
A�CqmlK#$ �qGl=R=HGlIqGJ^o{ CLK'AoCpEHGJCpEHKL{���^@?��MCe? /q�oGlEH?��JG T>O�KhILA $ ^RAxG./q=RsdGJ=WbF]LA)G ?cCL�o[c?BCqGlkjmJKtIqGJ^>=@ADEaGl^��
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��?,�M]L=HG �eT  N�\ - AostnL[cKgILA �pGJ[w`"-e?BG � f�3�� �Y�oKJs sdADIL?BIqGl^ IL?c^R�DKM=RIqGlCFERAo^zIeAW=HGlijmJKgG.- ?wGJ[ �~Kg�jGlsdn K
EHADs	�oAD=R�oGtILA �� . )Gl=R�o^@Ao�vILA [wGJIeK
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��?,�M]L=HG��eT "eNg\P^_EHAd�d]Ls�A - AostnL[BK$A;-hEH=@AostK$ADs�bF]LA7G CeKM^R^RG5sdADIL?BILG �
b ' 0, 7

�>Ie?B^R�DKM=RILG$IqG
stAoIL?cIqG ILKxfeV>fLf �

bSDSS ' 0, 3
� {FbF]LA�ne=RK8�lG8�JAo[csdADCFERA�^RAW[B?Bst?cERKM] � =@A �M?BmJK ILGg�qGJ=@=HGeTP< CLKJ^R^RK

�lGJ[BKJ=z� s7GJ?c^z�oKJCL^R?c^@EHADCpEHAv�oKMs G�S~KM=@s7G�IeKdIL?c^R�DKLT
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��GJ� AD[wG��eT � N u '@]L^_EHAD^$IqGl^ =@Ao[BGJk�3hAo^�AoCpER=RA2CLKM^R^RGJ^�sdADIL?BILGJ^�ILA.=HGJiomJK�G.- ?wGJ[�A�GJ^�ILK�feV>fef {
^RADnqGJ=RGJIqGJ^ n KM=zEH?cn K)stKM=@S~KM[ � �M?c�oKLT

EH?Bn K
α1 α2feG  e{ �! M� ±  e{   , " $U e{  M �� ±   {   ,  fh�  e{ �M¡! ±  e{   , 1   {  M M� ±   {  M ."fh�  e{ � 1!" ±  e{   , 1   {   ,  ±   {  M ."f�3zG  e{ "��:4 ±  e{  ��M¡   {  M¡ 1 ±   {  p� 4f 3��  e{ "�"�" ±  e{  ��p�   {  M¡M� ±   {  p�J�f�3 �  e{  .��� ±  e{   1 4   { , 1 1 ±   {  ��M�

stAoCLKM= nqGJ=RGWGJ^��qGJ=@=HGJIqGl^o{MAD^Rn Ao�o?BGJ[BstAoCpERA nqGl=HGWGl^Qf�3��lT y ^@ERK�^R?,�MCL?0/q�jG bF]LA�GJ^ �pGJ[w`"-e?BGJ^!�qGJ=@=HGJIqGl^
ILK5feV>fLf0EHADCLILAos�G'^@Ao=v[B?��JAo?B=RGJstAoCpEHA s7GJ?c^ � �D?B=R�D]L[wGl=RAo^ 0 bF]LAdGJ^ CLKM^@^HGJ^vstAoIL?cIqGJ^oTtO KM= KM]eEH=@K[wGlILKL{ ��?Bstn KJ=@EaGlCFERA =@Ao^@^HGJ[�EaGJ=rbh]eA)G7IL?B^@n AD=R^RmJK'ILKM^�n KMCpEHKJ^�CqGJ^��LGJ=R=RGJIqGJ^
� A�ADs AD^Rn Ao�o?BGJ[�CLGJ^
f�3�� �z�vsdGJ?cKM=�bF]LAvCqGJ^ CqmJK%$ �qGJ=@=HGJILGJ^oT

<�]eEH=RG �M=RGJCLILADijG7bF]LA n KhILAg^@Ao=��DKMstnqGJ=HGlIqGd�DKMs IqGJILKM^rILK�feV�fLf5�gK =RGJ?BKtCLK bF]qGl[�GJ^r=HGJi 3 AD^
G.- ?wGl?B^xS~KM=HGls stAoIe?BIqGJ^DT ��KMCeS~KM=@sdA$sdADCL�o?cKMCqGJILKe{zGJ^d=HGJi 3 AD^'G.- ?wGJ?c^)ILK feV>fef ^HmJK�?B^RKlS~KJEaGJ?c^o{
?B^_EHK2�J{�S~KJ=HGJs�stAoIe?BIqGJ^xERK IqGl^dCLK2=HGl?BK.KMCLILA$K��e=R?B[,�LK.^R]Ln Ao= /q�o?BGJ[ ��� 4.sdG.� �JGl=R�o^@Ao�

2
T�O�Gl=HG

�MAD=R?0/q�jGJ=>^@AxAo^_EHAo^v=HGl?BKM^r�oKM?cCL�o?cIL?wGJs �DKMs KM^>=RGJ?BKJ^WCLKM^>bF]qGl?B^>CLKM^@^HGJ^ stAoIL?cIqGJ^WS~KJ=HGJs S~Ao?�EaGJ^D{�G
��?,�M]L=HG � T ,  �GJne=RAo^@AoCpEaG ]Ls��L?c^@ERK��M=HGls7G ILA

r/rSDSS

T7< =HGJ?cK
rSDSS

S~KM?Q�oKMCe^R]L[�EaGJILK�IqG��qGJ^@A
ILAxIqGlILKM^�ILK$feV�fLf�A�K'CLKM^@^RK

r
{�CLAo^_EHA �L?B^_EHK��J=HGJsdGe{ �oKM=@=RAo^@n KJCLILA)GJK'=RGJ?BK st�oIe?BK

rm

NrCLKM^R^RGJ^
=HGli�3hAo^ G.- ?wGl?B^�S~KM=RGJs G8�lGJ[c?wGJILGJ^�ADs	=RA �M? 3hAo^zILG �MGJ[w`.- ?BGJ^�ADCFER=RA ]Ls =HGJ?cKx?BCpEHAD=RCLK

ri

A>]es	[B?csd?�EHA
A;-hERAo=RCeK

re

TYf AW�oKMstnqGJ=RGJsdKJ^�KM^z=RGJ?BKJ^�st�oIL?cKM^
rm = (ri + re)/2

�oKMs
rSDSS

{eKJ�eEHADsdKM^zG�=HGJiomJK
st�oIL?BG.IeA

1, 82 ± 0, 07
T f AJ{zGJK�?cCp�M�o^tIL?c^R^RKe{z]eEH?c[B?cijGJ=@sdKM^gGJn AoCqGJ^tK+=RGJ?BK.?cCFERAo=@CLKL{�KJ�eEHADsdKM^

1, 42 ± 0, 05
T y ^_EHK0^@?��MCL?0/q�jG$bh]eA CLKM^@^HGJ^xstAoIL?cIqGJ^vS~KM=HGJs�S~AD?cEaGl^o{�ADs�st�oIL?BGe{�ADs�=@A �M? 3 AD^g]Ls

n KM]L�oKds7Gl?B^ A;-hEHAD=RCqGl^�ILK bF]LAgGJ^WILK feV>fLf {�KM]$^RA&'RG {�Aos =RGJ?BKM^ ]Ls n KM]L�DK'GJ[B�Ds IqGd?c^RKJS~KlEaG)ILA
�*4�s7G.�!�JGJ=R�D^RAD�

2
T f A7Gj�JGl[B?w`l^R^RADsdKJ^ GJn ADCqGJ^gG$=HGlijmJK5G.- ?wGJ[QIqG � [cER?BsdG ?B^@KJS~KJEaG {�ADs�=RA �J? 3hAo^vILA

�qGJ? - K �L=@?B[,�LK>^R]Ln Ao=@?B�D?wGJ[ {FGvstAoIL?cIqG>CqmJKv^RAD=R?wG s�]L?�EHK �oKJC /�`j�MAD[ {hs7GJ^ 'R` bF]LAZERKMsdGJsdKJ^Q]Ls��lGJ[BKM=
st�oIL?cKgILA�]es7Gv=RA �J?wmJK A;-hEHADCL^HGxILA�?c^RKJS~KlEaGJ^D{ ?c^R^RKg?BCLIL?c�jGvbh]eA�ILAD�JAostKM^zAD^@EaGl=z]eEH?c[B?cijGJCLIeKv�lGJ[cKM=RAD^
bF]LAv=RAone=RAo^@AoCpEaGls /qAo[csdADCFERA>KtS~KJ=RsdGlEHK�IeKdIL?c^R�DKt�DKMstKt]es EHKhILKLT

1p 



��?,�M]L=HG �eT �eNY��KMstnqGJ=HGlkjmJK AoCpEH=@A>CLKM^R^RGJ^�stAoIL?cIqGJ^zA�ILGJILKM^zIeKtfeV>fLf ^RADnqGJ=RGJILKM^�ADs ER?Bn KM^�stKM= $
S~KM[ � �M?B�DKM^oT
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\Q^@ERAt�oGJnL}�EH]L[cK �oKMCpER�os KJ^>=RAo^@]L[cEHGJILKM^>ne=R?BCe�o?BnLGJ?B^rILAo^_EaG�VW?B^@^RAD=@EaGlkjmJKL{�bF]LA)^RmJK�GJ^ GJCq`l[B?B^@Ao^�ILGJ^
S~]LCLk 3 AD^�ILA IL?B^_EH=@?B�L]L?ckjmJK ILA>=HGli�3hAo^ G.- ?wGl?B^oT�u f AokomJK 1LT , A - n@3hA>KxnL=RKJ�L[BADs7GgIeAv?cCp�MAo=_EHAD= G�IL?B^&$
EH=@?B�L]e?BkjmlK>KM�L^RAD=@�lGJIqG A�ILAD^R�o=@AD�JAWK GJ[��MKJ=R?cERsdKZAostnL=@A �pGJIeKL{F� ADs �oKJsdKvGJ^P^R]en KM^@?Bk 3 AD^ GlILKJEaGlIqGJ^oT
�WG�f AokomJK 1LT ��GJnL=RAD^RADCFEHG%$ ^@A>K�=RAD^R]L[�EaGJIeK�ILAo^_EaG)GJCq`l[B?B^@ArnLGJ=HG�GgGJsdKJ^@EH=RGg�oKJsdnL[cADEHG ILA �MGJ[w`.- ?BGJ^o{
ILA)KMCLIeAxKM�eEHADsdKJ^>KM^>�JGl[BKM=@Ao^�IqGl^v=RGJi�3hAo^ G"-e?BGJ?B^W?BCpEH=@}BCL^@Ao�jGl^>sd�DIL?wGJ^DT�u f ADkjmJK�1LT �'A;- nL[BKJ=HG�G
n KM^R^@}c�MAD[z=RAD[wGJkomJK5ADCpEH=RA�G EH=R?BG.- ?wGJ[c?BIqGlILA)A G�stKM=@S~KM[cK��M?BGe{!s7GJ^ �oKMCe�o[B]e}BstKM^ bF]LA'KJ^g=RAD^R]L[�EaGJIeKM^
nqGJ=RG5GJ^v�qGJ=@=HGJILGJ^gAtCqmJK#$ �qGJ=@=HGJIqGl^o{�� Aos��DKMsdK nqGJ=RG$KM^ ^R]L� $ EH?cn KJ^gf Ge{Qf �+A'f �dCqmJK5Ie?cS~Ao=@Aos
^R?,�MCL?0/q�jGlER?c�lGJstAoCpEHAWILKM^ IqG)GJstKM^@ER=HG��oKJsdnL[cADEHGeT

� ��� � % 	 � � 
 �
� � � 

� ���
� � #,� � � # ��� # � � %'�

< � CL?B�DKvnLGJ= �JstADER=RK ADS~A EH?��JGlsdADCFERA�sdADCL^R]e=H`j�MAD[ CLGJ^P?BsdG.�MAoCe^QIqGJ^ �pGJ[B`.- ?wGJ^��rG>=RGJijmJK G.- ?wGl[LGJnqG($
=RADCpEHA

b
{MKM] ^RA 'RGe{pGW=RGJijmJKrAoCpEH=@AzKWAD?0- KWstAoCeKM=�A KWAo? - K�s7Gl?BKM=�IqG �pGJ[w`"-e?BG�nL=RK%'@A EaGJILGWCLK�nL[BGJCLKrILK

�o�D] TY< nL=@KM�L[cAosdGv�DKMCL^R?c^@ERArADs ?BCeS~AD=R?B=D{FGvnLGJ=@ER?B=PILAo^_EHAD^�IqGJIeKM^o{hKM^YnqGJ= �lsdA EH=RKJ^Y?cCpEH=R}cCL^RAD�oKM^D{F?B^@ERK
�J{ GJ^P=HGli�3hAo^ G.- ?wGJ?c^

p
A
q
T��WmJKv�Zn KM^@^R}��MAo[ ILA EHAo=@sd?cCqGJ=QK �JC)�M]e[BK ILAZ?BCL�D[B?BCLGJkjmJK>IeAr�oGJIqG �MGJ[w`.- ?BG

Aos =@Ao[BGJkjmJK � [c?BC)�LG IeAZ�h?B^RGJIqG 'R`vbF]LAWGJ^YS~KJ=RsdGJ^P?BCpEH=@}BCL^@Ao�jGl^YILGJ^ �pGl[w`.- ?wGl^QCqmJKv^HmJK �oKMC)�eAo�o?cIqGJ^DT
�0n KJ^R^R}��MAD[ �DKMCpEH]LILKe{M?BCeS~AD=R?c= AD^@EHGlEH?c^@EH?c�jGJstAoCpERA bF]qGJ[h�zGZsd�DIL?wG IqGJ^�=HGJi 3 AD^�?cCFER=R}cCL^RAD�jGJ^ nqGJ=RGr]LsdG
n KMnL]L[BGJkjmJKxIeA �MGJ[w`.- ?BGJ^o{eGJ^R^@]Lsd?cCLILK)bF]LA Ao[BGJ^ Ao^@ERA&'RGJs KM=R?cAoCpEaGJILGJ^ GJ[BAoGlEHKJ=R?wGlsdADCFERA�CLK)Ao^@nqGJkDKLT

�qKM?h?BstnL[BADsdADCFEHGJILKr]Ls Gl[��MKM=@?cERsdK bF]LA�]eER?B[B?cijG ]Ls sd� EHKhILK � KMCpERA �zGJ=R[cK�ILAz�e]L^R�oGvGl[BAjG E � =@?wG ILA

1!�



nqGJ=��JstADEH=@KM^ nqGJ=RGt�oGJ[B�D]L[wGJ= Gl^rst�oIL?BGJ^ IqGJ^ =HGli�3hAo^rG.- ?wGJ?c^Z?cCpEH=R}cCL^RAD�jGJ^ IqGdGJstKM^@ER=HGeT�< KM� '@A EH?��MK
ILKxnL=@K��M=RGJs7Gv�oKMCe^R?B^_EHA�AD^R^@AoCL�D?wGJ[csdADCFERA>CLKx^RA �M]L?cCFERAJNQIqGlIqGg]LsdGgIL?c^@EH=@?B�L]e?BkjmlKgILA>=RGJi�3hAo^�G"-e?BGJ?B^
GJnqGl=RAoCpERAo^

ϕ(b)
{ �oGJ[B�D]L[wGJs+$ ^@AgGl^�IL?B^_EH=@?B�L]L?ck�3hAo^ZILA�=RGJi�3hAo^>G"-e?BGJ?B^

f(p)
A
f(q)
T>u IL?B^_EH=R?c�L]L?ckjmJK

ϕ(b)
�t]es �L?c^@EHK.�M=HGJsdG7ILAxC � stAo=@K�ILA �pGJ[w`"-e?BGJ^W�DKMs =RGJijmlK$G"-e?BGJ[

b
AoCpEH=@A

b
A
b + ∆b

T 2 `�GJ^
S~]LCLk 3 AD^QILA�IL?c^@EH=@?B�L]e?BkjmlK

f(p)
A
f(q)
S~KM=HGls ^@]Ln KJ^@EaGl^ �pGJ]L^@^R?wGlCqGJ^oT �WG GJ]L^@�oCL�D?wG�ILA�]es stK ILAD[BK

S~}B^@?B�DKxbh]eAvCeKM^ n AD=Rst?cEaG�?cCeS~Ao=@?B=�GJ^ IL?B^_EH=R?c�L]L?ck�3hAo^z?cCFER=R}cCL^RAD�jGJ^ZGxnqGJ=_EH?B=�ILA nL=R?csdAD?B=RKJ^�nL=@?BCL�D}BnL?cKM^o{
GJILKlEaGJstKM^YGv�DKMCL�DAon kjmJK�sdGJ?c^Q^R?BstnL[cAo^Pn KJ^R^R}��MAD[ ILAZbF]LArEHGJ?B^PIL?c^@ER=R?B�e]L?Bk 3 AD^Y^@Ao=@?wGJs:GJne=RK - ?BsdGJIqG%$
stAoCpEHA �pGJ]L^@^R?wGlCqGJ^Y�oKMs:st�oIL?BGJ^

p
A
q
ArILAo^_� ?cKM^ $ nqGJIL=RmJK

σp

A
σq

{h=RAo^@n AD�DER?c�lGJstAoCpEHAl{ebF]LA�ILA �MADs
^RAD=�ILADERAo=@sd?cCqGJILKM^�ADsdne?B=R?c�jGJstAoCpERAWn Ao[BKJ^zCLKM^@^RKM^ IqGJIeKM^oTYVWAD^R^HG)sdGJCLAo?c=HGe{hK)nL=RKJ�L[BADs7Gg�DKMCL^@?B^@ERA
Aos ILADERAo=Rst?BCLGJ=�KM^z�lGJ[BKJ=RAo^�IeAo^@ERAo^rbh]LGlEH=@KtnLGJ= �JstADER=RKM^DT

\Qs�� KM=HG CqmlK'^RA&'RG n KM^@^R}c�JAo[�KJ�eEHAD=>IL?B=@ADEaGlsdADCFERAxGJ^�=RGJi�3hAo^>?cCpEH=R}cCL^RAD�jGJ^�G nqGJ=@ER?B=�ILGJ^>GJnqGl=RAoCpERAo^
� nLGJ=HGv�jGJIqG KM� '@ADERK
� { 'R` bF]LArEHAo=@}wGJstKM^P]Ls � CL?c�oK KM�L^RAD=@�l`j�MAD[��

b
�PAWbF]qGlER=RK �lGJ=@?w`j�MAD?B^Y?BCpEH=@}BCL^@Ao�oGJ^

�
p
{
q
{
θ
A
φ
��K ?BCp�JAo=R^@K ��n AD=@S~Ao?�EaGJstAoCpERAzn KJ^R^R}��MAD[ T y ^_EHK �J{p^@A ^RKM]L� �o^@^RADsdKM^PK�S~KM=@s7G EHK�?cCFER=R}cCL^RAD�oK

ILAz]es7G��MGJ[w`.- ?BGrA�GJ?cCLIqGrG�^R]qG�KM=@?BADCFEHGJkjmlK�Ao^@nqGJ�o?BGJ[ {ln KhILAD=R}wGlsdKM^ �jGl[B�o]e[wGJ= ?BstAoIL?BGlEaGlsdADCFERA bF]qGl[
^RAD=R?BGtKt^RAD]$S~KM=@s7GlERKxnL=RK('@ADEaGlILKdCeKdnL[BGJCLK)ILKt�o�D] T�<�]5^@A&'RGe{qILGJILKM^ZKM^ nqGJ=��JsdA EH=@KM^�?BCpEH=@}BCL^@Ao�DKM^
bF]LAg�oGJ=HGl�DEHAD=R?cijGJs KdAo[B?cnL^ � ?BILA �

p
A
q
��A IqGlILKM^WIeKM?B^ �JC)�M]e[BKM^ �

θ, φ
��bF]LAg^RmJK7^@] /q�D?BAoCpERAo^&
rnqGJ=RG

ILA EHAo=@sd?cCqGJ= G'KM=@?BAoCpEHGJkjmJK�ILAD^@ERAdAD[B?Bne^ � ?cILA��oKJs�=RAD[wGJkomJK � [c?BC)�LG ILAt�h?c^HGJIqG {!G nL=@K%'@AokomJK ILAo^_EaG
/ �M]e=HG��d]Ls nL=RKM�e[BAosdG'sdAD=HGJstAoCpERA �JAoKMst�DER=R?B�DKL{�bF]LAt^RAtAoCL�DKMCpEH=HG =RAD^RKM[�� ?cILK CLK$urn �DCLIL?c�oA)u
�*3 ?BC)���JAo[B? { , ��"J dAxfFEaGJ= 7 { , �! . � T O KM=@EHGJCpEHKL{ �gn KM^R}��MAo[!A -ene=RAo^@^HGJ= Gt=HGJiomJK G"-e?BGJ[ GJnqGJ=@AoCpEHA

b
ILA

]Ls	AD[B?cnL^ � ?cILA��DKMsdKeN
b = b(p, q, θ, φ)��KMCL^@?BILAD=RADsdKM^r]Ls Ao[B?cnL^ � ?BILA>EH=@?wG.- ?BGJ[��oKMs AD?0- KM^WCLG7=HGJiomJK

1 : p : q
�~�oKMs

1 > p > q
� T�f ]en K#$

C)�qGlsdKM^YbF]LA�AD^@EHAWAo[B?cnL^ � ?BILA Ao^_EHA 'RGgKM=R?cAoCpEaGlILKg�DKMs:=RAo[BGJkjmlK�GJK ^R?B^_EHADs7GvILA�Ao? - KM^�ILK KM�L^@Ao=@�lGJIeKM=
^RA �M]LCLIeK$KM^>IeKM?B^�ne=R?BstAo?cKM^ �lC)�M]L[cKM^>ILA)\Q]L[BAD=o{

θ
A
φ
T � KM^_EH=RG%$ ^@Axbh]eAJ{!^RKM�2nL=@K%'@AokomJKL{!G'=HGJiomJK

G.- ?wGl[�GJnqGJ=@AoCpEHA
b
ILG)AD[B?cnL^RA>=@Ao^R]e[cEaGlCFERA �vILGJIqG)n KM=DN

b =

√

(j + l) ∓ [(j − l)2 + 4k2]1/2

(j + l) ± [(j − l)2 + 4k2]1/2

�I1LT , �

KMCLIeA
j
{
k
A
l
^RmJKxS~]LCLk�3hAo^ZILA

p
{
q
{
θ
A
φ
N
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j ≡ 1

p2
sin2 θ +

1

q2
cos2 θ cos2 φ+

1

p2q2
cos2 θ sin2 φ

k ≡
(

1

p2q2
− 1

q2

)

cos θ sin φ cosφ

l ≡ 1

q2
sin2 θ +

1

p2q2
cos2 θ

\QCpEamJKL{ �oKMC-�LAo�DAoCLILK)GvS~KM=RsdGvIeA�]Ls:Ao[c?BnL^ � ?BILAZ?BCeIL?c�h?BIe]qGJ[qAW^@]qGgKM=@?BADCFEHGJkjmlKL{ ^RGJ� AostKM^��oGJ[B�D]L[wGJ=
�oKJs�bF]LA�GJnqGl=R�oCe�o?wG$Ao[BA7^RA�GJnL=@Ao^@AoCpEaG.GJK0KM�e^RAo=_�lGJILKM=DT � Gl?B^�ILK0bF]LA'?c^R^@KL{Qn KhILADsdKM^vS GJioAD=xK
stAo^RstK7nLGJ=HGt]Ls �oKMC%'@]eCFERK ILA�KJ� '@ADERKM^WA ADS~ADER?c�lGJstAoCpEHAv^R?cs�]L[BGJ= ]Ls7GtIL?B^_EH=@?B�L]L?ckjmJK

ϕ(b)
T � GJ^

nqGJ=RG ?c^R^@KL{�nL=@Ao�D?B^HGlsdKM^vGJIeKJEaGJ=vGJ[,�M]LsdG S~]LCLkjmlK5nqGJ=RG5GJ^vIL?c^@EH=@?B�L]e?Bk�3hAo^
f(p)

A
f(q)
AdGJILst?cEH?c=

bF]LA�KM^rAo[c?BnL^ � ?BILAD^ Ao^@ERA&'RGJs GJ[cAjGlERKM=R?BGJsdADCpEHA>KM=@?BAoCpEHGJILKM^DT ��GlER=HGj�M�D^�IqGd�DKMstnqGJ=HGlkjmJKdIqGdIL?c^@ER=R? $
�L]L?ckjmJK

ϕ(b)
^R?cs�]L[BGJIqGW�DKMs�G>KM�L^@Ao=_�JGlIqG>bh]eA�n KhILAostKM^QILA EHAD=Rst?BCqGJ=�K �oKMC%'@]eCFERK ILA�nqGJ=��JsdA EH=@KM^

�
p, σp, q, σq

�zsdGJ?B^�=RAone=RAo^@AoCpEaG EH?c�JK7AD^@EaG EH?B^_EH?c�jGJstAoCpEHAlT

< CeKM^R^@KgGJ[,�MKM=@?cEHstKW�LGJ^RAD?wG%$ ^RA�Aos ]Ls�nL=@K �DAo^R^@K � KMCpEHAW�zGJ=R[cK>CLK bh]LGJ[q^HmJKv^RKJ=@EHAoGJIqGJ^YGJ[cAjGlERKM=R?BG%$
stAoCpEHAWGJ^��lGJ=R?B`j�MAo?c^ IeA�KM=R?cAoCpEaGlkjmJK Ao^RnLGJ�o?BGJ[��

θ
A
φ
�P� ADs �DKMstK�GJ^Y�JGl=R?w`j�JAo?B^ CLKM=@s7GJ[c?BioGJIqGJ^PbF]LA

ILAD^R�o=@AD�JAos GJ^ IL?c^@EH=@?B�L]e?Bk�3hAo^ ILA =HGJi 3 AD^�?cCFER=R}cCL^RAD�jGJ^DTQ< nL=RK.�M=HGJsdG =RAobF]LAD=�ADCFEHmJK�]LsdGrAD^@ER?BsdGlEH?��JG
?BCe?B�o?BGJ[�IeKM^>�JGl[BKM=@Ao^ ILA �

p, σp, q, σq

��nqGJ=RG�?cCL?B�D?wGJ=�G ?�EHAo=RGJkjmlKLT � GJ[BKM=@Ao^�ER}BnL?c�oKM^>ILA)AD^@EH?cs7G EH?c�lGJ^
?BCe?B�o?BGJ?B^ ]eEH?c[B?cijGJIqGl^ S~KM=RGJs$N

p = 0, 90 q = 0, 30

σp = 0, 10 σq = 0, 10

f ?cs�]L[wGlCLILKgILG�KM=RILADs ILA
104
KM]

105
�MGJ[w`.- ?BGJ^ �DKMs KM=R?cAoCpEaGJk 3 AD^

θ
A
φ
GJ[BAoGlE � =@?wGJ^D{FK)GJ[��MKJ=R?cERsdK

�jGl[B�o]e[wG
b
nqGJ=HG �oGJIqG �pGJ[B`.- ?wGt^R?Bsg]L[wGJILG7Ax�oKMCe^@EH= � ?�]LsdG7S~]LCLkomJK'ILA)IL?c^@EH=@?B�L]e?BkjmlK7IL?c^R�o=@ADER?BijGlIqG

�oKJs KJ^�sdAD^RstKM^!EaGJsdGJC)�LKJ^�ILA ?BCpEHAD=@�lGJ[BKrIqGWIL?c^@ER=R?B�e]L?BkomJKrKJ�L^RAD=@�lGJIqGeT�\Ps ^@A �M]L?cIqGe{M�DKMstnqGJ=HGls $
^RAtGJ^>Ie]qGJ^>IL?c^@EH=@?B�L]e?Bk�3hAo^rAx�jGJ[c�o]L[BG%$ ^@A�]Ls

χ2
nqGJ=RG'Gj�JGl[B?wGl=rbF]qmJK�� Aos�G7S~]eCLkjmJK�^@?Bs�]L[BGJIqG7^@A

G('@]L^_EaG � KM�e^RAo=_�lGJIqGeTP\Q^@ERAWnL=@K �DAoIL?csdADCpEHKv�r=@Aon ADEH?cILKvIL?c�JAo=R^RGJ^P�MAoiDAo^��lGJ=@?wGJCeILK#$ ^@A KM^Y�lGJ[cKM=RAD^PILA
�
p, σp, q, σq

� T �zGJIqG�]Ls	IeAo^@ERAo^ nqGJ=��JstADEH=@KM^z�>^@]L�oAD^R^R?��lGJsdADCpEHAv?BCL�D=RAostAoCpEHGJILKxA GxIL?B^_EH=@?B�L]L?ckjmJK
� =@Ao�jGl[B�o]e[wGJIqG$nqGJ=HG5ERK ILGJ^xGJ^��DKMs��L?cCqGJk 3 AD^�ILKM^xnqGl= �JstADER=RKM^DT2f A'K

χ2
S~KM=�stAoCLKM=gbh]eA'K0IqG

^R?cs�]L[BGJkjmJK.GlCFERAo=@?BKM=D{ KM^)CLK8�JKM^t�lGJ[cKM=RAD^x^HmJK�GJILKlEaGJILKJ^oT ��KMCeS~KM=@sdA'K
χ2
IL?csd?cCF]L? {��lmJK2^RADCLILK

AostnL=@A �pGJIeKM^PnqGJ^R^@KM^P�jGJILG �JAoiZsdADCLKM=RAD^PCqGJ^Q�lGJ=R?ck�3hAo^QILKM^PbF]qGlER=RKvnqGJ=��JsdA EH=@KM^ �F?BCe?B�o?BGJ[BstAoCpERAJ{ KM^
nqGJ^@^RKM^ ^RmJK)IqGxKM=RILADs ILA

0, 1
sdGJ^�AD�JAoCpEH]qGl[BstAoCpEHA AostnL=@A �pGJs+$ ^@A�nqGJ^@^RKM^ ILA

0, 001
CqGJ^ � [�EH?BsdG

?cERAo=RGJk�3hAo^DTP< nL=RKh�oADIL?BstAoCpEHKv� �LA �pGxGJK�/Ls bF]qGlCLILK�K
χ2
nq`J=HGvILAWIe?Bst?BCF]L?B=Q^@?��MCe? /q�oGlEH?��JGlsdADCFERAJT

� AostKM^�GJ^@^R?cs�� Aos��jGJ=RGJ�DERAo=@?BijGlIqGJ^�Gl^ S~]LCLk 3 AD^
f(p)

A
f(q)
bF]LA �MAo=RGJs

ϕ(b)
bh]eA sdAD[��LKJ= ^@A

GJnL=@K -e?cs7G�IeK �e?B^@ERK��M=RGJs7G�KJ�L^RAD=@�lGJILKLT

\�S~ADER?c�lGJstAosgERAJ{�K2nL=@K��M=HGls7G0S~KM?�A;- AD�o]eEHGJILK ADs IeKM?B^)stK ILKJ^oN5K��jGJ^@K �MADCL�o=@?B�DK+ILA Ao[c?BnL^ � ?BILA
EH=@?wG.- ?BGJ[�A EaGJsg� �Ds	Kd�oGJ^RKtnqGJ=_EH?c�o]L[BGJ=zILAvAo[c?BnL^ � ?BILA>KJ�L[wGlERKL{LnqGl=HG)Gj�JGl[B?wGl=zbF]qGJ[!ILAo^_EHAD^WstK ILAD[BKM^
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stAo[��eKM=�^RA$G('@]L^_EaGJ=@?wG0GJKJ^tILGJILKM^DT < �jGJ^@K�KJ�L[wGlERK0=RAD^R]L[�EaG.^R?BstnL[cAo^RstAoCpERA ILA�EHKMsdGJ=
p ≡ 1

A
^R]enL=R?csd?c=7GJ^ �lGJ=@?wGJk 3 AD^7ILAD^@ERA0nqGJ= �lsdA EH=RKeT f A�EHKhIqGJ^'Gl^ �pGJ[B`.- ?wGJ^t^R?cs�]L[wGlIqGJ^dER�os G+sdAD^RsdG
=HGlijmJK.G.- ?BGJ[

p
{YCLmJK �q`�ILAD^@�h?BK

σp

{ 'R`�bh]eAJ{ G /qCqGJ[ {PG�IL?B^_EH=@?B�L]L?ckjmJK$CqmJK.� �pGl]L^R^@?wGJCqG T+\QCpEamJKe{
�qGJ^_EaG)AostnL=RA �pGJ=�K)stAo^RstKtGJ[��JKM=R?�EHstKv�lGJ=@?wGJCLIeKdGln ADCqGJ^

q
A
σq

T

� ��� � %'� � � � ��� ��� ��� ��� ��� � �+� 	 ��� (�� % � �

< nL=RK��J=HGJsdGdILAD^R�D=R?cERK'CqG�f ADkjmJK�1LT , S~KM?�A;- Ao�D]eEaGlILK�nqGJ=HG KJ^�IqGJILKJ^�sdADIL?BIeKM^oT �rG ��?��M]e=HG 1eT , {
GJnL=@Ao^@AoCpEaGJs+$ ^@A�KM^�=@Ao^@]L[cEHGJILKM^�nLGJ=HGdERK ILGJ^>GJ^ � , 1*1p¡ � �pGl[w`.- ?wGl^o{ A;- �o[c]L}BIqGl^�GJbF]LAD[wGJ^��DKMs K'nL?BKM=
nqGJ=��JstADEH=@KM^>ILA)bF]qGJ[c?BIqGJIeA � �

�
� � T � AostKM^ K �e?B^@ERK��M=RGJs7GdKM�L^RAD=@�lGJILK AJ{ ^RKJ�L=RADn KM^_EHK$G'Ao[BAl{ GJ^

S~]LCLk 3 AD^ ILA IL?B^_EH=R?c�L]L?ckjmJKx^@?Bs�]L[BGJIqGJ^ EaGJCpEHK)nqGl=HGxKdstKhILAo[cKgEH=@?wG.- ?wGl[�bF]qGJCpEHKtnqGJ=RGxKdKM�e[wGlERKLT

< sdKhILAD[BK EH=R?BG.- ?wGJ[�ILAD^R�D=RAD�JA sdAD[��LKM=YKM^ IqGJILKM^�n KM= ILKM?c^ stKJEH?��MKM^DN�Ao[cAW�rAo^@EHGlEH?c^@ER?B�jGlsdADCFERAWsdGJ?B^
^R?,�MCL?0/q�jGlER?c�JKL{M]LsdG��MAoiZbF]LAZK

χ2
n KJ= �M=HGJ]tILA [B?c� AD=RIqGlILAzILAD^R^RAWG('@]L^_EHA � � ADs�sdADCLKM=��~�oKMCeS~KJ=RstA

^RAQ�J� CqG ��GJ� AD[wG 1LT , ���lGJ[c�os IL?c^R^@KL{ CLKJEaG($ ^RAPbF]LAYCLKM^ � [�EH?BstKM^ ?BCpEHAD=@�lGJ[BKJ^�ILK �L?B^_EHK��M=RGJsdGzKZstKhILAo[cK
KM�L[BGlEHK2��?cCL�jGJnLGJi$IeA�=RADnL=RKhIL]LiD?B=dG+KM�L^@Ao=@�lGJILG+S GJ[cEHG2ILA$KM� '@A EHKM^'GlnqGJ=RADCpEHAostAoCpERA��o?c=R�o]e[wGJ=@Ao^oT
��KMstK$^@A7KM�e^RAo=_�lG$CqG ��?��M]e=HG�1LT , {�K sdKhILAD[BK�KM�L[BGlEHK �o[BGJ=HGJstAoCpERA)S Gl[��qG�GJK EHAoCpEHGJ= =@AonL=@K Ie]Lio?c=
Ao^_EaG �jGJ=RGJ�DERAo=R}c^@ER?B�jG {)'R` bF]LA7G �o]L=_�lG$^RAtAoCe�oKMCpEH=RG5G��J`l=R?wGl^v�LGJ=R=RGJ^ ILAdAD=R=@KM^ IeA7IL?c^@E �lCL�o?BG�IeKM^
IqGJIeKM^zCLK � [�EH?csdKv?BCpEHAD=@�lGJ[cKL{ ADCLbF]qGJCpEHK)bF]LA�KxstKhILAo[cK EH=@?wG.- ?BGJ[�^RA �J]LA>CqGlER]L=HGJ[csdA EHAZAo^_EaG�bF]LAoILGeT

��GJ� AD[wG 1LT , NPO�GJ= �JstADER=RKM^�ILGJ^�S~]LCLk�3hAo^ ILA>Ie?B^@ER=R?c�L]L?BkomJK � �MGJ]L^R^@?wGJCLGJ^ � ILGJ^ =HGJi 3 AD^rG"-e?BGJ?B^ ?BCpEH=@}BC $
^RAD�jGJ^ZnqGJ=RG�EHKhIqGJ^ GJ^ Ao^@nL?B=RGJ?B^DTY< stK IeAo[BK�ER=R?BG.- ?wGJ[ �>Ao^@EHGlEH?c^@ER?B�jGlsdADCFERA>s7Gl?B^z^@?��MCL?0/q�jG EH?c�JKLT

EH=@?wG.- ?BGJ[ KM�e[wGlERK
p̄ �

 e{ " 1!� ±   {  M¡.� ,
q̄ �

 e{ �� ±  e{ , �   { �p� ±   { ,*,
χ2 �

1L{54." ±  e{ �M� � , { � ±  e{ �

y ^R^@KdKh�oKJ=R=RAWn KM=@bF]LA CLK)�jGJ^@KtIeKtstKhILAo[cK�KM�L[BGlEHKL{ ^R]Ln�3hA $ ^@A>bF]LA KtIe?B^R�DKL{LbF]qGJCeILKx� ?c^@ERKtIeA�S GJ�oAl{
^RA 'RGdA -LG EaGJstAoCpEHAv�o?c=R�D]L[wGJ= �qn KJ=@EaGlCFERKt�l`J=@?wGJ^ �pGl[w`.- ?wGl^zEHAo=@?wGJs =HGJiomJK7G"-e?BGJ[�GJnLGJ=RADCFERA

b = 1
T �rK

�jGl^RKZILK sdKhILAo[cK�EH=@?wG.- ?BGJ[ {jn KM=�KM] EH=RK�[BGJILKL{ stAo^@sdK GJ^��MGJ[w`.- ?BGJ^ bF]LAP^HmJK��h?B^_EaGJ^!ILAQS GJ�DA�EH�Ds
b < 1

{
n KM?B^ ^HmlK7?BCpER=R?BCe^RAo�oGJstAoCpEHA CqmJK#$ �o?B=@�o]L[BGJ=RAD^oT�\Q^_EaG7Gl^R^R?cCqGlER]L=HGtILA ER=R?wG"-e?BGJ[B?cIqGJILAr�gA -LG EaGJstAoCpEHA K
bF]LA�^@AzKM�L^@Ao=_�JGrCLK /qs ILK �L?B^_EHK��J=HGJsdGeT!u ��GJ� Ao[BG 1LT , A�G���?,�M]L=HG 1LT �rGJne=RAo^@AoCpEaGls KM^ =RAD^R]L[�EaGJIeKM^
IqGJ^ IL?c^@ER=R?B�e]L?Bk 3 AD^>?BCpEH=@}BCL^@Ao�jGl^vIeA

p
A)ILA

q
Ttu:IL?c^@ER=R?B�e]L?BkomJK'ILA

q
CqmJK��ts�]L?cERK'IL?cS~AD=RADCFERA)CLKM^

ILKM?c^�stKhILAo[cKM^oT VWA bh]LGJ[BbF]LAD=�stK ILKe{ � ?Bstn KJ=@EaGlCFERAQ[BADs��L=HGl= bF]LA�Ao^@ERA�nqGl= �JstADER=RKZCqmJKW=@AonL=@Ao^@AoCpEaG
/qAD[BstAoCpEHAxK�GJ� �LGlEaGJstAoCpERK IeKM^>IL?B^@�oKM^>bF]LAl{!�oKMstK'^RA)^HGl� Al{�^HmJK�� Aos stAoCeKM^>Ao^@n AD^R^RKJ^ bF]LAt e{ �
KM]7 e{ � TP<��oKM=@=RAZbh]eAWCLAD^@EHAD^zstK ILAD[BKM^D{FGJ^ �MGJ[w`.- ?BGJ^Q^HmJKgGJnL=@K - ?cs7GJILGJ^Pn KM=YAo[c?BnL^ � ?BIeAo^PAWGv=HGJiomJK

qAoC-�M[BKM�LGgEHKhIqG�Gx�oKMCpER=R?B�e]L?BkomJK�ILKM^�� K%'@KM^DT 2 `�K)nqGJ= �lsdA EH=RK
p
IL?Bi>=@Ao^@n AD?cEHK � CLmJKx�o?c=R�o]e[wGJ=@?BIqGJIeA

1p¡
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��KMCpEH]eILKL{!CqmJK'^@Atn KhILA)G /q=@s7GJ=D{ �oKJs �qGJ^@A)CLAo^_EHAo^v=RAD^R]L[�EaGJIeKM^o{�bF]LAtGJ^ �pGl[w`.- ?wGl^W�qGJ=@=HGJILGJ^�EHA $
C)�qGls IL?B^@�oKM^ZsdADCLKM^ �o?c=R�D]L[wGJ=@Ao^ bF]LA GJ^rCLmJK#$ �LGJ=R=RGJIqGJ^D{qKM] �h?c�oA �MAo=@^HGeTZ��KJsdK)^RA �M� CqG���GJ� Ao[BG
1LT � {QKM^�nLGJ= �JstADER=RKM^ IqGJ^gS~]eCLk�3hAo^xILA'Ie?B^@ER=R?c�L]L?BkomJK5^RmJK��qGl^@EaGlCFERA'^R?csd?c[wGJ=@Ao^ �QADs�nLGJ=@ER?B�o]e[wGJ=D{QG
IL?c^@EH=@?B�L]e?BkjmlK IeA

p
IqGJ^vCqmJK%$ �qGJ=@=HGJILGJ^ �dbF]qGJ^@A7G sdAD^RsdG'IqG5GJstKM^_EH=HG'�DKMsdne[BADEHGeT VrAtS GlERKL{!KM^

�L?c^@EHK.�M=HGJsdGJ^�KJ�L^RAD=@�lGJILKM^vILAtGJs��LGJ^ GJnL=@Ao^RADCpEaGJs�G'stAo^RsdG S~KM=RsdG �MAD=HGJ[ T y ^@EHK n K ILAx^@Ao=v�oKMC $
^RADb
	L�oCL�D?wGZILKZS G EHK ILAPbF]LAJ{lCLK �e?B^@ERK��M=RGJs7GzILGrGJstKM^_EH=HG�ERK ILGe{JGl^ CLmJK#$ �LGJ=R=RGJIqGJ^��DKMCpEH=R?c�L]LADs �oKMs
,  ��J¡gIqGJ^ , 1 1p¡ �pGJ[B`.- ?wGJ^D{hERAoCLIeK)GJ^R^@?Bs �LGJ^@EHGJCpEHA>n Ao^RKxCLG�ILA /qCe?BkjmlKxIqG�S~KM=RsdG IqG�Ie?B^@ER=R?c�L]L?BkomJKLT

2 ` KJ^�=RAD^R]L[�EaGJIeKM^ ILGgGJstKM^@ER=HG ILA��MGJ[w`.- ?BGJ^P�qGJ=R=RGJIqGJ^Y=RADbF]LAo=@Aos GlEHADCLkjmJKeTPOP=@?BstAo?c=HGJstAoCpEHAl{p�oKMC $
�M�Ds�=@Ao^R^RGJ[cEHGJ=gbF]LA7Ao^@EHG0GJstKM^@ER=HG5GlnL=RAD^RAoCpEHG.]es�C � stAo=@K�=RADIL]Lio?cILK0ILA KJ� '@ADERKM^ � �*4J �� T � GJ^D{
sdGJ?B^ =RAD[BA �JGlCFERAgbF]LA�?c^R^@KL{ � ]Ls ADS~Ao?�EHKdbh]eAgILA �MA�EHAD=�GlS~A EaGJIeK7?Bstn KM=@EHGJCpEHAostAoCpERAvKJ^W=RAD^R]L[�EaGJIeKM^
IqGJ^r�qGJ=@=HGJIqGl^oNzCLKlEHAvbh]eAgKdS~KJ=RsdGlEHK �MAo=RGJ[!ILK �e?B^@ERK��M=RGJs7GxIqGl^W�qGJ=@=HGJILGJ^rCLG ��?,�M]L=HG 1LT �dIL?�S~Ao=@A
^RADCL^R?��MAD[BstAoCpEHAvILKM^ S~KM=RsdGlERKM^zILKM^ZKM]eER=RKM^ �L?c^@ERK��M=HGls7GJ^ � ILAvCqmJK#$ �qGJ=@=HGJIqGl^�AvILGdGJstKM^_EH=HG�ERK IqG �
CqG5stAoIe?BIqG�Aos�bF]LA7A -e?c^@ERAos�� ADs�stAoCeKM^gKM� '@ADEHKJ^gCqG5=@A �M?BmJK ?BCL?c�o?wGl[ {!n KJ=v�JKM[cEHG$ILA

b ∼ 0, 3
T

\Q^@ERA7ADS~AD?cERK$CqmlK5IL?cid=@Ao^Rn Ao?�EHK5G ]LsdG$�oGJ=HGl�DEHAD=R}c^@EH?c�jG'S~}B^@?B�jG'IqG Ao^_EH=R] EH]L=RG5IqGJ^ �pGJ[B`.- ?wGJ^>�qGl=R=HG($
IqGJ^DN�Ao^_EaG$S Gl[cEaG'ILAdKM� '@A EHKM^ Aos

b ∼ 0, 3
ILAo�DKM=R=@A7^@?BstnL[BAD^RstAoCpEHAtILK$S G EHK ILA7bF]LA7GJ^ �MGJ[w`.- ?BGJ^

�qGJ=@=HGJILGJ^rsdGJ?c^rGl� �qGlEaGlIqGJ^�� ?B^_EHKd�J{q�h?B^@EHGJ^WIeA n Ao= /q[ ��CqmJKtS~KM=HGJs �o[wGl^R^R?0/q�jGlIqGJ^Z�oKMstKd�LGJ=R=RGJIqGJ^D{
'R`$bF]LA GJ^g�qGl=R=HGl^ CqmlK�^HmJK �h?B^R}��MAD?B^o{��oKMC S~KM=RstAdIe?B^R�D]eEH?cILK5CLG0f AokomJK.� T � T �rK��L?B^_EHK��M=RGJsdG�ILGJ^
�pGJ[B`.- ?wGJ^>CLmJK#$ �LGJ=R=RGJIqGJ^D{ CeKJEaGJstKM^>bF]LAtnL=HG EH?B�oGJstAoCpEHA)CqmJK Kh�oKM=@=RAos �MGJ[w`.- ?BGJ^�sdGJ?B^ GJ� �LGlEaGJILGJ^
bF]LA

b ∼ 0, 15
T 2 ` CeK �L?B^_EHK��M=RGJsdGdIqGJ^>�LGJ=R=RGJIqGJ^D{�bh]LGJ^RAx?cCLA;- ?B^_EHADs �pGJ[B`.- ?wGJ^ZsdGJ?B^WGJ� �qGlEHGJIqGJ^

bF]LA
b ∼ 0, 30 − 0, 35

Tg\Q^@EHG'ILADS~KM=@s7GlkjmJK'Gl=@EH?0/q�o?BGJ[!IqG IL?c^@EH=@?B�L]e?BkjmlK �oAD=@EaGlsdADCFERA��oKJsdnL=@KMstADEHA
KM^ =RAD^R]L[�EaGJIeKM^ IqGJ^ �qGJ=@=HGJIqGl^o{!nL=R?cCL�o?cnqGJ[csdADCFERAxG�IL?B^_EH=R?c�L]L?ckjmJK'ILA

q
{!bh]eAd�)sdGJ?B^>ILA EHAD=Rst?BCqGJILG

n Ao[wGl^�=RA �M? 3hAo^�?cCL?B�D?wGJ?c^ ILA
ϕ(b)
T���KJsdK �DKMCL^@Aob
	L�oCe�o?wG�IL?c^R^RKe{ K'nL=RK.�M=HGJsdG7�oGJ[B�D]L[wG7]es7G7Ie?B^@ER=R? $

�L]L?ckjmJK
f(q)
�oAoCpER=HGJIqG Aos

q ∼ 0, 4
{!bh]eAd�)AD�h?cILAoCpEHADsdADCpEHAt?B=R=@AjGJ[ {�s7Gl^>=RAo^@]L[cEHG IeAt]es�ADS~AD?cEHK

�oKJsdnL=@AoADCL^R}��MAo[ TzuW[c�os IL?c^R^@KL{�CLKJEaG($ ^RAvbF]LA�Gl^rIL?c^@ER=R?B�e]L?Bk 3 AD^�ILA
f(q)
CLmJKdIe?cS~Ao=@Aos s�]e?cEHKtAoCpER=RA

K5stKhILAo[cK$KM�e[wGlERK5A7K EH=@?wG.- ?wGl[ {!nqGJ=RG$�jGlIqG5^R]e� $UGJstKM^_EH=HG A7bF]LA KJ^
χ2
ILK$sdKhILAo[cK$KJ�L[wGlERK5^RmJK

^RADsdne=RA s�]L?�EHKxsdGJ?BKM=@Ao^DT

u�IL?B^_EH=@?B�L]L?ckjmJK
f(p)
ILGJ^PCqmJK#$ �qGJ=R=RGJIqGJ^Q�ZbF]qGJ^@Ar?cIL�oCpEH?c�jG � IqG GlsdKM^_EH=RG �DKMstnL[BA EaGeN ^HmJK GJnL=@K -e? $

sdGJIqGJstAoCpEHAW�oAoCpER=HGJIqGl^ZADs  e{ "! gAv e{ ":4 {e=@Ao^@n AD�DEH?��lGJsdADCpEHAJ{qA>�DKMs	ILAD^@�h?BKJ^ $ nLGJIL=HmlKtIeA  e{  J¡eT 2 `
G
f(p)
IqGJ^��LGJ=R=RGJIqGJ^D{L�>�oADCpEH=HGlIqGtADs	 e{ " 1xsdGJ^z�>� Aos	sdGJ?c^�Ao^_EH=@Ao?cEHGe{L�DKMs

σp = 0, 004
{ KtbF]LA

ILA �MA�^@Ao=Y�oKMCL^@Aob
	L�DCL�o?BG�ILK [cAD�JAWA;- �DAo^R^@KxILA �pGJ[w`"-e?BGJ^QbF]LAW^@AWKM�e^RAo=_�lG CLK �L?B^_EHK��M=RGJsdGe{pn KJ=P�JKM[cEHG
ILA

b ∼ 0, 85 − 0, 90
T �,n KJ^R^R}��MAD[ bF]LA AD^@ERA A;- �oAD^R^@K2IeAo�oKJ=R=HG$ILA7stAo=RG �q]eER]qGJkomJK5AD^@EaG EH}B^_EH?c�jGe{

'R`0bF]LA�K2C � stAo=@K�IeA KJ� '@ADERKM^)Aos�bF]LAD^@EamlK�CLAD^@ERA ne?B�oK.��IqG0KM=@ILAos�IeA stADEHGJILA'ILKJ^tKJ� '@ADERKM^
IqG stAo^@s7G7=@A �M?BmJK ILA

b
CLK �L?c^@EHK.�M=HGJsdGdILG'GJsdKJ^@EH=RGdEHKhIqGeTvVWAxbF]qGl[BbF]LAo=>stKhILKL{�CLmJK'^RAxn K IeA

G /q=@s7Gl=zbF]LA AD^@EHGtIL?c^@ER=R?B�e]L?BkomJK�^RA 'RGt^@?��MCe? /q�oGlEH?��JGlsdADCFERA�IL?�S~Ao=RADCpEHA IqGJ^ KM]eER=HGJ^DT

u:^RADnqGJ=HGlkjmJK$IqG$GlsdKM^_EH=RG�CeKM^ ^R]L�eER?Bn KM^ feGe{�f � {�f �xEaGJsg� �Ds�CqmJK CLKM^vn AD=Rst?cERA��oKMCe�o[B]e?B= bF]LA
A;- ?c^@EaG�]es7G�ILADn ADCLIL�DCL�o?BG.ILG5EH=R?BG.- ?wGJ[c?BIqGlILA)�oKMs�G�sdKM=_S~KM[BK.�M?wGeT u ��?,�M]L=RG 1LT21.GJnL=RAD^RADCFEHG.GJ^
IL?c^@EH=@?B�L]e?Bk�3hAo^tILA�=RGJi�3hAo^7G.- ?wGJ?c^7GlnqGJ=RADCpEHAo^7A�KM^7=@Ao^@n AD�DEH?��MKM^�G '@]L^@ERAo^ KM�e[wGlERK+A5ER=R?wG"-e?BGJ[�nqGJ=RG
�jGlIqG'^R]L� $ EH?cn K � ?cCL�o[c]L}BILGJ^rEHGJCpEHK��qGJ=@=HGJIqGl^>bh]LGJCpEHK CqmJK#$ �qGJ=R=RGJIqGJ^ � T � CLKJEH`8�JAo[PCLAD^@EaG�/ �M]e=HG�G
sdGJ?BKM=Q?c=R=@A �M]L[BGJ=R?cIqGJILA ILKJ^ �L?c^@EHK.�M=HGJsdGJ^P�oKJs =RAo[BGJkjmlK � GlsdKM^_EH=RG �oKJsdnL[cADEHGe{FILAD�h?BIeK�GJK�C � stAo=@K

1!�



��GJ� AD[wG 1LT � NPO�GJ= �JstADER=RKM^�ILGJ^�S~]LCLk�3hAo^ ILA>Ie?B^@ER=R?c�L]L?BkomJK � �MGJ]L^R^@?wGJCLGJ^ � ILGJ^ =HGJi 3 AD^rG"-e?BGJ?B^ ?BCpEH=@}BC $
^RAD�jGJ^ZnqGJ=RG)GJ^ Ao^Rne?B=HGl?B^�^RADnqGJ=RGJIqGJ^ Aos �qGJ=R=RGJIqGJ^ A>CqmlK#$ �qGl=R=HGlIqGJ^oT

EH=R?BG.- ?wGJ[ KM�L[BGlEHK
p̄ �

 e{ " 1 , ±  e{  M  1 ,
�qGJ=R=RGJIqGJ^

q̄ �
 e{ 1�� ±  e{ , �  e{21*1 ±  e{ ,  � �:4l ��

χ2 �
, { �p� ±  e{ , " , �e{   ± �h{ 1

p̄ �
 e{ "M¡�" ±  e{  M¡p� ,

CqmJK%$ �qGJ=@=HGJILGJ^
q̄ �

 e{ � 4 ±  e{  !  e{ �� ±  e{  ! � ,  .�M¡��
χ2 �

� {  �" ±  e{ �J¡ , �e{21 ± �h{ ¡

��GJ� AD[wG 1LT �eNPO�GJ= �JstADER=RKM^�ILGJ^�S~]LCLk�3hAo^ ILA>Ie?B^@ER=R?c�L]L?BkomJK � �MGJ]L^R^@?wGJCLGJ^ � ILGJ^ =HGJi 3 AD^rG"-e?BGJ?B^ ?BCpEH=@}BC $
^RAD�jGJ^ZnqGJ=RG)GJ^ Ao^Rne?B=HGl?B^�^RADnqGJ=RGJIqGJ^ Aos EH?Bn KM^�stKM=@S~KJ[ � �M?c�oKM^DT

EH=@?wG.- ?wGl[ KM�L[BGlEHK
p̄ �

 e{ "! J¡ ±   {  :4J� ,
feG�� f�3zG

q̄ �
 e{ �p� ±  e{  M¡  e{ �M  ±   {  ! ��1F�. �

χ2 �
� {  *4 ±  e{  :4 1L{ , ± , { ,

p̄ �
 e{ "M¡�� ±   {  M¡." ,

f � � f�3��
q̄ �

 e{ �M  ±  e{ ,*,  e{ � 1 ±   { ,  � 4J M� �
χ2 �

�e{ , , ±  e{21 4 �e{ � ± 4h{ 1
p̄ �

 e{ ":4 1 ±   {  M *4 ,
f � � f�3��

q̄ �
 e{ �.� ±  e{ �.�  e{ �� ±   { , �� 4 ,  �

χ2 �
�e{ � , ±  e{ ¡�� , �h{ 4 ±   { 1

4J 
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��?,�M]L=HGB1LT � N VW?B^_EH=@?B�L]L?ck�3hAo^ IeA0=HGJi 3 AD^�G.- ?wGJ?c^'GJnqGJ=@AoCpEHAD^��oKMs KM^�G('@]L^_EHAo^�KM�e[wGlERK A�EH=@?wG.- ?wGl[ {
^RADnqGJ=RGJIqGJ^ Aos �qGJ=@=HGJIqGl^�A>CqmJK#$ �qGJ=R=RGJIqGJ^DTP<��L^RAD=@�JA bF]LAvGxIL?B^_EH=@?B�L]L?ckjmJK IqGJ^ �pGJ[B`.- ?wGJ^ �qGJ=@=HGJIqGl^
CqmJKZ�oKJCFER�os EHGJCpEHKM^ KM� '@A EHKM^!ILAY�qGJ? -LG =HGlijmJKZG.- ?wGl[pbh]LGJCpEHKrGZIqGl^ �pGl[w`.- ?wGl^ CqmJK#$ �qGJ=@=HGJIqGl^ �~ILAD�h?cILK
� IL? /L�o]L[cIqGJILA0ILA.KM�e^RAo=_�lGJ=��qGJ=R=RGJ^�Aos �MGJ[w`.- ?BGJ^ ILA.n Ao= /L[ � T �ZK AoCpEaGJCpERKL{>GJ^�IL?c^@EH=@?B�L]e?Bk�3hAo^
CqG0=RA �M?wmlK0IqGJ^ �pGJ[B`.- ?wGJ^gGJnL=RK - ?BsdGJIqGlsdADCFERA ILA'S GJ�DA'^HmJK.^RADsdAD[��qGlCFERAo^D{�?BCeIL?B�oGJCLILK0bF]LA'EaGlCFERK
�pGJ[B`.- ?wGJ^��qGJ=R=RGJIqGJ^�bF]qGlCFERKdCLmJK#$ �LGJ=R=RGJIqGJ^ GJne=RAo^@AoCpEaGls IL?B^@�oKM^ CqmJK%$ �o?c=R�D]L[wGJ=@Ao^DT

4 ,



=RADIL]LiD?BILK�ILA)KM� '@A EHKM^ ADs��jGJILG��D[wGJ^@^RAlT � GJ?B^>]LsdG7�MADiJ{ �oKMCe^@EaG EaGJstKM^>bF]LA)K �DKM=R=@Ax]LsdG�Ie?Bs�] $
CF]L?BkomJK$GJ�L=R]eneEaG�ILK5C � stAo=@K$IeA �pGl[w`.- ?wGl^�n KJ= �JKM[cEHG IeA

b ∼ 0, 9
{!�qGl^@EaGlCFERAdne=RKMCF]LCL�D?wGJILGe{�ADs

nqGJ=_EH?c�o]L[BGJ=o{FCLK+�L?c^@ERK��M=HGls7G IqGJ^ fh�JTP\Q^@ERA>�oKMstn KJ=@EaGlsdADCFERKg^@A�sdKJ^@EH=@KM] ^@?B^@ERAosd`lEH?c�oKL{Fn KM=@EHGJCpEHKL{
CqGtGJstKM^@ER=HGx�oKMstnL[cADEaGxA Aos �oGJIqG)]Ls	ILKJ^r^@]L�eEH?cn KJ^oT �rK8�lGJsdADCpEHAJ{�K)stK ILAD[BK)KM�L[BGlEHK�S Gl[��qGxAos
=RADnL=RKhIL]LiD?B=ZAo^_EaG7bF]LADIqG7CLKM^ � [cER?BstKM^�?BCpERAo=@�lGJ[cKM^ Ag�DKMsdKt=RAD^R]L[�EaGJIeKL{ KdsdKhILAD[BK)EH=R?BG.- ?wGJ[ EH�os

χ2stAoCLKM=@Ao^D{#'R`)bF]LAvG('@]e^@EaG)� Aos	AD^R^HGt=RA �M?wmJKxA CqmlKtIe?cS~Ao=@A>s�]L?�EHKxILKtKM�L[BGlEHKxCqGl^ZKJ]eEH=RGJ^oT

uW^vIL?�S~Ao=RADCLkjGl^vIeAd�DKMsdn KM=_EaGJstAoCpEHK�nqGl=HG
b . 0, 4 − 0, 3

n KhILAo=@?wGJs ^RAo= =@AjGJ?c^o{�GJn AD^HGJ= ILAtCqmJK
=RAD^R]L[�EaGJ=@Aos�ADs Ie?cS~Ao=@AoCLkoGJ^7AD^@EHGlEH?c^@EH?c�jGJstAoCpERA ^@?��MCe? /q�oGlEH?��JGl^tCeKM^dnLGJ= �JstADER=RKM^)IqG ��GJ� Ao[BGE1eT �eT
uW^ �pGJ[B`.- ?wGJ^df � EH�os � K%'@KM^d=RAo[BGlEH?��lGJsdADCpEHA�n ADbF]LAoCLKJ^'A5n KM=@EHGJCpEHKL{zbF]qGlCLILK+�h?B^_EaGJ^dILA5n Ao= /q[ {
ILA �MAo=@?wGJs GJne=RAo^@AoCpEaGl=�=HGJi 3 AD^�G.- ?BGJ?B^ZsdADCLKM=@Ao^oTrO�KJ=�Ao^_EHAgstKJER?c�MKe{�ERAo=@}wGJstKM^ZCqG ��?,�M]L=HG 1LT217]Ls
A;- �DAo^R^@K)ILA��pGl[w`.- ?wGl^�fh�W�oKJs

b . 0, 2
T�u�K��oKJCFER=H`J=@?BKL{ GJ^ �pGJ[w`"-e?BGJ^YfeG ER�os:� K%'@KM^�=@Ao[BGlEH?��JGlsdADCFERA

sdGJ?BKM=@Ao^tAJ{�n KM=@EHGJCpEHKL{ Gl^7=HGli�3hAo^ G"-e?BGJ?B^tILKM^dKM� '@A EHKM^7�h?c^@EHKJ^7ILA$n AD= /q[r^RAo=@?wGJs�CLGlEH]L=RGJ[BstAoCpERA
sdGJ?BKM=@Ao^D{ �jGJ]e^HGJCLIeK ]es ILAD�o=R�D^R�D?BstK ILG�Ie?B^@ER=R?c�L]L?BkomJK ADs

b . 0, 2
T y ^R^RK$G('@]LILGJ=R?BG G'AoCpEHADCLILAo=

G�[B?,�MAo?c=HG'EHADCLIL�oCe�o?wG�IeA bF]LAoIqG0^@?B^@ERAosd`lEH?c�jG ILA
q = 0, 32 − 0, 29

ILA�feG�nqGl=HG.f �lT+��KJCFER]LILKL{
Ao^_EaG0EHADCLIL�oCe�o?wG2CqmJK.� �LA �pG+G0^RAD=dAD^@EHGlEH?c^@EH?c�jGJstAoCpERA'^R?��JCL? /q�oGlEH?��lGe{�EaGJ[��MADi$n KM=RbF]LA G2GJstKM^@ER=HGe{
^RADnqGJ=RGJIqG)Aos ��EH?cn KJ^o{LCqmlKt^@A&'RGxEamJKtGJ�e]LCLIqGJCpERAJT

u ��GJ� Ao[BG 1LT �7GJne=RAo^@AoCpEaG KJ^WnqGJ=��JstADEH=@KM^WILGJ^WIL?c^@ER=R?B�e]L?Bk 3 AD^Z?cCpEH=R}cCL^RAD�jGJ^r�jGJ[c�o]L[BGJIqGJ^ZnqGJ=RGd�oGJIqG
^R]e� $ ER?Bn K0sdKM=_S~KM[ � �M?B�DKLT � ADsdKJ^tbF]LA GJ^)IL?c^@ER=R?B�e]L?Bk 3 AD^

f(q)
CqmlK2Ie?cS~Ao=@Aos �J=HGJCLIeAostAoCpEHA�AoCpER=RA

KM^�IeKM?B^�stKhILAo[cKM^gA bF]LA�Gl^�IL?B^_EH=@?B�L]L?ck�3hAo^
f(p)

^HmlK0�qGJ^@EHGJCpEHA'^@?Bst?B[wGl=RAo^D{�GJ?cCLIqG5bF]LA�G�ILGJ^)f �
^RA 'RG7nqGJ=_EH?c�o]L[BGJ=RstAoCpEHA sdGJ?B^ AD^@EH=@Ao?�EaGeT �rmJK7n K IeAostKM^WG./q=RsdGJ= bF]LAgEHADC)�qG7^@?BILKtKM�L^@Ao=_�JGlIqG7]LsdG
IL?�S~Ao=RADCLkjGx^@?��MCL?0/q�jG EH?c�lG�IqGl^ZIe?B^@ER=R?c�L]L?Bk 3 AD^z�oKJCeS~KM=RstA GxsdKJ=@S~KM[cK��M?wG T
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C<*0-X;,%��<{�12*0C!�!�.-l�.�'U,� C<%��)-0W~}�;,�!`.;$�!�)�/;,�'�9�0*�-'-!�+($*YAB",-!���L(,*0P�*w�!*0-!",#pCS%��l*01�",1@%L%��0*��5C<"�%�FG���J(�%
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12�.1M*0�5C<����-l�����,(,�)F0q9*0-ue���%�� -�b5;d�9(,*01M��-u*Q7$%�12�)��%��~%�-l���.�,-'* Iv�,� �,���)%�- I ",*Y�/;,�!�[��*0-!-'�+(,*]AB",-!���
%���%��!�'*0CS%T;�%��!% %O*0-'C<�'"$C<"$�<%N(,�N�.U[|'*0C!�Ne���%�#_AB�.�'1@%�(,�,bg-!",;d�.�,(,�N��%�C<"$�<%�# 1M*0�vC!* I ",*M*�-DC<*�-'*x|!%
CS%�1iUa=01z",1z*�#)� ;,-!`��)(,*:K$�.1M��4 � �,*0� I "$*J�.Ud*�($*�FG%2%��?�g*��.�'*�1M%?($�2�w�)�!�)%�#^W

} ��*0�.�!*01@%+($�i�:�)�'�&%�#m��%+AB���!1M%JC<*0�,-!�.�'�&%�#cb9*01 "$1 �'*0AB*��'*��,�0�&%�#n*�1 �!��C<%�FG���+���.1 P.*�# �9�0�)(�%�(,*
Ω��%E(,� �!*�F����?�����E=��

Wij + Ω2 (Iij − δi3I3j) + Pij = 0
� � Wp���

�.�,($*V%�- I "�%��5C<� (�%�(,*0-
Wij

b
Iij

*
Pij

�!*�;$�!*�-'*��5CS%�1 �!*�-';a*0�0C!� P�%�12*��5C<*H�.-iC!*��,-'�.�!*0-?(,*H*��,*0�!4.�)%
;d��C<*0�,���)%�#^b91M�.12*��5C!�E(,*/�)�,=0�!���)%E*>;,�!*0-!-<���,bm�.- I ",%��)-]-!���M(,%�(,�.-r;d�.���

Iij =

∫

ρxixjd
3~x

� � W
	.�

Wij = −1

2

∫

ρΦijd
3~x

� � W��5�

Pij =

∫

σ2
ijρd

3~x = Mσ2
ij

� � W��5�

-!*0�,(,�
ρ

%>(,� -'C<�'�)U,"$�)FG���>(,*r1@%�-'-<%$b
σij

%>(,� -!;d*��!-!���L�)�5C<*0�!��%>(,*rP.*0#)�[���)(,%�(,*�-u*
M

%/1M%�-'-<%>C<��C<%�#^W
} ��%�12;a�?4.�!% P[�pCS%��0�)�.��%�#

Φij

4�*��<%�(,�?;a*0#&%E(,�)-DC<�'�)U,",� FG���E($*L1M%�-'-<%E(,*�-'���'� CS%?%��0�)1M%i=��

Φij = G

∫

ρ(x′)
(xi − x′i)(xj − x′j)

|~x− ~x′|3 d3~x
� � W � �


 1M%:P.*0� I ",*Y�.-uC<*0�,-!�.�'*�-_-<���/C<�[(,�.-l-'�)12=0C<�'�)�0�.-�b5�'*�-!"$# CS% I ",*3%�-��,�,� �G%�-l* I "�%�F�q[*�-_�)�,(,*0;a*0�,(,*0�9�
C<*0-r-<�����

W11 + Ω2I11 + P11 = 0
� � W �5�

W22 + Ω2I22 + P22 = 0
� � W
�.�

W33 + P33 = 0
� � W��5�

� ���'CS%��vC!�,b_% �,�.-'-<%�K,�);d`�C!*�-!*@U�6�-!� �G% =H% ($* I "$*�CS%��5C<� %�-E(,"�%�-i*0-'C!�!"$C!",�<%�-?� �,�)�0�&%�� -�bg���.12� %
*�-DC<�'"$C<",�!%?e,��%�#�4.*0�<%�(�%E�,�2;,�'�9�0*�-!-'�M($*/AB"$-<���2�.Ud*�(,*0��*�1�%E*0-'CS%�-Y* I "�%�F�q[*�-0W

� �
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} �G%�-!�i(,*3�)�5C<*0�!*0-!-!*w-<���J�.-t*0#)�);$-!`.� (,*�-l(,* �.%����.U$� I ",*YC � 1��.-lC<� � -Z*0�p79�.-_(,� AB*0�!*0�vC!*�-:�
a1 ≥ a2 ≥

a3

�QWMk3*0-'C<*M�G%�-'�,b�%�-/* I "�%�F0q9*0-+(,�V�:� �!�&%�#s(,*QP.*�1 -!*0�J-!%�C<� -'AB*0� CS%�->���.1 %�-/-'*�4.",� �5C<*�-L�����,(,�)F0q9*0-
-!"$;,#)*01M*0�vC<%��!*0-�b��.�$(,*/�.-r���[*0e��0�)*��5C!*�-

Ai

-<���EAB",�$F�q[*�-Y(�%E*�#)� ;$C<� ��� (�%�(,*3(,�M-'�)-DC<*�1M% �

Wij = −2πGρAiIij
� � W �.�

Iij =
1

5
Ma2
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AB�.�'1@%�F����H(�%�-/;,�'�)12*�� �<%�-:*0-'C!�!*�#)%�- I ",*2K,�8|'*?K�%�U,�pCS%�1 �.-/*�-DAB*��!`��)(,*0-�W �u-'CS%V;d�9(,*iC!*��/�[���.�'�!�)($�
Ud*�1y%��5C<*�-0bu;,�!� P�%GP.*0#)12*��5C<*�*01

z > 3
W }o;d�.�5C<��U,6�-!� ���N�$��*��5CS%��5C!��= I ",*V%�-+%�C<"�%��)-+4.%�#&68�

79�&%�-Y*�-';,�)�!%��)-0ba�0�.1o�.-3-!*�"$-:K�%�# �.-u|!6?AB�.�!1M%�(,��-�bm(,*0P�*�1�C<*0�w-!*LAB",-!� �.��%�($�@;d*�#&% �,#pC<�)1M%iP.*0�i;a���
P.��# CS%T(,*

z = 0, 70
bs4�*��<%��,(,��%�-+���.�,($�)F�q[*�-J;�%��!% %OAB�.�'1@%�F����T(,�.-i(,� -!�0�.-+*0#)j);9C<�)�0�.- I "$*�K,�8|'*

�.U,-'*��DP�%�1M�.-0W
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�w�,%�#)� -<%��,($�>%�-~(,� -'C!�!�)U$",�)F0q9*0-s(,*Z�!%���q[*�-~%879�&%�� -~%�;�%��!*��5C!*�-u(,* ∼ � � ! !w45%�#)6879�&%�-g*�-';,�)�!%��)-~($� � � � �
�,`.-/�0�.�,��# ",j)12�.- I ",*2",1�12�[(,*�# �H(,*?*�-'AB*0�!`.� (,*EC<�'�&%879�&%�#�-'*@%�|'"$-'CS%V12*�#)K$�.����-/�.U,-'*��DP�%�F�q[*�-L(,�
I ",*L�212�[(,*�# �i�.U,#)%�C<�,W

�w1+Ua�.-r�.-r12�9($*�#)��-]4.*��!%�1\(,� -'C<�'�)U,"$�)F�q[*�-]-'�)1i"$#&%�(�%�-](,*J�!%���q[*�-Y%879�)%��)-r%�;,%��!*0�vC!*�- I ",*+-'*J�0�.1?�
;�%��!%�1�Ua*01 �0�.1��iK,� -'C<��4.�<%�1M%/�.U,-!*0�'P�%�(,�E*w�����+($� AB*��'*�1 1i",�pC<�L*��5C<�'*:-!�cb$*Q79�0*0C<�E�$�.- �,#pC<�)12�.-
�)�5C!*��'P�%�# �.- I ",*Z�����!�!*0-!;d�.�,(,*01 ��-s45%�#)6879�&%�-h%�;,�!�G79�)1M%�(�%�12*��5C!*X�0�)�!�0",#&%��!*�-0WskY*�-DCS%w�'*�4.�)���,b8�9�0�.�!�'*
",1M%J(,� 1M� �v",�)F����>;,�!���["$�,���)%�(�%J*3-!� 4.�,� e,�G%�C!� P�%>(,�+� �,12*��'�i(,*Y45%�#&6�7$�)%�-l*:%�-_;,�'*0P[�)-'q9*0-t(,�.-X(,�.� -
12�9(,*0#)�.-s-!*r%�A %�-DCS%�1TbQ|!6 I ",*r�/1M�[(,*�# �:�.U,#)%�C<�>=]� �,�G%�;�%��](,*r%��0�.12;�%��,K�%��~*�-'-<% I ",*0(�%L%�U,�!"$;$CS%$W

}�12�9(,*0#)�]C<�'�&%879�)%�#5%�# =�1 (,*_-!*0�s*0-'CS%8C<�)-DC<� �G%�12*��5C<*l1M%��)-h-'�)4.�,�pe��G%8C<� P��,b C<*0�,(,�w"$1
χ2

Ua*01 1M*0�,�.��b
CS%�1iUa=01	=r�G%�;�%��](,*r�!*0;,�!�[(,",�0�)�u�0�.1���%�C!",�<%�#)�)(,%�(,*]%>�,��C<6GP.*�#,A %�# CS%:($*]�.U[|'*0C!�.-_%�;�%��'*��5C<*01M*0�5C<*
��� �!�0",#&%��'*�-0W }�12�9(,*0#)� �.U,#)%�C<� A %�#)K,% -'�)-'C!*�1M%�C<� �G%�12*��5C!*O*01 �'*�;,�'�9(,"$���)�2*�-DCS% ��%��<%��0C<*0�!j -'C<� �G%$b
;,�'*0P.*0�,(,� -!*01M;$�!*H",1 � �,1M*0�!��1M%��)���L($*H45%�#&6�7$�)%�-L%�;�%��'*��5C<*01M*0�5C<*H��� �!�0",#&%��'*�-i($� I ",*H� I ",*
�!*�%�#)12*��5C!* -!*��.U$-!*��DP�%$W���-DC<� �0�.�$e�4."$�<% ",1M% �)�,($�)�G%�FG��� 1+",� C!� AB�.�DC<* (,* I ",*���-H(,�)-'���.-�(,%�-
45%�#)6879�&%�-Y*�-';,�)�!%��)-3-!*�|!%�1 ($*+A %�C<�@�����������)�'��",#)%��!*0-�bd1@%�-:-!� 1 � �5C<�!� �,-!*0�G%�12*��5C!*i*�# j);$C!�)����-�bm1M*0-!12�
I "�%��,($�2P[�)-DC<�.-r(,*>A %��0*�W

} �0�.1M;d�.�DCS%�12*��5C<�H(,%HAB"$�,FG���T(,*?(,� -'C<�'�)U,"$�)FG���H4.*��!%�(�%V;a*0#)�.->(,���)->12�9(,*0#)�.-w=2�0�.12;,�!*0*��,-'j P.*0#
��%?1M*0(,�)(,%?*01 I ",*J�?12�9($*�#)�EC!�!�&%�7$�)%�#n*QP[�)(,*0�vC!*�12*��5C<*L�����M%�(,12� C!* I ",*J1+",� C<%�-]45%�#)6879�&%�-Z;d�.-x�
-<%�1 -!*��+%�;�%��'*��5C<*01M*0�5C<*@�0�)�'��",#)%��!*0-�W��Ye���%�#cb�-'*M�.-L(,� -!����-J(�%�-+45%�#)6879�&%�->-!���N� �5C<�!� �,-!*0�G%�12*��5C!*

�9�



*�# j);$C!�)�0�.-�bu12*�-'1M� I "�%��$(,� P[� -'C<��-E(,*�A %���*�bX*0#)*0-E������C<*0�<��� %�;�%�� � �$���&% �0�)�'��",#)%���W ��",1 ($�)-!�0�
;,�'�8|'*0C<%�(,� �v",�,��% ;�%��'*���*@-!*��+1@%�� -J�0�)�'��",#)%��J($� I ",*��!*�%�#)12*��5C!*@= � �." -!*x|!%9bl%N�<%�������%879�)%�#l(,*
",1 (�%�($�O(,� -!�0�N-!*01M;$�!*@($�)1i",�v",�l*01 ;,�!�8|'*0FG���$W �u�5C<�'*0C<%��5C<�,b�1M*0-!12�N�,�O1M�[(,*�# �HC<�!�)%879�&%�#cb��
� �,12*��!� (,*N4.%�#&6879�)%�-E���.1 �!%��G��� %879�&%�#3%�;�%��!*0�5C<*

b
*0�5C<�!* !$b � � * �.b ! !$bZ;d�.�2*Q79*�12;,#)�$bt����� =

*Q7$%�C<%�12*��5C<*?�v",#)�H;d�.� -�b -'*M%H(,� -'C!�!�)U$",�)F�����(,*E�!%���q[*�->� �vC!�!j �,-!*0�G%�->=?45%�"$-!-!�)%���%$bn;a�[(,*�1 *Q79�)-DC<� �
%�# 4.",1M%�-3;d�.",��%�-:45%�#&6879�&%�-Y�0�.1 �<%��������)�5C!�!j)�$-!*���%

p
%��'U,� C!�<%��'�&%�12*��5C!*L;$�!`G79�)1M%M(,*���bn(,*i12�[(,�

I ",*J%�#)4."$1@%�-X45%�#)6879�&%�-0b$(,*0�vC!�!*L1M� #)K�%��!*�-0b$�'*G%�# 1M*0�vC!*:C<*0�,K�%�1
b = 1

W

�.6i�?1M�[(,*0#)�+��U,#&%�C!�i-!"$;aq[* I ",*:C<�[(,�.-]�.-t(,�)-'���.-]-!���E*Q7$%�C<%�1M*0�5C<*/��� �!��"$#&%��'*�-�W~k3*�-DC<*/�G%�-!�,b,�,���
K�6N�!%��G���N;d*�#&% I "�%�#X(,*0P�*�-!-'*HK�%GP.*0�i1@%��)-/45%�#)6879�&%�-/����1

b
;,�'`G7$� 1M�O(,* !9b � � (,� I ",*@(,* !$b � � b

;d�.�M*f79*�12;,#)�,W � �.�2�)-!-'�,bZ��%�-MAB",�,F0q9*0-@(,*O(,�)-DC<�'�)U,",� FG��� (,*
b

;,�!*QP9� -'C<%�-M;d*�# � 12�9($*�#)� �.U$#&%�C!�
�����M�9�0�.�!�'*J"$1@% I ",*�(�%�U$�!",-'�G%@(,�M� �,1M*0�!�M(,*+45%�#&6879�&%�-];a*0�'C<�@(,* !9b �$Wr�Ye���%�#cbd-'*i%�-Y45%�#)6879�&%�-
��� �!�0",#&%��'*�-?*�-DCS��� %�#)*�%�C<�.�'�&%�12*��5C!*��.�!� *��5CS%�(�%�-�bZ% AB�<%�FG��� (,*�#)%�- I "$*N-!*O1M��-'C<�!% I "�%�-!*N($*TA %��0*
�����vC!�!� U,",� �0�.1\�.U[|'*QC<�.- I "�%�-'*L�0�)�'��",#)%��!*0-�b,(,*

b ' 1
W

k3`�-Y��U$C<�pP.*�12�.-]�2�!*0-!",#pCS%�(,�?(,* I ",*L�.-r*�� 7$��-Y($�2;$#&%��,�?(,�2(,� -!���?*0-'CS���M��%?�<%��G���
p = 0, 849 ±

0, 063
W�� %�# C<%�1M*0�5C<*Y�)12;,�!� P�6GP.*�# I ",*>%/A %�# C<%L(,*w�.U[|'*0C!�.-t�0�)�'��",#)%��!*0-X-'*x|!%i",1�*0AB*0� C!�+(,*3-!*�# *�F����,b

|!6 I "$* CS%�1iUa=01 *�-DCS6 ;$�!*�-'*��5C<* ��%�-T1M*0(,�)(�%�-T;$�!� P.*0�,�)*0�vC!*�- ($� � � � � WYkw% �$�.-!-!%
%�12�.-'C!�<%$b
%�(,��CS%�12�.-h",1 ;,�'�9�0*�(,� 1M*0�vC!�3�0�!�pC<*��'�)�.-'�3;,%��<%r1M*0(,�)�h��%�(�%34.%�#&6879�)%r� �,(,�pP9� (,"�%�# 1M*0�5C<*~*X%�-g�,�.-!-!%�-
12*�(,� (�%�-�b I ",*N����� (,�pAB*��!*01 -!",U$-'CS%��,���)%�#)12*��5C<*T(�%�-2;,�'��P�*��,� *��5C<*0-�(,� � � � � blC � 1 �)�,�0*��'C!*���%�-
12=�(,�)%�-]1M*0�,�.�'*�- I ",*L�?C<%�1M%��,K,�?(,�.-r� �vC!*��DP�%�#)�.-Z($�.-rK,�)-DC<�.4.�!%�1M%�-]%�(,��CS%�(,��-�W

� %���6�#)�)-'*w(�%�-]45%�#&6�7$�)%�-_U�%��!�!%�(�%�-]*w��������U�%��!�!%�(�%�-t-!*�;,%��<%�(,%�1M*0�5C<*>�����?�,��-Z;a*0�!12� C!�)"��0�.�,��# ",�)�
I ",*r",1M%:(,*�-DCS%�-l-!"$U9���0#&%�-'-!*�-_%�;$�!*�-'*��5CS%�-!-!*rC<�'�&%879�)%�#)� (�%�(,*_-!� 4.�,� e,�G%�C!� P�%�12*��5C<*_(,� AB*0�!*0�vC!*r(�% I ",*�#)%
(�% %�12�.-'C!�<% ���.12;,# *0CS% (,* *�-';,�)�!%��)-0W�� -'*�;�%��<%�F�����(�% %�12�.-'C!�<% *�1 -'",U$C!�);d�.- � %$b � U * � �
12�.-'C!�!�."9��-!*J�)4."�%�#)12*��5C<*L�)�,�0�.�,�0#)",-'� P�%$bn�,%�1M*0(,�)(�%2*�1 I "$*�b �0�.1�*0-'C<*0->(�%�(,��-�b ������=E;a��-!-!jpP.*0#
%�e��'1@%�� I ",*J*f79�)-'C<%E",1@%E(,*0;a*0�,( � �,���)%M(�%iC<�'�&%879�)%�#)� (�%�(,*Y���.1\%?12�.�DAB�.#)�.4��&%$W

�ZC<�!%GP.=�-Y(,*>",1M%E%�Ud�.�!(,%�4.*�1 %���%�#)j C!�)��%J-!� 1M;$#)� e,�G%�(�%9b[�$`.-r;,�!�.;$",-!*01M�.-]"$1@%i(,*0-!�0�!�)F����?(�%iAB�.�D�
1M%�FG����($*HK�%�#)��-i*�-'��",�'�.-2C!�!�)%879�&%�� -J�,� �0�.�5C<*Q7[C!� (,*V�0�.#)� -!q[*�-i(,*H;$�!��C!�.45%�#)6879�&%�-0W �3-!-'",1M� 1M��-
I ",*Y%>*�-'C!�!"$C!",�<%/(,*0-'CS%�-_;$�!��C!�.45%�#)6879�&%�-�;,",(,*0-!-!*3-!*0�u�<%��0�5%GP.*�# 1M*0�5C<*Y%�;,�'� 79� 1@%�(,%:;a�.�s*�#)� ;,-!`��)(,*0-
K,�.12�.4 � �,*���-�b$�0�.12;a�.-DC<�.-t(,*:",1 456�-Z($*>;�%��'C!j)�0",#&%�-_�����8������#)�)-'�)�.�,%��)-0WskY��CS%�12�.- I "$*>%+AB",-<���E(,*
(,"�%�-w*�-DAB*��!%�-w� ( � �5C<� �G%�-0ba;d�.�Y���.�$-!*��DP�%�FG���@(�%M*0�,*��'4.�&%2*J(,�@1M�.12*��5C!�,b�;a�[(,*L�!*0-!",#pCS%��Y*�1�",1M%
*�-DC<�'"$C<",�!%OC<�'�&%879�)%�#^WHkY*�-DC<*��0*���6��'�)�,bs%TAB�.�'1@%T(,�N��U[|'*0C!� �!*0-!",#pCS%��5C<*M�����O=@1i",�pC<�O-!*��$-!j P�*�#t%��
;�%��!{�12*0C<�'�/(,*3� 1M;,%��0C!�,b.1M%�-l(,*�;d*��,($*w;,�'�)�,�0�);�%�# 1M*0�5C<*Z(�%L�<%������L*��5C<�'*w%/(,�)-';a*0�!-!���J� �5C<*��'��%/(,*
P.*0#)�[��� (�%�(,*0-L(,%�-/;�%��'C!j)�0",#&%�-w(,�O*0#)� ;,-!`.� (,*i*2%HP.*�# �9�0�)(�%�(,*E�!*0#&%�C!� P�%�(,*2%�;,�'� 79� 1@%�F����H(�%�-/(,",%�-
*�-DAB*��!%�- I ",*:-!*:AB"$�,(,*�1TW � %��<%i;,�'�9($",��� �t45%�#)6879�&%�-_����1z%JC!�!�)%879�&%�# �)(�%�($* I "$*>�,`.-Z�.U9C<� P�*�12�.-t(,%�-
12*�(,� (�%�-t($*>�)1M%�4.*��$-X(,� � � � � b,*0-'C<%�-ZAB",-!q[*�-]($*0P.*01zC<*0�Z�[���.�'�!�)($�+����1 P�*�#)�[��� (�%�(,*0-Z(�%i�.�'(,*�1
(,* ∼ � � !O1���-0W 
 C<� #)� �G%��,($�H*�-'C!*MP�%�# �.��bh�,`.-J���.�$��#)"$j)12�.- I ",*@�.-L(,� -!����-+(�%�-L45%�#)6879�&%�->*0-!;,� �<%�� -
(,*QP.*�1\C!*��r-!*>AB�.�'1@%�(,�E�,�2�!*�($-!K,�pA C

z ' 0, 69 ± 0, 32
W
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 1M% (,*0���.�'� � �$���&% (,*0-'C!* C<�<%�U�%�#)K$� =�% ;a*0�!-!;d*��QC<�pP�% ($* %�Ua�.�'(�%��M� *0-'C!",(,� (�% (,�)�,{�1M� �G% (,*
45%�#)6879�&%�-YU�%��'�<%�(,%�-:�,�H�0�.�5C<*Q7[C!�H(,*EK�%�# �.-3C!�!�&%�7$�)%��)-0W>}�;d��C<*0�,���)%�#s4.�!%GP9�pCS%��0�)�.�,%�#h(,��K�%�# �,bn�,���
-!*0�,(,�2*�-DAB=��!� ���,b$(,*0P�*L� ����",*0�,���)%��Z-'�)4.�,�pe��G%8C<� P�%�12*��5C!*w%E(,� ��{�12�)�G%L(,�?(,�)-'���E*0-'C<*0#&%��0b,�,� I ",*/(,� �
�!-'*�;d*��pC<�E%���-tU,�!%�F��.-X*�-';,�)�!%��)-_*��+U�%��!�<%9b9-'�.U,�!*w% I "�%�#a*�-'C!*:K�%�# �+%�-!-!� 1M=QC<�'�)���J*Q79*��'��*0�!�&%LC<�.� I "$*�-
�����H�v",# �.-�W>��AB�.�!1M%�FG���@*i*QP.�.# ",FG���H($*EU�%��!�!%�-:(,*QP.*E*0-'CS%��:�)�5C<� 1@%�1M*0�vC!*J# �)45%�(�%@%��@;a��C!*��,�0�&%�#
(,�EK�%�#)�,bv*�1+Ua�.�!%+*�-DC<*>�����i-!*�|!%i*0P[�)(,*0�5C<*�12*��5C!*>� �,�,�)�0�+A %�C!�.��W � �)1i",#)%�F�q[*�-_�v",12=��!� �G%�-X(,*wA %�C!�
-!"$4.*��'*�1 I "$*�K�%�# �.-LC!�!�)%879�&%�� ->;a�[(,*�1 � �,(,",�0�)�J%OAB�.�!1M%�F����O($*@U�%��'�<%�-�� �/%�(,��C'C<���o(,* � �.",�G%9b
	 ! !��5�QW��w#)=01	(,� -!-'�,bv-!*3%/($�)-'C!�!� U,",�)F����>(,*r1M%�-!-!%L(,�L(,� -!���/�����LC!*�1�-'�)12*0C<�'�&%>%��0�)1i"9CS%�# ���t� �,�,*
	
�\�g�!*�1M%�� �,*�b_� �.���5�/%HC<*0�.�!�)%T($*@�.�,(,%�-J($*@(,*0�,-!� (�%�(,*2(,* ��� ��� � Kv" �x� �.���$b_�G�.�.�5�fb�-'�.U,�!*@%
AB�.�'1@%�F����@($*iU,�<%�F��.-:*0-!;,� �<%�� -�ba;,�!*0���)-!%@-!*0�/%�(�%�;9CS%�(�%M*i(,*0P�*iC<*0�:�)12;,#)� �G%�F0q9*0-r�!*�# *0P�%��5C<*0-:;�%��!%
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S

;�%��<%
S ′

=/*��5CS���?(�%�(�%2;d�.� �





x′

y′

z′



 =





1 0 0
0 cos θ sin θ
0 − sin θ cos θ









cosφ sinφ 0
− sin φ cosφ 0

0 0 1









x
y
z




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�
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



x
y
z



 =





cosφ − cos θ sinφ sin θ sinφ
sin φ cos θ cos φ − sin θ cosφ

0 sin θ cos θ









x′

y′

z′




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x

b
y

*
z

(�%�(,��-Y;d�.�L�B�Y� �.�X*�1 �B�Y�<���Qb$C!*�12�.-��

(x′ cosφ− y′ cos θ sinφ+ z′ sin θ sinφ)
2
+

+
1

p2
(x′ sinφ+ y′ cos θ cosφ− z′ sin θ cos φ)

2
+

1

q2
(y′ sin θ + z′ cos θ)

2
= a2

�B�Y� �5�

� *0-!*��5P��.# P�*��,(,�

x′2 cos2 φ− 2x′y′ cos θ sinφ cosφ+ y′2 cos2 θ sin2 φ+ z′2 sin2 θ sin2 φ+

+ 2x′z′ sin θ sinφ cosφ− 2y′z′ sin θ cos θ sin2 φ+
1

p2
( x′2 sin2 φ+

+ y′2 cos2 θ cos2 φ+ z′2 sin2 θ cos2 φ+ 2x′y′ cos θ cosφ sinφ+

− 2x′z′ sin θ cosφ sinφ− 2y′z′ sin θ cos θ cos2 φ ) +

+
1

q2
( y′2 sin2 θ + z′2 cos2 θ + 2x′z′ sin θ cos θ ) = a2

�B�Y� � �

*L%�4.�'",;�%��,($�2��-rC!*��'1M�.-]*01\;d��C � �,���)%�-](,*
z′

;a�[(,*�12�.-]*0-!���'*0P�*��w�r� � ����1M���

f z′2 + g z′ + h = a2
�B�Y�x�.�

(,*Qe��,�)�$(,�
f

b
g

*
h
�

f ≡ sin2 θ sin2 φ+
1

p2
sin2 θ cos2 φ+

1

q2
cos2 θ

g ≡ sin θ sin 2φ

(

1 − 1

p2

)

x′ + sin 2θ

(

1

q2
− 1

p2
cos2 φ− sin2 φ

)

y′
�B�Y� ���

h ≡
(

cos2 φ+
1

p2
sin2 φ

)

x′2 +

(

1

p2
cos2 θ cos2 φ+

1

q2
sin2 θ + cos2 θ sin2 φ

)

y′2 +

+ sin 2φ cos θ

(

1

p2
− 1

)

x′y′

k3�w-!�)-DC<*01@%
x′y′z′

b."$1��.U$-!*��DP�%�(,�.�sP�*��'�&%:%w($�)-'C!�!� U,",�)F����w($*ZU,�!� #)K,�Y�)�5C!*�4.�!%�(�%:%��w#)�.�,4��w(�%w# �)�,K,%
(,*>P[�)-!%�(�%

z′
�

Σ(x′, y′) =

∫ +∞

−∞

I(a)dz′
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ao

�fb$CS%�# I ",* da
dz′

= 0
W � ���.1z% � I "�%�F����M�r�x�$b9C<*�12�.- �

2a
da

dz
= 2fz′ + g

2fz′ + g = 0
� �Y���5�

zo = − g

2f

� �r�S�"!5�

�����!�!*0-!;d�.�,(,*0�,(,�@%?"$1\;a���vC!�?(,*/1Mj �,�)12�V�
zo

�QW � |!6 I ",*

a(z′) =
(

fz′2 + gz′ + h
)1/2 � �r�S�.���

*��5C<���

a(z′o) =
(

f g2

4f2 − g2

2f
+ h
)1/2

a(z′o) =
(

h− g2

4f

)1/2 � �r�S� 	.�

� � I ",%�FG���2�Y���E;a�[(,*/%�� �,(�%E-!*0�Y*0-!�0�!� C<%E���.12�

z′2 +
g

f
z′ +

h− a2

f
= 0

2z′ = − g
f
± 2√

f

√

g2

4f
− h2 + a2

� �r�S� �5�
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a
�

dz′ =
1√
f

(

a2 − a2
o

)−1/2
da

� �r�S� �5�

�g*�12�.-r*��5CS���

Σ(x′, y′) =
2√
f

∫ ∞

ao

I(a)(a2 − a2
o) a da
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ao

b5�!*�-'",# C<% I ",*Y%�-~��"$�'P�%�-u(,*
ao

�����,-'C<%��5C<*
C � 1 �312*�-'1M�rU,�'�)# K,�r*_*01 ���.�$-!* Iv�,� �,���)%w(,*0-!���'*0P�*�1 ",1@%]� -!��AB��C<%$W � �.�g*�-DC<*_1M��C<� P��,b8%�-h�)-'��AB��CS%�-
P[�)-DCS%�-r;d*�#)�E��U,-!*0�'P�%�(,�.�r-!���M($*�-!�0�!�pCS%�-r;d*�#&%i* I "�%�FG���

a2
o = h− g2

4f
=

4fh− g2

4f

4fa2
o = 4fh− g2

� �r�S� �5�

�u1\-!*04.",� (�%$b�-!"$U,-'C!� C<"$j)12�.-]%�-r* I "�%�F�q[*�-Y�Y� �i*01\�Y�<� �$W

4fa2
o = 4

(

sin2 θ sin2 φ+
1

p2
sin2 θ cos2 φ+ +

1

q2
cos2 θ

)[(

cos2 φ+
1

p2
sin2 θ

)

x′2+

+

(

1

p2
cos2 θ cos2 φ+

1

q2
sin2 θ + cos2 θ sin2 φ

)

y′2 + sin 2φ cos θ

(

1

p2
− 1

)

x′y′

]

+

−
[

sin θ sin 2φ

(

1 − 1

p2

)

x′ + sin 2θ

(

1

q2
− 1

p2
cos2 φ− sin2 φ

)

y′

]2
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fa2
o =

[

sin2 θ sin2 φ cos2 φ+
1

p2
sin2 θ sin4 φ+

1

p2
sin2 θ cos4 φ+

1

p4
sin2 θ sin2 φ cos2 φ+

+
1

q2
cos2 θ cos2 φ+

1

p2q2
cos2 θ sin2 φ

]

x′2 +

[

1

p2
sin2 θ sin2 φ cos2 φ cos2 θ+

+
1

q2
sin2 φ sin4 θ + sin2 θ cos2 θ sin4 φ+

1

p4
sin2 θ cos2 θ cos4 φ+

1

p2q2
sin4 θ cos2 φ+

+
1

p2
sin2 θ sin2 φ cos2 φ cos2 θ +

1

p2q2
cos4 θ cos2 φ+

1

q4
sin2 θ cos2 θ +

1

q2
cos4 θ sin2 φ

]

y′2+

+

[

sin 2φ cos θ

(

1

p2
− 1

)

sin2 θ sin2 φ+ sin 2φ cos θ

(

1

p2
− 1

)

1

p2
sin2 θ cos2 φ+

+ sin 2φ cos θ

(

1

p2
− 1

)

1

q2
cos2 θ

]

x′y′ − 1

4

[

sin2 θ sin2 φ

(

1 − 1

p2

)2]

x′2+

−1

4

[

sin2 2θ

(

1

q2
− 1

p2
cos2 φ− sin2 φ

)2]

y′2 − 1

4

(

2 sin θ sin 2φ

(

1 − 1

p2

)

sin 2θ

(

1

q2
+

− 1

p2
cos2 φ− sin2 φ

)]

x′y′

� �r�S� �5�

�]bm%�4.�'",;�%��,($�2��-rC!*��'1M�.-0b$e���%�1M��-Y�0�.1 �

a2
o =

(

j

f

)

x′2 +

(

2k

f

)

x′y′2 +

(

l

f

)

y′2
� �r�S� �5�

�.�,($*
j
b
k

*
l

-!���EAB",�,F�q[*�-Y(,*
θ

b
φ

b
p

*
q
�

j ≡ 1

p2
sin2 θ +

1

q2
cos2 θ cos2 φ+

1

p2q2
cos2 θ sin2 φ

k ≡
(

1

p2q2
− 1

q2

)

cos θ sin φ cosφ
�B�Y� 	 !5�

l ≡ 1

q2
sin2 θ +

1

p2q2
cos2 θ
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x′

*
y′

W � *J%�;,# �)��%��!12�.-]",1M%2�'��CS%�FG���
ψ

%��M�'*�(,���3(,�M*�� 7$�
z′
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x′′

Wlk3*�-DC<*>-'�)-'C!*�1M%
x′′y′′z′′

b9",1@%J*�#)� ;,-!*w%��!U$� C<�!6��!�)%J(,*w�<%������E%879�&%�#
b

C<*��!6
%E* I "�%�F����

x′′2 +
y′′2

b2
= a2

� �r� 	9���

� C<�!%��,-'AB���!1M%�FG���E($�2-'�)-DC<*�1M%
x′y′z′

%��?-!� -'C!*�1M%
x′′y′′z′′

;d�9($*>-!*��r*0-!���'� C<%2�0�.1M� �

x′′ = x′ cosψ + y′ sinψ

y′′ = −x′ sinψ + y′ cosψ
� �r� 	 	��

z′′ = z′

� ",U$-'C<�pC<",� �,(,�2%�-r* I "�%�F�q[*�-Y�Y� 	�	+*�1\�r� 	9�>e���%�1M��-]���.1

(

cos2 ψ+
1

b2
sin2 ψ

)

x′2+

(

2 sinψ cosψ− 2

b2
sinψ cosψ

)

x′y′+

(

sin2 ψ+
1

b2
cos2 ψ

)

y′2 = a2

� �r� 	��5�
�t�.12;�%��!%��,(,�?�Y� 	��i����1\�Y�<� �$b,� (,*��5C<�pe��G%�1M�.-t�.-]C<*��'1M��-]-!*�4�",�)�5C<*0-��

a2 j

f
= cos2 ψ +

1

b2
sin2 ψ

a2 k

f
=

(

1 − 1

b2

)

sinψ cosψ
�B�Y� 	 �v�

a2 l

f
= sin2 ψ +

1

b2
cos2 ψ
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φ
�

1

b2
− 1

1

b2
+ 1

=
±
√

(j − l)2 + 4k2

(j + l)

� �r� 	 � �

1

b2

[

±
√

(j − l)2 + 4k2 − (j + l)
]

= −(j + l) ∓
√

(j − l)2 + 4k2
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b =

√

(j + l) ∓ [(j − l)2 + 4k2]1/2

(j + l) ± [(j − l)2 + 4k2]1/2
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j
b
k

*
l
b$(�%�($�.-t;d*�#)%�-t* I ",%�F�q[*�-Z�r� 	 !9b
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p

*
q
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θ

*
φ

W
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