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Emin
µ = mµγc2 ≈ 160
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mµ = 105.65 MeV .
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I>=@9�A��5?7F�l��:9�F��+²tR =@P�DfI>DCB7DCA'=G?JH�F H��X9�A¤=@?7��D]NbDC;>?JH5��IUH��[�<9�;G?J9�²�B7D�IGH�c!;GACD'IC4�WXP�?7IU=@P!DCIG?7IT?JI
��H5ACc!IGDC�]H�F�=@P�DX��D¤��DCBJH�N�\]DCF/= H��z9yIGH�c�;>ACD{I>=@9�A��5?7F�lU9�F�9�B�R5IG?JI¨H��bKMe_�«9�F!�]?�=@IQ9�N�N�B7?JAC9<=@?7H�F
=@H���9<=@9�A'H�BJB7DCA¤=@D'��²tRaKE�~K&�&�XKZ4
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+�12'3�

ν + N → l + X
=�F�,����.�

l
1G/�+�,��IH2��#"+.'3��'*)J+�,��-/K7*LM�ON�7CPQ'3�R73/�+�,��-����;"+���1G��'QAES"+�,��-����;"+��07*H

%�;"���.���<+M=�T6?�AU�.�C73%�+�12'3�
ν + N → ν + X

7*�� V+�,��W/�;"LX'*)ZY$'3+�,[%��.'�/./-/.�&%�+�12'3��/]\_^67*�8`�a
bdc(e�,��
?�?f7*�� �T6?g7*�<+�1hD@����;"+���1G��'i�<;�%�H2�&'3�j%��.'�/./R/.�&%�+�12'3��/I7*�.�(/�Lk7*HGH2���RY<�:7l)@73%�+.'3�R'*)m7*Y$'3;"+InM7*+UH2'oF
����������12�&/i=

E ≈ 10
^6�dp6AEc�q�+6Hr7*���9�]����;"+���1G��'�����������12�&/CS

E > 106 ^-�dplSs+�,��M%��.'�/./(/0�&%�+�12'3��/>7*�.�
7*#"#"�.'Ctu1GLk7*+.��HG�:�&v<;87*H@c
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46587:9<;�=?>A@�BC@�5D7:9E5GF'HI5JBC=89LKM4N>AF3OP@RQS=G7STU=�VLW�XY7ZBEHUVL9C[IW�HUX]\^=JQSV.@�[I=J[_7ZW�`bac=8587:XZ9E[d7:TU=e [I9E;�=8QSXS=Rf 43[�@�5D7:9<;�=dg�@RBh@$ibj�9CXk@R[+W�`bac=J5D7klmTU=8QS=	@nXSHU\^=8QSV.@�XSXc9E;�=d`UBh@�5po�TUW�BC=qWRr
106 − 1010M¯ sut + v�w$x 9C[�7STU=.5J=J[�7:=8QyW�rm@Zg�@�BC@$ibjz9CX{@R5J5JQc=87S9C[Ug|V}@R7c7:=8Q{@R7y@|TU9Eg�T?QS@R7:=Rf~ TU=�@�585JQS=D7:9EW�[}Q:@R7S='9CX�`^=JBE9C=8;�=8�}7SWy`^='7:TI=3QS=8XSHUB<7�W�r�@{QS=85J=8[_7�g�@�BC@$ibj�V.=8QSg�=8QJf ¢ [}4'> F{�b@\�@�QY7�WRr�7:TI=Ng�Q:@�;�9<7p@R7S9EW�[�@RBU=8[U=JQcg�j�W�r�7STU='@�5J58QS=D7:=J�}V.@R7S7S=JQ�9EX�5JW�[�;�=JQY7:=J�}9C[�7:W

γ
QS@��U9h@$7:9EW�[0f4N>AFd@�QS=m5J@�[U�I9C��@R7S=JX�r�W�Q�7:TU=m=8V.9EXSXS9EW�[�W�r�5pT�@�Qcg�=J�]���mX�@R[U�L[U=JHI7SQS9E[UW�XJf ¢ [L7STU9CX�5pT�@�\I7S=JQJ�7:TI=�\UQcWb�UHU5D7:9CW�[zW�r�TU9Cg�Tz=8[U=JQcg�jG[I=JHI7SQS9C[IW�X�9CX��U9EXS58HUXSXS=8�?9C[G�U=D7p@�9EB�9C[GW�Qc�U=JQ�7SW�5JW�V.\^W�XS=X:@RV.\UBE=JX6W�r�4'> Fn5JBC@�XSXc=JXJf

~ TU=�XS=8BC=J5D7:9EW�[�W�r�X:@�VL\UBE=JX�W�r�4N> F�5JBh@RXSXS=8X�lm9<7:T�QS=8XS\^=8587�7:W37STU=J9EQ�\^W�XSXc9C`UBE=�[U=8HI7:Qc9C[UW�=8V.9EXY�XS9EW�[G9EX�@]58=J[_7SQ:@�B�5JW�[�7:Qc9C`UHI7S9CW�[�W�r�7:TI9CX37STU=JXc9CX8f ~ TU=�7:TI=JW�Qc=87:9E5�@�B�@�[U�G\UTU=8[UW�VL=J[UW�BCW�g�9E5�@RB`�@�Xc9CX�W�r�7STU9CX�XS=8BC=8587:9EW�[}9CX�\UQc=JXS=8[_7S=J��9C[P�b=J5�fI�If<�3lm9<7:T.7:TU=39C[�7:QcWb�UHU587S9CW�[.W�r�@�[]4N> F�58Bh@�X �XS9<¡�5�@$7:9CW�[]`U@�XS=8��W�[P@�g�=8W�VL=87SQS9C5J@�BEB<jL@$i�9CXYjbV.VL=87SQS9C5NVLWb�U=JB s e3¢�£ w$x @�[U�]9C[���=85�fU�If¥¤Alm9E7:T@�Qc=8;b9C=Dl¦W�r�[U=8HI7:Qc9C[UW�\UQSWb�UHI587:9EW�[zV.Wb�U=8BCX8f ¢ [���=J5Rf§�Ifu�I��5�@$7p@�BEW�g�X�W�r��U9<¨�=8QS=J[�7 7©jb\ª=8X{WRr4N>AF�@RQS=yXS=8BC=8587:=8�0f ~ TU=8XS=�5�@R7:@�BCW�g�X3@�Qc=�W�QS�U=8QS=8�Glm9<7:T«Qc=JXS\^=8587�7SW}7:TU=89CQ'\UTUWR7:W�[�¬�H�i�9C[��=85�f^��fu­U�IlmTI9C5pTZ9CXm@�XSXcHUVL=J�Z7SWL`^= \UQcW�\^W�Qc7S9CW�[�@�Bª7SW�7:TI= [U=JHI7SQS9E[UW�¬UH�iªf
~ TU=��U=8¡U[U9E7S9CW�[yW�r�7:TI=�X:@�VL\UBE=JX�W�r�g�=J[U=8QS9C5�4N>AF�9EX��UW�[I=�9C[yW�QS�U=8Q�7SW�g�=87�XSHU9<7p@�`IBC=�X:@RV.\UBE=JXr�W�QLXcW�HUQS58=�Xc7p@R5®o_9E[UgUf���W�HUQS58=�Xc7:@�5pob9E[Ug�9EX}@z7:=J5pTU[I9C¯_HU=|7:W?9CVL\UQSW°;�=�7STU=|XS=J[IXS9E7S9E;b9E7©j±WRr7:=8BC=8XS5JW�\^=JX{7:W|g�=J[I=JQS9E5.XSW�HUQS58=JXy`_jz7:TU=.=D;R@�BEH�@R7:9EW�[�W�r�7STU=.5JHIV�HIBh@R7S9E;�=�XS9Eg�[�@�B�W�r6Xc=8;�=8Q:@�BXSW�HUQS58=JXJf ~ TU=�@�\U\UBE9C5J@R7:9EW�[|W�r�XcW�HUQc5J=�Xc7:@�5pob9E[Ug]9E[«[I=JHI7SQS9C[IWP@�XY7:QSW�[UW�VyjZ9CX'VLW�7:9<;R@R7S=J�|`_j7:TI=}BE9CV�9<7S=J��XS=8[UXS9<7:9<;�9<7 jGW�r�5JHUQcQS=J[�7:B<j�W�\^=8Q:@R7S9C[UgZ[U=JHI7SQS9E[UW|7S=JBE=JXc5JW�\^=8XJf���W�HUQc5J=.Xc7:@�5®o_9E[Ug@�[�@RBEjbXS=8X}T�@°;�=�`^=J=8[²@�\U\IBC9C=8�³9E[³W�\�7:9C5J@�BN@�Xc7SQSW�[UW�Vyj�@�[I�q9C[�g�@�VLV}@�@�XY7:QSW�[UW�Vyj��6=RfugUf<�9C[ s ��´'µ v ­U�¶� ~ � v�w �¶·Z¸�·�¹ £�º x f�4'[.9CVL\UQSW°;�=JVL=J[�7�9C[LXc=J[UXc9E7S9E;b9E7©j�5J@�[.W�[IBEj�`^='@R5®TI9C=8;�=8�`_j�XcW�HUQc5J={XY7p@�5po_9C[UgU��9Er�7STU=JQc=y@�Qc=AXc=8;�=JQS@�B§XSW�HIQS5J=8X358W�[�7:QS9E`UHI7:9E[Ug�XS9EV.9EBC@RQ�[U=JH�7:QS9E[UW�¬�H�i�=JX8f
¢ [Z��=85�fU�If w ��7STU9CX�58W�[U�U9<7:9CW�[}W�[]7STU=�XSW�HIQS5J=3¬�H�i]�U9EXc7SQS9C`IHI7:9EW�[}9EX�@�[�@RBEjb»J=8�P¯_H�@�[_7S9E7:@R7:9<;�=JBEj�f
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´'9EXc7SW�QS9E5�@�BEB j���@�Bh@RQSg�=';$@�QS9E=87©j}W�r�4'> F,T�@�;�=�`^=J=8[Z[U@�V.=8�P�UHU=�7SW�7:TI=J9CQ�@�\I\ª=J@�QS@�[U5J=�r�QcW�V@�[JI�@�Qc7ST��©`�@RXS=J��7S=JBC=8XS58W�\^=�f}´'=8QS=��§=DiI@�VL\UBC=8XA@�QS=.��=Djbr�=8Qc7{g�@�BC@$i�9C=JX8��QS@��U9EW�g�@�BC@$i�9C=JX�@�[U�¯_H�@�XS@�QSXJf
¢ [±5JW�[_7:QS@�Xc7�7SW«7:TU9EX�W�`UXS=8Qc;R@$7:9CW�[�@�B�58Bh@�XcXS9E¡U5�@R7S9CW�[0��VLW�Xc7�WRrN7STU=P�U9<¨�=8QS=J[I5J=JXL@RV.W�[Ug�7:TU=;R@�Qc9CW�HIX�4N>AF�7©j�\^=8XA5J@�[�`^=�=Di�\UBC@�9C[I=J�Glm9<7:T�@]g�=JW�V.=D7:QS9E5�@�BEB j�@$i�9CXYjbV.VL=87SQS9C5yVLWb�U=8B ��9C[lmTU9E5®T³�I9E¨ª=JQS=8[_7}@�\I\^=�@�QS@�[U58=JX}W�r�4N>AF @RQS=�7:TU=ZQS=JXcHUBE7.W�r��U9<¨ª=JQS=8[_7.9C[I5JBC9E[�@$7:9<W�[ @�[Ug�BE=JXW�r67STU=}W�`UXS=8Qc;�=8QSX�BC9E[U=LW�rmXS9Eg�T�7y7SW�7STU=]4N> F QSWR7p@R7S9CW�[�@$i�9EX s e3¢�£ w$x f ~ TI=]�U=8¡�[I9E7:9EW�[�WRr7:TU9EXL9E[U58BC9E[�@R7S9EW�[±@�[Ug�BE=

α
9EX�;b9EXSH�@�BE9C»8=J� 9C[�¹�9EgUf��If<��f³4 \U9E587SW�QS9C@�B�Xc5®TU=8V.=|WRr�@�[�4N>AFXSTUW°lm9C[IgP7:TU=�`�@RXS9C5�9C[Ug�QS=8�U9C=8[_7:X�WRr�7:TU=�@$i�9EXcjbV.VL=D7:QS9E5yV.Wb�I=JB�9CX�g�9<;�=J[z9E[z¹�9EgUf��If¥¤�f ~ TU=4N>AF²58W�[UXS9EXc7SX�WRr�@AQSWR7p@R7S9C[Ug XSHU\^=8QSV.@�XSXc9E;�='`UBh@R5®o�TIW�BC=R�_7©l�Wmac=D7:X�@RBCW�[Ug�7:TU='QcW�7p@R7S9CW�[.@$i�9CXlm9E7ST.V.@R7S7S=JQ�W�HI7c¬�W lm9E[UgAr�QcW�V�7:TU=N4'> F	@�BEW�[Ug�7:TU=NQSW�7:@R7:9EW�[L@$i�9CX�@�[I�0�b\^=JQS\^=8[U�U9E5JHUBC@�Q�7:W7:TU= QSW�7:@R7:9EW�[�@$i�9CXJ��@R[�@�585JQc=87:9EW�[Z�U9EXSo]W�r�V.@R7S7S=JQ6XS\U9EQ:@�BE9E[Ug�9C[�7:W�7:TI=A`UBh@R5®o}TUW�BC=Rf�¹�HUQY7:TU=8Q@°l�@°j�r�QSW�V�7STU=3`UBC@�5po�TUW�BE=N7:TU=8QS=39CX�@{�UHUXY7�7:W�QcHUXJf�4'XS9E�U='r�QSW�V�7:TU='=8¨ª=J587�W�r0;b9C=Dlm9C[Ug{7STU9CXg�=8W�V.=D7:QYj|r�QcW�V �U9E¨ª=JQc=J[�7�9C[I5JBC9E[�@R7S9EW�[«@�[Ug�BC=8XJ��7STU=JQc=�@�Qc=�9C[�7:Qc9C[UXc9C5�@RBEB<j��U9E¨ª=8QS=J[�7�7©j�\^=8X WRr4N>AFAf

~ jb\U9E5�@�BEBEj��§4'> F+Xc\^=J587SQ:@�@�QS=L5JW�V.\^W�Xc=J��WRrm@�7STU=JQcV}@RB�\�@RQc7���7:TU=LXSWR� 5�@�BEBC=8��`UBCHI=L`UHUVL\lm9E7ST±7:TI=ZV.@$i�9CV�HIV @R7LW�\I7:9E5�@�B � e(K r�QS=8¯_HU=J[I5J9C=8XJ�6@R[U�³@G[UW�[�� 7:TU=8QSV.@�B�\�@RQc7L=®ib7:=J[I�U9C[UgW ;�=8Q HU\�7SW�¤ v W�Qc�U=JQcXAWRr�V.@�g�[U9<7:HU�U=�9E[Gr�QS=J¯_HU=8[U58j�f]> =8[U=JQc9C5�\UTUW�7SW�[�XS\^=8587SQ:@�r�W�Q�4N>AF9C[I5JBCHI�U9C[Ug«7:TI=�7:TU=8QSV.@�Bm@R[U� 7:TU=�[UW�[�� 7:TU=8QSV.@�B�5JW�VL\^W�[U=8[_7.@�QS=�\UQS=8XS=8[_7:=8�q9E[�¹�9CgIf��Ifu�If¸²9E7STU9C[�7:TI=}7STU=JQcV}@�B�Xc\^=J587SQSHUVZ��XcW�VL=}=JVL9CXcXS9EW�[�BE9C[U=8Xy@�QS=Lr�W�HU[U�0��lmTU9E5pT±@�Qc=}5JBC@�XSXc9E¡�=8�@�585JW�Qc�U9C[Ug�7:W�7:TU=89CQ6lm9C��7:T�@�XN`UQcW�@��|BE9C[U=8XN@�[U��@�XN[�@�QcQSW°l BE9C[I=JXJf ¢ 7'9CXN@�XcXSHUVL=J�|7ST�@R7m7:TU=`UQSW�@���BC9E[U=JXNW�Qc9Cg�9E[�@$7:= 9C[ZrM@�Xc73VLW ;b9E[Ug.�UHUXY7�5JBEW�HU�UX�K
v ≈ 1000

o_VML$X −5000
obVNLRX:Om[U=�@�Q7:TU=.@�585JQS=D7:9EW�[?�U9CXco^f]465J5JW�QS�U9E[UgZ7:WZ7STU9CXA\I9C587SHUQS=R�§7:TU=L[�@�QSQcW l¦BC9E[U=JX W�Qc9Cg�9E[�@$7:=�9C[�XSBEW lmBEjVLW ;b9C[Ug��IHUXc7m5JBEW�HU�UXAK

v ≈ 500
o_VNLRXpO�W�HI7SXS9C�I=�7:TI=�7:W�QSHIX s �PO £�º x fRQ3=8\^=J[U�U9E[UgLW�[ α

�I7:TU=`UQSW�@��PBC9E[U=3=8V.9EXSXc9CW�[.r�QSW�V+7:TU=�5JBEW�HU�UX6@R7�7:TU=�5J=J[�7:=8QmV.@°j.W�Q�V}@�j.[UW�76`^=�TU9C�U�I=J[P`_j.7:TU=7:W�QSHUXJf ~ TI9CXAV.Wb�U=8B�9CXA58W�[I¡UQSVL=J��`�jz7:TU=.W�`UXS=8Qc;R@$7:9CW�[�W�r�`UQcW�@��?BC9E[U=JX 9C[z7:TU=.Xc5�@R7c7:=JQc=J�BC9Eg�T�7�W�r§4N>AF s 4�·TS w$x ��lmTU9C5pT�XSTUW°l,W�[IBEj}[U@�QSQcW l�BE9C[U=8X�9E[P�U9CQc=J5D7mBE9Cg�T�7�f ~ TI= `UBEHU=�`UHUVL\9CX�9C[�7:=JQc\UQS=D7:=8�.@�X�7:TU=8QSV.@�BUQS@��U9C@R7:9EW�[�WRr^7:TU=�l�@�QSV�9E[U[U=JQ�@�5J58QS=87S9CW�[��U9CXco^f ~ TU=mBCW°l�=J[U=8QSgRj5JW�V.\^W�[I=J[_7�W�r�7:TI=�[UW�[�� 7STU=JQcV}@RBbXS\^=8587:QcHUV�9C[{7:TU=�Q:@R�U9CWN7:W�XcW�r 7@UN�©Q:@�jAQS=Jg�9CVL=�9EX�@RXSXSHIV.=8�7:W|`^=.�UHU=L7:W|Xcjb[U5pTUQSWR7:QSW�[ Q:@��U9C@R7:9EW�[�W�r�=JBE=J5D7:QSW�[UX{g�jbQ:@R7S9C[UgZ9C[�@ZV.@�g�[U=D7:9C5�¡U=JBC��f ~ TU=W�Qc9Cg�9E[ WRr�7:TU=|TU9Eg�TU=8QL=J[U=8QSg�j 5JW�VL\^W�[U=8[_7}5J@�[³`^=�=®i�\UBh@R9C[U=8�³`_j TU@��UQSW�[U9C5ZW�QLBE=J\I7SW�[U9C5VLWb�U=JBEXJ�IXS=J={��=J5Rf^��f ¤�f ~ TI=A[UW�[b� 7:TI=JQSV.@�B
γ
=JVL9EXSXS9EW�[]r�QSW�V 4N>AFn9CX�ob[IW lm[Z7SWL`^= TI9Cg�TUB<j;R@�Qc9h@�`IBC=�W�[Z@�lm9C�I= Q:@R[Ug�= WRr�7:9EV.=�Xc5�@�BE=JX6r�QSW�V BC=8XSX67:T�@R[ZW�[U= TUW�HUQ67SWLVLW�[_7STUX s µ + v�w$x f

~ TU={BCHUVL9E[UW�Xc9<7 j]WRr�7:TU={�I9CXSo�@R[U�|7STU=6ac=D7:X'9EXN5JW�QSQS=8Bh@R7S=J�Zlm9<7:TU9E[�7:TU={XS@�VL=Ag�=J[I=JQ:@RB§4N>AF5JBC@�XSX8f ~ TU9EX{V.WR7:9E;$@R7:=8X 7STU=Lr�Q:@�VL=8l�W�QSoGW�r§ac=87Y�©�U9EXSoGXYj�V�`U9EW�XS9EXJ�§l6TU=JQc=Aac=D7�@�[I� �I9CXSoz@�Qc=5JW�[UXS9E�U=JQc=J��@�XmXYjbV�`I9CW�7S9C53r�=�@$7:HUQc=JX s ¹�µ £ w � ¹�·|µ £ w$x f ~ TU=ABEHUVL9E[UW�XS9<7©j.W�r�7STU=�ac=87'@�[I��7:TU=�U9EXSok@�QS=Z`^WR7:T r�Q:@R587:9EW�[UX�W�r37STU=�7:W�7:@�B6=8[U=JQcg�j�@�;R@�9EBh@�`IBE=���lmTI9C5pT�9CX�g�9<;�=J[�`�jk7:TU=ZV.@�XcX@�585JQS=D7:9EW�[?QS@R7:=
Qaccr = Ṁdisk · c2
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 ����K¶¹������ O�@�[U�Pµ 1 1�@�5'W�`bac=J5D7:X�9C[_7SWA7:TU=3`UBC@�»�@RQ�58Bh@�XcXJf�µ 1 1�@�5W�`bac=J5D7:X.@�QS=�9C[�7:=8QS\UQc=87:=8�³@�XLBEW l�� BCHUV�9E[UW�XS9<7©j�W�`bac=J587SXLlm9<7:T�@�¹����A�A7©jb\^=�ac=D7.Xc=J=8[³r�QcW�VXSV.@�BEB�9E[U5JBE9C[U@R7:9<W�[Z@R[Ug�BC=8XJ��lmTI9CBE={¹��I����@�QS=A58W�[UXc9C�U=8QS=J�«@�Xm7:TI={TU9Eg�TZBCHUVL9E[UW�Xc9<7 j}W�`bac=J587SXK¶¹��6�¥�>��ac=D7®ODf ~ TI=.¬�@R7yQS@��U9EW|Xc\^=J587SQ:@�W�r�`UBh@R»�@�QcX{5J@�[�`ª=.=®iI\IBh@�9E[U=J�?`_jz7:TU=.�UW�V.9E[�@�[U58=W�r�7:TU=y`^WbW�Xc7S=J�«¬�@R7c� XS\^=J5D7:QcHUV�58W�QS=yW ;�=8Q37STU=y[UW�[�� `^WbW�Xc7S=J�«Xc7:=8=J\b�©XS\^=8587:QcHUV Q:@��I9CW.BCW�`^=8X@�[U�}lm9EBCB�`^=3HUXS=8�Z@RX6@{XS=8BC=J5D7:9EW�[]58QS9<7:=JQc9CW�[Lr�W�Q�`UBC@�»�@RQSXJf�4�¬�@R7�Xc\ª=8587SQ:@�Bª9C[U�U=®i}9E7SXS=8BEr�9EX�@�[9C[I�U9C5J@R7:W�Q�WRr�@R[}W�\I7:9E5�@�BEB<jy7:TU9E5®o�XSW�HUQc5J=R��lmTI9CBE=m7STU='W�\�7:9C5J@�BCB jy7:TU9E[.Xcjb[U5pTUQcW�7:QcW�[]XS\^=8587SQSHUV9CXAXc7S=J=8\0f � r�7:TU=.XS9E»J=.W�r�7STU=L;�9EXS9E`UBC=�QS=8g�9CW�[?9E[U5JQc=�@�Xc=JX{lm9<7:T�=8[U=JQcg�j���7STU=.XS\^=J5D7:QcHUV g�=87:X¬�@R7c7:=8[U=J�0f ~ TU9CX V.=85pT�@�[U9EXSV)QS=8XSHUB<7:XA9E[?@�\UQS=8�U9E587:9EW�[zW�r�@�¬�@R7AQ:@��U9EW�XS\^=8587:QcHUV&r�W�Q�7:TU=9C[I[U=JQ6VLW�Xc7m\�@RQc7mW�r�7STU=�ac=87SXJf
~ TU=Lµ 1�1§@R5�W�`�ac=8587SX{@RQS=�5JW�V.VLW�[UB<j|�U9<;�9E�U=8�z9C[�7:WPTU9Eg�Tz=8[U=8QSg�jG58HI7:W�¨±µ(1 1�@�5ZK¶´'µ 1§O@�[U�yBEW l =8[U=JQcg�j{58HI7:WR¨}µ 1 1�@�5�K 1§µ(1�O�QS=Dr�=JQcQS9C[IgN7:WN7:TU=�V.@$i�9CV�HUV,=J[U=8QSgRj{W�rI7:TU=�=8BC=J5D7:QcW�[Xcjb[U5pTUQcW�7:QcW�[]Xc\^=J5D7:QSHIV|f ~ TI=3QS@��U9EWA=JVL9EXSXS9EW�[LWRr�´3µ 1�9CX�QS=JBC@R7:9<;�=JB<jyl�=J@�o��blmTU9CBE=67:TU=Dj.@�Qc=Xc7SQSW�[Ig�U'� Q:@°j�=JVL9E7S7S=JQcXJf ~ TI=P`^W�BCW�V.=D7:Qc9E5.BCHIV.9E[UW�Xc9<7©j�W�rN´3µ(1	9EXyXS9Cg�[U9E¡�5J@�[�7:BEjzXSV.@�BCBE=8Q7:TU@�[�WRr@1§µ(1�f�4 �U9EXc7S9C[U5D7:9CW�[±`^=D7 l�=J=J[�7:TI=JXS=Z5JBC@�XSXS=8XL9CX�HIXSH�@�BEBEj V.@��U=P`_j 7p@�o_9E[Ug�9E[_7SW@�585JW�HI[_7�lmTU=87STU=JQ�7:TI=NQ:@��U9EWR� 7SWR� UN�©QS@�j�Xc\ª=8587SQ:@�B�9C[U�I=Di

αrx

K�lm9<7:T
F (ν) ∝ ναrx

O�9EX�g�QS=J@R7:=8QK51�µ 1§O�W�Q6BC=8XSX{K¶´'µ 1§O�7ST�@�[ −0.75 s e3¢�£ w x f~ TU=.TU9Cg�T�=J[U=8QSg�j
γ
=JVL9EXSXS9EW�[�W�r6´3µ 1d@�[I� 1�µ 1q�U9<¨�=8QSXA9C[�7STU=.\UTUWR7:W�[�=8[U=8QSg�j���lmTU=8QS=TU9Eg�T�=8V.9EXSXS9EW�[�T�@�X�`^=8=J[LW�`IXS=JQY;�=J��f�·|@�[_j 1�µ 1ZTU@°;�=6`^=J=J[��U=87S=J587S=J�L`_j I�> � I ~ @R7�> = K=J[I=JQSg�9C=8X s ´ + £�£ x ��lmTU9CBE=mXSW�V.=N´3µ 1|7:HUQc[U=J�.W�HI7�7SW{`^=N=JVL9E7c7:=JQcX�W�r ~ = K \ITUW�7:W�[UXJf��©[.rM@R587��@�BEB�58W�[I¡�QcV.=8� ~ = K `UBC@�»�@RQSX�@RQS=�´3µ(1�
 s ¸?=J= v ��@ x f�¹�HUQY7:TU=8QSVLW�QS=R� W�[IBEj�¤�W�rb7STU= º 5JW�[�¡�QSVL=J�~ = K `UBC@�»�@�QcX'TU@°;�=y`^=8=J[«�U=87S=J5D7:=J�G`�j I�> ��I ~ �^`UHI7'7STU={¬UH�i�9EX'W�[UBEj�VLWb�U=8Q:@R7S= s ´ + £�£ x f�©[�7:TU9EX�l�@�j��U7:TU= TI9Cg�T�=8[U=JQcg�jP=JVL9CXcXS9CW�[�WRr<1�µ 1?9EX6XS9CVL9EBC@RQ�7SWL¹��I�����IlmTU9C5pT�7:HIQS[U=8�|W�H�77:W�`^=�7:TU= Xc7SQSW�[Ig�=JXY7�>�= K =8V.9<7S7S=JQSX8f

~ TU=�W�`UXS=8Qc;�=8�|[bHIV�`ª=8QSX6W�r�7:TI=�;R@�QS9EW�HUX�XcHU`I7©j�\^=8XNW�r§Q:@��U9EWR�©B<W�HU�}4'> Fn@�QS=�9C[�@Rg�QS=8=JVL=J[�7lm9E7STZ7STU9CXm9C[�7:=8QS\UQc=87p@$7:9CW�[�W�r�7STU=A=JVL\U9CQc9C5J@�BEB j]�U=D¡�[U=8�«5JBC@�XSXc=JXJ��lmTI=J[«@�XSXcHUVL9C[Ug.@�7 jb\U9E5�@�B;R@RBCHU='W�r07:TU=@1�W�Qc=J[�7:»'rM@�5D7:W�Q
γ ≈ 10

r�W�Q�7STU=3`UHUBEo�V.WR7:9EW�[.9E[.7:TI=�ac=87 s e3¢�£ w x f ~ TU9CX�;R@�BEHU=9CX�@�BEXSWyXSHU\U\^W�QY7:=8�Z`�j.7:TU=�W�`UXS=8Qc;�=J�|@R\U\�@�Qc=J[�7:BEj.XcHU\^=JQcBCHUVL9C[�@RB^V.WR7:9CW�[}W�r�Q:@��I9CWyob[IW�7:X�9C[`UBC@�»�@RQ�ac=87SX s ·�@�[ £ � x �UlmTU9E5®TZ9EX65JW�[UXc9CXY7:=J[�7Nlm9<7:TP7:TU9EX�;R@�BEHU= W�r γ f
� ;¡�?¦��«°�����¤t�b�t���b�N���b����­M�.�$¨«�?�E����­Mª¡� � �
��� �¥���.�$�?�E����­ �/�E������������¨(�«�b�E��� � ����� �F��­M������: � �8��ªE�X¬���®�­t���
�����
��¨2���¡·*)I��� � ¦ ���X±���­t��­t®6�b�M�H��ªEªg�.¨«���X�b����­�¶
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�N@��U9CW$� l�=J@�o«4N> F�@�Qc=L5JBC@�XSXc9E¡�=8� @R[�@�BEW�g�W�HUXcBEj«@�5J58W�QS�U9E[Ug�7:W|BEHUVL9C[IW�XS9<7©jG@R[U�?7STU=L9C[U58BC9 �[�@R7S9CW�[?@�[Ug�BC=�f ~ TU=.BCHUVL9E[UW�XS9<7©jG@R7{W�\I7S9C5�@RB�l�@�;�=JBE=J[UgR7:TUXy9EXAHUXS=8��r�W�Q 7:TU=.58Bh@RXSXS9<¡�5�@$7:9CW�[0f
�©[_7SQS9C[IXS9C5J@�BEB<j{Xc7:QcW�[Ug�=8Q�W�`bac=J5D7:X�@�QS=65�@�BEBC=8��QS@��U9EWR� l�=J@�o{¯_H�@�X:@RQSX���@�[U�L�'@��I9CWT�©[�7:=JQcV.=8�U9h@$7:=
��H�@�XS@�QSXyK¶�J� �AO®f �©[�7:Qc9C[UXc9C5�@RBCB<j.l�=�@Ro�=JQ3W�`�ac=8587SX3@�QS=A[�@RV.=8�«��=8j_r�=8Qc73g�@�BC@$i�9C=8XJf�43Xmr�W�Q67:TU=Q:@R�U9CWR� BEW�HU�|4N>AFA�^7STU=y9C[U58BC9E[�@R7S9EW�[�@�[Ig�BC=A�U=87S=JQSVL9C[I=JX'7STU=yQS=8Bh@R7S9E;b9EXc7:9E5 `^=�@�VL9E[Ug}WRr�=8V.9EXY�XS9EW�[�r�QcW�V 7STU=�ac=D73@R[U�Z7STU=AW�`UXS58HUQ:@R7S9CW�[ZWRr�5J=J[�7:QS@�B�=8V.9EXSXS9EW�[�`�jP7STU= 7:W�QSHUX8f��N@��U9EWR� l�=�@�o¯_H�@�XS@�QSX§@�QS=�W�\I7:9E5�@�BEB<j'Xc7SQSW�[UgmW�`bac=8587:X�Xc=J=J[ r�QSW�V�V.Wb�I=JQ:@$7:=�9E[U58BC9E[�@R7S9EW�[�@R[Ug�BC=8X�K

20◦−60◦
OD��J� ��@RQS=A9E[_7S=JQS\IQS=87S=J�Z7:WL`^=A7STU=AX:@�VL=AW�`�ac=8587SXJ�^`UHI7'Xc=J=J[|r�QSW�V�XSV.@�BCB�@�[Ig�BC=8XJf ~ TU={Q:@R�U9CW=JVL9CXcXS9EW�[«W�r��J� �+9CX�Qc=JBC@R7:9<;�9EXY7:9E5�@RBEB<jZ`^=�@RV.=8��@�[�@�BEW�g�W�HIXSB<jZ7SW�`UBC@�»�@RQSX s ¹�� ¢�£�º x f���=8j_r�=JQY7g�@�BC@$i�9C=8X�@RQS=�58Bh@RXSXS9<¡�=J��@RX���=8j_r�=8Qc7m��g�@�BC@$i�9C=8XJ��9<r�7:TU=�58W�QS=�9E[U5JBEHU�U9E[Ug'7STU=�`UQSW�@R��BE9C[U=�QS=8g�9EW�[@�Qc= ;b9EXS9C`IBC=��IW�QN@�X'��=Djbr�=8Qc7�¤�g�@�BC@$i�9C=8XJ�U9<r�7STU=A58W�QS= 9CXmW�`UXS58HUQS=8��`_j]7:TU= 7SW�QSHIX s � + v�vRx f e \7:W�[UW°l ��[UW}��=Djbr�=8Qc7Y�©BC9Eo�=�W�`bac=J5D7:Xmlm9<7:T�`^=�@�VL=J�Z=8V.9EXSXc9CW�[PT�@�;�=A`^=8=J[|W�`UXc=JQc;�=8�0f

Jet gets stuck in matter

broad
lines

broad
lines lines

narrow

Seyfert I Seyfert II

Optically strong

R I Q

3CRR catalog

Optically weak

Radio
Quasar

FSRQ SSRQ
FR−II 

Radio galaxy

AGN

Radio loud (~10%), elliptical 

100 kpc scale jet

Radio galaxy
FR−I

Bright Quasar Survey

BL LAC
Radio weak

Quasar

O’Dea sample

GPS/CSS

Blazar

Radio weak (~90%), spiral 

Inclination angle

Host galaxy
LuminosityGeV flux (EGRET)

TeV flux (HEGRA, WHIPPLE)

keV flux (ROSAT, HEAO−A)
IR flux (IRAS 60 µ)

L     < 2.5*10   W/Hz

1Jy catalog (5GHz), flat spectrum
Sort according to:

L     > 2.5*10   W/Hz178 178
2626
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� � �?!#&AK��-R �<%*;��/) ����%*:�%'KXW��<%*;��/) "b�G&(�#KARU�?;���%'&(�9����%*:«%'K(:8%'K(�\"�% C �#"/�?;���" �0W������B5 ��� ' �X%��M�?;
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YTZA[\ZbY � ��lN` �6a�l�� { � _��Hl�n psr d�f|eHc§c�a
	TdFe�_�a|{B^ c�d��Hl<� l

~ TU=m�U=JQc9E;�=8�L5JBh@RXSXS9<¡�5�@$7:9CW�[�W�rª4N>AFq�I=J\^=J[I�UX�W�[�7:TI=mV.W�QS\UTUW�BCW�gRj{W�r^7:TU=6TUW�Xc7�g�@�BC@$ibj���W�[7:TI=�BCHIV.9E[UW�XS9<7©jZ@�[U�«W�[�7:TU=�@�[Ug�BE={W�r�W�`UXc=JQY;R@R7S9CW�[0f0� 7�9EX3XcHUVLV}@�Qc9C»8=J��9C[«@.7:Qc=J=yXS5pTU=JVL=W�r�4'> F{�0lmTU9C5pT?9CX �U9EXS\UBC@°j�=J��9C[?¹�9EgUf��If º f ~ TU=.�I9E;b9CXc9CW�[zW�r�4'> F+9E[_7SWZQ:@R�U9CWR� BEW�HI��@�[U�Q:@R�U9CWR� l�=J@�o�XSW�HUQS58=JX{9EX 9E[U�U9C5J@R7:=8�z`_j«7:TU=�¡�QSXY7{`UQS@�[U5pTU9E[UgZW�r�7STU=L58Bh@�XcXS9<¡�5�@R7S9CW�[zXS5pTU=8V.=Rf~ TU=G58Bh@�XcXS9E¡U5�@R7S9CW�[³W�r Q:@��U9EWR�©B<W�HU�³4N>AFA��lmTI9C5pTdr�W�QSV 7:TU=«BC=Dr 7]`UQS@�[U5pT²W�r 7STU=�7:QS=8=��N9CXXSHIV.V.@�QS9E»J=8�.¡�QSXY7�f ~ TU=8[0�I7:TU=35JBC@�XSXc9E¡�5J@R7:9EW�[.W�r�Q:@��I9CWR� l�=�@Ro�4'> F�9EX�Qc=8;b9C=Dl�=J��@�5J58W�QS�I9C[Ug7:W�7:TI=AQc9Cg�T�76`UQ:@�[I5®TZW�r�¹�9CgUfI�If º f
Q39<¨�=8QS=J[�7�BC=8[Ug�7:TIX�WRr�7:TU=�Q:@��I9CW�ac=D7:X�WRr^Q:@��I9CWR� BEW�HU�y4N>AF jb9C=JBE��@3XS=J\U@�Q:@R7S9CW�[�9C[�7:W�58W�V.\U@�587W�`bac=J5D7:X�@R[U�A4'> F lm9<7:T�r�HUBCB<j3=8;�W�BE;�=8�6ac=87:X�W�rI@mBC=8[Ug�7:TA@�`^W°;�=N� v�v ob\^5 s O + Q £ S x f ~ TU=�BC@�QSg�=XS5J@�BC=LQS@��U9CW$�©BEW�HU��4N> F+`UQ:@R[U5®T�9E[_7SWZ7©l�W|5JBC@�XSXc=JX{�U=8¡�[I=J�k@�585JW�Qc�U9C[Ug�7:WZ7:TI=.BCHUVL9E[UW�Xc9<7 j@R7

178
·|´'»��

L178

f ~ TU9EX6BEHUVL9E[UW�XS9<7©jL9CX�5JW�QSQS=8Bh@R7S=J�]lm9<7:T]7©l�W��I9E¨ª=JQS=8[_7�ac=D7mVLW�Qc\UTUW�BEW�g�9<=JXK¶¹��6�¥�y@�[U�³¹����A���A7©j�\^=�O
�
W�`bac=J5D7:XLlm9<7:T

L178 > 2.5 · 1026
T�@�;�=�¹��6�¥�>�A7©jb\ª=�ac=87SXJ��7:TU=W�7STU=JQAT�@°;�=]¹��6�¥�'7©j�\^=�ac=87SXJf@� r�XS=J=8[ HU[U�U=8Q�@R[�9E[U5JQc=�@�Xc9C[UgZ9C[U58BC9E[�@R7S9EW�[?@R[Ug�BE=��J�§7:TU=.BEW lBCHIV.9E[UW�XS9<7©j�W�`bac=J5D7:X�@�\U\^=J@�Q�@�X�µ 1 1�@R5'W�Q�@�X�¹����A��Q:@R�U9CW g�@�BC@$i�9C=JX8f ~ TU='TU9Eg�TLBCHUVL9E[UW�Xc9<7 jW�`bac=J5D7:Xm@R\U\^=�@�Q6@RX6¹�Bh@$76��\^=J5D7:QcHUV��'@R�U9CW ��H�@�XS@�QSX K¶¹��I��� OD�I@�Xm�_7:=J=8\|��\^=J5D7:QSHIV��'@R�U9CW

��H�@�XS@�QSXmW�Qm@�XN¹��6�¥�>��Q:@R�U9CW�g�@RBh@$i�9C=8XJf
¹�W�Q�7:TI=AQ:@R�U9CW$� l�=J@�o}4N>AFA�Ur�W�QcV.9E[Ug�7STU=AQc9Cg�T�7m`UQS@�[U5pT|W�r�¹�9EgUfU�If º ��@�BCHUVL9E[UW�XS9<7©j}�I=J\^=J[b��U=8[_7�5JBC@�XSXc9E¡�5J@R7S9CW�[y9E[�W�\�7:9C5J@�B_l�@�;�=JBE=J[Ug�7STUX�j�9E=JBE�UX�7:TU=��U9E;b9CXc9CW�[y9C[�7:W���=Djbr�=8Qc7�g�@�BC@$i�9C=8X�@�[U�¯_H�@�XS@�QSX8fPQ39<¨�=8QS=8[_7'9E[U5JBE9C[U@R7:9<W�[�@�[Ug�BE=JX6jb9C=8BC��7STU={@�\U\^=J@�Q:@R[U5J={@�XNQ:@R�U9CW$� l�=J@�o}¯bHU@�X:@�QcX'W�Q�N@��U9CWm�©[_7S=JQSVL=J�I9h@R7S= ��H�@RX:@�QSXyK¶�J� ��XpO s ¹�� ¢�£�º x �^Qc=JXc\^=J587S9E;�=8BEj|@�X3��=Djbr�=8Qc70��W�Q3��=8j_r�=8Qc70�>�g�@�BC@$i�9C=8XJf
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S w$x f ~ TU=A\^W�XcXS9C`I9CBE9<7 j.W�r�@�58Bh@�XcXS9E¡U5�@R7S9CW�[P9E[_7SW¹����A�N@�[I��¹��6�¥���Ng�@�Bh@$i�9E=JX3�U=J\^=8[U�UXAW�[«7:TU=�@°;$@�9CBC@�`U9<BE9 7 jZW�r�7STU=�QS=8�UXSTU9<r 7�r�W�Q�7STU=�XSW�HIQS5J=R�XS9E[U5J=«7:TU=z�I9CXc7:@�[U58=z9C[�r�W�QSV.@R7S9EW�[d9EXP[U=85J=8XSX:@�QYj²7SW±5�@�BE5JHUBC@R7:=�7STU=zBCHIV.9E[UW�XS9<7©j r�QSW�V 7:TU=W�`UXc=JQY;�=J�³¬�Hbi�fq¹�W�QL@�BEB�5JW�[UXc9C�U=8QS=8�³XSW�HIQS5J=8XJ��7:TU=ZQS=8�UXSTI9Er 7}@R[U� 7:TU=Z58Bh@�XcXS9<¡�5�@R7S9CW�[ 9E[_7SW¹����A��@�[U�k¹��6�¥����9CXy@°;R@R9CBC@�`UBE=�r�QSW�V s 1 +
S�� x f ~ TU=]XS=8BC=8587:9EW�[ QS=8XSHUB<7:Xy9C[ @�5�@R7:@�BCW�g|W�r 24
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58W�VL\�@�5D7'XSW�HUQS58=JX'r�HIBE¡�BEB�7:TU=AXS=8BC=8587:9EW�[0f~ TU=Dj�`^=JBEW�[Ug�7:W�7STU={�6�U��XcW�HUQc5J=A58Bh@�XcXN@�X6�U9CXc5JHUXcXS=J��@�`^W ;�=A@R[U�Z5JW�[UXS=8¯bHI=J[_7:B<j���7STU=8j�@�Qc=QS=8V.W°;�=J��r�QSW�V 7:TU=A¹����A��@R[U�|¹����A����X:@�VL\UBC=8XJf

� ��� ����� � # ������� ��� ��� � 4�58W�V.\IBC=87S=Z5�@R7:@�BCW�g?WRr�¯bHU@�X:@RQSX}XS=JBE=J5D7:=8�²@R7.W�\I7S9C5�@RB67:W e(Kl�@�;�=JBE=J[Ug�7STUX]9CX}g�9<;�=J[q`_j 7:TI=	���,� !�

��� � 
�� 
 �)�����
� � $ KMµ�� �UOL5JW°;�=JQc9C[Ug�7:TU=�XSo�j�lm9E7:T
δ > −10◦

@�[U� |b| > 30◦ s �U>�S�� x f�4�¯_H�@�XS@�Q�9CX�9E�U=J[�7:9E¡U=J�k`_jk@R[±=Di�58=JXSXLW�r e�K ¬UH�iªf~ TU=G5�@R7:@�BCW�g²KM9E[d9<7:X.;R@�Qc9C=87©j³\UQc=JXc=J[_7S=J�	`_j²��@�[U�U=8QSXP=87Z@RB f s � +
S £ x O.58W�[_7:@�9C[IX]9C[³7:W�7p@RB� v £ XSW�HIQS5J=8XJ�3W�r lmTI9C5pT 59

XcW�HUQc5J=JXZ@RQS=«Q:@��I9CWR� l�=�@Ro ¯bHU@�X:@�QcX�9E[q7STU=GXSo�j³;b9C=8l�@�`UBE=«`_j4�·Z4�F�Q64yf

132�� � � ; � : EFA�G3H G�� H#����E�� A�H?G > G ��� :!� : = H#"JA�" =�E$� ;+A#> E >

�©[ 7:TI9CX�Xc=J587S9CW�[���7:TI=Z5�@R7:@�BEW�g�X�W�r34N>AF�58Bh@�XcXS=8X.�U=D¡�[U=J�³9E[³��=85�f��Ifu��@�QS=�W�QS�I=JQS=8� lm9E7:TQS=8XS\^=J5D7�7:W'7:TI=J9CQ§\^W�XSXc9C`UBE=�[U=JH�7:QS9E[UW3\UQSWb�IHU587S9CW�[�@�585JW�QS�U9E[Ug'7:W3\UTU=8[UW�VL=J[IW�BCW�g�9C5J@�B�5JQS9<7:=8QS9h@�f~ TU='W�QS�I=JQS9E[UgAXS5pTU=JVL=39EX�VLW�7:9<;R@R7S=J�L`�j�7:TI='5JW�QcQS=8Bh@R7S9CW�[IX�`^=87©l�=8=J[P`^=D7 l�=J=8[P\UTUWR7:W�[UX�@�[U�[U=8HI7:QS9E[UW�X�\UQSWb�UHI5J=8�Z9E[]\U9EW�[]�U=85�@�j]�U9EXS58HUXSXc=J�Z9E[���=J5��If¥¤�f�� 7�9CX�9E[U�U=8\^=J[U�U=8[_7mWRr§�U=D7p@�9EBC=8�4N>AF,V.Wb�U=8BCX�V.@�o_9C[Ug�\UQS=8�U9E587:9EW�[UX�W�[P7:TU= @�`UXcW�BCHI7S=�[U=8HI7:Qc9C[UW�¬�H�iPr�W�Q69E[U�U9<;�9E�UH�@�B^4'> F{f
~ TU=.@�XSXcHUVL=J�?[U=8HI7:Qc9C[UWZ\IQSWb�UHU5D7:9EW�[zr�QSW�V)\U9EW�[z�U=J5J@°jzQS=8XSHUB<7:X 9C[z5JW�QcQS=JBC@R7:9EW�[UX�`^=87©l�=8=J[7:TU=y\UQSWb�IHU587S9CW�[«QS@R7:=yWRr�[U=JHI7SQS9E[UW�X�@�[U�«W�r�\UTUWR7:W�[UX8fA��9E[U5J={7STU=�W�\�7:9C5J@�B§�U=8\I7:TUX�W�r�4N>AFQS=8V}@R9C[�HU[Uo_[UW°lm[0��7STU=N=JXc5�@�\U9E[Ug{\UTUW�7SW�[UX�5�@R[}`^=NW�r0Xc9Cg�[I9E¡�5J@�[_7SBEj�BEW l�=JQ�=J[U=8QSg�j�7:T�@R[L7:TU=[U=8HI7:QS9E[UW�X8f ~ TU9CX�9EX�7:@�o�=J[�9C[_7SW�@�585JW�HI[_7�`�j{7:TU=�XS=8BC=J5D7:9EW�[�W�r�XSW�HIQS5J=65J@�[U�U9E��@R7S=JX�@R7�;$@�QS9EW�HUX=J[I=JQSg�9C=JX�9C[�7:W��I9E¨ª=JQS=8[_765J@�[U�I9C��@R7S=�X:@RV.\IBC=JX8f��I@RV.\IBC=JX�@$76�U9<¨�=8QS=J[�76=8[U=JQcg�j]`�@�[I�UXAKMQS@��U9EWU�
� �A�IW�\I7:9E5�@�B¶��o�= K �^>�= K � ~ = K O6@RQS=��U=8¡�[I=J�0��@�B<l�@°jbX6@�XSXcHUVL9C[Ugy7:T�@R7�7STU=�W�`UXc=JQY;�=J�Z\UTUW�7SW�[¬�H�i|9EXN\UQSW�\^W�Qc7:9EW�[�@RB07:WL7:TI= ~ = K

ν
XS9Eg�[�@�B¶f ~ TU={;$@�BCHU=8XNr�W�Qm7STU={XS=8BC=J5D7:9EW�[Zr�QS=8¯bHI=J[U5Dj«@�Qc=QS=8Xc7:Qc9C5D7:=J�Z`�j]7:TU=A@�;R@�9CBC@�`U9<BE9 7 j.W�r�XSHU9<7p@�`UBE=���@$7p@If

YTZ���Z([ � f|eH�FeN`�c

��9E[U5J=�7STU=�W�`UXc=JQc;�=JQ 9CX�BCWbW�ob9E[Ug]9E[_7SW]7STU='ac=87��0`UBh@R»�@�QcX @RQS=�5J@�[U�U9E��@R7S=�XcW�HUQS58=JX�7:W]7:=8Xc7�r�W�Q`^=�@RV.=8��[U=JHI7SQS9E[UW.\UQSWb�UHI587:9EW�[|9C[Z7STU=6ac=87Jf'��W�QcQS=8XS\^W�[U�I9C[Ug.7:W.�U9<¨�=8QS=8[_73@�XSXcHUV.\�7:9CW�[UXNW�[7:TU=6W�\�7:9C5J@�BI�I=J\I7STLW�rª`UBC@�»�@RQ^ac=87SXJ��7STU=6[U=JH�7:QS9E[UW�¬UH�i�WRrª`UBC@�»�@�QcX�9CX�@�XSXcHUV.=8��7:W�`^=m\IQSW�\^W�Q �7:9EW�[�@�B�7:W�7STU=L\UTIW�7:W�[z¬�H�i�@R7A=8[U=JQcg�9C=8XAW�r ~ = K K¶´�I�> �N4{�0¸²TU9E\U\UBE=°OD�§> = K K#I�> ��I ~ O®�o�= K KM´�I�4�O3� 4y���POA�b4 ~ O�W�Q69C[Ir�QS@�QS=8�?Kg� �m4�� º v µ
V]O®f

~ TU=�W�QS�U=8QS9C[Ig?W�r�7STU=|XSW�HIQS5J=8X]9EXL�UW�[U=�@�585JW�Qc�U9C[Ig?7SW?7STU=Z¬�H�i�9E[ 7:TU=|QS=8BC=D;R@�[�7}=J[U=8QSgRjQ:@R[Ug�=�f�¹�W�Q�7STU=�QS=8XSHUB<7:9C[Ig'X:@RV.\UBE=JX8�$7:TU=�QS=8Bh@R7S9E;�=�Xc7SQS=J[Ig�7:TUX�WRrU7:TI=�XcW�HUQc5J=JX�@R7§7:TU=�Xc=JBE=J587S9CW�[=J[I=JQSg�9C=JX�@�QS=y�U9CXc\UBh@�j�=J�G9E[z¹�9CgUfª�If SIf ~ TU=�XY7:QSW�[Ug�=8Xc7 XSW�HUQS58=�XY7:Qc=J[Ug�7STzW�r�=J@�5pTzX:@�VL\UBE=y9CX[UW�QcV}@RBC9<»J=J�]7:W�W�[U=Rf
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� � ��� ����� � ��� ����� ~ TI= �©[Ir�Q:@RQS=J�q4'Xc7:QcW�[UW�VL9C5J@�B'�I@$7:=JBEBC9<7S=�Kg� �m4��UO�\UQSW°;b9C�U=8X]@�XSHIQc;�=8j@R7y7:TU=}l�@°;�=8BC=J[Ig�7:TUX�W�r
12µ

VZ�
25µ

VZ�
60µ

V @�[U�
100µ

VZf ~ TU=P¹�@�9C[�7���W�HUQc5J=]5�@R7:@�BCW�g
� �N4��P¹���5JW ;�=8QS9E[Ug�VLW�XY76\�@�QY7:X6WRr§7STU=�Xco_j]W�HI7SXS9C�I=�7STU=�g�@�BC@�587S9E53\UBC@�[U=R�I9C[U58BCHU�U=8X��t���I� v ­�­XSW�HUQS58=JX s · + £ v$x fP¹�QSW�V 7:TU=.�U=D¡�[U=8�k`IBh@�»J@�QAXS@�VL\UBC=R��9E[�7:WR7p@�B6� ¤�XSW�HIQS5J=8X�@�QS=�r�W�HU[U�?9C[7:TU=U� �m4��Z¹k5�@R7:@�BCW�gIf ~ TI=¯� �,XS=JBE=J5D7:=8��X:@RV.\UBE=�9CX6�U9CXc\UBh@�j�=J�Z9C[ ~ @�`UBE={�3fE��f ~ TI=A¬UH�i|@R7
60 µ

V�9EXm58W�[UXc9C�U=8QS=J��r�W�Q�7:TU= W�Qc�U=JQc9C[Ug�W�r�7STU= XSW�HIQS5J=8XJf
� � ������� ��������� ���	��

������� ����� ��� � ��� � � � ��� # ��� �©[G7:TI= U'� Q:@�j�QS=8g�9CVL=R�ª7:TU=8QS=�@�Qc=W�[UB<j�@|r�=Dl @RBCB �©Xco�j�XcHUQc;�=DjbXJfG¹�W�QAT�@�QS�JU'� Q:@�j�X]K

0.25 − 25
o�= K O®�§7:TU=8QS=}=Di�9EXc7�W�[UBEjG7:TU=´�I�4�O'�©4+VL=�@�XcHUQS=8V.=8[_7:X \^=JQYr�W�QSVL=J��9E[z7STU=�� £ � v X�lm9E7ST�BCW°l�Xc=J[UXc9E7S9E;b9E7©jG@�[U��\^WbW�Q @�[��g�HUBC@�QAQS=JXcW�BCH�7:9CW�[0f ~ TU=]Qc=JXcHUBE7SX�@RQS=}BC9EXc7S=J��9E[�7STU=��°´ 5J@R7p@�BEW�g s ¸ +

S�­ x ��5JW�[�7p@�9E[U9C[IgTS�­_¤XSW�HUQS58=JXJf
~ TU=�U'� Q:@°jLX:@$7:=JBEBC9<7:='�PO ��4 ~ \^=8Qcr�W�QcV.=8��@R[�@RBCB<� Xco�j.XcHUQc;�=Dj]9C[.7:TU=

0.2− 2.4
o�= K =8[U=JQcg�j`�@�[I��lm9E7ST�TU9Cg�T�XS=8[UXS9<7:9<;b9E7©jz@R[U�?g�WbWb��@�[Ug�HIBh@�Q�QS=JXcW�BCH�7:9CW�[z9C[G7:TU=�Q:@�[Ug�=LWRr�@Pr�=8l�7:=J[IXW�r�@RQS5D� XS=85JW�[U�IXJf ~ TU=LXc7SQSW�[Ig�=JXY7{XSW�HIQS5J=8XAr�W�HU[I�?9E[G7:TU=L@�BCB � XSo�j«XSHIQc;�=Dj?@�QS=�BE9CXY7:=J�z9E[G7:TU=�°�PU �P5J@R7:@�BCW�g s K + £�£ x �IlmTI9C5pT|58W�[_7:@�9E[UXm9E[P7:W�7:@�B�� SI� S���� XcW�HUQS58=JX8f

¹�W�Q67STU=JXc=�@R[_7:9E\^Wb��@�B0=®iI\^=8QS9EV.=8[_7:X8��7©l�W.XS=8\�@�QS@R7:=A5�@�[I�U9C��@$7:= BC9EXc7:Xm@�QS= 5JW�[UXY7:QcHU587S=J��r�QcW�V�°�PU �Z@�[U�?�°´ XSW�HUQS58=JX39E�U=J[�7:9E¡U=J�Zlm9<7:T|`UBC@�»�@�QcXN58W�QSQc=JXS\^W�[U�U9C[Ig.7:WL7STU={T�jb\^W�7:TU=8XS=8X37:T�@R7XSWRr 7�@�[U��TU@�QS�?UN�©Q:@�jA=JVL9CXcXS9EW�[0�RQS=8XS\^=8587:9<;�=JB<j���9CX�\^W�Xc9E7:9<;�=JB<j 5JW�QcQS=8Bh@R7S=J�yl69E7:T ~ = K [U=8HI7:Qc9C[UW\UQSWb�IHU587S9CW�[�f ~ TU9CX�QS=8XSHUB<7:9E[Ug«XS=JBE=J5D7:9EW�[UX�@�QS=]BE9CXc7S=J� 9C[ ~ @R`UBC=��3fu�«r�W�Q�´�I�4�O'�©4�@�[U�k9C[~ @�`UBE={�3f¥¤�r�W�Qm�POA�b4 ~ f
� #���� ��������� ���	
 � ��
�� � � � ��� # ��� �©[�7:TU='>�= K =8[U=JQcg�j�QS@�[Ug�=R��7STU=mV.W�XY7�XS=8[UXS9<7:9<;�=m��@R7p@@�Qc=N7:TUW�XS='5JW�BEBC=8587:=8�}`�j�7:TU=�I�> � I ~ =Di�\^=JQc9CVL=J[_7�W�[}`^W�@�Qc�.7STU=��6>A�PO,XS@R7:=8BCBE9E7S= s �6>A� x f~ TU={7:TU9EQS��I�> � I ~ 5�@R7:@�BCW�g«K¶� I�>AO s ´ + £�£ x 5JW�[�7p@�9E[UX�¤����{XSW�HUQc5J=8X�9E[|7:WR7p@�B�W�r�lmTU9C5pT º�ºT�@�;�=«`^=8=J[d9E�U=J[�7:9E¡U=J��lm9E7ST³`UBh@�»J@�QSX8f	4m�U�I9E7:9EW�[�@�B<B<j���r�W�Q]¤���XSW�HIQS5J=8XP@�XSXcWb5J9C@R7:9EW�[UX�lm9E7:T`UBC@�»�@�QcX6=Di�9CXY7mlm9E7STZBEW l�=8Q65JW�[I¡U�U=J[U58=�f
I�>A��I ~ XSW�HUQS58=JX�@RQS=�XS=8BC=8587:=8�²`�j 7:TU=�QS=8¯bHI9CQS=8V.=8[_7]WRrA@�QS=8BC9C@�`UBE=Z9E�U=J[�7:9E¡U5�@R7S9CW�[±lm9E7:T@?XSW�HIQS5J=�W�r�7:TI=�`UBh@R»�@�QLXS@�V.\IBC=�KM58Bh@�XcX + 4 +�9C[ 7:TU=�� I�>&5�@$7p@�BEW�g_O®fd¸?=�@�o_B<j�9E�U=J[�7:9<¡�=J�
I�>A��I ~ XcW�HUQc5J=8X�K�5JBC@�XSX +u@�+�9C[Z7STU=y� I�>�5�@R7:@�BCW�g_O6@RQS={@�5J58=J\I7S=J�«W�[UB<j�9<r�@R[�9E[U�U=J\^=8[U�U=8[_7@�[�@RBEjbXS9EX�5JW�[�¡�QSVLX�7:TU9EX�9E�U=J[�7:9<¡�5�@$7:9CW�[ s ��I��3· v � x f ~ TU=�XcW�HUQS58=JXm@�QS=3XSW�QY7:=J��@�5J58W�QS�I9C[Ugy7:W7:TU=LV.@$i�9CV�HUV ¬�H�i?�I=87:=8587S=J� `�jJI�> � I ~ f ~ TU9CX jb9C=8BC�UX�7:TU=LXSW�HUQS58=}XS@�VL\UBC=�9E[�7STU=LXSo�j;b9C=Dl�@�`UBE= `�jP4�·|43F�Q64�\IQS=JXc=J[�7:=J��9E[ ~ @�`UBE={�3f ­Uf
~ TU=�Bh@�Qcg�=JXY7�r�QS@�587S9CW�[�WRr I�> ��I ~ XcW�HUQS58=JX�T�@RX�[UW�7�`^=8=J[�9E�U=J[�7:9<¡�=J�ylm9<7:T�XSW�HUQS58=JX��U=D7:=8587:=8�@R7mWR7:TU=8Q6l�@°;�=8BC=J[Ig�7:TUXmHU\�7SW�[UW°l f�43B<7:TUW�HIg�TZ@�BC@�QSg�=3r�Q:@�5D7:9EW�[PW�r§7:TI=JXc=AXSW�HIQS5J=8XN9CX�BC9Eo�=JB<j7:W `^=mg�@�Bh@R587:9E5R��XSW�VL=N@RQS=m\IQSW�`�@R`UBEjy=Dib7:QS@�g�@�BC@�587S9C5Rf ~ TUQS=8=N�U9E¨ª=JQc=J[_7�7 jb\^=8X�WRr�\UQc=JXSHIV}@�`IBEjg�@�BC@�587S9E5�XcW�HUQS58=JX�T�@�;�=�`^=J=8[��U9CXc5JHUXcXS=8�0��7 l�W�@�Qc=�58W�[U58=J[_7SQ:@R7S=J��W�[y7STU=�g�@�BC@�5D7:9E5�\UBC@�[U=�lm9E7:T
|b| < 5◦

�°lmTU9CBE=�7:TI=�7:TU9EQS� 9CX�@RXSXSWb589h@R7S=J� lm9<7:T�7:TU=�>�W�HUBE� `^=8BE7 s > + v�vRx f ~ TU=�BC@R7S7S=JQ�r�W�QSV�7STU=XSW$�©5�@RBCBC=8�21�Wb5J@�B§> @�VLV.@$�©�N@�j ¢ W�\UHIBh@R7S9CW�[P5pT�@�QS@�587S=JQc9C»J=8�|`�jPl�=�@�o���`UHI7N58W�[UXc7:@�[_7m¬�H�i�=8X`^=JBEW l
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5JV
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γ ≈ 2.45
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δ > 10◦
@R[U� |b| > 10◦
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YTZ���Z�� r lveN` �vh�c§{B~�`'d¡lvc
��W�VL=�`UBh@�»J@�Q6XcW�HUQS58=JXNT�@°;�=A`^=8=J[|QS=8V.W°;�=J��r�QSW�V 7STU=A5J@R7p@RBCW�g�X�`_j�@�58HI7'W�[�7:TU= �U9CXY7p@�[I5J=5JW�QSQS=8587S=J�?¬�H�iªf � r�7:T�@R7A5JH�7{l�@�XA7STU=LW�[UB<jGQS=J@�XcW�[?7SW|Qc=JVLW ;�=�7:TU=8V|��7:TI=JXS=.XcW�HUQc5J=JXy@�Qc=BC9EXc7S=J��9E[ ~ @R`UBC=A�3fE����f
��W�VL='l�=JBEB<�©o_[UW°lm[][U=J@�QS`�j}4N>AF�XS@R7:9EXcr jLXS=8;�=8Q:@�B�XS=8BC=8587:9EW�[]QcHUBC=8XJ�blmTU=J[PXSo_9C\U\I9C[Ugy7STU=35JHI7W�[�7STU=L�U9CXY7p@�[U58=L5JW�QcQS=8587:=8��¬UH�iªfPF�>A��� ¤�� w l�W�HUBE�?`^=L9C[z7:TU=©� ���©`UBC@�»�@RQ @�[U�?9C[�`^W�7STo�= K �©`UBC@�»�@�Q6XS@�VL\UBC=8XN@R[U��·|QSo w�v ��l�W�HUBE�Z`^= 9C[�`^W�7STZo�= K XS@�VL\UBC=8XJf ~ TU=AWb585JHUQcQS=J[I5J={WRr7:TU=8XS=mXSW�HUQc5J=8X�9E[�;$@�QS9EW�HUX�X:@RV.\IBC=JX�5JW�[I¡UQSVLX�W�HIQ�@RXSXSHIV.\I7S9CW�[�7:T�@$7�7:TU=8XS=NXcW�HUQS58=JX�VL9Cg�QS@R7S=9C[�7:WG7STU=�X:@�VL\UBC=8X��IHU=�7:WG7:TU=89CQ�\UQcW°i�9CVL9<7 j�@�[U� XSTUW�HUBC� [IW�7L`^=�5JW�[UXc9C�U=8QS=8�³@�X�g�=J[U=8QS9E5XSW�HUQS58=JXJf 4'[_jbTUW°l ��7:TU=DjkV}@�j `^=�QS=8BC=D;R@�[�7L[U=8HI7:Qc9C[UWzXSW�HIQS5J=8XJf ~ TU=8QS=Dr�W�QS=R��9E7�9CX�HIXS=8r�HIB7:Wk@�[�@�B<jb»J=�7:TU=8V @�X]9C[U�U9<;b9C�UHU@�BN5�@R[U�U9C�U@R7:=«XcW�HUQc5J=JX8f�43BEB'W�r 7:TI=JXS=G[U=J@�QS`�jq5J@�[U�U9E��@R7:=XSW�HUQS58=JX6@�Qc='9C[U58BCHU�U=8�}9C[L7:TU='Xc7:@�[U��@�Qc�]XS=D7�W�r�4�·|4�F Qm4n\UQc=JXc=JBC=8587S=J�P5�@R[U�U9E��@R7:='XcW�HUQc5J=JX
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~ TU=AQc=JBC@R7:9<;�=�¬�HbiZWRr�7STU=

nth
XcW�HUQc5J=��

F (n)
��9EX6\�@�QS@�V.=D7:=8QS9C»8=J��`�jZ@�\^W l�=JQmBh@�l �

F (n) ∝ nα .
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F (n)
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α
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α = −0.6
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α = −4.1
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r�W�Q7:TI=AWR7:TU=8QmX:@�VL\UBE=JX8f
� rI7:TU=�[bHIV�`ª=8Q§W�rUW�`UXS=8Qc;�=J��=D;�=J[�7:X�9CX�XSH�-.589C=8[_7SBEj TU9Eg�TAXSWN7:T�@$7�> @�HUXSXc9h@�[AXc7:@R7:9EXc7:9E5JX�5J@�[y`^=@�\U\IBC9C=8�0��7:TU=�XS9Eg�[U9<¡�5�@R[U5J=�W�rI@�[AW�`UXS=8Qc;R@R7S9CW�[ 9CX�g�9E;�=8[A`_j

S/
√

BG
� lmTU=8QS=

S
9EX07:TU=�[_HUV�`^=JQW�r�XS9Cg�[�@�Bª=D;�=J[�7:XN@�[U�

BG
9EX�7STU=�[bHUV�`^=8Q�W�r§`�@R5®o_g�QcW�HU[U��=D;�=J[�7:X8f ~ TU=�[bHUV�`^=8Q�W�r§Xc9Cg�[U@�B=8;�=8[_7SX6r�QcW�V�=�@R5®TPXSW�HUQS58=��
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�I9CX�\IQSW�\^W�QY7:9EW�[�@�B�7:Wy7:TU=3¬UH�i]W�r�7:TU=�XcW�HUQc5J=R�
F (n)

@�[U�
BG9CXN@L5JW�[IXc7p@R[_7�f ~ TU=J[0��7:TU={58HUV�HUBC@R7:9<;�= XS9Eg�[�@�B�W�r

n
XSW�HUQS58=JX39CXmg�9E;�=J[|`_j

S(n) =
∑n

i=1 Si@�[U�]7STU=�`�@�5po_g�QSW�HU[U��9EX
BG(n) = n ·BG

f��©[P7STU9CX�5J@�XS=R�I7:TU=�XS9Eg�[U9<¡�5�@R[U5J=8X�r�W�Q�@�BCB�;$@�BCHU=8XW�r
n
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n
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n
Xc7SQSW�[Ug�=JXc7�XSW�HUQS58=JX�9CX�V.W�Xc7�XS=8[UXS9<7:9<;�=m7:W 7:TU=58W�[UXc9C�U=8QS=J�ZT_jb\^W�7:TI=JXS9EXJf
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~ TU=�¡�QcXc7 5�@�Xc=L9EX�g�9E;�=8[0��9Er

S2/
√

2BG < S1/
√

BG
��9¶fu=RfE�09Er

α < −1.27
��7STU=�7STU9CQc�z5J@�XS=Wb5J58HUQSX�9Er

α > −0.5
f�¹�W�Q −1.27 < α < −0.5

��@Ng�@R9C[A9C[AXS=8[UXS9<7:9<;�9<7©j 9EX§W�`�7p@�9E[U=J�A`_j XSW�HUQc5J=Xc7:@�5pob9E[UgUf�¹�W�Q�@�BCVLW�XY7�@�BEB�5JW�[IXS9C�I=JQS=8�LX:@RV.\IBC=JX8��7:TU=�¡U7c7:=J��;$@�BCHU=�W�r
α
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��@�`^W°;�=NlmTU9E5®TL7:TU=N�U9E¨ªHUXS='@�[U@�BEjbXS9EX�9EX�VLW�Qc=NXc=J[UXc9E7:9<;�=�f
~ TU=N\UQSW�\^=JQc7S9C=8X�W�rª7STU=N[U=8HI7:Qc9C[UW 7S=JBE=JXS58W�\^=NHUXS=8�.r�W�Q�7STU='@�[U@�BEjbXS9EX�5J@�[.VLWb�U9Er j{7STU=NQS=8XSHUB<7:Xr�W�Q�7 l�W�QS=J@�XcW�[UXJf2� r�7STU=�=D;�=J[�7�Q:@$7:=JX�@�QS=�XcV}@RBCB¶� ¢ W�9EXSXcW�[�XY7p@R7S9CXY7:9C58X�TU@°;�=�7:W'`ª=�@�\U\UBE9C=8�y@�[U�7:TI=�5JQS9<7:9E5�@�B�;R@�BEHU=JX�W�r

α
g�=876XSBE9Cg�T�7:B<jL�U=J\^=8[U�U=8[_7'W�[]7:TI=�XS9Cg�[�@�Bª[UW�QSV.@�BE9E»J@R7:9<W�[0f�¹�HIQc7:TU=8QY�VLW�QS=R�_7STU=N¡�[U9<7:=NXS9C»8='W�r�7:TU='Xc=�@�Qc5®T]`U9E[UX�BC9EVL9<7SX�7:TI=3[_HUV�`^=JQ�W�r�XcW�HUQc5J=JX�7:W{`^='5JW�[UXS9E�U=JQc=J�`_j�7:TI=358W�[U�U9<7:9CW�[.[UWR7�7:Wy58W ;�=8Q�@{XS9Eg�[U9E¡U5�@�[�7�r�Q:@�5D7:9EW�[.W�r�7:TU='XSo�j«KM=�f gUf

10%
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νl +
[_HU5JBE=JW�[ → l +

T�@��IQSW�[U9E5�L�=8BC=8587:QcW�V.@�g�[U=D7:9E5�5�@�Xc5�@��U=
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L(x)

��9CX6�I=8¡�[U=8��`�j

L(x) = Πip(xi|a) ,
KM­Uf º O

lmTU=8QS=
p(xi|a)

9CXm7STU={\UQcW�`�@�`I9CBC9 7 j}7SW.W�`UXS=8Qc;�={7:TI={V.=J@�XSHIQS=J�|;$@�BCHU=
xi

r�W�Q'@Lg�9<;�=J[|XS=873WRr\�@�QS@�VL=87:=8QSX
a s 4 + v ­�` x f2�©[�7STU=64�·Z4�F Qm4d7SQ:@�5poyQc=J58W�[UXc7SQSHU5D7:9EW�[0�

L(x)
9EX��U=D¡�[U=J�.@�X�7:TU=7:9EV.={BC9Eo�=JBE9ETUWbWb���ª9 f =�f<�

p(xi|a)
9CX'7:TU=�\IQSW�`�@R`U9CBE9<7©j�7:WPW�`IXS=JQY;�=L@]\UTUW�7SW�[GTU9E7�@R7 @]58=JQY7p@�9E[7:9EV.=�r�W�Q�7:TU=�7:QS@�5poG\�@�QS@�VL=87:=8QSX

a

f ~ TU=.\UQcW�`�@�`U9EBC9 7 j��U9EXc7:Qc9C`UHI7S9CW�[zW�r�7:TU=.@�QcQS9<;R@�B�7:9EV.=8X
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− log(L)
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~ = K s · + v�w ` x 9CX6�U=D7:=8QSVL9C[U=8�Z\UQc=JBC9EVL9E[�@RQS9<B<jL7:W
E2Φ < 2.6 · 10−7 >�= K 58V −2 X −1 XcQ −1 .
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@ 5E>*),3C' 0N>*<=K,5�­ Θ ­v0N>*M¤36'*5�0 @ ),_e[436'p0N>*<=KO5N­ Φ \SP(M*M*),3C)OG=>*0�K,K^L�­³0�+°367CG�>*G=_d)O-"0NK¯-8GFG=7YM*)O>*0N365E+0�7Y5S[*+Y58Mv­b3C'*5S7C),<='i3I0N+C-85E>*+C),G=>BA:CAP�G=7
α D 0�>*MJ3C'*5SM*5E-8KO),>10N3C)OG�>EA

δ
G=7IU*FXr D \*Uo[*5S3CG.36'*5[*>*),ki[*5fKOGF-"0¢36)OG�>�G�H¦P�R�PSToU(P.­

Θ
0�>bM

δ
-80�>�5"0�+Y)OK^LJ9;5f-8G�>iD=5E7Y365EMv­

δ = Θ − 90◦ .
A8G4\IH D

&('*5e-8G�>iD=587Y+C),G=>qHW7CG=_
Φ
)O>�36G

α
)O+SMbG=>*5�?A)^36'p3C'*5ePSRBPSTVUAP 7C58-EG=>*+°367C[b-E36),G=> +YG�H¸3Ê?s0�7C5§KJ + © H8«Ù\]Ã 3�-8G�7C7C5E+C2;G=>bM*+�3CG�0e-8G=7Y7C5E-E36),G=>�HWG=7I36'*5f7YG�3/0N3C)OG=>JG�H¦3C'*5�F`0�7Y3C'v\

Uo[*5@3CGd3C'*5@KOGF-"0¢36),G=>jG�H�P�RBPoToU(P£0¢3�3C'*5:<�58G=<�760�2*'b)O-ML4G�[b36'ON¦G=K,5�­*36'*5@910�-/hi<=7CG�[*>*M¤GNH0N3C_�G=+Y2*'*5E7C)O-Ç>*5E[b367Y)O>*G�+�)O+�+°LF_�_d5E3C7C)O-Ç),>PCAP.\¦&('*)O+e0�K,KOGz?A+:36Gp-"0�K,-8[*KO0N365d36'*5J5a�42;58-a3658M>F[b_e9;5E7�G�H:910N-�hi<=7YG=[*>*M�5aD=58>i3C+�)O> 0�+C580�7C-/'�9*)O> G=>4� +CG=[*7Y-85N­
nbg
­VHW7YG=_ 36'*5qG=9*+Y587YD=5EM>F[b_e9;5E7²G�H;5ED=5E>i36+`G�ÆZ�¥+YG=[*7Y-85I)O>.36'*5(+C0�_d5 @ 5E>*),3C'g910N>*Mv­ nzb

\�&('*5 @ 5E>*),3C'g9*0�>*Mg),+²M*5a�1>*5EM0�+f36'*5�2*0�7Y3:G�Hs3C'*5�+C2b'*587Y5Ç58>*-EKOG=+Y58M�9iL
δmin

0�>*M
δmax

\J&('*5�M*5E�*>*),3C)OG=>�G�Hs36'b5�+C580�7C-/'9*),>*+J0�>*M 3C'*5 @ 58>*)^36' 910�>*M 9;5E3¥?s585E> δmin

0�>*M
δmax

)O+Ç),KOK,[b+Y367C0N365EM )O>RQ�)O<b\SG4\IH=\�&('*5910�-/hi<=7CG�[*>*MB),+(<=),D=5E>�9iL
nbg = nzb · Abin/Azb ,

A8G4\UT D
?A'*5E7C5f36'*5f+Y210�-E5:0�>*<=K,5�G�H�0g-E)O7C-E[*Kn0N7I+C5"0N7C-/'B9*)O>�?A),3C'�9b)O>j760�Mb)O[*+

rbin

)O+(<�),D=58>j9iL
Abin = 2π (1 − cos(rbin)) ,

A8G4\ t D
0�>*Mp3C'*5�+C210�-E5g0�>*<�KO5.G�H]36'*5 @ 58>*)^36'q910N>*Mv­Ä?A'*),-�'q)O+oM*5a�1>*5EMQ0�+o3C'*5�760�>*<�5�G�H]36'*5�M*5E-8K,)^�>10N3C)OG=>

δ
9³5a3¥?s585E>

δmin

0�>*M
δmax

­1),+A<�),D=5E>�9iL
Azb = 2π (sin(δmin) − sin(δmax)) .

A8G4\ ª D

V7W�X4Y"Z\[^]%_�`4acb:dfehg�ikjSlmjonSpqjsr§)ut
d�e1v«)uw3x5y�i{z0d/z0|
}~v5t
v.��ehg�i�d�w3����i�x�)'18)u��v5i�xh��i��fd�i�w3ehxht
d�)i���i�d�e5v<)ud��'v()uw3x5y�i�t�vSy?)u�=r/z0x5i��m�7t
ehgmehg�i��/zuy��S,,x()uw3d���i��~r�i�y�e�z0eht/)ud@)0���'v()uw3x5y�i,�S�+g/i�)ud��'v«)uw3x5y�ii���i�d�e5v�z0x5i7|/)�y z0e5i���t
dMz!y�t
x5y�w3|Iz0x�v�i z0x5y�g1�3t
d�z0x()uw3d��1ehg�iqy�z0d/��t���z0e5iqv«)uw3x5y�i,���+g�iqy#)ux5x5i�vhr§)ud���t
d-,
)0���'v()uw3x5y�i!x5i#,,t/)ud{t�v��3i���d�i��czuv7ehg�i!� i�d3t
ehg�x�z0d-,�i�i�d�y�|/),v5i��k��}

δmin
z0d��

δmax
�
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Q1G=7@0j2;G=),>i3@+YG=[*7Y-85Ç0N>10�K,LF+Y)O+8­u0j+60�_d2*K,5gG�Hs>*58[4367C),>*G�5ED=5E>i36+:'10�+f3CGB9;5d5��43C760�-a365EM�HW7YG=_36'b5d-8G�KOKO5E-E3C58M�M*0N3/0b\g&('*5d7C5
�Y5E-E3C)OG=>�G�Hc3C'*5d9*0�-�hi<�7CG=[*>bM�G�HI0¢36_dG=+C2*'b587C),-g_�[bG=>*+8­®?A'*),-�'0�7Y5j0¢3�367Y)O<=<�587.K,5ED=5EK
106 3C)O_d58+._dG=7C5J0�9b[*>*M10�>�3e3C'10�>�>*58[b3C7C),>*G=+8­])O+�GNH�-85E>i367C0�KI),_�2;G�7°�3/0N>*-85N\XP +C_�0�KOK;HW760�-a36)OG�>jG�H�0N36_dG=+Y2*'*5E7C)O-S_e[bG=>*+�A�[*+Y[10�KOK^L ∼ 10−3 D )O+(_d)O+Y7C58-EG=>*+°367C[b-E365EM0�+@[*2*<=G�)O>*<b­u'*G ?c5ED=5E7.+Y36),KOK²M*G=_d)O>*0�>i3fG D=5E7:>*5E[b367Y)O>*GB),>*M*[*-E58M�5aD=58>�36+8\��S[10NKO),3¥Lp-E7C),3C587Y)n0G=>d36'b5V7Y58-8G�>*+Y3C7C[*-a3658MÇ367C0�-/hd0N7C5�[*+Y58MÇ3CG:+C5E210�7C0N365V>b58[b3C7C)O>bG:)O>bM*[*-85EMÇ5ED=5E>i3C+cHW7CG=_£_�),+C7Y5a�-8G�>*+Y3C7C[*-a3658Mq0N36_dG=+Y2*'*587Y)O-f_e[bG=>*+8\(&('*5:+Y367Y58>*<N36'pGNH²3C'*5:-8[b3C+oM*5a365E7C_d)O>*5E+�36'*5:2b[*7C)^3ÊLjGNH36'b5�>*58[4367C),>*G@+60N_�2*K,5A0�>*Md3C'*5�+Y)O<=>10NK15���-E)O5E>*-EL�\`Ã 3X)O+]G=2b36),_d) @ 5EMd9�Lg7Y58ki[*)O7Y)O>*<f_�0¢�4)O_�[*_+C5E>*+C)^36)^D4)^3ÊL�36Gg>*58[4367C),>*Gg2;G=)O>�3A+CG�[*7C-E58+8\

&('*),+ÇG=2b36),_�) @ 0N3C),G�> '10�+�36G�9;5pM*G�>*5p0�-8-EG=7CM*),>*<Q36GQ36'*5¤+Y3C7C)O-a3J9bKO),>*M*>*5E+C+Ç2*7C),>*-8),2*K,5j36'*5P�R�PSToU(P -EG=KOKO0�9;G=7C0N36)^G=>e'10N+X<=)^D=58>d)^36+C5EK,HÊ­=)¬\ 5�\^­i>*G@+C),<=>10�K*)O+]5ED¢0�KO[10¢3658Md[*>�36)OK10�K,K10�>*0�K,LF+C),+210�7C0�_d5E365E7C+@0�7C5e�b�458Mv\JPV>iL G=2436)O_d) @ 0N36)^G=>qG�H(0N>10�K,LF+Y)O+f210N760�_d5E3C587Y+@'10�+f3CGB9;5dM*G�>*5dG=>+C),_�[*Kn0¢365EM G=7f7C0�>*M*G�_�) @ 58M M10¢3/0j+C5a36+E\Ç&('*5d9*K,)O>*M*>b58+C+f2*7Y)O>*-E)O2*K,5e5E>*+C[*7Y58+.0j+Y3/0¢36),+Y36),-"0�K,K^L-8G�7C7C5E-E3s0�>*0�K,LF+C),+X0N>*MÇ0�>�Lg9*)O0�+`GNHv[*>bhF>bG ?A>�367Y)n0�K4H�0�-E3CG=7C+`)O+`5��4-8K,[*M*58MÄ\`Ã¥>�-80�+C5�G�Hv0f2;G=)O>�3+CG�[*7C-E5o0�>10�K^LF+C)O+E­�36'b5V9bKO),>*M*>*5E+C+X)O+`5E>*+C[*7Y58MÇ9iLg-8G�>*+C),M*587Y)O>*<@G=>bK,LeM10¢3/0f+C5E3C+X?A),3C'�7C0�>*M*G=_e�) @ 58MBC�P A��Ê+Y-8760N_�9*KO5EM M*0N3/0�� D G=7@Rpr +C),_�[*Kn0N3C),G�>*+o)O>q3C'*5gG�2b36),_�) @ 0N36)^G=>pG�HX3C'*5d0�>*0�K,LF+C),+210�7C0�_d5E365E7C+E\²P -8G=_d210�7Y)O+CG�>eG�H®R¤r 0�>*Md_d5"0N+C[*7Y58MdM10N3/0�),+]2;G=+C+Y)O9*K,5IHWG=7]+C-E760�_�9*K,58MgM10¢3/0b­2*7YG DF)OM*),>*<j0N> )O_d2;G=7Y360�>i3o-�'b58-/hqG�HX3C'*5g[b>*M*587Y+Y360�>*M*),>*<�G�HcPSRBPoToUAP:\¯Ã¥>q36'*5e7C5E+C[*K^36)O>b<G=2b3C)O_�[*_�5aD=58>i3e+60�_d2*K,58+8­�3C'*5JKO0�7C<�5�_Ç0��YG=7Y),3¥L G�H(3C'*5J5aD=58>�36+e)O+:<=),D=5E>�9�L 0¢36_dG=+C2*'b587C),->*5E[b367Y)O>*G=+E­®?A'*),KO5e0j+Y_Ç0�K,K�-EG=>i360�_�),>10N3C),G=>p9iLq_d),+C7C5E-8G=>b+Y367Y[*-E3C58MQ0N36_dG=+Y2*'*587Y)O-�_e[bG=>*+�)O+5a�42;5E-E365EMv­Z3¥L42b)O-"0NKOK,LÇ0eHW5a? 2;5E7C-85E>i38\

w�x�� {�|.} �j�g���W�.~A��~ ������}���}��Z�Ù� ~²�q���=�S} �g� �.~²~�}�~��
� �q�j���S} ~¦���.���e�6� �

! ),3C' 36'b5¤P�RBPoToU(P >*58[b3C7C),>*GQ3658K,58+Y-8G=2;5N­A+C5aD=58760NKo2;G=)O>�3Ç+YG=[*7Y-85q0N>10�K,LF+Y58+Ç'10"D=5p9;5E58>M*G=>b5¤§KJo0�[ ©�ª ­CP + ©�ª -N­CP + © GN-N­CP + «Ù\JPVKOK��¥+Yh�Lq+C580�7C-/'*58+.'*0zD=5�9;5E58>�2;587YHWG�7C_d58M�0�+f?c58KOK`0�+36'b5B0N>10�K,LF+Y)O+eG�HV2*7C5E+C58K,58-a365EM -"0�>bM*)OM10¢365�+CG=[*7Y-85E+8\ Ã¥>¡36'*5�0�K,K^� +YhiL�+C580�7C-/'v­I0�>�L�2;G=+Y),36),G=>)O> 0¡<=7Y)OM G�H.7Y58-a3/0�>*<�[*Kn0N7�+C580�7C-/' 9*),>*+j),+�5EDN0NKO[10N3C58M�9�L -8G�>*+C),M*587Y)O>*<�3C'*5 910�-/hi<=7CG=[b>*M5a�42;5E-E3/0¢36)OG�> HW7YG=_�36'*5g0zD=5E760�<�5g>i[*_�9;587�GNHc5ED=5E>i3C+@)O>p36'*5e-EG=7C7Y58+C2;G�>*M*)O>b< @ 58>*)^36' 7C0�>*<=5N\&('*5�KO),+Y3]G�H
33
2*7Y58+Y58KO5E-E3C58MÇ-"0�>bM*)OM*0N365A+CG�[*7C-E58+c-EG=>i360�)O>*+`P�lfT:­�_d)O-E7CGFki[10�+C0�7C+`0�>*MmLbT�CA+8\Po>d0"D=58760N<=5(+C58>b+C),3C),DF)^3ÊL.GNH

E2Φ = 6 ·10−7 l�5#" -8_ −2 + −1 '10�+]9;585E>�0�-�'b)O5aD=58Md),>e3C'*5(_�G�+Y3+C5E>*+C)^36)^D=5�0�>10NK,LF+C),+.910�+Y58M¡G�>
807

M10"L4+�G�HAM*5a3658-a36G=7�KO)^HW5E3C),_d5B§¨P + «¬\ T�Gp>*58[b3C7C),>*Gp2;G=)O>�3+CG�[*7C-E5@'10�+A9;585E>BM*5E3C58-a3658M�?A),36'�36'b)O+(+C5E>*+C)^36),DF)^3ÊL�\
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&('*5@+C5E>*+C)^36)^D4)^3ÊLJGNH�P�RBPoToU(Pm36Gg<=58>b587C),-f2;G=)O>�3A+CG=[*7Y-85E+V-"0N>B9;5@),>*-87Y5"0�+Y58MB9�L�3C'*5@5aDN0�K��[10N3C)OG=>�G�Hs36'b5�-8[*_�[*KO0N36)^D=5g+C),<=>10�K]G�HI+C5aD=58760NKc+CG=[b7C-85E+8­]0�2*7CGF-E58M*[b7C5�?A'*),-/'�)O+@hi>*Gz?A>�0�++CG�[*7C-E5d+Y360�-/hF),>*<*\�Ã¥>Q0�+CG�[*7C-E5d+°3/0�-/hi)O>*<�0�>10�K^LF+C),+8­v36'b5g>F[b_e9;5E7fGNHcG=>4�¥+YG=[*7Y-85d0�>bM�910�-/h=�<=7YG=[*>*M�5ED=58>�36+g)O+�<�),D=5E>¡9�L�36'*5J+C[*_ G�HA36'b5�-8G=7Y7C5E+C2;G=>*Mb)O>*<qD¢0�KO[b58+�HWG=7:36'*5�),>*M*)^D4),M*[10�K+CG�[*7C-E58+8­

nstack
on =

Nsrc
∑

i=1

ni
on − noverlap

on ,

nstack
bg =

Nsrc
∑

i=1

ni
bg − noverlap

bg .
A8G4\UG D

Ã H²3¥?sGÇ+YG=[*7Y-858+S0N7C5@+CGÇ-EKOG=+Y5@3CG�5"0�-/'pGN36'*5E7�3C'10N3�36'*5@+C5"0N7C-/'p9*),>*+VGzD=587YKn0�2Ä­136'*5:5aD=58>�36+o)O>36'*5�GzD=587YKn0�2�7C5E<=)OG�>�-8G�>i367Y)O9*[4365SG=>*K,L�G=>*-E5�36G�36'b5�+C[*_�\]&('*5f910�-/hi<=7CG�[*>*M�5��42;58-E360N36),G=>j)O+-8G�7C7C5E-E3C58MBHWG=7(36'*5@GzD=587CKO0�2�9iLj+C[b9b367C0�-E3C)O>*<g36'*5@910�-/hi<=7CG�[*>*M¤5��b2;5E-E360N36),G=>¤GNH�36'b5:GzD=587YKn0�27C5E<=)OG�>v­
noverlap

bg

­N?A'b)O-/'.)O+u-80�KO-E[*Kn0¢3658M:0�>10�K,G=<=G=[b+CK^LS3CG*F]kZ\~G4\ TA7C5E2*KO0�-8),>*<
Abin

9iLf3C'*5c+C210N-850�>*<�KO5fGNH�36'b5:GzD=587YKn0�2�7C5E<=),G=>v\IrI0¢3/0�K,G=<=+(G�H²<=5E>*5E7C)O-fPVlfT -8Kn0N+C+C5E+�?A'*),-�'¤0�7Y5@+C[b),3/0N9*KO5SHWG=70J+YG=[*7Y-85e+Y360�-/hF),>*<j0�>*0�K,LF+Y)O+S0�7Y5�M*5a�1>*58M )O> rs'*0�2b365E7ftJ0�>*MqG=7YM*587Y58M�0N-8-8G�7CM*),>*<Ç36GÇ36'*5E)O72*'*GN36G=>�Å*[4�j0N3A0e-85E7Y360�)O>�+C5EKO5E-E36),G=>�58>*5E7C<�L�\X&('b)O+(G=7YM*587Y)O>*<�+C-/'*58_d5f)O+I_dG�3C),DN0¢3658MJ9iL�36'*50�+Y+C[*_d2b36),G=>.G�HZ0oK,)O>*580�7u-8G�7C7C5EKn0¢36)OG�>:9;5E3¥?s5E58>g2*'*GN36G=>.Å*[4��0�>*M�>*5E[b367Y)O>*GVÅ1[4�³­�?A'*)O-/'�M*GF5E+>*G�3AM*5E2;58>*M¤G�>B0g+Y2;58-E),�1-@P�lfT _dGFM*5EK¬\
Q1G=7 580�-/'�-80N3/0�K,G=<*­.3C'*5 >F[b_�9³5E7�GNHJ+YG=[*7C-E58+�36G�9;5 0�>10�K^L @ 5EMv­ Nsrc

­d0�>bM G�HÇ3C'*5 760 �M*),[*+.G�HA+Y5"0�7Y-�'�9*)O>b+.)O+:G=2b36),_�) @ 58MÄ\¤&('*5JM*5E-87Y5"0�+Y)O>*<q7Y58KO0N36)^D=5�910�-/hi<=7CG�[*>*M Å1[*-a36[10N3C)OG=>b+A ∝ 1/
√

Nsrc

),Holf0�[*+Y+C)n0N>¡+Y360N36),+Y36),-8+e0�7C5j0N2*2*KO),58M D -8G=_d2;5E3C5�?A)^36'�3C'*5j+Y_Ç0NKOK,587:Å1[4��2;587+CG�[*7C-E5�)^H³),>*-8K,[*M*),>*<�0�KO+YG�?c5"0�h�5E7X+CG�[*7C-E58+8\]&('*5AM*5a3658-a36G=7`2*0�760�_d5E3C587Y+]G�H³P�RBPoToU(P�58>�3658736'*5.G=2b36),_�) @ 0N3C),G�>¤),>p+C5aD=587C0�K�?I0"L4+E\f&('*5e9*0�-�hi<=7YG=[*>*Mq5ED=5E>i3f7C0N365.'10�+V36GJ9;5�-8G=>b+C)OMb587C5EM)O> 36'b5¤-/'*G=),-85BG�HS3C'*5¤+°3/0N3C)O+Y3C)O-80�KA_d5E3C'*GFM 3CG�9;5p0�2b2*KO),58Mv\ &('*5p0�>*<�[*Kn0�7g7C5E+CG=K,[b36),G=> GNH36'*5.M*5E3C58-a36G=7SM*5a365E7C_d)O>*5E+o3C'*5�+C) @ 5.G�H`+C580�7C-/' 9*),>*+8\S&('i[*+8­v),3oM*5a365E7C_d)O>*5E+o3C'*5�_�0¢�4)O_�[*_>F[b_e9;5E7SGNHX+YG=[*7Y-858+S?A'b)O-/'q-"0�>q9;5�),>*-EKO[*M*5EMp9;5EHWG=7Y5e0Ç+C)O<�>*),�1-80�>�3oHW7C0�-E3C)OG=>¤GNH`3C'*5�+Ch�L¤)O+-8GzD=587Y58M�?A),36'j+C580�7C-/'B9*),>*+8\
&('*5I+C58K,58-a36),G=>�G�HZ-"0�>bM*)OM10¢365s+CG=[b7C-85E+]G=>�3C'*5(T�G=7Y3C'*587Y>�L4h�L.?A)^36'

δ > 10◦
),+�M*G=>*5c?A),36'bG=[b30�>�Lj-8G=>b+C)OMb58760¢36)OG�>�G�H�3C'*5:Mb)O7C5E-E3C)OG=>*0�Kv)O>bHWG�7C_�0N36)^G=>JHW7CG=_ 36'b5:M10¢3/0g+C5E3C+�36G�9;5:0�>10NK,L @ 5EMv\&('*),+A58>b+C[*7Y58+o0e+Y360N36),+Y3C)O-"0NKOK�L�-8G=7Y7C58-a3V0�>10�K^LF+C)O+s?A),3C'*G=[b3A0g2;G=+°365E7C)OG�7C)Ä3C7C)O0�K³H�0�-a36G=7Y+8­b?A'*)O-/'-"0N>*>*G�3d9;5�58+°36)O_�0N3C58M -EG=7C7Y58-a36K,L�\ Ã¥> 3C'*)O+e?s0zL�­c36'*5�PSRBPSTVUAP 9bKO),>*M*>*5E+C+d2b7C)O>b-8),2*KO5J)O+3/0Nh�58>B),>i3CGd0�-E-8G=[b>i3AHWG=7I36'*5f+YG=[*7C-E5@+Y360�-/hi)O>*<�0N>10�K,LF+Y)O+8\

&¯?sGoMb),Æ³587C5E>i3uM10N360�+Y5E36+¦-EG=KOK,58-a365EM:9�LfP�RBPoToU(P 0N7C5X-EG=>*+Y)OM*5E7C58M@HWG=7®36'*),+u0�>10�K^L4+Y)O+E\�Q�)O7Y+Y3"­36'*5�+CG=[b7C-85f+Y360�-/hF),>*<d_d5E3C'*GFMj)O+I)OK,K,[*+Y3C760N3C58MJ?A)^36'�0eM10N360e+C5E3�-EG=KOK,58-a365EMj9iL�PSRBPSTVUAP )O>36'*5�L=5"0�7{T ©�©=© \p&('*5E>v­]36'*5J_d5E3C'*GFM )O+�0�2b2*KO),58MQ36Gq0p+Y58-EG=>*M¡M10N360p+Y5E3�?A'*),-�'�2*7YG DF),M*58+<=7Y5"0N3C587I+Y58>*+Y),36)^DF),3¥L�9iLÇ[*+Y)O>*<�M10N3/0:HW7CG=_�D¢0�7C),G=[*+cL=5"0�7Y+A0�>*M�9iLÇ_�0�hi)O>b<�[*+Y5�G�Hu),_�2b7CG D�58M7C5E-8G=>b+Y367Y[*-E3C)OG=> _d5E3C'*GFM*+8\ US0N3/0QHW7CG=_ 3C'*5p& ! C +YLF+Y3C58_ A�+C5E5�rs'10�2436587 ª D '10zD�5q>*G�39;585E>Ç[*+Y58M�HWG�7]36'b5V0�>10NK,LF+C),+8­�+C),>*-85(36'*5�G�7C)O<�),>10�K*U(P � +°L4+°3658_�-E[*7C7Y58>�36K^Lg2b7CG DF),M*58+`<=7C580N365E7
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+C5E>*+C)^36)^D4)^3ÊL�M*[b5:3CG�),3C+�KOG�>*<=587AG=2;5E760N3C)OG=>j36),_d5�\s&('*5:G=2b3C)O_d) @ 0N3C),G�>�GNH�36'*5:2*0�760�_d5E3C587Y+VGNH36'b5@+°3/0�-/hi)O>b<�0�>10�K^LF+C)O+I)O+(M*G=>*5�HWG�7A9;GN36'�M10¢3/0e+C5E3C+�)O>*Mb),DF)OM*[*0�K,K^L�\

w�x�� {�|.} �j�e�����:~A�Ù~ ��� � �B�@��� ~²}o� �S�q�6��}��V�u}	� 
V�
�
� � ���m� �/� �����
�

&('*5`2*7C5E+C58>�365EM.-"0¢3/0�K,G=<=+vG�H4<=5E>*587Y)O-]PVlfT -8KO0�+C+Y58+¦0N7C5`0�>10�K^L @ 58M�HWG=7¯0(-8[*_�[bKn0N3C),D=5²>*5E[b367Y)O>*GÅ1[4��-8G=>b+C)OMb587C),>*<A0(M10N3/0I+C5E3¯-8G=K,KO5E-E365EMf9iLSPSRBPSTVUAP ),>�3C'*5]L�5"0�7�T ©=©=© 9;5E3¥?s5E58>�Q1589*7Y[10�7°L=­
HztN3C'�0�>bM�TVG D=5E_�9;587E­ G¢3C'v\]&('*5f+C5EKO5E-E36),G=>�G�H¦5aD=58>i3C+AHWG=7s36'*5f0�>*0�K,LF+C),+s?I0�+(G=2b36),_d) @ 5EMJHWG=79;58+°3o+C58>b+C),3C),DF),3¥LJ36Gd+C)O>b<=KO5�2;G=)O>�3�+CG=[*7Y-85E+�§ JV0�[ ©Nª ­ÊP + ©�ª -a«¬\sPVH¸3C587�5a�4-8K,[*M*),>*<�KOGz? ki[10NKO),3¥L7C[b>*+V0N>*MB0e-8G=7Y7C58-a36),G=>�HWG=7(M*580�M4�¬36)O_d5{AÙ0¢3�0gK,5ED=5EK®G�H ∼ 17% D ­*3C'*5fM10N360g+Y5E3�-8G�7C7C5E+C2;G=>bM*+36G�0jM*5E3C58-a36G=7@K,),HW5a36),_d5�GNH�H����JM10"L4+�§KJo0N[ ©�ª «Ù\ÇRBGFMb[*KO5E+f?A'*),-/'Q'10"D=5�0�D=587°L '*)O<�'�>bG=)O+Y5760¢365(HWG�7]_�G=7Y5(G�H

3%
G�H³3C'*5A7C[*>b+c0�7Y5A5a�4-EKO[*M*5EMdHW7CG=_ 3C'*5�0�>10�K^LF+C)O+E\�&('*5�+C0�_d5A),+`MbG=>*5(HWG=7

�ÊMb5"0�M �]_dGFM*[*K,58+E­ ?A'b)O-/':'10"D=5`D=5E7YLfK,G ?Q'*),3¯7C0N365E+¯)O>f_�G�7C5²36'*0�>
50%

G�H43C'*5X0zDN0N)OKO0�9*K,5²7Y[*>*+E\
CA[*>*+.0�7C5d5a�4-8K,[*M*5EM HW7YG=_ 36'b5Ç0�>10�K^L4+Y)O+E­¦),Hs_�G�7C5g36'*0�> G © _dGFM*[*K,58+@+Y'*G ?�0�>Q58>*'*0�>*-85EM>*G=),+C5�760N3C5�\��cLJ36'b)O+8­

3%
G�Hu36'b5:0"DN0�),Kn0N9*K,5S7Y[*>*+�0�7C5f7Y5
�Y5E-E3C58Mv\

P HW[*7°36'*5E7V'*)^3�+C5EKO5E-E36),G=>B7Y58_dG D=5E+V'*)^36+8­*?A'*)O-/'¤0�7C5@),+CG=KO0N365EM�)O>j3C)O_d5@0N>*M¤+Y210�-E5�0N>*MB3C'F[*+[*>*K,)Oh�5EK,Lj36GJG=7Y)O<=),>10¢365:),> rs'*587Y58>*h�GzDqKO),<='i3�HW7CG�_ 0J_�[*G=>¤367C0�-/hZ\MJ�),36+V?A)^36'p58>*G=7Y_�G�[*+CK^LKOGz? Mb[*760N3C)OG�>J0�7C5o_dG=+°3I2b7CG=910N9*K,Lg3C'*5S7Y58+Y[*K,3IGNH¯58K,58-a367CG�>*)O-V-87YG=+C+°3/0�K,hd),>Ç3C'*5o-"0�9*K,58+I0�K,G=>*<36'b5qMb5E365E-E3CG=7�+°367C),>*<=+8\ &('F[b+8­V'*),3C+Ç?A)^36' 0�3C)O_d5¤GzD=587Ç36'b7C58+Y'*G=K,M A�&��S& D GNH@K,58+C+Ç3C'10�>
75
>*+VHWG=7V-/'10�>*>b58KO+V?A)^36'¤58KO5E-E3C7C)O-:7Y5"0�MpG=[43�0�>bM¤?A),3C'pK,58+C+V3C'10�>

5
>*+VHWG=7V-�'*0�>*>*5EKO+V?A),3C'G=2b3C)O-80�K]7C5"0NM�G=[b3.0�7Y5�7Y58_dG D=5EMv\�&('*5�'*),3@KO580�M*),>*<�5EM*<=5d36),_�5E+:0N7C5d-8G=7Y7C58-a365EM�HWG=7@+Y)O<=>*0�K2*7YG=210�<�0¢36)OG�>q),>q3C'*5g-"0N9*KO5E+@0�>bM HWG=7o36),_�5.+CKO5a?A)O>b<�0�+f0�7C58+Y[*K,3fG�Hs0J�4�b5EMQM*)O+Y-87Y)O_d),>10N3CG=736'b7C58+Y'*G=K,Mv\

�����	��� ���! #"%$&�(')"+*-,/.102�43/"50267*-,8 �,/9:'<;)'=,%0>.?'/@A')"5026A*-,

&('*5c367Y)O<=<�587u7C0N365cGNH1P�RBPoToUAP 0N3²0N9;G=[b3
100

J @ )O+u+Y367YG=>*<=K^LfM*G=_d)O>10¢3658M:9�L.0¢36_dG=+C2*'b587C),-_�[*G=>b+c<=5E>*587C0N365EMJ)O>Jr C 0�)O7`+Y'*G ?c587C+E\`P Kn0N7C<=5(HW760N-E36),G=>dG�Hv3C'*58+Y5o5ED=5E>i36+s-"0�>Ç9;5V7C5 �Y58-a3658M9iLp0ÇH�0�+°3��*7C+Y3�<=[*58+Y+�3C760�-/hB7C58-EG=>*+°367C[b-E36),G=>v\MJV58>b-85N­u0jr N/B�3C)O_d5.)O>�365E>*+C)^D=5.HW[*KOK¦7Y58-8G�>4�+Y3C7C[*-a36),G=>g)O+]>bG�3`>*58-E58+Y+60�7YLeHWG=7`0NKOKb5aD=58>�36+8\ ! ),3C'e36'b5(H�0�+Y3`210¢3C365E7C>d7Y58-EG=<=>*)^36),G=>g0�K,<=G=7Y)^36'*_
�°UV)O7C5E-E3
! 0NKOh �j§¨P + ©�ª 9b«¬­¯5ED=5E>i36+:-8K,5"0N7CK,L¤)O>*M*[b-858MQ9�L�0N36_dG=+Y2*'*5E7C)O-e_�[*G=>*+@0�7Y5d7Y58_dG D=5EMv\&('*5�_e[bG=>�367C0�-/h -"0N>*M*),M10N365d)O+@),M*5E>i36)^�158MQ9�L�_Ç0 �b),_d) @ ),>*<�36'*5�>i[*_�9;587:GNH([b>*+C-80N3C3C587C5EMA��¥M*)O7Y58-a3
� D 'b),36+s>*580�7s36'*5S_�[*G=>Ç3C760�-/hZ\`&('b)O+I7C5aÅ158-a36+I36'*5S)O>b-87C580�+C),>*<�+C-80N3C3C587Y)O>*<�2*7CG=9*0�9*),K^�),3¥LÇ0�+A0.HW[*>*-a36),G=>�G�HuM*),+Y3/0N>*-85S3CG�36'*5S3C760�-/hZ\qQ1G=7c36'*5oHW[*7Y3C'*587(0�>10�K^L4+Y)O+E­bG=>*K^LÇ5aD=58>�36+(?A),36'36'b5f7Y58-EG=>*+°367C[*-a365EM @ 5E>*),3C'�0�>*<=K,5 ΘDW > 70◦

0�7C5S-8G=>*+Y)OM*5E7C5EMjHWG=7sHW[*7°36'*5E7A0�>10�K^L4+Y)O+E\]&('b)O+-8[43�7C5 �Y58-a36+
97%

G�H]36'*5:36G�360�Ku5a�42;5E7C)O_d58>�3/0�KuM10N3/04­Ä9*[43�)^3o)O+V210�+C+Y58M 9�L¤_dG=7Y5:3C'10�>
90%G�Hu36'*5f>*5E[b367Y)O>*Gg)O>bM*[*-85EMB5aD=58>�36+o0N-8-8G�7CM*),>*<e36Gg+C),_e[bKn0N3C),G�>*+8\

Q1G=7²36'*5A7C58_�0�),>*),>*<�5ED=5E>i36+E­*0N>�)^365E760N3C),D=5(_�0¢�4)O_�[*_ K,)Oh�5EKO),'bGFGFMg7Y58-EG=>*+°367C[*-a36),G=>�)O+`0�2*2*K,)O5EM?A),3C'�H � ),3C587C0N36),G=>*+E\gPoK,K]5aD=58>�36+@?A),36'Q0j7Y58-8G�>*+Y3C7C[*-a3658M @ 5E>*),3C'�0�>*<�KO5e9;58KOGz? 80◦
0�7Y5g7C5a�
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�Y58-a365EMv\�P�H¸365E7@36'b)O+@-8[43"­�G=>bK,L
0.4%

G�HI3C'*5�5a�42;5E7C)O_d58>�3/0NKXM10¢3/0B0�7C5d+C5EKO58-a365EMv­²9*[43._�G�7C536'10N>
86%

GNH¦+C)O_�[bKn0N3C58MJ>*58[b3C7C),>*Gg5aD=58>i3C+8\X&('*5f-8[b3C+AG=>�36'*5�7C58-EG=>*+°367C[b-E365EM @ 58>*)^36'�0�>*<=K,50�7Y5�DF)O+C[*0�KO) @ 5EMj)O> Q¦)O<*\ GF\ T4\

δ=0°, θ=90°

θ=80°

δ=0°, θ=90°

θ=70°

Cut on first guess Cut on likelihood reconstruction

V7W�X4Y"Z\[�] _��%a���w3e5v��ud�ehg�i�x5i�y��ud�vhehxhw�y�e5i���� i�d3t
ehg�z0d��,|�i
Θ 	�
 ��i�d�e5v	�7t
ehg�e5g�i x5i�y��ud�vhehx5w�y�e5i���ehx�zuy��t
dkehg�i!x5i��,t
�ud�v�����ehg�i!vh�~}���z0xh��i����3|Izuy��kz0x5i!x5i�� i�y�e5i���z���e5i�x7ehg�i!y��uxhx5i�vhr��ud���t
d���x5i�y��ud�v5ehxhw�y�eht
�udvhe5i�r	�

&('*5S7C5E_Ç0�),>*),>*<:5aD=58>i3(+60�_d2*KO5V),+s+Y3C)OK,K;+°367CG�>*<=K,LdM*G�_�),>10N365EMÇ9iL�_�),+C7Y58-8G�>*+Y3C7C[*-a3658Mj0N3C_�G�+°�2*'*5E7C),-J_�[*G=>b+8\pP�KO0�7C<=5�+Y5E3eG�HAki[10�K,),3¥L�210�7C0�_d5E365E7C+.'10�+�9;5E58>¡-EG=>*+Y)OM*5E7C5EM�36Gp+Y58210�7C0N36536'*5E+C5._�),+C7Y58-8G�>*+Y3C7C[*-a3658M¤3C760�-/hi+8\�Q1G=7V0�K,K¯5ED�58>i3C+8­®0�+Y58-EG=>*Mq_�0¢�4)O_�[b_�KO),h�58KO)^'*GFGFM�7C5E-8G�>4�+Y3C7C[*-a36)OG�> '10�+f9;5E58>�0�2b2*KO),58Mv­Ä?A'*5E7C5g3C'*5g7Y58-8G�>*+Y3C7C[*-a3658M�367C0�-/hp),+�58>bHWG�7C-85EM�3CGj9;5gM*Gz?A>4�<=G=),>*<*\%�s0zL=58+��136'b58G=7Y58_�­

P (A|B) =
P (B|A)P (A)

P (B)
,

A8G4\ � D
-"0N>�9;5�[b+C58Md36Gf-8G=>*+Y)OM*5E7`3C'*5�2b7C)OG�7])O>4HWG=7C_�0N3C),G�>�36'10¢3XM*Gz?A>*<=G=),>*<f_�[*G=>*+X0N7C5A_�[*-/'d_�G=7Y50�9*[b>*M10�>�3X36'*0�>�>*5E[b367Y)O>*Gf)O>*M*[b-858M�[*2b<=G=),>*<f5ED=58>�36+E\qQ1G=7²36'*),+8­

P (A|B)
)O+`),M*58>�36),�*58Mg?A)^36'36'*5.2b7CG=910N9*)OK,)^3¥L�3C'10N3V36'*5.G=9*+Y587°D=58M 5aD=58>�3f),+V7C580�KOK^Lj-"0�[b+C58Mq9iLj36'*5.7C5E-8G=>b+Y367Y[*-E3C58Mq367C0�-/h0�>*M

P (B|A)
)O+.),M*5E>i36)^�158M�?A)^36'�36'b5J2*7CG�910�9*),KO)^3¥Lq36'10¢3.36'*5J7Y58-EG=>*+Y3C7C[*-a365EM¡367C0�-�h ?sG=[bKOM-"0N[*+C5d36'b5�G�9*+C5E7YD=58M 5aD=58>�3"­�)Ù\ 5N\,­¯3C'*5dKO)Oh�5EKO)^'*GFGFM

L
\Ç&('*5�7C5EKn0N3C),D=5g0�9*[*>bM10�>*-E5ÇGNHI5ED=5E>i3C+-"0N[*+C5EMp9iLjM*Gz?A>*<=G=),>*<�0N36_dG=+C2b'*587Y)O-f_�[*G=>*+V0N>*M¤GNH²>*58[4367C),>*G�),>*M*[*-E58M¤5aD=58>�36+o7C5E+C[*K^36+�)O>M*)^ÆÄ5E7C58>�3fD¢0�KO[b58+fG�H

P (A)
HWG=7�[b2*<=G=),>*<j0�>*M�M*Gz?A>*<=G�)O>*<�3C760�-/hi+�§¨P + ©�ª 9b«Ù\{J�58>*-E5�­u),HX3C'*5KO),h�58K,),'*GFGFM�GNH;36'*5([*2*<=G�)O>*<S3C760�-/h.)O+²G=>*K^L.+CKO),<='i3CK^L.0�9;GzD=5(36'b5AKO),h�58K,),'*GFGiM�G�H;36'*5(M*Gz?A>*<=G=),>*<367C0�-/h;­*3C'*5�367C[b5�36760N-�hÇ)O+(2*7CG�910�9*K^LJM*Gz?A>*<=G=),>*<*\

Q1[*7Y3C'*587Y_�G�7C5�­Ä0J>*5E[*760�K�>b5E3�'10�+S9;585E>q36760N)O>*5EM¤?A),36'
6
HW[b7Y36'*5E7Ski[10�K,),3¥L�M*582;5E>*M*58>�3fDN0�7Y)^�0�9*K,58+E\�&('*5E+C5�0�7Y5d36'*5�>F[b_e9;5E7:G�H(M*),7C5E-E3.'*)^36+E­

Ndir

­¦3C'*5�KO58>b<�36'QG�HI36'b5�3C760�-/h 9;5E3¥?s5E58>
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rs[b3 N�0�+Y+
ν

A¬Rpr D N�0�+C+
Data

ΘDW > 70◦ > 90% 3%
Θ16LLH > 80◦ > 86% 0.4%ToT -E[b3 ∼ 30% 5 · 10−7

������� [�]%_�`4a�� zuv5vht
d���x�z0e5i���� v5t
��w3|Iz0e5i��1d�i�w3ehxht
d ��i���i�d�e5v
	
E−2 vhr�i�y�ehxhw3����z0d/� ��� i���r�i�xht
�1i�d�e�z0|��z0e�z1z���e5i�x���t � i�x5i�d�eqy�w3e5v �udke5g�i x5i�y��ud�v5ehxhw�y�e5i��{ehx�zuy���v �

36'b5S�17Y+Y3A0�>*MJ36'*5SKn0N+Y3IM*),7C58-a3('*)^3"­
Ldir

­43C'*5�>bG=7C_�0�KO) @ 5EMJKO),h�58K,),'*GFGFMÇGNH¯36'*5o�*38­ Lred
track

­436'*5_d5"0�>q0N>*<=[*KO0�7VM*)^ÆÄ5E7C58>b-85�9;5E3¥?s5E58> 3C'*5�7Y58+C[bK,36+oG�H`M*),Æ³587Y58>�3�7Y58-EG=>*+Y3C7C[*-a36),G=> 0�KO<�G=7C)^3C'*_d+E­
∆Ψ

­(3C'*5¤7C58Mb[*-85EM KO),hFK,)^'*GFGFM Mb),Æ³587C5E>*-85¤9;5E3¥?s5E58>�0Q�*3Y365EM 367C0�-/h 0�>*M 0Q�b3C365EM -80�+C-80�M*55ED=5E>i38­
∆L = Lred

track − Lred
csc

­¦0N>*M�3C'*5d+Y_�GFGN36'*>*5E+C+@210N760�_d5E3C587�G�Hc36'*5e�*3Y3658M�3C760�-/hZ­ |S| \&('*5f+C_dGFG�36'*>b58+C+A210�7C0�_d5E365E7(M*58+Y-87Y)O9;58+A3C'*5f'*G=_dG=<=5E>*58)^3¥LJGNH�G=9b+C587°D=58MBM*)O7Y58-a3�'*)^36+A0�K,G=>*<36'b5V367C0�-/hB§¨P + ©�ª 9b«¬\²Ã Hv36'*5V[*2*<=G�)O>*<@367C0�-/hg�b3I),+c-80�[*+C5EM�9iLg3Ê?cG�>*580�7CK^Ld-EG=)O>b-8)OMb58>�3sM*Gz?A>4�<=G=),>*<�_�[*G�>*+8­¢36'b5c5ED=5E>i3²),+u5a�42;5E-E365EM�36GV'10"D=5I0�KO0�7C<�587u0�9*+YG=K,[b365`DN0NKO[*5XG�H
S
\¦&('*5X36580�-/'*)O>*<HW[*>*-a36),G=>

Qteach =
1

1 + e−(Ψ(true,reco)/(1◦)−3)

A8G4\ � D
)O+:-�'*G�+C58>Ä­`?A'b587C5

Ψ(true, reco)
7Y582*7Y58+C5E>i3C+e36'*5�0N>*<=K,5Ç9;5a3Ê?s5E58>¡+C)O_�[*KO0N3C58M 0N>*M�7C5E-8G�>4�+Y3C7C[*-a365EM 3C760�-/hZ\f&('*5e>*5E[*760NK�>*5E3�),+o3C760�),>*58M¤?A)^36'¤36'*),+VHW[*>*-E3C)OG=>¤3CG�),M*58>�36)^H¸L�?c58K,K�7Y58-8G�>4�+Y3C7C[*-a365EM�5aD=58>�36+I?A),3C'

Ψ(true, reco) < 3◦
\]&('*5S3C760�),>*58MÇ>*58[*7C0�KÄ>*5a3()O+s[b+C58M�3CG�-"0�K,-8[*KO0N36536'b5@5aD=58>�3VkF[*0�KO)^3ÊLÇ210N760�_d5E3C587IHWG=7(580�-/'B5ED=5E>i38­

Q
\

RBG=>�365jrI0N7CKOG¤+Y)O_�[*KO0N36)^G=>b+:G�HA+Y)O<=>*0�Ks0N>*M�9*0�-/hF<�7CG=[*>bM 0�7Y5Ç[*+C5EM�36GpM*5a365E7C_d)O>*5d36'*5ÇG=24�36),_�[*_
-E[b3�DN0NKO[*5ÇG=>
Q
0N>*M

∆L @ 58>*)^36'�Mb582;58>bM*58>�3d),> +Y3C582*+eGNH 5◦
HW7CG=_

δ = −5◦
36G

δ = 85◦
\¡&('*5�G=2436)O_�[*_ -EG=>b�*<=[*760¢36)OG�>¡)O+eM*5E�1>b58M 0�+e3C'*5j-8G=>b�*<=[*760¢36)OG�>¡7C58+Y[*K,3C)O>*<q)O>36'b5j9;58+°3Ç0"D=58760N<=5�
Çµ��F¾aÀc¼/¾��"¾/½a¹�¶¬µ¢·��E¿F½a¹¥µ¢¼PAÙROC�Q D ­�?A'b)O-/' )O+�3C'*5�0"D=587C0�<=5j[*2b2³5E7gKO)O_g)^3)O>Q36'b5J-80�+C5Ç36'*0N3�>*Gp+Y)O<=>10NKX)O+:2*7C5E+C58>�3�§KJ�C © tN«Ù\¤&('*5JG=2b36),_�[*_�210�7C0�_d5E365E7C+�0�7Y5ÇKO),+Y365EM)O>�§KJV0�[ ©�ª «Ù\&('*5I210N+C+C),>*<S760¢365sG�H1+C)O_�[bKn0N3C58M:>*58[4367C),>*GS5aD=58>�36+`0�>bMe_d5"0N+C[*7Y58MeM*0N3/0o0NH¸365E7¦36'b5I2*7Y58+C5E>i3C58M-8[436+@0�7Y5e+C[*_d_�0�7C) @ 58Mp)O>q&�0N9v\�G4\IH=\.Ã¥> 3CG�3/0�KÙ­ 1557 5aD=58>�36+fHW[*K^�1KOK¯36'*5E+C5d+Y58K,58-a36)OG�> 7C[*K,58+E\

699
G�H13C'*58+Y5(5ED=5E>i3C+X0N7C5s[*2*<=G�)O>*<kA

δ > 0◦ D ­N36'*5IGN36'*5E7C+]0�7Y5s)O>:36'*5I7C0�>*<=5sGNH −5◦ < δ < 0◦
\&('*5:0N7C7C)^DN0�KÄM*),7C58-a36),G=>*+(G�Hu36'b58+C5@5aD=58>�36+o0N7C5f+Y'*G ?A>B),> Q�)O<b\ G4\ tb\

&('*5�0�>*<�[*Kn0�7S7C5E+CG=K,[b36),G=> G�Hc3C'*5dM10¢3/0j+C0�_�2bKO5e)O+�58+°36)O_�0N3C58M HW7YG=_�RBG=>�365ÇrI0�7YKOGj+C),_�[*Kn0 �36),G=>*+E\sÃ 3V)O+�Mb58+C-E7C),9;58M¤9iL�36'*5MN¦G=)O>�3�L42*7C580�MfQ1[*>*-a36),G=>^A'NqL�Q D \Z&('b5�NoL4Q 0"D=58760N<=58M¤GzD=58736'b5f-8G�>*+C),M*587Y58M�210�7°3AG�Hu36'*5�+Ch�L�)O+(2bKOG�3Y365EM�HWG=7sDN0�7Y)OG=[*+I+C2;58-a367C0�K®)O>*M*),-85E+(G�Hu3C'*5f>*5E[b367Y)O>*GÅ1[4�³­
αν = 1, 2

0�>bM
3
)O>OQ¦)O<*\ GF\ ª \(&('*5 @ 58>b),36'¤Mb582;58>bM*58>*-85�G�H�36'*5:_d58M*)O0�>BGNH²36'b5�NqL�Q)O+(+Y'*G ?A>B),> Q�)O<b\ G4\UG�HWG�7A0�>

E−2 +Y2³5E-E3C7C[*_�\&('*5q5ED�58>i3j+60�_d2*K,5¤'10�+J9;5858>�0�>10�K^L @ 5EM HWG=7J0 +Y360N36),+Y36),-"0�K,K�L +C),<=>*),�*-"0�>�3J5a�4-85E+C+jHW7YG=_ 02;G=),>i3S+YG=[*7Y-85�\@TVG�5aD4),M*5E>*-85�HWG=7S0J2;G�)O>i3o+CG=[b7C-85e'*0�+S9;5858>qHWG�[*>*Mv­v9;5E-"0N[*+C5d0NKOKuG=9*+Y587YD=5EMÅ1[*-a36[10¢36)OG�>*+�0�7Y5f5EkF[b),DN0NKO58>�3A3CGg3C'*G=+C5�HWG=[*>bM�)O>j760N>*M*G=_d) @ 58MjM*0N3/0e+C5a36+:§KJo0�[ ©Nª ­¥P + ©�ª -a«¬\
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�ud ���
1557

v5i�|�i�y�e5i��Pi���i�d�e5vkt
d ehg�i }�i z0x��������v�z0�=r3|�i	� j + ��
�y
�'���+g�i�i���i�d�e5v���i�|
�.�
δ = 0◦

z0x5i����u�=t
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V7W�X4Y"Z\[B]%_�� a �-w3��w3|Iz0eht
��i � �ut
d�e	��r3x5i zu����w3d�y�eht
�ud ���qehg�i�}�i z0x���������d�i�w3ehxht
d �mv�z0�=r3|�i�z���e5i�x
� w/z0|
t
e:}�y�w3e5v � �ux7�,z0xht
�uw�v�vhr�i�y�ehx�z0| t
d���t�y�i�v �
��� �-��� ����026��86��+ �0267*-, *�� 0! /' , 3"�$# '/� *�� .?*-3 �("+'). 0 * 6 ,#" @ 3/9 '

Ã¥>¤G=7CMb587�3CG�)O>*-E7C5"0N+C5:+C5E>*+C)^36),DF)^3ÊL�­136'*5:2*7Y58+Y58>i3C58MqM10¢3/0d+C5a3S),+V0�>10�K^L @ 58MB)O>�36'b)O+A36'b58+C),+�HWG=70.-8[*_�[*KO0N3C),D=5V>*5E[b367Y)O>*G.Å*[4�ÇHW7CG�_�36'*5o<=58>b587C),-SP�lfT -8KO0�+C+Y58+IM*5E�1>b58Mj)O>�rs'10�2b3C587(tb\²&('*5M*)^ÆÄ5E7C58>�3:'iLF2;G�3C'*58+Y58+�G=>�36'*5d>*58[4367C),>*G�Å1[4� HW7CG=_�36'*5d+CG=[*7Y-85E+.)O> 36'*5�Mb587C)^D=58M�-80N3/0NKOG=<=+M*5a36587Y_�),>*5A36'*5V7C5EKn0N3C),D=5A+CG=[*7Y-85o+Y3C7C5E>*<�36'�?A),36'b)O>�580�-/'J-8KO0�+C+c9*[43IK,5"0"D=5�36'b5o>*G�7C_�0�KO) @ 0N3C),G�>HW7C5E5�\SPV>q5E+Y36),_Ç0¢365@HWG=7o0Ç+Y[*),360�9*KO5@>*G=7C_�0�K,) @ 0N36)^G=>BG�H²36'*5.+C),<=>10�Ku),+oG�9b3/0�),>*58M¤9iLB7C5EKn0¢36)O>b<
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AMANDA (2000)

V7W�X4Y"Z\[m]%_I] a+lmi���tIz0d � � � ����jSlmjonSpqj � �ux���z0e�z=y��u|
|�i�y�e5i��{t
d���������zuvqz ��w3d�y�eht
�ud ���
sin(δ)

�
36'b5(+C58>b+C),3C),DF),3¥L:G�H;3C'*5(2;G=),>i3²+CG=[*7Y-85A0�>10�K^L4+Y)O+¦36GS36'*5('�LF2;G�36'*5a36),-"0�Kb+C)O<�>10�K4G�H;3C'*5(+Y3C7CG=>b<=58+°3+CG�[*7C-E5@)O>j580�-/'B+60N_�2*K,5�\
&('*5 0�K,K^� +Ch�L£+Y5"0�7Y-�'�HWG=7¡2;G�)O>�3 +YG=[*7Y-858+ 910�+C5EM G�>�3C'*5�2*7Y58+Y58>i3C58M M10N3/0 +C5"0N7C-/' -EG=7°�7C5E+C2;G=>bM*+ 3CG�0�>�PSRBPSTVUAPA�¥ÃYÃ G�9*+C5E7YDN0¢36)OG�>�G�H�0N>iL�+YG=[*7C-E5 )O>�3C'*5 TVG=7°36'*5E7C> L4h�L?A),3C'

197
M10"L4+JG�HfK,),HW5a36),_g5�\ ! ),3C' 3C'*)O+Ç0�>10�K^L4+Y)O+E­�0N> @ 58>b),36'F�Ê0zD=5E760�<�58M +Y58>*+Y),3C),DF),3¥L � GNH

E2Φ = 2 · 10−7 lf5 "m-8_ −2 + −1 '10�+�9;5E58> 0�-/'*)O5aD=58M §¨P + ©Nª -E«Ù\ &('b)O+�+C5E>*+C)^36)^DF),3¥L¡-"0N> 9;5367C0�>*+YKn0N3C58MÇ),>i3CG@36'*5V_Ç0 �b),_�[*_£>i[*_�9;587cG�Hv+C)O<�>10�KZ5ED=5E>i3C+I)O>�5"0�-/'J9*),>Ç9�Ld3C'*5o_�[*K^36),2*K^),-80¢�36),G=>dGNHÄ3C'*5�+C58>b+C),3C),DF),3¥L.?A),36'g36'b5V5aÆÄ5E-E3C),D=5V0�7C580b­�36'*5�KO)^HW5E3C),_d5IG�HÄ3C'*5V0�>10�K^LF+C)O+`0�>*Md3C'*5�9*)O>5 �d-E)O5E>*-EL�\MQ1G�7o-E)O7C-E[*Kn0N7V+C580�7C-/' 9b)O>*+oG�H
3.5◦

760�M*),[*+8­³_�G�7C5@36'10�>¤36'*7Y585�+Y)O<=>10NK¦>b58[b3C7C)O>bG=+-"0N>p9;5.5a�4-8K,[*M*5EM 0N3
90%

-8G=>b�*M*58>b-85eK,5ED=5EK¬\�&('*),+o_dG�36)^DN0N3C58+A36'*5:-�'*G�)O-E5.G�H²36'b5.>*G=7Y_Ç0�K��) @ 0N36),G=>¤G�H`3C'*5�>*58[b3C7C),>*GJÅ1[F�pHWG=7V36'b5e_dG=+Y3S),>i365E>*+C5�+CG=[b7C-85N\�Q1G=7V3C'*5e5��42;58-E360N36),G=>qD¢0�KO[b5G�HÄ3C'*5V>i[*_�9;587XG�Hv+Y)O<=>*0�K15ED=5E>i36+cHW7YG=_£3C'10N3c+YG=[*7Y-85�­
S1

­FG=>bK,L�DN0�K,[*58+XG�H
S1 ≤ 3

5ED=58>�36+I0�7Y5-8G�>*+C),M*587Y58Mv\ L4)O<=>b),�1-80�>i3CK,L�'b)O<='*5E7.+C)O<�>10�Kc>*G=7Y_Ç0NKO) @ 0N36)^G=>b+:?sG�[*KOM�),_�2bK,Lq36'10N3.36'*5J_�G�+Y3)O>�365E>*+C5V+CG=[*7Y-85V?sG=[bKOMÇ'*0zD=5o9;585E>JDF),+C)O9bKO5V0N+I0N>J5��4-85E+C+()O>d36'b5o2;G=),>i3c+YG=[*7C-E5S0�>10�K^L4+Y)O+E\��S>36'b5�G�3C'*587`'*0�>*Mv­�HWG=7]+C_�0�KOK,5E7�DN0�K,[*58+]36'*0�>dG=>*5(HWG=7
S1
­�36'*5A5a�42;58-a3658MÇ+C),<=>10�K*),+]3CGFGfH�0N)O>i3²36G5a�42;5E-E3.0�>�Lq>bG�3/0�9bKO5�5EÆ³58-a3@)O>p36'*5e+CG=[*7Y-85g+Y360�-/hF),>*<�0�>10�K^LF+C),+8\�JV5E>*-85N­¯36'*5eG=2b3C)O_d) @ 0N3C),G�>G�H(3C'*5J>i[*_�9;587.G�HA+YG=[*7C-E58+�3CGp9;5J)O>b-8K,[*M*58M ),>Q36'*5J+°3/0�-/hi)O>b< 0�>*0�K,LF+Y)O+:)O+.2;5E7YHWG=7Y_�5EM�HWG=7

S1 = 1, 2, 3
5aD=58>�36+fA�0�KO+YG [*+Y)O>*<q36'*5j9b)O>¡5 �d-E)O58>b-EL�HWG=7

3.5◦ D \�&('*5�>i[*_�9;587eG�Ho+Y)O<=>10NK>*5E[b367Y)O>*G=+fHW7YG=_�36'*5
nth +CG�[*7C-E5�­ Sn

­¦)O+fM*5a36587Y_�),>*58MQ9�L 3C'*5Ç0N2*2*KO),58M�>bG=7C_�0�K,) @ 0¢36),G�>qHWG=7
S1

0�>*MB36'*5.0�+Y+C[*_d58MpK,)O>b5"0�7A-EG=7C7Y58KO0N36),G=>�G�H²3C'*5:>*58[4367C),>*G�Å*[4��36G�3C'*5:_�580�+C[*7Y58M¤2*'*G�3CG=>Å1[4�³\�&('b5�-E[*_�[*KO0N36)^D=5e+Y)O<=>10NK²5a�42;58-a3/0N3C)OG=> HWG=7�3C'*5d+°367CG�>*<=58+°3
Nsrc

+YG=[*7Y-858+@)O+�<=),D=5E>�9iL
S(Nsrc) =

∑Nsrc

i=1 Si

\ ! )^36' 3C'*5�-/'*G=+Y58> >*G=7Y_Ç0NKO) @ 0N3C),G=>b+8­]0�KOK`DN0�KO[b58+eGNH S(Nsrc)
G�HV0�KOK-"0¢3/0�K,G=<=+(0�<=7Y585�?A)^36'�36'*5fKO),_d)�36+IGNH¦36'b5@-E[*7C7Y58>�3VM*)^ÆÄ[*+Y5@0�>10NK,LF+C5E+:§ ! + ©�ª ­ P + © t�9b«Ù\

�YÉvË Ì]ÞÙÌ°ÎNÞ�Õ ØÙÕ��"Õ Ø���ÕÒÞ¯ÔzÌ��¢Î¢ÌYÔSÍaÞÄØÙË¢Ì`Í	�aÌYÓ¬ÍaÏaÌ¦Ð�
�
�Ì°Ó¯ÑÒÕ ×IÕ Ø¯ÕÒÎ
�YÍaÞÙÌ�Ú�ÛbÎ¢Ú(Þ�ÕÒÏaÎNÍ�Ñ à
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L4),>*-85I36'b5A+C5E>*+C)^36)^D4)^3ÊL.GNH;36'*5(P�RBPoToUAPA�¥ÃYÃ�M*5a365E-E36G�7`)O+]0�KO_dG=+Y3²),>*M*5E2;58>*M*5E>i3XG�H;36'b5AM*5E-8K,)^�>10N3C)OG=>Ä­ ),>�3C'*5`G=2436)O_d) @ 0N36)^G=>S2*7YG4-E58Mb[*7C5]36'*5`9*0�-/hF<�7CG=[*>bM:),+¯0�2*2b7CG"�b),_Ç0¢3658MS3CGA9;5`-8G�>*+Y360�>i3)O>j3C'*5@-8G=>*+Y)OM*5E7C5EM¤M*58-EKO),>10N36),G=>j7C0�>*<=5N\sP 36GN3/0�K¯0N_�G=[b>i3�G�H � ���g5aD=58>�36+o),>�3C'*5fL=5"0�7�T ©�©=©>*5E[b367C),>*G�+60�_d2*K,5�7Y58+C[bK,36+�),> 0J910�-/hF<�7CG=[b>*M�G�H
111.25/sr

HWG�7o36'10¢3�L=580�78\.&('b5g5a�42;5E-E365EM>F[b_e9;5E7sG�H¯910�-/hi<=7CG�[*>*M�5ED=5E>i36+(2;5E7I+CG�[*7C-E5�­
BG1

­b),+sG=9b360�)O>b58MJ9�LÇ_�[*K^36),2*K^),-80N36)^G=>�G�H®3C'*)O+910�-/hi<=7CG�[*>*MpM*58>b+C),3¥L�?A)^36'B36'b5.9*)O>¤0�7C580b\�&('*5�9*0�-/hF<�7CG=[*>bMqG�H²3C'*5.-E[*_�[*Kn0N3C),D=5f+C)O<�>10�K¯)O+<=)^D=58>�9�L
BG(Nsrc) = Nsrc · BG1

\
Uo[*5�36Gq36'*5�+C_�0�KOKc>F[*_�9;587Y+gG�H

S
0�>*M

BG
­slf0�[*+C+Y)n0�>�+Y3/0¢36)O+°36),-8+eM*G >*G�3gM*5E+C-87Y)O9;5�36'*5+C),<=>*)^�1-"0�>b-85V0N-8-8[b760N3C58K^L=\7Q1G=7]36'b58+C5V+C_�0�K,K*>F[*_�9;587Y+8­F58)^36'*5E7oN¦G=),+C+CG�>Ç+°3/0N3C)O+°36)O-E+`G=7c0fKO)Oh�5EKO)Â�'*GFGFMÇ760¢36),G:_d5E3C'*GFMp§��¦R � tN«³-80�>J9;5o0�2*2bKO)O5EMv\�Ã¥>Ç3C'*)O+`36'*5E+C),+8­�N¦G=),+C+CG�>J+°3/0N3C)O+°36)O-E+c0�7C5V[*+Y58M36G�-"0�K,-8[*KO0N365s+C),<=>*)^�1-"0N>*-85E+]HW7YG=_m36'b5A5��42³5E-E360N36),G=>eDN0�KO[b58+]G�H;+C)O<�>10�K*0�>bMd9*0�-�hi<�7CG=[*>bMv\²&('*5ki[10�>�36),3¥Le3CG:9;5VG�2b36),_�) @ 58Md),+`36'b5V_d58M*)O0�>d+C),<=>*)^�1-"0N>*-85N­i?A'*),-�'d?A)OK,K19;5�7C5"0N-�'*5EMJ),> 50%

GNH36'*5s5a�42;587Y)O_d58>�36+²9;58),>*<S2;587°HWG=7C_d58M�[*>*Mb587�36'*5(0N+C+C[b_�5EMg-EG=>*M*)^36),G=>*+8\�Q1G=7²0o<=)^D=58>�>F[b_e9;5E7G�HX+CG=[b7C-85E+
Nsrc

­v36'b5e>F[*_�9;5E7�G�HX5a�42;5E-E365EMQ+C)O<�>10�K¦5ED=58>�36+
S(Nsrc)

0�>*Mp36'*5e_d5"0N> >i[*_e�9;587IG�Hu5��42;58-a3658M�910�-/hi<=7CG=[b>*Mj5ED=5E>i3C+8­
BG(Nsrc)

0N7C5S-8G�>*+C),M*587Y58Mv\`P(-8-EG=7CMb)O>*<.36G{N¦G�)O+C+YG=>+Y360N36),+Y36),-8+E­b36'*5f2b7CG=910N9*)OK,)^3¥L�36GgG=9b+C587°D=5.0¢3�K,5"0�+°3
n
5ED=5E>i36+�)O+(<=)^D=58>�9�L

P (nobs > n|S,BG) = ΓI(n, S + BG) ,
A:G4\ � D

?A'*5E7C5
ΓI

)O+�36'*5d>*G=7Y_Ç0NKO) @ 58M�),>*-8G�_�2bKO5E3C5�lf0�_d_�0JHW[*>*-a36),G=>v\Ç&('*5�_d58M*)O0�>�G�Hs3C'*)O+fM*)O+Ê�367Y)O9*[b3C)OG�> ),+d<=),D=5E> 9�L¡3C'*5�DN0�K,[*5
nmedian

HWG�7g?A'*)O-/'
P (nobs > nmedian) = 0.5

\ Ã 3�)O+G=9b360�)O>b58M�9iLQ),>iD=587°36),>*<p0�>bM�7Y58+YG=K,DF),>*<B36'*),+:58ki[10N3C)OG=>QHWG=7
nmedian

\¤&('*5Ç+C)O<�>*),�*-"0�>*-E5ÇGNH36'*5.G=9*+C5E7YD¢0N36),G=>qGNH
nmedian

5ED=5E>i36+�)O+o<�),D=5E>q9�LB36'*5.2*7CG=9*0�9*)OK,)^3¥Lj[*>*M*5E7S3C'*5e0�+Y+C[*_d2b36),G=>G�H¦2*[*7C5f910�-/hi<=7YG=[*>*Mv\`Ã 3�),+A<�),D=5E>�9iLJ3C'*5f-8[*_�[*KO0N36)^D=5=N¦G=),+C+CG�>�2*7CG=9*0�9*)OK,)^3¥L
P (nobs > nmedian|BG) = ΓI(nmedian, BG) .

A8GF\ � D
&('*5c+C)O<�>*),�1-80�>*-E5c),>@365E7C_d+¦GNHZ0�2*7CG�910�9*),KO)^3¥L�­

P
­N)O+u7Y58+Y-"0�K,58M:36G�36'*5c-EG=7C7Y58+Y2;G=>*M*),>*<o>F[b_e9;5E7G�H¦+Y3/0N>*M10�7YMBMb5EDF)n0N3C)OG=>b+(G�H�0�lf0�[*+C+Y)n0�>Ä­

s
­19�L�)O>iD�587Y3C)O>*<

P = 1 − Φ(s)

=
1 − erf(s/2)

2
,

A8GF\(H © D
?A'*5E7C5

Φ
),+X36'b5o-8[*_�[*KO0N36)^D=5olf0�[*+Y+C)n0N>ÇM*),+Y367Y)O9*[b3C)OG�>v\-Q�)O>*0�KOK�L�36'*5V_�5EM*)n0N>�+C)O<�>*),�1-80�>*-E5V)O>365E7C_d+oG�H`+°3/0�>*M*0�7CMqMb5EDF)n0¢36)OG�>*+V)O+VG=9b3/0N)O>*5EMq0�+S0�HW[*>*-a36),G=>pG�H²36'*5.>F[*_�9;5E7SGNH`+CG=[b7C-85E+S36G)O>b-8KO[bM*5�\�&('b5�G�2b36),_e[b_ >i[*_�9;587]G�H³+CG�[*7C-E58+8­40N+`M*5a365E7C_d)O>*5EMd9�L�3C'*)O+]_d5EM*)n0�>e+Y)O<=>b),�1-80�>*-852*7CGF-E58Mb[*7C5N­Z-8G=7Y7C58+Y2;G=>*M*+A36Ge36'*5f'*),<='*5E+Y3AD¢0�KO[b5fG�H

s
\

&('*5�+60�_d5S2*7YGF-85EM*[*7C5�)O+(0N2*2*K,)O58MÇ3CG�36'*5S+C) @ 5�GNHu-8)O7Y-8[*KO0�7s+Y5"0N7C-/'�9*),>*+8­4DN0�7°LF)O>*<�3C'*5�+Y)O<=>10NK0�-E-8G=7YM*)O>*<e36Ge36'*5f2;G=),>i3A+Y2*7C580�M�HW[*>*-a36)OG�> A'NoL4Q D 0�>*Mj3C'*5@9*0�-/hF<�7CG=[*>bM¤0�-8-EG=7CMb)O>*<e36Ge36'*50�7Y5"0�-8G D=5E7C5EM 9�L¡36'*5B+Y5"0�7Y-�' 9b)O>*+E\ &('*5fNqL�Q ),+d5EDN0NKO[10¢3658M HWG�7�0�>
E−2 +C2;58-a367Y[*_ 0�+5a�42;5E-E365EMqHW7YG=_ Q1587Y_�)¯0�-8-E58K,58760¢36)OG�>v\�L4),>*-85f36'*5�NqL�Q )O+�>*GN3o-8G�_�2*K,5E3C58K^Lj),>*M*5E2;58>*Mb58>i3SGNH36'*5fMb58-8K,)O>*0N36),G=>v­F36'*5�NqL�Q 0"D=58760N<=58M�G D=5E7V0NKOKÄM*58-EKO),>10N3C)OG=>b+I)O+([*+C5EMv\
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&('*5gG=2436)O_�[*_�>i[*_�9;587�G�HX+CG=[*7Y-85E+:0�>*Mq36'*5eG=2b3C)O_�[*_�9*),> +Y) @ 5gMb582;58>bMQG=> 5"0�-/'�G�3C'*587E\&('F[b+8­]0�>�)^365E760N3C),D=5g2*7CGF-E58M*[b7C5Ç)O+:0�2b2*KO),58Mv\ Q�),7C+Y3f36'*5�>i[*_�9;587:G�HI+CG=[b7C-85E+�),+@G=2b3C)O_d) @ 5EM?A),3C'e7YG=[*<='*K^L:5E+Y36),_Ç0¢3658M�9*),>e+Y) @ 5�\�&('*58>e36'*5I9*),>e+Y) @ 5I),+²G�2b36),_�) @ 58M:HWG=7¦36'*5I<=),D=5E>e>F[b_e9;5E7G�H¦+CG=[b7C-85E+8­;0�>*Mj�1>*0�KOK^L=­43C'*5f>F[*_�9;587(G�H�+YG=[*7Y-858+�)O+(-/'*5E-�h�5EMq0�<=0�)O>v\
&('*5S7Y58+Y[*K,3C+sHWG�7X36'*5oG=2b3C)O_�[*_�DN0�K,[*58+s'10"D=5S9;5E58>�-/'*58-/h�58Mj9iLÇ0:+C58-EG=>*M�2*7CGF-E58M*[b7C5o?A'*),-�'?A)OK,K*9;5�-80�KOK,58Mg_Ç0 �b),_�[*_ G=9*+Y587YD¢0N36),G=>d2*7CG=9*0�9*)OK,)^3¥L.2*7CGF-E58M*[*7Y5�\]P _�),>*),_�[b_�+Y)O<=>b),�1-80�>*-E5
s
)O+s2b7C58Mb5E�1>*5EMB0�>*MJ3C'*5S2*7CG�910�9*),KO)^3¥Le36G�G=9*+C5E7YD=5f0N3IKO580�+Y3s3C'*)O+s+Y)O<=>*)^�1-"0N>*-85o)O+sG=2436)O_d) @ 58Mv\Po+(36'b5f5a�42;58-a3658M¤+C),<=>10�KÄ)O+(760¢36'*5E7A+C_�0�K,K¬­b0�DN0�K,[*5fG�H

3σ
)O+(-/'*G=+Y58>�HWG=7

s
\

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

Ã¥>;LF58-�\bt4\ � ­i3C'*5VÅ1[F�ÇG�Hv3C'*5
nth +CG=[*7Y-85 F (n)

0�+s0@HW[*>*-a36)OG�>ÇG�Hv3C'*5o+YG=[*7C-E5o>F[*_�9;5E7
n
'10�+9;585E>�-EG=>*+Y)OM*5E7C5EMg36Gf5aDN0�K,[10N365s36'*5(-8G�>*M*),3C)OG�>*+�HWG=7]0�+Y58>*+Y),36)^DF),3¥L.)O_d2*7YG D=58_d5E>i3²9iL�+Y360�-�hi),>*<G=> 36'*5�+CG�[*7C-E5j+Y3C7C58>b<�36'¡M*)O+°367Y)O9*[b3C)OG�>v\ P�2;Gz?s587eKn0"?�'10�+e9;585E> [*+C5EM¡36Gq210�760N_�5a365E7C) @ 5

F (n) ∝ nα \�Q1G=7Slf0�[*+Y+C)n0N>¤+Y3/0¢36),+Y36),-8+8­³0N>p),_�2*7YG D=5E_�5E>i3VG�H²3C'*5.+C5E>*+C)^36)^D4)^3ÊLj)O+�G=9b360�)O>*5EMv­),H −1.27 < α < −0.5
\�&('b5s2*7C5E+C5E>i365EMeG=2b36),_d) @ 0N3C),G�>@+C-/'*58_d5s910N+C58M�G�>�N¦G=)O+Y+CG=>.+°3/0N3C)O+°36)O-E+0�>*MJ3C'*5�PSRBPSTVUAP +C5E>*+C)^36),DF)^3ÊL�),+(0N2*2*KO),58M�36G

F (n)
\]&('*5�_�0¢�4)O_�[*_ +Ch�LJ-8GzD=58760N<=5S?A),3C'+C580�7C-/'�9b)O>*+S'10N+�9;585E>�7C5E+Y367Y)O-a3658Mp36G

10%
\@&('*),+�-EG=7C7Y58+Y2³G�>*M*+�HWG=7

2.6◦
+C580�7C-/' 9*)O>*+o3CGj0_�0¢�4)O_�[*_�G�H

100
+CG=[*7Y-85E+8\ ! )^36'�36'*5E+C5j0�+Y+C[*_d2b36),G=>*+E­²36'*5J760N>*<=5ÇHWG=7.+YG=[*7C-E5�+Y360�-/hF),>*<?A),3C'¡PSRBPSTVUAP�),+e<�),D=5E>¡9iL −1.1 < α < −0.65

\�&('*5j+Y_Ç0�K,K,587:760�>*<�5J?A),3C'¡7Y58+Y2;58-E336G�3C'*5�<�58>*5E760�K`-8G=>*+Y)OM*5E760N3C)OG�>Q910N+C5EM G=> l@0N[*+C+Y)n0�>�+Y3/0N3C)O+°36)O-E+@),+@-80�[*+C5EM 9iLq3/0�hi),>*<B),>i3CG0�-E-8G=[b>i3Ç7Y58+Y3C7C)O-a36),G=>*+gG=> 36'*5B_�0¢�4),_e[b_ +CG=[b7C-85B>F[b_�9;587d-"0�[*+Y58M 9�L¡3C'*5��1>b),365j+C) @ 5BGNH+C580�7C-/'B9*),>*+�0NM*M*),3C)OG=>*0�K,K�L=\

+ ��!��,!-
.$)/0�
�1���2
*��354)/	!-


&('*5.2*7Y58+C5E>i3C58MqG=2b36),_d) @ 0N3C),G�>�+C-/'*58_d5.)O+V0�2*2*K,)O5EM�36G�3C'*5.+C0�_d2*KO5E+VG�H]<�58>*5E7C),-:PVlfT:\Z&('*57C5E+C[*K^36),>*<g210N760�_d5E3C587C+IHWG=7IL=580�7�T ©=©=© M*0N3/0g0�7C5�KO),+Y365EMj),>j&�0N9*KO5�G4\UT4\
Ã¥>{Q�),<*\~G4\ � ­�3C'*5I_d58M*)O0�>�+Y)O<=>b),�1-80�>*-E5I),+�2*KOG�3Y365EMe0�+]0VHW[*>*-E3C)OG=>�GNHZ3C'*5I>F[*_�9;5E7²G�H FXl�C�F]&9*KO0 @ 0N7C+@36Gp9;5Ç)O>b-8KO[bM*58MQHWG=7:M*),Æ³587Y58>�3�+C),<=>10�K`>*G=7C_�0�K,) @ 0N36)^G=>*+fHW7YG=_ S1 = 1

3CG
S1 = 4

\
Q1G=7(36'*5@HW[*7°36'*5E7VP�l@T +60N_�2bKO58+E­Z3C'*5:_d58M*)O0�>�+C)O<�>*),�1-80�>*-E5.0N+o0gHW[*>*-E3C)OG=>BGNH²3C'*5:>F[b_e9;5E7G�H¯+CG�[*7C-E58+I36G�9;5�0�>10NK,L @ 5EM�)O+sMb)O+C2bKn0"L=58MJ)O>JPV2*2;58>bM*)^��U.\]&('*5S'*)O<�'*58+°3(>*G�7C_�0�KO) @ 0¢36),G�>ÇGNH
S1 = 4

+C),<=>10�K³>*58[b3C7C),>*G=+IHW7YG=_�36'*5�+°367CG�>*<=58+°3�+YG=[*7C-E5f)O+I[*>bKO),h�58K,L�­*0N+(),3I)O_d2*K,),5E+(0�_�5EM*)O0�>+C),<=>*)^�1-"0N>*-85.0�9;G D=5
3σ
HWG=7�36'*5.+C),>*<=K,5:+YG=[*7C-E5�+C580�7C-/'v\=JV5E>*-E5�­

S1 = 4
)O+V>*GN3S-8G�>*+C),M*587Y58MHWG=7I3C'*5f5EDN0NKO[10N3C)OG=>�G�Hu36'b5@G�2b36),_e[b_ +CG�[*7C-E5@>F[*_�9;5E78\

Q1G=7@_�G=+°3.+CG�[*7C-E5J-EKn0�+Y+C58+E­`0�>�G=2b3C)O_�[*_ G�H�0N9;G=[b3
10
+YG=[*7C-E58+�)O+fHWG=[*>*Mv\ ! )^36'�G=>b5Ç5a�i�-85E2b36),G=>v­;36'*5�+YG=[*7Y-85�+Y3/0N-�hi),>*<j0N>10�K^L4+Y)O+V)O+o_dG=7Y5.+Y58>*+Y),3C),D=5.)O>¤3C58+°36)O>b<Ç36'*5.-8G=7Y7C5E+C2;G=>*M*),>*<'iLF2;G�3C'*58+Y58+(36'10N>J36'b5S2;G=)O>�3I+CG�[*7C-E5f0�>10NK,LF+C),+sG�H¯+C),>*<=KO5V+YG=[*7C-E58+E\XP +Y58-EG=>*Mj+60�_d2*K,5o+Y'*G ?A+0�K^?I0zLF+�),>*-87Y5"0�+Y)O>*<d+C),<=>*)^�1-"0N>*-85N­1?A'*58>¤)O>*-EKO[*Mb)O>*<eHW[*7°36'*5E7�+CG=[*7Y-85E+8\(&('*5:G=9*+Y587°D=58Mp2;5"0�hi+)O>¡36'b5�HW[*7°36'*5E7�+60N_�2bKO58+d0�7C5B0�+°LF_�_d5E3C7C)O-76�),Ho_�G�7C5j+CG=[b7C-85E+�36'10N> 3C'*5BG=2436)O_�[b_ >i[*_e�
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S1=4

V7W�X4Y"Z\[=]%_��	a�lci���tIz0d*v5t �,d3t �/y z0d�y�i7zuv i���r�i�y�e5i���w3d��3i�x�ehg�i-y��ud�vht��3i�x5i���g�}�r��uehg�i�v5t�v�zuv z ��w3d�y�eht
�ud
���%ehg�i�d�w3����i�x ����� i�� �3|Iz0�.z0x5v�e �!��iqvhe�zuy���i�� ���+g�i�i���r�i�y�e�z0eht
�udM�uz0|
w�i ���%ehg�i7d~w3����i�x ��� vht �,d/z0|i���i�d�e5v � �ux1ehg�i{vhehx �ud���i�v5e�v �uw3x5y�ikt�v1x5i�r3x5i�v5i�d�e5i��B��}

S1
�B�+g�i{g3t �,g�i�vhe1�,z0|
w�i ��� ehg�ik�1i���tIz0dvht �,d3t �/y z0d�y�i�y��uxhx5i�vhr��ud��3vqe �=ehg�i �ur3eht
��w3� d~w3����i�x ��� v �uw3x5y�i�v �

9;587e0N7C5Ç)O>*-EKO[*M*5EMv­�36'*5J5��b2;5E-E3C58M +C),<=>*),�*-"0�>*-E58+�Mb58-E7C5"0N+C5jG�>*K,L�+CK,G ?AK^L=\pÃ¥>�-8G=>�367C0�+Y3.36'*5+C),<=>*)^�1-"0�>b-85SH�0�KOK,+Iki[*)^365f+°365E582*K^Lj)^HuHW5E?c587�+YG=[*7Y-858+V0�7Y5f)O>b-8KO[bM*58MÄ\
&('*5�5��b-E582436)OG�>*+B0�7C5qHWG�[*>*M HWG=7;Q+CI�¥Ã�0�>bM�HWG�7;Q+C(� ÃCÃd7C0�M*)OG�<�0�KO0¢�4)O5E+8\£Po+�36'*5E7C5�),+�0KO[b_�),>*G=[b+kQ+CI�¥Ã@<=0�Kn0 �4L�),>�36'*5�-8G=+Y_�G=K,G=<=),-80�Kc>*5E)O<='i9;G=7C'*GFGFM�G�H�36'*5BRB),KOh�L !�0zL=­sR � �4­36'*5;Q+CI�¥Ã�Å1[4� ?sG=[*K,M¡9;5j+°367YG=>*<=K^L�M*G=_d)O>10¢3658M 9iL¡R � �4\�&('*5 J�FXl1C�P�_�580�+C[*7Y58_d58>�3G�H(&u5#"�2b'*G�36G�>*+ A¸?A),36'�0B+C),<=>*)^�1-"0N>*-85�GNH

4.1σ D HW7CG=_ 3C'*)O+@_�),+60�K,)^<=>*5EMQ9*KO0 @ 0N7�§ P + © t=0N«Ù­36'*5EG=7Y5E36),-"0�K,K,L.2*7Y58M*),-E3C58M�)O>B§KN`U*C © tN«¬­F0�KO+YG@+C[b2*2;G=7Y3C+X36'*5�[b>*)Oki[*5E>*58+Y+sG�H³36'*),+`+CG=[*7Y-85N\]&('*5G=2b3C)O_d) @ 0¢36),G�>J+Y[*<=<=5E+Y3C+A3CGd0N>10�K,L @ 5S36'b5 ν
Å1[F��HW7YG=_�3C'10N3(+CG=[*7Y-85fG�>*K,L�\�J�G ?s5aD=587E­;0kQ+CI�¥Ã+60N_�2*K,5o?A)^36'*G�[b3�R � �.)O+(0�>*0�K,L @ 58M�0�M*Mb),36),G=>10�K^K^LgHWG=7c3Ê?sGe7C5"0N+CG=>*+E\qQ�)O7Y+Y3"­F36'b587C5�)O+(0NK,?I0"LF+36'*5�2;G�+C+C),9*)OK,)^3¥Lj3C'10N3�0J+Y)O>*<�KO5:+CG=[b7C-85eMbGF58+S>*G�3S-8G=>�367C),9*[b3C5.3CGJ3C'*5�>*58[4367C),>*GÇÅ1[4�pM*[*5.36G0p7Y5"0�+YG=>¡>*GN3e-8G=>b+C)OMb587C5EM 0N3e+Y58K,58-a36)OG�>v\ L458-EG=>*MÄ­X)O>�36'b5�G�2*2;G=+C)^365J-80�+C5N­X)^HVR � �B?cG=[*KOM9;5�),M*5E>i36)^�158Mp0�+S0Ç>b58[b3C7C)O>bGJ2;G=),>i3o+YG=[*7C-E5�­³36'*5.-8[*_�[bKn0N3C),D=5@+C),<=>10�KuGNH]36'*5.G�3C'*587o+YG=[*7Y-858+-8G�>i3/0N)O>*+�3C'*5�)O>4HWG=7C_�0N3C),G�>v­V)^H:3C'*5

ν
Å1[F� ?sG=[*K,M�9;5Q0¡+C2;58-E),�*-�HW5"0¢36[*7Y5�G�HeR � ��G=7�0<=5E>*587C0�K]-/'10�7C0�-E3C587Y)O+Y3C)O-�G�HSQ+CI�¥ÃA<�0�KO0¢�4)O5E+8\�F��4-8K,[*M*),>*<BR � �4­®>*580�7CK^Lp-EG=>*+Y360�>�3fDN0�K,[*58+SHWG=7G=9*+Y587°DN0N36),G=>Ç2b7CG=910N9*)OK,)^3¥Lg0N>*MÇ_d58M*)O0�>�+Y)O<=>b),�1-80�>*-E5o0�7Y5�HWG�[*>*M�HWG=7X_dG=7Y5A36'10N>
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+CG�[*7C-E58+8\

&('*5�+Y),36[*0N36),G=>ÇG�H�Q+CI�¥ÃYÃ]<�0�KO0¢�4)O5E+s),+IG�2*2;G=+C)^365V36G�3C'10N3IG�H�Q+CI�¥Ã]<�0NKn0¢�4),58+8\�&('*587Y5@0N7C5�0�K,G�3G�H]+YG=[*7C-E58+o?(),36'B+C)O_d),KO0N7AKO[b_�),>*G�+C)^36)^58+E\�J�58>*-E5�­³3C'*5.+Y58>*+Y),36)^DF),3¥Lj)O>*-E7C580�+C5E+S_dG=>*GN36G=>b)O-"0NK,K^L9iL 36'*5Ç),>*-8K,[*+C),G=>QGNH(HW[*7°36'*5E7.+YG=[*7C-E58+E\p&('*5E>v­²36'b5Ç-8GzD=58760N<=5ÇG�H(3C'*5Ç+YhiLQ9iLQ+Y5"0�7Y-/'�9*)O>b+7C580�-/'*58+o0d+C),<=>*)^�1-"0N>i3AHW7C0�-a36)OG�>�G�H�3C'*5@+Ch�LB0�>*M�3C'*5f3658-/'*>*),ki[*58+VG�H²2;G=),>i3A+CG=[*7Y-85.0�>*0�K,LF+C),+9;58-EG=_d5�KO58+Y+d+C[*)^3/0�9*K,5�3CG�0�>*0�K,L @ 5j36'*5�+Y)O<=>10NK¬\ Ã¥> 3C'*5�58>*Mv­c36'*5B0�7Y7C),D¢0�KIM*)O7Y58-a36)OG�>¡?A)OK,K
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>*G�3�9;5�+C[*)^3/0�9bKO5�3CGq)OM*5E>i3C),H¸LQ+Y)O<�>10�Kc>*58[4367C),>*G=+E\�Ã HA36'*5J58>*5E7C<�L +Y2;58-a367C[*_ G�HA3C'*5�+Y)O<=>*0�KM*)^ÆÄ5E7C+�HW7YG=_ 36'*5�0N3C_�G=+Y2*'*5E7C)O-q910N-�hi<=7YG=[*>*MÄ­�M*)^Æ³[*+C5q365E-�'b>*)Oki[*5E+B+C580�7C-/'*),>*<¡HWG=7�<=KOG=9*0�K5a�4-E58+C+IG�H®'b)O<='�5E>*587Y<�L�>b58[b3C7C)O>bG=+s0�7Y5V_�G�7C5�+C5E>*+C)^36)^D=5�36G�Q+C(� ÃCÃ�<�0NKn0¢�4),58+8\+J�G ?c5ED=5E78­b+C),>*-852;G=),>i3(+YG=[*7C-E5@0�>10NK,LF+C5E+�0�>*MjMb),Æ³[*+C5f0�>*0�K,LF+C5E+�0N7C5�[*+Y)O>*<e-8G�_�2*K,58_d58>�3/0�7°Ld3658-/'*>*),ki[*58+�0�>*M0.2;G�)O>i3c+CG=[*7Y-85�0N>10�K,LF+Y)O+c-"0N>�<�),D=5V)O>bHWG�7C_�0N36)^G=>�0�9;G=[b3c36'*5oG=7Y)O<=),>�GNH®36'b5S5��4-858+Y+8­Z0.+YG=[*7C-E5+Y360�-/hF),>*<B0�>10�K^LF+C)O+�G�H Q-C(� ÃCÃ�<�0�KO0¢�4)O58+S)O+f0�KO+YG�[b+C5EHW[bK¬\mL4),>*-85e36'*5gG=2b3C)O_d) @ 0¢36),G�>pH�0�)OK,+8­Ä36'*5_dG=+Y3¦+C[*)^3/0�9*K,5`DN0�K,[*5XHWG=7u3C'*5s>F[b_e9;5E7�GNH Q-C(� ÃCÃÄ+CG=[*7Y-85E+²3CGo9;5I0�>10�K^L @ 5EM�'10�+¦3CGo9;5sM*5E�*>*58Mv\Q1G=7s),38­*0�K,GF-"0�K³+C0�M*M*K,5S2;G=)O>�3(0N3
17
+YG=[*7Y-858+A),+I[*+Y58Mj3CGe)O>�367CGFMb[*-85o3C'*5�-E[b36G�Æ¦\]Po9;GzD=5�3C'*)O+2;G=),>i3"­436'*5f+Y58>*+Y),3C),DF),3¥LJ<=7YG ?A+AG=>bK,LJ_�0�7Y<=)O>*0�K,K�LÇ)^HuHW[*7°36'*5E7A+CG=[b7C-85E+o0N7C5f),>*-8K,[*M*5EMv\

&('*5E+C5@5��b-E582436)OG�>*+�0�7C5S5a�42;58-a3658Mv­Z+Y)O>*-E5S36'*5S�*3A2;Gz?s5E7AKO0z?�)O>*Mb58-85E+
α

AW?A)^36'
F (n) ∝ nα D ­

αFR−I = −4.1
0�>*M

αFR−II = −0.6
HWG=7�Q-C(� Ãf0�>*MPQ+CI�¥ÃYÃ�7C0�M*)OG¤<�0NKn0¢�4),58+8­²0�7C5Ç>*G�3�)O>36'b5g),>i3C587YD¢0�K −1.1 < α < −0.65

?A'*5E7C5g+YG=[*7C-E5g+Y360�-/hF),>*<j2*7YG DF)OMb58+f0�>q)O_d2*7CGzD=58_d58>�3�),>+C5E>*+C)^36)^D4)^3ÊL�HWG=7I36'b5@-E[*7C7Y58>�3VM10¢3/0e+C5E38\
&('*5d-�'*5E-�h GNHs36'b5d7C58+Y[*K,3C+f?A),3C'�3C'*5d_�0¢�4)O_�[*_ G=9*+Y587°DN0N36),G=>Q2b7CG=910N9*)OK,)^3¥Lp2b7CGF-85EM*[*7Y5�7C5a�+C[bK,36+�),>�M*5EDF)O0N36),G=>*+A9;5E3¥?s5E58>¤36'b5@3¥?sG�2*7YGF-858Mb[*7C5E+V?A'*)O-/'¤0�7C5�?A),36'b)O>j3C'*5@-8G=7Y7C5E+C2;G=>*M*),>*<[*>*-E587°3/0�),>i36),58+(G�Hu36'*5fM*5a365E7C_d)O>10N3C)OG�>�G�Hu36'*5fG=2b3C)O_�[*_�\
&('*5VG=2b3C)O_�[*_�9*),>�+C) @ 5V'*0�+c9;5E58>ÇHWG�[*>*MÇ9;5a3Ê?c5858> 2.6◦

HWG�7`36'b5V[*>*),M*58>�36)^�158MJlf5 "�+YG=[*7Y-858+0�>*M
3.0◦

HWG=7SR � ��G=>*K^L=\SPo+S5��42;58-E3C58M §¨P + �=tN«Ù­³3C'*5�9*),>p+C) @ 5�Mb58-87Y5"0�+Y58+�?A)^36'¤36'b5�+C) @ 5�GNH36'b5@+C0�_d2*KO5N\
���������
	��
������� NMS

src NDP
src

��������	������ �����������
	! "�#	%$�&('

Ã5C 9*KO0 @ 0�7C+�A�Ã5CAP=L D 11+0
−1 11+0

−1

&�0N9*KO5@ro\IH
2.8 ± 0.2h�5#" 9bKn0 @ 0�7C+�A:C �1L4P]& D 8 ± 1 9 ± 1

&¦0�9*K,5:ro\UT
2.8 ± 0.2h�5#" 9bKn0 @ 0�7C+�A'J�F]P �V� P D 3 ± 0 3 ± 0

&¦0�9*K,5:ro\ t
2.9 ± 0.2lf5 "m9*KO0 @ 0N7C+ 8 ± 1 9 ± 1

&¦0�9*K,5:ro\ ª 2.8 ± 0.2[*>*)OMb58>�36),�*58M¤l�5#"m+YG=[*7Y-858+
22 ± 5 20 ± 5

&¦0�9*K,5:ro\UG
2.6 ± 0.2&u5#" 9bKn0 @ 0�7C+ 5∗ 5∗

&�0N9*KO5@ro\ �
2.8 ± 0.2l1NoL�0�>*M¤r!L%L

8 ± 1 8 ± 2
&¦0�9*K,5:ro\ �

2.8 ± 0.2Q-C(� ÃX760�M*),Ge<�0�KO0¢�4)O58+
1 ± 0 1 ± 0

&¦0�9*K,5:ro\ �
3.0 ± 0.2Q+C(� Ã`?A),3C'*G=[b3VR � �

20+3
−5 19 ± 4

&¦0�9*K,5:ro\ �
2.6 ± 0.2Q+CI�¥ÃYÃX760NM*)OGe<�0�KO0¢�4)O5E+

122 17+105
−5

∗∗ &�0N9*KO5@ro\ �
2.6 ± 0.2∗∗∗C�0�M*),GN� ?c5"0�h�ki[10�+C0�7C+

11+1
−3 11+1

−3

&¦0�9*K,5:ro\IH © 2.8 ± 0.2

������� [�] _
� a �oi�vhw3|
eht
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}~v5t�v �
NMS

src

z0d��
NDP

src

v5e�z0d�� � �ux�ehg�i �ur3eht
��w3� d�w3����i�x ���ov �uw3x5y�i�v=�3i�e5i�xh�=t
d�i��E�7t
ehgfehg�i��1i��3t�z0dvht �,d3t �/y z0d�y�i�r3x ��y�i���w3x5i�z0d�� ��x5i�vhr�i�y�eht
��i�|
}��3ehg�i!��z\�~t
��w3� �u��v5i�xh�,z0eht
�ud{r3x �u�/z0�3t
|
t
e:}�r3x ��y�i���w3x5i,�
∗ jq|
|	v �uw3x�y�i�v�t
d�y�|
w��3i��{�7t
ehg �uw3e �ur3eht
�=t
�.z0eht
�ud	�4v5i�i�z0���.��i1�
∗∗ ) d3|
} z�v�zu�3��|�i�r��ut
d�e ���+g�i �u��v5i�xh�,z0eht
�ud>r3x �u�/z0�3t
|
t
e:} t
d�y�x5i zuv5i�v*z���z0t
d	���7g�i�d>t
d�y�|
w���t
d�� z0|
|v �uw3x5y�i�v 	→ ��t �%w�v5i�z0d/z0|
}�vht�v ��� �~i�i �~i�y,��*��,+�� ���
∗∗∗ - t
d�vht
� i!i��,z0|
w/z0e5i�� � �ux
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&('*5p+CG=[*7Y-85E+j0�7C5¤+C5EKO5E-E365EM�0�-E-8G=7YM*)O>b<�36G�36'b5p7C5E+C[*K^36+JGNH@G�[*7ÇG=2b36),_d) @ 0N3C),G�> 2b7CGF-85EM*[*7Y5�\L45EKO58-a365EM¤+YG=[*7C-E58+o0�7Y5@K,)O+°3658Mj)O>�36'*5@+YG=[*7Y-85:K,)O+°36),>*<=+IG�H�&¦0�9*K,5.ro\ ª �Êro\(H © ),>j36'*5@0�2*2;58>bM*)^�³\Ã¥>q36'*),+f0N>10�K^L4+Y)O+8­ÄG=>*K,L�36'*5e-E[*_�[*Kn0N3C),D=5.7Y58+C[bK,3�HWG�7�0�+CG�[*7C-E5g-8KO0�+C+�),+S5EDN0NKO[10¢3658MÄ­®>*G�3S36'*5+C),<=>10�K³HWG=7()O>bM*),DF)OMb[10�K³+CG=[*7Y-85E+8\
&('*5d9*0�-/hF<�7CG=[*>bM�HWG=7�5"0N-�'�+CG=[*7Y-85d),+�-"0�K,-8[*KO0N365EM�0�-E-8G=7YM*)O>b<j3CG>F]kZ\�GF\ TF\gÃ Hc3¥?sG�+YG=[*7Y-858+G�Ho36'b5B+60N_�5�+60N_�2bKO5�0�7C5jD=5E7YL -8K,G=+C5j36GQ580�-/' GN36'*5E78­s3C'*58),7d+C580�7C-/' 9b)O>*+dGzD=587YKn0�2v\ &('*5910�-/hi<=7CG�[*>*MQ5a�42;5E-E3/0¢36)OG�>Q)O+�-8G�7C7C5E-E365EMQHWG�7�3C'*5dGzD=587YKn0�2Q0N>*M�5ED=58>�36+:),> 3C'*5dGzD=587YKn0�2b2*)O>*<0�7Y5"0g-EG=>i3C7C),9*[b365�G=>*K^LJG=>b-85�36Ge36'*5f-8[b_�[*Kn0N3C),D=5S+C),<=>10�KÙ\
N¦G=),+C+CG�>�+Y360N36),+Y3C)O-8+@0�7Y5�[*+Y58M�3CGB-"0�K,-8[bKn0N3C5e36'*5�2b7CG=910N9*)OK,)^3¥LpG�H(0�>iL G=9b+C587°D=58M >F[*_�9;5E7:GNHG=>4� +CG=[b7C-85@5aD=58>�36+o[*>bM*587A36'*5:0N+C+C[*_d2b3C)OG=>�GNH²2*[b7C5@910�-/hF<�7CG=[b>*Mv\s&('*5:-EG=7C7Y58-E3C>*58+Y+oG�H¦36'*50�>10NK,LF+C),+�)O+o3658+°365EM�?A),36'q3¥?sG�2b7CGF-85EM*[*7Y58+8\cQ¦)O7Y+Y3"­Ä36G�365E+Y3f36'*5e-8G=7Y7C58-a3@5EDN0NKO[10¢36)OG�>qG�HX36'*5+C),<=>*)^�1-"0�>b-85�­F0@-EG=KOK,58-E3C)OG�>gG�HvM10¢3/0@+Y5E3C+c?A)^36'�7C0�>*M*G�_�) @ 5EMd7C)O<�'i3c0N+C-E58>*+Y)OG=>Ç),+X-E7C580N365EMJ0�>*M36'*5�+C)O<�>*),�1-80�>*-E5VGNHv3C'*5V+C),<=>10�K*HW7CG=_�36'*5V+°3/0�-/h�58MJ+CG=[b7C-85E+s)O>d3C'*58+Y5o760�>bM*G=_d) @ 5EM�M10¢3/0@+C5a36+)O+SM*5a365E7C_d)O>*5EMv\:Po+�5a�42;58-a3658M�HWG=7S7C0�>*M*G�_�) @ 5EMqM10N360�+Y5E36+E­®36'*5e+C),<=>*)^�1-"0N>*-85�M*)O+°367Y)O9*[b3C)OG�>HWG=K,KOGz?A+(0dlf0�[*+Y+C)n0N>�?A)^36'�0�?A),Mb36'jG�H¦G�>*5f-E58>�36587Y58M¤0N3 @ 587YG*\`P(M*M*)^36)OG�>10�K,K�L=­4'iLF2;G�3C'*5E3C)O-80�K+CG�[*7C-E5:KO)O+°36+(?A)^36'�760�>bM*G=_�+YG=[*7Y-85:2;G=+Y),36),G=>*+A0�7C5@5aDN0�K,[10N3C58MB[*+C),>*<d3C'*5@G=7C),<=),>10�KÄM10N360d+Y5E3"\P M*)^ÆÄ5E7C58>b-85.GNH²36'b5.+Y)O<=>b),�1-80�>*-85@M*)O+°367Y)O9*[b3C)OG�>j36Gd36'10N3VG�H]7C0�>*M*G�_�) @ 5EMBM10N3/0d+C5a36+8­;?A'*)O-/'HWG=K,KOGz?A+X0:l@0N[*+C+Y)n0�>OA�+Y585o0�9;GzD=5 D ­F?sG�[*KOMd)O>*Mb)O-"0¢365(3C'10N3`36'*5V0�+Y+C[*_d2b36),G=>dG�H®0f910�-/hi<=7CG=[b>*MÅZ0N3:)O> CAP ),+:>bG�3.-EG=7C7Y58-E38\�PVKO+CGB),>Q3C'*)O+@-80�+C5N­�36'*5�G=9b+C587°D=58M�+Y)O<=>*)^�1-80�>*-85dM*)O+°367Y)O9*[b3C)OG�>HWG=K,KOGz?A+g36'*5¤5��42;58-E360N36),G=>v\ &('*5p+C),<=>*)^�1-"0N>*-85BM*)O+°367Y)O9*[b3C)OG�> HWG=7�9;GN36' 3C58+Y3C+J)O+�+Y'*G ?A> )O>
Q�),<*\ G4\ �4\
Q1G=7�>*G=>*5(G�HZ36'b5(-8G=>b+C)OMb587C5EMdP�l@T -EKn0�+Y+C5E+8­F0S+Y3/0¢36)O+°36),-"0�K,K^L@+Y)O<=>*)^�1-"0N>i3²M*5EDF)O0N36),G=>.HW7CG=_ 36'*50�+Y+C[*_d2b36),G=>.GNH12*[*7C5s9*0�-/hF<�7CG=[*>bM�?I0N+¦HWG=[*>*M�0�>*M.G=>*K^L@[*2b2;587�KO),_d)^3C+¯-8G=[*K,M.9;5s-80�KO-E[*Kn0¢3658MÄ\
Q1G=7V3C'*5�-"0�K,-8[*KO0N36),G�>¤G�H]36'*5�K,)O_d)�36+E­ Q158K,M*_Ç0N>4�°rsG�[*+C),>*+.§ Qur � � «�-8G�>b�1M*5E>*-85g),>i3C587YD¢0�KO+o0�>*M
N¦G=),+C+CG�>¤+Y360N36),+Y3C)O-8+�0�7Y5:[b+C58MÄ\A&('*5:_d5"0�+Y[*7C5EM¤5ED=58>�3S760¢365E+8­Z36'b5:910�-/hi<=7CG�[*>*M¤5a�42;58-a3/0N3C)OG=>0�>*M�36'*5f7Y58+Y[*K,3C)O>*<e[*2*2;5E7�K,)O_d)�36+s)O>J36587Y_�+(G�H¦5ED�58>i3V-EG=[*>�36+�0�>*M�),>i3C58<=7C0�KÄ>*58[4367C),>*GeÅ1[4�45E+0�9;GzD=5 H © l�5#"�0�7C5�2*7C5E+C5E>i3C58M ),> &¦0�9*K,5OG4\Òt4\ &('*5¤K,)O_g)^36+eM*GQ>*G�3�-EG=>i360�)O> +YLF+Y3C58_�0N36),-587Y7CG=7Y+e5E+Y36),_Ç0¢3658M�36Gq9;5j0N3.36'*5�K,5ED=5EKIG�H

30%
\QP�M*5EM*)O-80N365EM 0�>10�K^LF+C)O+.G�H�[*>b-8587°3/0�),>i3C)O58+)O> PSRBPSTVUAP )O+g-8[b7C7C5E>i3CK,L¡),> 2*7C5E210�760¢36)OG�>¡HWG=7d0�_�[*K^36)��¬L=5"0N7eM10N3/0 +C5a3"\ Q1G=7d0 9;5E3Y36587DF)O+Y[10�KO) @ 0N3C),G�>v­¯36'*5�KO)O_g)^3C+:0�7Y5�2*KOG�3Y365EM�)O> Q�)O<b\�G4\ � \j&('*5JMb587C)^D=58M K,)O_d)�36+fG=>Q36'*5dÅ1[4��GNH<=5E>*587Y)O-A+CG=[b7C-85E+s0�7C5A-EG=_�2*0�7C5EMd?A)^36'g3C'*5�+C),>*<=K,5(+CG=[b7C-85�+C5E>*+C)^36)^D4)^3ÊL.HWG=7²36'*5A+60�_d5AM10N360f+C5E30�>*M�HWG=7

4
L=5"0�7Y+VG�H²M10N360gHW7CG=_�P�R�PSToU(P�§¨P + «Ù\!F��b-E582b3oHWG�7A36'b5:+C_�0�K,K,58+Y3A+60�_d2*K,58+8­13C'*5KO),_d)�36+VG�>q<=5E>*587Y)O-�2;G�)O>i3o+CG�[*7C-E58+�910�+C5EM G=>pG=>*5.L=580�7SG�H`M10N3/0J0�7Y5�9;58K,G ? 36'*5�+Y58>*+Y),36)^DF),3¥L36Gd0g+Y)O>*<�KO5S2;G=)O>�3A+CG�[*7C-E5:0�-/'*)O5aD=58M�?A)^36'
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5.36
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
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A �V\Òt D

?A),3C'�36'*5�>*G�7C_�0�KO) @ 5EMQ-E[*7YD¢0N36[*7Y5 Ωk

\�&I'*5Ç-EG=+C_dG=KOG�<=),-"0NK]2*0�760�_d5a36587Y+:'*0zD=5�9;585E>�3/0�h�5E>0�-E-8G=7YM*)O>b<q3CGp36'*5JDN0NKO[*5E+�HWG=[*>*M¡),>�7C5E-85E>i3d_d5"0N+C[*7C5E_d58>i3C+8­
Ωm = 0.27 ± 0.04

HWG=7.3C'*5>*G=7Y_Ç0NKO) @ 58M@_�0�+C+uM*5E>*+C)^3ÊL�­ ΩΛ = 0.75±0.04
3C'*5c>*G�7C_�0�KO) @ 5EM:M10N7Ch�58>*5E7C<�L@M*5E>*+C)^3ÊLd§UL + © tN«0�>*M

h = 0.71+0.04
−0.03

HWG=7I3C'*5�JV[b9*9*KO5�210�760N_�5a365E7f§ � + © t¢«¬\]&('*5E>v­13C'*5�Q17C)O5EM*_�0�>*>�58ki[10¢36)OG�>LF)O5EKOM*+
Ωk = 1 − Ωm − ΩΛ

= −0.02 ± 0.06 ,
A �o\ ª D

-8G�_�210¢36),9*K,5o?A),3C'B0e+C210¢36)n0NKOK^LdÅZ0N3A<=58G�_�5a367YL�\
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Q1G=7A0e2;G ?s5E7�KO0z? +C2;5E-E3C7C[*_�?A),3C'�+Y2;58-a36760NK¯)O>bM*5a�
α
­*36'b5@7Y58M*+Y'*),H¸3A7C5E+C[*K^36+A)O>

Lv′dν ′ = Lν·(1+z) · (z + 1)α+1dν .
A �V\ G D

Q�),>10�K,K^L�­436'b5@-EG=7C7Y58-a36)OG�>j3CG
z = 0.1

HWG=7A0e+CG=[*7Y-85:0N3A7Y58M*+Y'*),H¸3
z
)O+(<�),D=5E>�9iL

F z=0.1 = F ·
(

dl(z)

dl(z = 0.1)

)2

·
(

z + 1

0.1 + 1

)α+1

.
A �V\ � D
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�������� F5GHz � � F12µm F25µm F60µm F100µm � F z=0.1
5GHz��� �"!�# �°Ú"ÚaÓ Ô � �$� �%!&# �ÊÚ"ÚEÓ¬Ô � ' � �%( ' � �%( ' � �%( ' � �%( ' � �%( ' � �%(

� � � #�)%!*�,+ # # -$. �¦Ý0/ #�)"!�� �%+ # #*�,1 # à 2 # # à ��� # à # )"3�) # à 4 3"3"! # à )"����� � à �,!&)�# # à 3�# 2 3 2¢à )� � � � 4 # 4 + # ) -$. �¦Ý0/ � 4 # 4 1�+ # ) 4 � # à �"! # à )�# # à � )%!&# # à 3��"� 4 # à 1 # )�) # à �"3%1 2 # à #%1"1 � à 1� � � � 2�4 �,+53�� -$. �¦Ý0/ � 2&4 � 3%+53���! 4 � # à )6� # à ! 4 # à � # 2 ) # à # �6� ) # à !������ � à 3") 4 # # à !&� 4 1&! 2� � � � 3"#�)%+53 # -$. �¦Ý0/ � 3�#")�#%+53 # 3%1 � à !&3 # à # # # à �,1 4�4 # à # 1*� # # à 4 � ��) # à !%1 2 # # à ��� 2 ! # !
� � � # # #�#%+ 4 # -$. �¦Ý0/ # # #"# 2 + 4 # # # 4¢à 1�1 78# à � 3 # à � 3"��3 # à # 4 �"! # à 4 # # � � à � 2 ��# # à #%1&# # à #� � � �,1&3 # +53�) -$. �¦Ý0/ �,1�3 # 2 +53�)�!&� � à � 3 # à )"! # à #�� 2&4 # à � 2 )�) # à 3 # )�# # à 2"2 ��� # à �%1&# # 4%2� � � � )"#�3%+91�) -$. �¦Ý0/ � )�#"3 2 +91�) # 1 # à 2 # # à # ! # à #��"3�� # à � ) # 2 # à 3"#�)�3 # à 1&3�) 2 # à 2 ) 4 3�#6�
� � � #%1&3"!"+:�,1 -$. �¦Ý0/ #%1�3%! # +:�,1 4 � � à ��� # à #"! # à � ) 2 ) # à � �"#%1 # à # !*� � # à !�� ��) # à 4 # 4 2�2¢à 3� � � #%1*� 2 +91;� -$. �¦Ý0/ #%1;� 2 # +91;� # 2 � à � # # à # # # à ��� # � # à � # 2 # # à # 3%1 4 # à 1&) # ! # à 3�#"# ��! à 1� � � # # 3"!"+:� 2 -$. �¦Ý0/ # # 3%!&)%+:� 2 # 3 # à )"! � à #�3 # à ����#"! # à � # 2 ) # à # 3 4�4 # à �"#%1 4 # à )"!�� 4 #"3� � � � 4 � )%+<! 4 -$. �¦Ý0/ � 4 ��)�#%+<! 4 3%1 � à #�� # à 3�) # à # 2 !&� # à #�)%!"1 # à # � # � # à ! 4 !&� # à ��!�� # à 1

������� [>=1_�`/a"�~ehx �ud���i�vhe b�� v �uw3x5y�i�vot
dm�3|Iz0�.z0x y z0e�z0|
� ���
F5GHz

vhe�z0d/�3v � �uxoehg�i�x�zu��t
� ��w��mz0e
5

���o���@? + � ��� �'�~�7g3t
|�iSehg�iS�1i z0dkb�� ��w���z0e
12, 25, 60

z0d��
100 µ

� t�v-|Iz0��i�|�i��
F12µm . . . F100µm� l + ��� �'� �~b�t�v=ehg�i{vhr�i�y�ehx�z0|�t
d��3i��

α
�3i�e5i�xh�=t
d�i�� ��i�e:�-i�i�d

2.7
���o��z0d��

5
� �q���

z
t�v=ehg�iy��,vh� �u|
� �,t�y z0|�x5i��3vhg3t ��e �*�+g/i=��t�vhe�z0d�y�i1y��uxhx5i�y�e5i��;x�zu��t
� ��w�� ��w���t�v �,t
��i�d;��}

F z=0.1
5GHz

�*�+g�i1b����z0e�z*g/zuv���i�i�d�e�z0��i�d{t
d{ehg�i �������uv.�
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5GHz� # #"#�# �ÊÚ"ÚEÓ¬Ô � �$���"!&# �ÊÚ"ÚEÓ¬Ô � ' �ÊÎ8Ø���Þ$( ' � �%(
� .	� Ý � �,1 # 3 # # à !"+53 4 �,1&! 2 Ý 4 ��1 # �,+ 3 4 3 � à #�� 2 # # à # # # à #%1 # à ��3 4 7 # à 4 3 # à # # 2 ! à #� .	� Ý � # # !&3"!&) à #%+:� 2 #�)"!�! � � � # # !��,+:� !&) # à 2 #"� 4 # à � 2 # à # 2 �,1 à 4 # # à 2�4 # à )"!&� 36� #"#
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������� [ =1_��%a � ) �~j��Ev �uw3x5y�i�v�t��3i�d�eht �/i��1�7t
ehg1v5ehx �ud��!x�zu��t
�!�3|Iz0�.z0x5v.���+g�i�
q� x�z } ��w����1i zuv5w3x5i����} � ) �~j�� t
v��,t
��i�d{�~}
FX

� � + ��� �'�-�+g�i!g/z0x5��d�i�v�v�x�z0eht
�,v ����b+z0d�� ����b5b���t�v5r3|Iz }�ehg�i�x�z0eht
���i�e:�-i�i�dc|
�.� z0d���g3t �,gci�d�i�x ��i�eht�y�
o� x�z }�v 	 ��� = (nHE − nLE)/(nHE + nLE)
� � �ux ��� b�ehg�i|
�.� i�d�i�x �,}1x�z0d���iot�v

0.1− 0.4
��i��Pz0d��Mehg�iqg3t �,g�i�d�i�x �,}1x�z0d���iot
v

0.5− 2.0
��i���� � �ux ��� bhb ehg�it
d�e5i�xh�,z0|�v-z0x5i

0.5−0.9
��i�� z0d��

0.9−2.0
��i���� �~b t�v�ehg�iqvhr�i�y�ehx�z0|/t
d��3i��

α
�3i�e5i�xh�=t
d�i�����i�e:�-i�i�d

2.7
���o�!z0d��

5
���q���

F5GHz
vhe�z0d��3v � �ux-e5g�iSx�zu��t
� ��w���z0e

5
���o���@? + � ���	��� + � ����� + � � �'� �~b�t�vehg�i v5r�i�y�ehx z0|%t
d��3i��

α
�3i�e5i�xh�=t
d�i��k��i�e:�-i�i�d

2.7
���o�!z0d��

5
� �q� �7t
ehg

Fv ∝ vα � �+g�i!��t�vhe�z0d�y�iy��uxhx5i�y�e5i��{x�zu��t
� ��w���t�v �,t
��i�d{��}
F z=0.1

5GHz
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���� � � ��
�������� ������� 
 ��
������"� FX F5Ghz � � � F z=1

5GHz�$� �%!&# �ÊÚ"ÚEÓ¬Ô � �$� �%!&# �ÊÚ"ÚEÓ¬Ô � ' �ÊÎEØ��/Þ�( ' � �%( ' � �"(
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������� [ =1_��	a � 
 j ) �'jEv �uw3x5y�i�v t��3i�d�eht �/i����7t
ehg�vhehx �ud��qx�zu�3t �q�3|Iz0�.z0x5v 	 �+g�i��1i z0d ��w��!�1i zuv5w3x5i����} � 
 j ) �'j � � + ��
 ��t�v �,t
��i�d1��}
FX

��z0d��
F5GHz

v5e�z0d��3v � �ux ehg�i7x�zu��t
� ��w��1z0e
5
� �q�"�@? + � ���	�

� + � � �'� jo|
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α
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5
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� �,t
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��i�d���}
z
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5GHz � � � max

GeV
∗ 10−8 � mean

GeV
∗ 10−8 �� # #�#"# �°Ú"ÚaÓ Ô � ��� �"!�# �°Ú"ÚaÓ Ô � ' � �"(

[s−1cm−2] [s−1cm−2]
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������� [ =1_ � a + 
 � v �uw3x�y�i�v�t��3i�d�eht �/i�� �7t
ehg vhehx �ud�� x�zu��t
� �3|Iz0�.z0x5v 	 F5GHz
t�v1ehg�ikx�zu��t
� ��w��

�@? + � ���	� � + � � ��z0e
5

� �q� �@? + � ���	� � ? � ��� � + � � �'� �~b�t�vkehg�i;vhr�i�y�ehx�z0|�t
d��3i��
α

�3i�e5i�xh�=t
d�i����i�e:�-i�i�d
2.7

���o��z0d��
5

���o���-�+g�i���z\��t
��w3� z0d��{e5g�i��1i z0d ��w3��zuvq�1i zuvhw3x5i�����} 
 � � 
 �t
d ����� ��� ������* ��� + ��� � z0x5iq|
t�vhe5i���w3d��3i�x � max
GeV

x5i�vhr � � mean
GeV

�
z
t�v�ehg�ioy��,vh� �u|
� �,t�y z0|%x5i��3vhg3t ��e ���+g�i


 � � 
 �Py z0e�z0|
� ��w�v5i�v7ehg�i!x5i ��i�x5i�d�y�i�vh}�vhe5i�� ��� ehg�i!}�i z0x ���������



H © � �S)%)+��� 2�� � � � �	�/#�&.�0�1�.��$8��
'� �3� �8��&!�=<>����?!�


 � � 
�� ��
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GeV Fmean

GeV |b|
3	��� - Ô à�� ÍaÏ

[10−8s−1cm−2] [10−8s−1cm−2] [◦]

3	��� � # # 4 3%+ ��!&#�� 1&3 à � � à � 3%1 à 4 �3	��� � # # !�!"+ � � 4 3 2 # à # ! à ) 3"! à 4 3 Í
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