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l = 39.7◦, b = −2.2◦
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V = 14.0, (U − B) = 0.8
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(B − V ) = 2.1
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(V−R) = 2.2
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F (Hα) ∝ exp(−(R− Rm)/Rf),
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F (Hα) ∝ exp((R−Rm)/Rin)
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Rin ≤ 1.7 · 1014
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Lx ∼ 3 · 1035 ÷ 1036
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θj,x = 1.◦23± 0.◦06
¥ ^ |txiot¤
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θj,opt = 1.◦0 − 1.◦4
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σ = θj/2

¥ n�o7�2�fy{�iyiv&o7� 	 �;oruio7�7�>o7� 	 uivE}R�r�Ev@}ior�rz@�;or�¢z@�7u{�>y»���Ä��v½�����
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∼ 1011
zE¡��i�Ä�fv��rvE¡mx{vEu�|t�t�>u�|���|ts2|�z��ru{�>�

∼ 108
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α
�>orqt�f|7�;or�i�

≈ 3 · 1015
z@¡��µ�Ä��v(�7vE¡mxiv@u�|t�t�Rui|

��|ts2|&z��ru{�>�
≈ (1 − 2) · 104
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β = 0.2699 ± 0.0007
�µ�{�7o¬}�|

2920 ± 440
�i¡.-tz
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Γ = 1.35
�
NH = 9.5 · 1021cm−3

²Íy�z@obzExiv@�R¤
�ru{or¡��5xiot���>�iv@}i}i~�¡ zNU��=W	U ¯ � �� Y Z�� ��� Y�� ¥ �=/29�9 J5²��tzEuivK��}{�{��zE�7v@�ry{¡morz@�7���i�R�5�7��¯ �C�
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Lx = 3.1 · 1035
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1 · 108
4 ��o

5 · 106
4 ¥>¦-o½�R�R�7z@�r�7y{�rv��f�r}ior¡Ç����xR��o7�r}io7z@�ry��7uiyixR�fv��7�&�fyi}iyi����� � ��� �
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∼ 1014 cm−3
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Lx ∼ 1040
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}�|7�@uivE�7v��|NsC|{¥
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1.1 · 108
� ��o

6 · 106
�� ���fvE�{�7uior}i}i|t� xR�fot�t¤

}iorz��r�x�|C�¼|7v@��ot�
2 · 1015

��o
4 · 1013 cm−3
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2 · 1010
��o

2 · 1011
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 Lk ∼ 3 · 1038
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ψ = 0.7− 0.9
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α
-�

β = 1.6 ± 0.2

�


γ
- 

β = 0.7 ± 0.1

� |���³|ts2|N�¨¡myi}{yi¡Ç�>¡£|#¯
ψ = 0.0 − 0.2

² 

α
-�

β = 0.9 ± 0.2

�


γ
- 

β = 0.8 ± 0.1
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n ≈ 1013 cm−3
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•
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Te ≈ 2 · 104
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•
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τ
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α) ∼ 102÷104
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ξ ∼ 4 · 10−6
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β
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Lk ≈ LHβ mp nV

3
j /2 εHβ Rj
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Hβ ≈ 7·1035
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εHβ ≈ 1 erg/cm3
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Rj ≈ 4 ·1014
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≈ 0.2 %
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L̂k = 2Lk∆Vj/Vj <∼ 2 · 1037 Lk39
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α ∼ 1036
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>∼ 0.05
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∆Ṁ/Ṁ = ∆Vj/Vj
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n̂ = 8∆VjLk/πmp sin θ2
jR

2
jV

4
j
<∼ 1.5 ·105 Lk39 cm
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Ṁw ∼ 10−4M�
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Vw

>∼ 1500
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n̂ = Ṁw/4πR
2
jVwmp ≈ 4 · 106 cm−3
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θc ∼ 30◦
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∼ 1010
zE¡.-tz@vE�»¥c¶��7vE}i�{y#zEo7z@�roC�R��y{s&|t�i�iuiv@§iyiu{�>�ªÃ½vE�@o���|tsC|�y¨or�@u�|7}iyi�{yi�5|7�Í�¬o7qt¤

��|7z��r���R|t}�|N��|¬¯°³´o7�7or�;or}{�rzE|��;ot�i�fy{¡myiuior�5|t}i}ior�@oby{s@�i�R�{vE}iy{��²Ío7��orqt�f|7z@�7y��;or}i�rv@�R¤
�ry{�r}i~������ry{«(vE}iyi�©xR��|tsE¡m~-¥ T o L�1

%
�r~���v����i�ÍÃ(v@�iz=� �Eui|7�ry{�N|7§{yior}i}io7� �E}iv@ui�Eyiy

|7�i�{uivE§iy{u{�rv��-� �iv@ui}{�>�À�f~�u{�� �ry>�fv��iy{}iv@�7yi�ivEz@�;or���E}iv@ui�Eyiy½xio7�ro7�R|Íy½y{s����>�ivE}{y{�»¥
nÀ�R|t}�|N�fv(¯ 	 z��ru{�t�R� 	 ² �7~�qru�|7z@~��5|7v@�7z=�bor�;ot��o /

%
|7�i�{uivE§iy{u{�>�ªÃ(v@�Eo�rv�Ã(v@z@�r�r|{�{�rv�¤

�fyi�{yi}�|´��o7�rot�f�r}{o½qt�fyRs2�>|t�b��o7�r}io7zEy{�7v��f�r}{or¡Ç���7vE¡mx{��xio7�rv@uiy�¡£|7z@zE~¿���i�>�5�r�{�;�Ä��v
� z@�7u{�7�>�Ë�rvEu5�{v@�rz=�

Ṁj/Ṁ0 ∼ 5 · 10−7/10−4 ∼ 0.5 %
xivEu{vEu�|7qr|t�r~��5|tvE¡mor�¿��yiz�¤

�;or¡ ¡£|7z@zE~-¥ R |7z@�iv@�7~ xiuio7�roE��yR�fyiz@�w�����Ê�rv@¡mxior�À|7�i�{uivE§iy{y
Ṁ/Ṁcrit = 1 − 10

�
�©�7o �ruiv@¡Ç�¸�>|7�¿�À�i�>�5�r�©���N| �rv��fy{�iyi}�|w��o7z@�ry{��|7v@�

∼ 103
¥ T ���¸q7ot�fvEv¬�ror�i}{or�Eo

zEui|7�r}iv@}iy{�¨uiv�sE�C�f�C�N|t�ro7��u�|7z@�iv@�7or�¬z}i|7qt�f���¼|tvE¡mor�w�¬�i�R�5�r���>|7u{�7yi}ior�w}iv@orq2�5oE��yR¤
¡mo&�>o7}i�iuiv��ry{sEyiuior�5|N�r�b�rv@¡mx�xiorz��7�>xR�fv@}iy{��¡£|tzEzE~Â�ro��r}{v@Î(}{yi���iu�|t����y{zE�>|{�f�rvE¡mx
xio7�7vEuiy�¡£|7zEz@~¿}�|!¡£|7z�Î½�N|7qr|N��u�|O��y{�7z2|½z@³´vEuiy{s2|7§iyiyµ�{y»�;zEo7o7�r�rv��rz��r�rv@}i}ioi�{�7vE¡mx�|t�R¤
�iuiv@§iyiy �ro��r}{�;�ruiv@}i}iyR�º�i|7z@�C�>�©��yiz@�>|{�Á�{�7o�sC|t�7u{�2��}iy{�7v��f�7}io#zÄ��v���|t�7�w}i|�orzE}{or�rv
�¼|7}{}i~��Ê}�|7qt�f���fvE}iyi�µ¥�n §iv��for¡���u�|7zE�{v@�r~ � ( ( 
	� ��� Y�� ¥Í¯3/29�L��R� /29�L�L5²xior�>|ts2|N�fy
xiuiy{}i§iyixiyi|N�f�r}i~��Àx{�;�7�i�Á}�|¬�>ot�roruio7¡�¡moC«�}io�xio7}{�{�7��¡mv��5|7}iy{sE¡®�r~�q7uiorz2|¬��|tsC|�y
³´orui¡myiu{or�5|7}iyR��z@�ruR�R�¬���i�R�5�r�R¥

n �f�7�5�{¡mv@ui}i~��Ê�Ey;��uioE��yi}�|t¡myi�ivEz@�iyR�Ìu�|7z@�iv@�N|N� �"�
=[GYÊ¯ � 1 15�R�ÇyºzEz@~��f�iyÌ�N|7¡
}�|À�fu{�>�Eyiv yiz@z��fvK��or�5|t}iy{�f²�xioE�f�r�rv@u5«��¼|tv@�rz=��¡mv��;|7}iyRs2¡ ³o7ui¡myiuior�r|7}iy{�Â�R|t}�|N��|
� ( ( 
���� W  ��  �Z��#� � � ��Y����¨y¸��yi}�|t¡myi�ivEz@�iyR�Ëz��rvE}{or�±�roÀ�r}{�;�7uivE}i}{yR��orqt��|7z��C�R�¼��o7�
}iv@zE�;ot�f�r�{yR���fvEz=�{�7�;or����obzEot�rvE}¨�@u�|7�ry{�N|t§iyior}i}{~���u�|O�fy{�rz@or�i�µ�Ä�fv!�¼|7�t�fv@}iyiv(yRs@���5¤
�iv@}iy{�wxiuiv@�rorz �5oE��yR�¨��|ts2or�7orv7¥ R |ts2uiv�«vE}{}i~�� ��|ts&�rzE�;oru5�{v@�rz=�¢�¬�>|7}�|O�fv�fo¬z@�>o7uiot¤
z@�7vE� 1{¥ /��(1{¥ ���7¥;¶��7uiorv@}iyivÍ�R|t}�|N��|´¡moC«v@�´qr~·�7�!�7vEzE�7¡£|´z��foC«�}{~�¡�¥ 4Ç|7�{«(v·xioE�f�r�7vEuR¤
«�¼|7v@�7z=� }�|N��yi�iyiv��;or}i�7vE�{�7yi�r}io¨}iv��rz@�7or�i�iy{�ror�ÊsEor}i~-�9�>ot�roru�|N�Àu�|7zEx{ot��|7��|7v��rz=�º�
Î(y{uior�;or�©�7oruioro7qru�|tsE}ior�#o7qt��|7z��ry¢xiob��u{�>���R� z@�ro7uior}{�wo7����yi}�|t¡myi�ivEz@�iyR�#z@�7vE}ior�
�>|7}�|N�f|{¥ � �fy{«(v©�Ë�ivEu{}ior�¹�f~�uiv#xiu{oryiz �5oE��yR�¹|O���rv@�{�ry{�r}iorv����ry{«(vE}iyivwxR��|Ns2¡m~-¥
�"�
=[GY�¯ � 1�15�r²£xiuiv��fxiot�foC«�yR���i�{�7o(�rz@�>o7uivE}iy{v!��|ts2|�(�>|7}�|N�fv-¡moC«v���z@�N|7q7yR�fy{sEyiuiot¤
�5|t�7�rz=�¢}{vE�;o7�ro7ui~�¡ zExiv@§iyi³´yi�iv@zE�iyi¡�¡mv��5|7}iy{sE¡mor¡��Á�;o7�7orui~�� ���rz���or�ry{�>�w�¼|t}i}ior�
z@�7u{�>�{�7�>ui~ �>|7}�|O��|orqrvEz@xivE�{y{�bxio7z@�roC�{}iz@�7�ro�z@�>o7uiorz@�7y�yiz��rv@�ivE}iyR� 1{¥ � J �7¥


 #



¾ �r}iorz@y{�rv��f�r}io�}ivK�¼|7�r}{o(qr~���|½x{or}{�{�N|½sE}�|C�iy{�7v��f�r}i|t��uiot�f�½�>o7}i�rvE�{§iyiy����yi}i|N¤
¡myi�;v(y�xiv@uivE}{orzEv�@}ivEui�@yiyw�rob�r}{�;�7uivE}i}{yR�w��|7z��C�R�¨|t�i�iuiv@§iyior}i}{~�����yiz@�>o7�w¯ ���  �Z �
���NY�� ¥-/29�9�9��(U ,=\ Y��  �� � � � ���<Y�� ¥i� 1�15�R�>y�zEz@~��f�iy���@�ry>��u�|7qrot�N|N�i²�¥ 4 or}i�7vE�i§iy{or}i}i~�v
���ryR«vE}iyR�!¡mo7�@�;��³´orui¡my{uior�5|t�7� or�{vE}i�ª¡mo7Ã(}io7v�yiz��rv@�ivE}iy{v·��|tsC|Íy{s�|7�i�iuiv@§iyior}{}ior�Eo
��yiz@�>|{� xiuiyw�@�7or¡Â��}iv@xiorzEu{v���z��r�rv@}i}ior� qt��y{s2orz��ryw�©�{vEui}io7����~�u{v�|7�{�iuivE§{yior}i}i~��
xio7�7or��z@�N|7}{or�ry{�7z=��|C���rvE�{§iyior}i}{~�¡�¥�¶�yR�f�r}i~����rv��rvEu�y{s ��y{zE�>|¡moO«(v@��qr~·�7��z@³o7uR¤
¡myiuio7�5|7}¬�N|t�{«v½s2|�zE�{v@��z@�7oC�i�iyR�¬�2�¼|7ui}{~����roN�f} ¯*�� �3� � Z�� ����Y�� ¥ / 9�97���?W Y��)�  �GY [R¤
X��MY � Y ZGY W	XGY��X5\ Y�,GY \)� � �i� 1�15�r²��R�rots2}iyi�>|7�ÍÃ(yR�bor�;ot�fo(§{vE}{�7uiyi³-�>��|N�f�r}io7�Eo&q5|7ui�rv@u�|
�&��y{zE�;v7¥ n±ui|7zE�iv��N|N�Ê¯*�� �3� � Z�������Y�� ¥@/29�97�5²�������|7z@�7}iorz��ry»� }�|t�>��vE}{oi�µ�{�7o��rv@�7vEu¨y{s
��yiz@�>|#u�|7z@xiuiorz��ru�|7}R�iv@�7z=�Â}{v¬�roN�f�r�;o �¢or�;ot�fo7xiot�f�ªzE}i~��Ì}�|7xiui|7�t�fv@}iy{�R�¼��}io¢y¿�
}�|7x{u�|7�t�fv@}iy{�>���¼|O�fvE�iy>�¨o7��orz@y¬��yiz@�R|w¯

θ ∼ 50◦ − 80◦
²�¥µÅ-¡mvE}iob�N|7�>|t�¨z��ru{�>�{�t�>u�|

�rv��ru�|�}�|7qt�����¼|7v@�7z=�����i�>�5�r�¬¯ � Y�,=\)�� Y{�-/29�9M�r²�¥

T ��� xio7}iyi¡£|7}iyR� �ro7�Eoi�!�{�ro�xiu{oryiz �5oE��yR�®�7}{�;�ruiy �i�R�r�r�Â�iuiv�s2�r~��i|7�i}io�xiv@uR¤
zEx{vE�{�7yi�r}i~ �Ey>�fuioE��yi}�|7¡my{�ivEz@�iyivÀu�|7z@�iv@�7~�z@�rvEur�R�iuiy{�7yi�iv@zE�;or� �fyizE�;or�ro7��|7�i�iu{v�¤
§iyiyµ¥rn¢qt�fyR«�|7�{Î½vE¡wq7�2�f�;Ã(vE¡��7�rvEuioC�R�r}ioi�7q7�2�f�;�´xiuior�rvK��vE}{~Êu�|tzE�iv��r~À�fo-u�|ts2¡mv@uior�

∼ 109 − 1010
zE¡�� xio7�iui~��5|7�ÍÃ(yR�©u�|C��y{�rz&zE³´v@uiy{sC|t§iyiyw��y{zE�>|{��y©qt�C�fv@���7~·�izE}{vE}io

�>|7�#³´oru{¡myiu{�rv��rz=� z@�rvEur�R�iuiyR�ryi�iv@zE�iy{�Ì�rv��rvEu#y{s&��y{zE�>|{¥ R |O��yR�rz�z@³´vEuiy{s2|7§iyiyÀ|t�R¤
�iuiv@§iyior}{}ior�Eo��fyizE�>|¨¯ ��XGY��
=\ Y Y Z=[w��
=Z���Y������ /29��7�5²

Rsp = GMxṀ0/Le
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−3/4

0

¥£n�¡mor¡mv@}{�¢u{v@s2�;or�@o©�>�rv��fyi�iv@}iy{�
Ṁ0
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AV = 8.2 ± 0.5
�
R = 1.5 · 1012
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0.25−0.30 a
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λeff 4644
¯
T ∼ 30000
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�;or}��Eo7u;�{�ivE�@o���|tsC|{�{or�{�;�r~��5|t�ªÃ(y{��orqt�f|7z@�7�xiuio2�5oC«��vE}iyR��z@�ruR�Ryµ�f�7vE¡mxiv@u�|t�t�Rui|��
�;or�;or}iv�x�|O��|7v@�!o7�orzEy��&�iu�|t�{¡#o7�

∼ 108
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∼ (3−5) ·104
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L ∼ 9(H/r)Le

���Ä��v
H/r

�Êot�r}io7Î½vE}iy{v¨�7ot��Ã½yi}i~ �¿ui|O��y{�7z@�r�·�O¥�v7¥
or}�|½s2|7�ryiz@y{�&o7���>� ��|&ui|7zE�iu{~��5|!��yizE�>|{¥fÅ-}{�7vEuiv@zE}io{���R�ro½������¡£|7z@zE~��>o7¡mx�|7�{�7}ior�Eo
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¡mv@�7uiyi�iv@zE�;or��z@�rv@�7yi¡morz��ry¨�i�>�5�r�{�
∼ 1040
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���ro�R|tz2|7v��rz=����7�5�Rxiyi�;or�ror�@o½xiu{or³´yR��� 
��� �K�;qr~��foqr~ÀsC|7¡£|7}{�iyi�rozE�7�RsC|t�7�!v@�Eo
z&³o7ui¡myiuior�r|7}iyiv@¡���z@�>xiv@u7��yizE�;vw¯ � 
	�
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u�|tsE¡mvEu�orqt�f|7z@�7y�y{s����>�ivE}{y{�����ror��fyi}{yiy�z��;Ã(vEz��r�rv@}i}io(x{uivE�r~·Î(|7v@� 4 vExR��vEuior�7zE�iyi�
u�|O�fy{�rzt��x{or�@�7or¡Ç���E¡my{zEzEy{or}i}i~�v!xiyi�iy�
�����·}iv´¡mor���>��³´orui¡myiu{or�5|t�7�rz=���(�fyizE�;v7¥

� ���3����� � Z	� ��� Y�� ¥¯3/29�L L5²borqr}�|7uR�>«�yR�fy��Êz@xivE�R�ruivÀ�{�R�5�r�º�À�fy{}iy{�R�Â¦´|tÎ½vE}�|
¯
P11 − P15

²´�f�7�5�{x{yi�;or�r~�v�x{uior³´yR�fyºz�u�|7z@z@�roC�{}iyivE¡ ¡mv�«����¢xiyi�>|7¡my
∆V ≈ 290
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��yiz@�>| � [�( �K�� �Z¨y¨�r}iv(sC|N�r¡mvE}{yi�»¥ 4 uior¡mv½�fyi}{yi�w¦|NÎ(vE}i|b���t�;�Rxiy{�>o7�r~��©x{uior³´yR�f�
yi¡mv��fyÊ�fyi}{yiy � ��� ��y"
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��}{��²&�rx{ot�f}iv�ui|tsE�>¡m}io©���i�¿}�|7qt������vE}iy{�»�·xior���ror¡Ç�Ìxiuior�7vEui�;or�¿xiu{v���xioN�foC«vE}iyR�»�
�{�7o�u�|ts����rorv@}i}i~�v!��yi}iyiy��7o7s2}iy{�R|t�ª�����yizE�;vt�¼qr~���obqr~±}�|tqt�f����v@}iyiv½s2|t�r¡mv@}iyi���
�fyi}{y{�R�º�w¡mor¡mvE}R�r~ � ��|t�r}i~��Ê¡myi}iyi¡Ç�>¡mor�{¥�Å�sE¡mvE}iv@}iyiv�x{uior³´yR�fv@�Ì�E¡my{zEzEy{�¸yR�fy
y{sE¡mvE}iv@}iyiv����>�iv@�r~��#zE�;oruiorz��rv@� }�|��>uior�7}iv

∼ 100
�i¡.-NzEvE�#��¡mor¡mv@}{�r~ sC|N�r¡mvE}{yi�

o7�7}iorzEyR�rv����r}io��vE�E�;oorqr}�|tu{�;«�y{�7�i�roE��}�|t�>ozEo7orq7Ã(v@}iyi�&o-�N|7�iyR�&�@³³´v@�{�N|N�����fy{�7v�¤
u�|t�t�>uiv�}iv�qr~��foi¥ T �7�5�Rxiyi�;or�rorz��r��¯ 	 ¡m}ior�@or�;or¡mxior}{vE}{�7}iorz@�7� 	 ²���yi}iyi�}�|tqt�f���¼|7v��rz=�
� ³|ts2|N�xiuiv@§ivEz@zEyiy � [�( ���  �Z�¯�� \ Y����	�  �Z Y Z=[ 
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�{�7o(or}�|½z@�7�{s2|7}�|½z yiz@�7vE�iv@}iyivE¡Ê��|tsC|(yRs-zEyiz��rv@¡m~��iv@uiv@s´�7}iv@Î½}i� �Â�7or�i�{� S |7�Eu�|t}R¤
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M >∼ 40M�
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W	\ Y����	�  �ZQY Z=[ 
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0.9 < ψ < 0.1
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∆ψ(Vr, em) ≈ 0.12 ± 0.07
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∆ψ(Vr, abs) ≈ 0.11
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�rv��fy��iuio7zEzE�;oru{v��i���{§iyi� uiv@}{�r�@vE}io7�rzE�iy>�¨yiz@�7or�i}iy{�>o7��yRs(�>|t�N|N�fo7�Eor�b�{ui�iyR�¬y�z��f|N¤
qr~��#yiz@�7or�i}iy{�>o7� R ¾´¶ 	 4 ¯*1��´�(U�� U �3� �{�� �r�{��
=\ �����r�'  ( ��� ��� Y�� ¥ � /29 9�9{�9� 1�1�1r² �
1NW·�½�>|t�N|O�for�Eo7¡Ê��|N�f|7�{�ry{�#¯ [ �  Y�
��� 
�� ��
=\)�E� ��� Y�� ¥ �-/29�9(/O²��;zEoE��v@u5«�|tÃ(y{¡ /2J��t�=/ �{uR¤
�iyR�¸zExiy{u�|N�f�r}{~��Ëy¿yiuiuiv@�@�C���iu{}i~�����|N��|7�{�7yi�»¥ ��~���oÊ�r~��fv��fv@}iob/2�;�¢yiz@�7or�i}iy{�R|
}iv(yRs2�rv@z@�r}{~��w�R|t�©|t�{�ryi�7}i~�v���|N��|7�{�7yi�iv@zE�iyiv��>�fu�|¨¯fU � � �=²ª����|N��|7�R�ryi�>|N�¨�N|7�{yR�
�ry{xior�i�cxiuiyi�{vE¡�L�1¬y{sb}iyR�#}iv�u�|tzExiot��or��|7�ª�7z=�º�¬�>�fvEui}i~��¢orqt��|tz@�C�R�¼¥ R vE}{�7�Ev@}ior�t¤
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zE�{yiv z@�rv@�7yi¡morz@�7y��@�ry>��orq7��v@�{�ro7�½zEo7z@�N|7�t�i�i�ª�
Lx ∼ 1039 − 3 · 1041

�Eu{� -tzt¥i¾�§iv@}ivE}�|
��|7z��ro7�N|��rz��ruiv@��|7vE¡mo7z@�ry#}iv@�;��vEui}{~��#y{z@�ro7�i}iyi�;or�i�

∼ 0.05
yR�fywoE��yi}worq7��v@�{��xiuiyR¤

¡mvEu{}io}�|�� 1(��|N�f|7�{�ry{�»¥ 4Ç|7�>|t����|7z��ro7�N|��rz@�7uivE�i|7vE¡morz��ry¬�>oN�fyi�iv@z@�r�7vE}i}io�¡mor� ��|(qr~
qr~·�7��xior}R�{�N|��N|7�µ�¼�{�7o����R|N«���o7�¬��|N�f|7�{�ry{�>v½}�|N�5oE��yR�rz=�

∼ 1
orqt��vE�{�&�ryixi|��i�R�5�7�{�

xiuiy{�ivE¡±x{ot�f}i~��¢ui|7z@�7�roru#�;or}R�rz2|¬�>oN�i�fyi¡myiu{or�5|7}i}{or�Eo¬y{s@���>�iv@}iy{�#�@�ro7�Eo�orqt��vE�{�N|

θc = 30◦ − 40◦
��y�o7uiyivE}R�N|7§iy{���@�ry>��o7q7��vE�{�7or�&z����>��|7�{}�|{¥�¦-o�z@xivE�{�7u�|7¡�¯Uyi}>��v@�>z@~

«v@z@�r�;orz��ryf²��r~���v��fvE}i}{~�v·orq7��v@�{�r~¢�{�t���i�Í�rz=�!�ªz@uiv��f}ivE¡�«v@z@�7�iyi¡my(yiz��ror�{}iyi�>|7¡my»¥

n�~�qroru{�iy¢yiz��ror�i}{yi�;or���$1  , � \)����Y Z=[ K Y \ � � � Ê¯ � 1�1 15²�y � Y�,=\��3 YcY Z=[ ����� �8XR¤
� \ �MY�  �� ¯ � 1�15/O²�z@�;Ã(v@z@�7�rvE}i}{o�u�|Ns@�fyi�i|7�ª�7z=�»¥ n x{vEui�ro7¡ z����>��|7v y{zExiot���7s2or�r|N¤
�fyiz@� �� � Z � � Z	( }�|7qt������vE}iyR� 
 1 �Ào7�7}iorz@y{�rv��f�r}io }ivEqroN�f�7Î(o7�Eo �;ot�fyi�iv@z@�7�5|��{uR¤
�iyR� ¯

B < 12.5
²���|O��|7�{�7yi�»�zEorot�r�rv��rz@�7�rvE}{}ioi�(yiz��ror�{}iyi�iy z@oÂzE�7v@�ry{¡morz@�C�{¡my

∼

1038 − 1039
�Eui� -tz7� ¡mor� ��ywq7~·�r��yizEz��fv��for�5|7}i~±��v��N|N�f�r}io{¥c¾ª�f}�|7�;oi�����i���ror�@oi�»�{�7ot¤

qr~ }�|7qrui|t�r�ÀsC|7¡mv��r}io7v©�;ot�fy{�ivEz��r�ro¸z��;Ã(vEz��r�rv@}i}io¸q7ot�fvEv��{ui�iyR�Ëorqt��vE�{�7or�
Lx ≥

1040
�@ui� -Nz7�t�7uivEqt�rv@�7z=��q �ot�f�7Î½vEv��;ot�fyi�{vEz@�7�ro´��|N��|7�R�ryi�»¥;n�o��7�ro7uior¡¨z����>��|tv�yizExioN�f�t¤

s2o7�5|N�fyiz@�-�>|t�N|N�for�@y�}�|�o7zE}ior�7v�}�|7qt�f���fvE}iyi� U-�{�¼�ry��r~�qroru{�R|-��|N�f|7�{�ry{��¯
V < 15.0

²
qr~���|z@�;Ã(v@z@�7�rvE}i}{o&q7ot�fvEvÍxiuivK��z@�N|t�ry{�rv��f�r}io7�»¥�¾Í��}�|7�;oi�;yiz��ror�i}{yi�iy�qrot��vEvÍz���|7q7~�v7�
�iv@¡

≈ 1040
�@ui� -Nz!¡mor� ��y�qr~·�7��xiot��}iorz@�7�r� �7~�qru�|7}i~��rot�f�7�>o���qN�fy{s2�{yR����|N��|7�R�ryR¤

�>|N��¯
< 11

� x{�f²�¥N¦-or�@�7or¡Ç�´�roÍ�7�ro7uior¡�z����>��|7v�qr~��fyo7�rorq7u�|7}i~¢�ÍzEu{v���}iv@¡�}�|7yiq7ot�fvEv
�iu{�iyiv � / �"�@¥

� / �"�´qr~���y©�r~��fv��fv@}i~ �N|7�{«v�yw�¬���i�fyixR�ryi�iv@zE�iy>�¢��|N�f|7�{�ry{�R|O�¿¯_W  ��, � \��VY Z=[
� \ Y�f�Á� 1�15� �W  �3,�� \)� ��� Y�� ¥9� 1�1r�r²�¥ I �ro�}iv�xiuio7�7yi�roruiv@�iy{�¨yi}R�rvEu{xiuiv@�N|t§iyiy � / �"�

�>|7��¡my{�iuior�i�r|tsC|7u{or�i���O¥¼�µ¥�z@uiv��fy�¡myi�iuio7�i�5|ts2|7uior��¡m}ior�Eo���ror�{}i~��¬}iy{s2�;or��¡£|7zEz@~
¯*/'� �"&�²��O�;o7�7orui~�v·xiu{yiz@�;�rz��r�7�>�Í�½�ª���i�fy{x{�ryi�{vEzE�{yR����|N��|t�{�ryi�>|N�¼¥r¾ª�f}�|7�;oi�O�iui��|t�R¤
Î(y{v � / �"�&¯

Lx > 1041
�@ui� -tz2² orqr}�|tu{�;«�yi�r|7�ª�7z=�¨�ro��7sC|tyi¡moE��vE�iz��r�7�>�ÍÃ(yR�w��|N�f|7�R¤

�ry{�R|O�¨y¨��|N��|7�{�7yi�>|N�wz&|7�{�7yi�r}i~�¡Ës2�rv�s���oro7qru�|tsEor�5|7}iy{vE¡��»�>|7�w}�|7xiu{yi¡mvEu»� 	 �Eyixiv@uR¤
� / � � 	 �-��|O��|7�{�7yi�;v 49v��fv�«�}io7v 4 ot�fvEz@o�¯���Y� ��� Y�� ¥7� 1�1r�5²�¥�49vE¡¨}iv�¡mvE}{vEv7�5�7o7s2¡moC«�¤
}ioi�{�{�ro � / �"��}iv-�{�t���i�Í�rz=�¬oE��}ioruioE��}{~�¡¸�R��|7z@zEor¡Êorq7��v@�{�ror�{¥

¶�xivE�R�rui~ � / �"���rvEz@�r¡£|½}�|7x{or¡myi}�|7�Í�(z@xivE�{�7ui~Âu{vE}{�7�EvE}{or�rzE�{yR�����ro7�i}i~��¼�{yi}{ot¤
�Ä�¼|¨or}iy �5oru{o7Î(o©orxiyiz@~��5|7�ª�7z=�Ê�N|t�Ì}�|tsE~��5|7v@¡mor�Ì¡moE��v��f�r� ¡m}ior�@or§i�rv��r}ior�@o¨��y{z�¤
�>| ¯�� W �½�  �

∼
/��R�Ç�i�2n·²��c}io���|7z��ro��7uivEq7�7v@�7z=�ÌqroN�fvEv�z��foC«�}iorvborx{yiz2|7}{yivbzEx{vE�R¤

�rui|¨¯ �" Y [GY ����Y�� ¥ ��/29�9�L	�+� Y���3�]X��3� Y ����Y�� ¥ �µ� 1�1 1	���  ��  ��
�����Y�� ¥ �µ� 1�1�1���� 
�,  ��8Y ���
Y�� ¥ �µ� 1�15��� � ,��3� Y � Y ����Y�� ¥ � � 1�1r�5²�¥ ^ v���|7�r}iyivy{zEz���v���or�r|7}iy{�Ê¯*�%���3� � \ ��� Y�� ¥µ� 1�1r� Y�,��2²
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xior�>|tsE~��5|7�Í�O� �{�ro¬��}{vE�;o7�ro7ui~��©orq7��vE�R�N|N�¨}�|7y>���>�{Î(v@v�orxiy{z2|7}iy{v�uiv@}{�r�@vE}io7�rzE�;or�@o
zEx{vE�{�7u�|©xioN���>��|7v@�7z=�¸xiu{yÀ��orqr|7�t�fv@}iyiyº�Êorz@}ior�r}{or�Êz��rv@xivE}i}{or�¸�;or¡mxior}{vE}{�7v 	 �rot¤
�foE��}io7�Eo 	 ¯  �

∼
1{¥ /��(1{¥ �Ç�i�2n·²´¡m}io7�Eor§i�7v@�r}{or�Eo¬��y{zE�>|{¥ ^ v@�>ot�rorui~�v � / �"�½y{¡mvE�ª�

or�iv@}i�b¡Ç�{�E�iyivy>�fy��E�;z@�7uivE¡£|O�f�r}io��iu{�;�r~�v�uiv@}{�r�@vE}io7�rzE�iy{v&z@xivE�R�rui~ ¯ � Y�,�,�� Y Z  ���
Y�� ¥�� 1�1r��Y	� W Y�( Z  �Z�����#Y�� ¥�� 1�1r�5²�¥ � / �"���N|7�¸«(v��>|7�¸y¿uiv@}{�r�@vE}ior�7zE�iyiv����7or�i}i~�v
¡mor���>�&z@or�rvEuRÎ|t�7��xiv@uiv��roE��~±¡mv@«�f� 	 ¡Ç�i�@�iyi¡.-t�r~�z@or�iyi¡ 	 y 	 «vEz��r�iyi¡.-N}iy{s2�{yi¡ 	
zEo7z@�roC�{}iy{�i¡my½zExiv@�{�ru�|�¯ � 
�,� ��8Y��� Y�� ¥ �N� 1�15/ � /@Y � Y \� � Y ��� Y�� ¥ �N� 1�15/C²�¥O¦-vEuiv@¡mvE}i}{orz@�7�
uiv@}{�r�@vE}ior�7zE�;or�Eo�x{o7�ror�>|{�c�>|7�#�;«v��Eor�ro7uiyR�forz@�i���rvEz@�r¡£|¬sE}�|C�iy{�rv��f�r}�|À¯*�%� ��
=Z  ����
Y�� ¥ �i� 1�15/ ���%
� Y������ Y�� ¥ ��� 1 1r�	� � Y�,	,�� Y Z� ���<Y�� ¥ �i� 1�1r��,+��1  ,�� \)��� Y Z=[ W  ��, � \��2��� 1�1r�5²��
or}�|¢¡moC«v��¢��orz@�7yi��|t�7�¸³|7�{�ro7u�|º�¢s2| �ruivE¡Ç�Ëor�;ot��oº�i|7z2|{¥·Å´z@z��fvK��or�5|t}iy{�ËxivEu{v�¤
¡mvE}{}iorz@�7y©}i|��;oru{o7�r�iy>�w�ruivE¡mv@}�|N�¨o7�Eu�|7}{yi�ivE}{~-�c�7vEuioC�{�7}ioi�»�7ot�f�r�;o��{�>�rz@�7�ry{�7v��f�t¤
}iorz��r�r�¿z@or�ruiv@¡mvE}i}{~��(��v@�7vE�{�7oruior�i¥>¶�o7orq7Ã|tv@�rz=�(�¼|N«v�o-xivEu{yioE��yi�iv@zE�;or��x{vEuiv@¡mvE}R¤
}iorz��ry&}ivE�;o7�7orui~�� � / � �Í¯*& Y�
 � \ ��� Y�� ¥ �5� 1 15/ �5��
�( � X� ��� Y�� ¥ �r� 1�15/ ��/0��
 ��� Y�� ¥ �5� 1�1r� Y5²��
orqr}i|7u{�;«�y{�5|7vE¡mo7��}�|�ruivE¡mv@}�|N���i|7zE~��r�f}iy�y��;oruio7�7�iyR���i�r|ts2yR¤ xivEu{yioE��yi�iv@zE�iyR�¬orz�¤
§iyR�{���i§iyR�R�©¯

∼
� 1ÇzEv@� �����]\  �X�� Y � � \ Y Z=[2�!
��]X  �������7�»� 1 1r�5²�¥

Æ � / �Â�½��|N�f|7�{�ry{�>v � � W#�t�M1 L!qr~��fo½orqr}�|7uR�>«(vE}io(ui|O��yiory>���>�ivE}iy{v&¯ ��Y�Y \���� ���
Y�� ¥ �r� 1�1r�5²��rxiuiy{�ivE¡©zEororqtÃ|7v��rz=�»�>�{�7o!uiv@}{�r�@vE}io7�rzE�iy{�»�Rui|O��yioy�o7x{�ryi�{vEzE�{yi�bxio7�7or�iy
o7�¬�@�7or�Eo�o7q7��vE�{�N|�zEor� �f|7z@�>�ª�7z=�Àz�oC«�y>�¼|7v@¡m~�¡my#xiot�ror�>|7¡my¢�¬¡moE��v��fy©y{s@�i�R�{vE}iy{�
uiv����{�7yi�ryiz��rzE�{yR��z@�7u{�>�»¥5n�v@zE�r¡£|��r|t«�}{~¢orx{�7yi�ivEz@�iyiv�o7�7oO«��v@z@�r�N�fvE}iyR� � / �"�@�N�O¥t�»¥
yi¡mv@}i}ioor}iy&¡mor� �fy&qr~À�¼|N�r�}�|O��v�«�}i~��&o7�7�rv@�!o!x{uiyiuioE��vÍ�@�7yR�&yiz@�7or�i}iy{�>o7�i¥ � / �"�

vEz��fy�y�o7�roC«��vEz��r�t���{�ª�7z=�»�f�ro�z-�rvEz@�r¡£|z���|tqr~�¡my�orq7��vE�R�N|7¡my¬� 1O�{���!sE�rv@s���}i~����rv�¤
�fyi�{yi}»�5��|7z��ro�-�7�>¡£|7}i}io7z@�C�R��¯*�%���3� � \@�5/29 9M��� 1  , � \�� � ��� Y�� ¥ �5� 1�15/ ��/0��
 ��� Y�� ¥ �r� 1�15��,+�
K Y Z�(i�»� 1�15��� K 
 ���VY�� ¥ � � 1�1r��� 1  , � \)��� ���VY�� ¥ �»� 1�1r����
 ��3� ���VY�� ¥»� 1�1r�	����Y�� ��� � \�� ���
Y�� ¥�� 1�1r�5²�¥�¾�qr~��i}iob���rob�@ot���>qr~�v(o7q7��vE�{�7~-�¼�;o7�7orui~�vt�µyi}io7�Ä�¼|�o7�7oO«��v@z@�r�N���i�Í�rz=�¨z
¡mot�foE��~�¡my�zE�;orx>�fvE}iyR�i¡my ¯ �  �Y [ ��� Y�� ¥i� 1�15������� � Y�� ���<Y�� ¥ �f� 1�15�r²�¥

n�or�iuR�R� � / � �¬��|tz@�roÊorqr}�|tu{�;«�yi�r|7�ª�7z=���t�R¡£|t}i}iorz��ry±�ry{x�|Êx{�;sE~�uivE� ¯ � Y��
��3�
Y Z=[ �!� \��  �Z���� 1�1r�	��1  �,�� \)� � ���cY�� ¥�� 1�17�5²�¥�n o7qt��|7z��ry � / �"���À��|N��|t�{�ryi�;v 
 �3��¤
, � \�( ��� � Y��
�����Y Z=[ �%� \��   Z��£¯ � 1�15/O²�orq7}�|7u{�;«�yR�fy��7�>¡£|7}i}io7z@�r�{�µy{s����>��|7�ªÃ!�>� ��fyR¤
}iyiy 
 �����

λ4886
�·�;o7�7oru�|t�¸�ro7s2qt�>«��v@}�|¢�@�7yi¡ uiv@}{�r�@vE}io7�rzE�iy{¡ yiz@�7or�i}iy{�>o7¡�¥Í¾-}{y

sC|t�R�f� �{yR�fy»���{�7o¬z@yR�f�r}�|N�©�;ot�{�fyi¡£|7§iyR�©yRs@���>�iv@}iy{�¢�O��ot�f�b���>��|�s2uiv@}iy{�©}iv�zEorot�t¤
�rv��rz@�7�7�rv�� }�|7qN�f����vE}{y{�i¡ ���ror�º�7�>¡£|7}i}io7z@�ryµ¥·¾Í��}�|t�>o{� z@yR�f�r}i|t�º�>oN�i�fyi¡£|7§{y{�ÌyRs@¤
���>�iv@}iy{�¢y>�fy#uiv����{�7yi�ryiz��rz@�>o7vb�rzEy>�fvE}iy{v��iui�;orz��ry¢}{v&�7uivEq7�7v@�7z=�#�����©xior}iyi¡£|t}iy{�
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�@�7yR��o7q7��vE�{�7or�i¥{Å-�N|t�»�iu�|O�fyioy�orx{�ry{�ivEz@�iyiv´o7�roC«��vEz��r�t��vE}iy{��xioE�i�fvEu5«�y{�5|7�ª���@yR¤
xio7�7v@s@�r�Ç�{�7o � / �"�½vEz@�7�¨zE�rv@u5�R�iu{y{�ryi�{vEzE�{yiv���y{zE�iy yR��y ¡myi�iuior�{�5|tsC|tui~-�c�fy{qro�}iv
xiuiot�ryi�ro7uivE��|N��v@�»¥

	Í�f�C�7vEui}�|N�ryi�r}{or�¹¡mo2�fv��f�r� ����� � / �"�&�i�t���{�ª�7z=�¿�ivEu{}i~�v���~�ui~ 	 x{uior¡mv@«&�5¤
�ro7�i}i~���¡£|7zEz 	 ¯ ��� & 
 �K²��RzÍ¡£|7zEzE|7¡my

∼ 103M�
�5�O¥;v7¥;�!yi}{�rv@ui�5|N��v ¡mv@«�f�&�iv@ui}i~�¤

¡my¨�f~�u�|7¡my#sE�rv@s���}i~�� ¡£|tzEz�y©zE�rv@ur�{¡£|tzEzEy{�r}i~�¡myº�ivEui}{~�¡my©��~�u�|7¡my¹¯_W  ��, � \�� �
�%
�� X  �� ����r��/ 9�9�9	� � Y Z [ � \ � Y \ ��� �i� 1�1r�	�	�%�3��� � \ Y Z=[cW  �3,�� \)��� 1�1r�5²��R�;o7�7orui~�v´¡mor� �fy
qr~·�7�#zE³´oru{¡myiuior�5|t}i~ y{s�zE|7¡m~��ÊxivEu{�r~��ºs2�rv�s��Ë}�|tzEv���vE}iy{� � � ��¯�� Y [=Y�
 � 1 �����E�
� 1�1(/O²9yR�fy��-Î|7uio7�r~��&zE�;orxR��vE}iy{�>��¯��%�3��� � \ � 
�Y�� ���#�  �Z»�r� 1�15�7²�¥�4Á|7�iyiv��iv@ui}i~�v·��~�¤
ui~�¡mor���;��|7�i�iu{vE§iyiu{or�5|t�7�b¡mv@«&s2�rv�s���}{~�����|ts(y�z��N|7}ior�7y{�r�rz=���{ui�iyi¡my�uivE}{�7�Ev@}ior�t¤
zE�{yi¡my�yiz@�7or�i}iy{�R|t¡my»�

∼ 1040
�@ui� -Nz7�{�½z����>��|7v-v@z��fy�o7�iu{�;«�|7�ÍÃ(yi����|tsª�forz@�N|t�7or�i}io

xR�fot�r}i~���¯
n > 102−103 cm−3

²��;|´zE�;oruio7z@�r�-���ry{«(vE}iy{� ��� & 
 ��ot�r}iorz@y{�rv��f�r}io½��|tsC|
��orz��N|t�ro7�i}io¢¡£|N�f|Ì¯

∆V < 10
�i¡.-tz2²�¥ R |tzEzE¡£|N�ruiyi�r|7v@�7z=�¿�N|7�{«v¬xiuiv��fxiot�foC«v@}iyiv7�

�{�7o ��� & 
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