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ø�ô�æ�å'ø�ù�û�ä)û %�ê�á��Ùë¢ç²ò�ì�ô�ô�ì�á�ÿ 	��O���
� î O ,
, '�ï{îÙù�ê�å>��æ¢ì�õ{ø�æ�ì�ô�û ñ¢à�å�æ¢æ�àYæ¢ëJì�á�ñ¢ò�åýÿYå�à�õ{å�ñ�æ¢û�ï���ò�ì�ç²ò
ç�ø�áýä*å�ù�ì�ð�å�æ¢å�áZñ � àYæ�ù�ì#ð�å�æ¢å�áZñ�ç�å+ô�ô�ëUîÙä)ûeøU� æ²ø�ç�ñ�ì�à�áeà
��øU�*å�æ²ç�å+áYñïläZû{à � å�æ¢ô�ø
����ì�á�ÿ%ñ�ò�å�ßóê�ë�ë�å�ô�ñ
á)ê�õ-ä*å�æ²ëJî ñ�ò�æ�àYê�ÿ�òýñ�ì�áZûeë�ò�ìR� ñ¢ë²ïlà���ñ¢ò�å%ë�õSø�ô�ôÛø�á�ùeñ�ò�åJõ{å+ù�ì�ê�õ ç�å�ô�ôÛø�á�ùeñ�ò�å+áËà
��ñ�ò�å�õ{å'ù�ì�ê�õ
ø�á�ùËñ¢ò�å%ô�ø�æ�ÿYå�ç�å�ô�ôÛì�áPñ¢ò�å�ì�æ9æ¢å+ë+�qå'çñ�ì � å%é9ãLæ¢å�ÿYì�õ{å'ë�	
��á$%oì�ÿD	 ' øG�EåJë�ò�àP�̀ ñ�ò�åJæ¢å+ë�ê�ô#ñ²ë � à�æ9ö?÷?ì�áËñ�ò�å%æ¢å+ù�êqç�å+ù>� à�æ¢õ�à
�oö?÷;B�ü*) 0 6 G�ø�ë�øG� ê�á�ç�ñ�ì�à�á

à���ü*)�îÙà�á�øSô�à�ÿZø�æ¢ì#ñ¢ò�õ{ì�ç%ë¢ç�ø�ô�å ï 	T%�à�æóñ�ò�å"ë�õSø�ô�ô�ø�á�ùMõ{å+ù�ì�ê�õ ç�å+ô�ôQ��àYá�å-ë�å�å'ë ñ�ò�ø�ñ�ö?÷�ì�áMñ¢ò�å
ß�ã�é[æ¢å�ÿYì�àYáeì�ë ë�ô�ì�ÿ�òZñ¢ô�ûeë�õSø�ô�ô�å+æ=�)ä�ê�ñ�àYá�ô�û{ä)ûeøG�qå+æ¢ç�å�áZñEàYæ�ë�à3��ñ¢ò�ø�áËñ�ò�å%ù�ø�ñ¢ø-ì�áËñ�ò�å%ë�ñ�æ¢ì�ç�ñ�ô�û
éEà�ê�ë¢ë�ì�á�å'ë�íSæ²ø�á�ÿ�å
	
��á%àYæ¢ù�å�æ�ñ�à9ë�ò�àP��ñ�ò�å�ßJã�é�å�ð*å'çñ�õ{à�æ¢å�ç�ô�å+ø�æ�ô�û
� �Eå���ñ�ñ�å+ù�ñ¢ò�å
ë�ñ�æ¢ì�ç�ñ�ô�ûJãUä*å�æ¢äqå'ç²èZâ�éEà�êqë�ë�ì�á�å+ë¢í



0 9 ���������
	����	������
�

0 10 20 30 40
∆/K

0.8

0.9

1

χ X

χ

χλ
sl

9 9.5 10
log10Ra

0.8

0.9

1

χ X

χ

χλsl

���������
	��( Æ©¬Y�´¤�£�¥/¯±¨'®]^�\ ^�� Ý ®�¨+»#¯#³ZÞ@£�§)³ ^�� ��� Ý ³Z£+®�¬Y�³)ÞJ£�¥)�� \ !'Ã���¶L£+§)³ ��� \ !"� Á� ?£�®
ª�ÌZ§Z°�¥/¯#¨+§Z®
¨+ª * Ý »±�¢ª�¥�Þ�·�£�§)³{£�®�ª�ÌZ§Y°¢¥/¯±¨'§Z®
¨+ª,476M\ *'$ *  0  ��	��
�  ª�¨+¤
¥/¬Z� ¦%�³�¯±ÌZ¦L°²�¢»#» Ý ¤/¯±Ç'¬�¥�Þ�·YÎ�¯º¥/¬
*  90  �� � 
 �� \ �D 7�  �$ Ý �( � ��Ö � ��
�� Þ \QÂ�� Ò'Ò+Ñ � ÂÃ `
? � É�� �²¹�¯#£�¥/¯±¨+§Z®Uª�¤/¨'¦ ^�� \�Â-®�¯±Ç'§Z£+»�Õ�Ï ½
�����¢°¢¥/®²É

ù�ø�ñ²øMî %�ê�á��Ùë�ç²ò�ì�ô�ô�ì�á�ÿ 	������
� î O ,
, 'Yï�ï�ñ�à{ñ¢ò�å%å�õ���ì�æ�ì�ç�ø�ôL� ê�á�ç�ñ�ì�à�á

ö�÷?B�ü�) � � G 7 �� ���
�	�

� I 
�� F 0 � î�ü*))ï K � î F 	 0 ï

ø�á�ùLàYä�ñ¢ø�ì�á�å+ùLñ¢ò�å5ç�à)å�<Sç�ì�å+áZñ¢ë
� �
7 C 0�C %�'
F 9�J � 0

7 ,�C E ' %�F 9AJ � W
7 C ,DC�0�F1'1' O J � G

7
,�C ,
,D'1'
, O J � �

7 ,�C ,
,�, O 9 '
, 	_� ò�åH� ê�á�çñ¢ì�àYá ��ñ²ë@ñ¢ò�åMù�ø�ñ²ø`��ì�ñ�ò�ì�á~ñ¢ò�å�ì�æSë�ç+ø�ñ�ñ¢å�æ���ä�ê�ñ{ë�ò�àYê�ô�ù
á�à�ñ{ä*åËæ¢å�ô�ì�å'ù�ê��*à�á&� à�æ{ü�) � ø�ô�ê�å'ë-àYê�ñ¢ë�ì�ù�åýñ¢ò�åËæ²ø�á�ÿ�å 0�,
-� ü*)  0=,1020 êqë�å'ù~ì�á~ñ�ò�å>��ñ�	
ú�å�ô�ø�ñ¢ì � åSù�å � ì�ø�ñ�ì�à�áqë�� æ�àYõ ñ�ò�å�� ê�á�çñ¢ì�àYácø�æ�å{ë�ò�àP��á�ì�á %oì�ÿ3	 ' ä_	_� ò�å+æ�å´ñ¢ò�åeù�å � ì�ø�ñ¢ì�àYá�ë�� æ�àYõñ�ò�åJã�é~ø�����æ�à?��ì�õ{ø�ñ�ì�à�á"äqå'ç�à�õ{å�õ{à�æ¢å�ç�ô�å+ø�æ=	P��áX��ÿYê�æ�å 0�, ñ�ò�å9ë¢ø�õ{å�ù�ø�ñ²ø�� à�æ�ö?÷������ Bö?÷����
ø�æ¢åJÿ�ì � å�áMø�ë�øG� ê�áqçñ�ì�à�áMà
��5H	
� àYõ���ø�æ¢ì�ë�à�á ��ì#ñ¢òB%oì�ÿZë�	 8 ø�áqù % ë�ò�àP�9ëóñ�ò�ø�ñJßJã�éLå�ð�å+ç�ñ¢ë�à�ásö?÷sø�æ�å"á�å�ÿYô�ì�ÿ�ì�ä�ô�å"ì�á�ñ¢ò�å

æ¢ø�á�ÿ�åG��ò�å�æ¢å�@��� ,DC ' 9ýä�ê�ñ%ù�å�ñ�å'çñ²ø�ä�ô�å"ì�á�ñ¢ò�å´å���qå+æ�ì�õ{å�áZñ�� à�æJë�õSø�ô�ô�å�æ � ø�ô�ê�å+ë�à��A@ ��ì 	 å
	��T� à�æ
ô�ø�æ�ÿYå�æ�ß�ã�éIù�å � ì�ø�ñ¢ì�àYá�ë � æ�àYõ @a7 0 	�éEê�ñJå � å�á`��ò�å�á @�æ¢å+ø�ç²ò�å+ë9ì�ñ¢ëJë�õSø�ô�ô�å'ë/ñJå���*å�æ¢ì�õ{å�áZñ²ø�ô
� ø�ô�ê�åýá�å'ø�æ , 	 E
F ��ñ�ò�åPù�ø�ñ²øN�Ùø�ô�ôlô�å+ë¢ë%ñ¢ò�ø�á5à�á�ô�û 0 	(' �qå+æ¢ç�å�áZñ"ä*å�ô�àP�=ñ�ò�åPélàYê�ë¢ë�ì�á�å+ë¢í�æ�å'ë�ê�ô�ñ¢ë=	� � å�áMñ�ò�à�ê�ÿYò?ñ�ò�å´ß�ã�é7å�ð�å+ç�ñ¢ëUà�á ö?÷sø�æ¢å-íZê�ì�ñ�å"ë�õSø�ô�ô �qì#ñ�ì�ëUì�áYñ¢å�æ¢å+ë�ñ�ì�á�ÿSñ¢àeá�à�ñ¢å@ñ¢ò�ø�ñUñ�ò�å+û
!�� 7 � � � 7� ñ¢ò�å%ò�å'ø�ñ ñ�æ²ø�á�ë+�*à�æ�ñ=	@�å+ø�ë�ê�æ¢å�õ{å�áZñ²ë{à�� @Iø�á�ù�à���ö�÷ ê�á�ù�å+æeß�ã�é ç�à�á�ù�ì#ñ¢ì�àYá�ë��lå+æ�åPõSø�ù�åMä*å� àYæ�åMä)û&Ysê -
.�ì�ä*ç²òqø�ä*å�æMî 0+'D'�0 ïJê�ë�ì�á�ÿ �+,óåËÿZø�ë-ø�ñ"ô�àP� ñ�å+õX�*å�æ²ø�ñ¢ê�æ¢å+ë"á�å+ø�æ-ì�ñ¢ë{ç�æ¢ì#ñ¢ì�ç+ø�ô �qàYì�áZñ=	I%�à�æ{ë�õSø�ô�ô
ü*)3����ò�å�æ¢åUñ¢ò�å�ì�æ9ç�å+ô�ô�ë9ç�à�á�� àYæ�õ{å+ùeñ�à´ñ�ò�å"ãUäqå+æ�ä*å+ç²èZâ�élàYê�ë¢ë�ì�á�å+ë¢í{ø�����æ�à?��ì�õ{ø�ñ�ì�à�á_�Yñ�ò�å�û�� àYê�á�ù
@ % 0
C�0 	D��ñUì�ëUá�à�ñUèZá�àP��á$��òZûËñ�ò�å�ì�æóæ¢å+ë�ê�ô#ñ²ë9ì�á?ñ�ò�ì�ë%ã�é`ô�ì�õ´ì�ñ�ù�ì#ð�å�æ¢å+ù?ë�û�ë/ñ¢å�õSø�ñ¢ì�ç+ø�ô�ô�ûH� æ�àYõ
ê�á�ì�ñ/û
	BIEñ�ô�ø�æ¢ÿ�åJü�)T�)ò�àP�Eå � å�æ���ñ¢ò�å�ì�æ�æ�å'ë�ê�ô#ñ²ëA� àYæM@sä*å+ç+ø�õ{å%ø�ëEô�ø�æ¢ÿ�åUøYë O 	('��)ì�áqù�ì�ç+ø�ñ¢ì�á�ÿSë�ñ�æ¢à�á�ÿ
ß�ã�éså�ð�å+ç�ñ¢ë=	�� ò�å�ûJù�ì�ù@á�à�ñoò�ø � å©ñ4�Eàóç�å+ô�ô�ë�à
��ù�ì�ð*å+æ�å+áYñ©ë�ì���å'ë��'ø�á�ù�ñ¢ò)ê�ë�à
��ù�ì�ð*å+æ�å+áYñ©ù�å��qø�æ�ñ�ê�æ¢å+ë
� æ�àYõ�ñ¢ò�å´ã�é`ø
����æ¢à?��ì�õSø�ñ¢ì�àYáËø�ñ9ñ�ò�å@ë¢ø�õ{å@ü*)T��� à�æUç�à�õ���ø�æ�ì�ë�à�á_	B,óàP�lå � å�æ�����ò�å�áMñ¢ò�å�ì�æóù�ø�ñ¢ø
�lå+æ�å*��ô�à�ñ�ñ�å'ùMà�á?ø´ô�àYÿ�â�ô�àYÿ´ë¢ç�ø�ô�å���ñ�ò�å%æ¢å+ë�ê�ô�ñ¢ë9ø�ñ9ô�ø�æ�ÿYå%ü�)�� å�ô�ô�ë�ì�ÿYá�ì]�*ç�ø�áZñ¢ô�ûeä*å�ô�àP�LøSë/ñ¢æ¢ø�ì�ÿYòYñ
ô�ì�á�åeù�æ²ø?��á�ñ¢ò�æ¢à�ê�ÿYò ñ¢ò�åSæ�å'ë�ê�ô#ñ²ë%ø�ñ@ë�õSø�ô�ô�å�æ%ü*)T	�Ióë¢ë�ê�õ{ì�á�ÿMñ�òqø�ñ@ø �qàP�Eå�æ�âvô�ø?� ë�ò�à�ê�ô�ùsò�ø � å
��ñ�ñ�ò�å@ã�é`ù�ø�ñ²ø��)à�á�å�ñ¢ò�å�á?ç�ø�áËç�à�á�ç�ô�ê�ù�åUñ¢ò�ø�ñ9ø�ô�ë�à"ì�áPñ�ò�ì�ë�ç�øYë�åJö?÷�ù�å'ç�æ¢å+øYë�å'ùeù�ê�åJñ¢à{ßJã�é
å�ð�å+ç�ñ¢ë=	



���������
	 	�� 	 	��� ������� ��� � 	��� 	�� 	���� �� � *� � ����� ��� � � � 	�� �
	 � ��� ���(�
	�� � � ��� �	 � �(��!"� ����# 	����$� ��� 0 '
R

e/
R

a1/
2

0.034

0.036

0.038

2%

109 1010 1011
0.8

0.9

1.0

Ra

χ

���������
	��
 ¸E¡Y¡��¢¤)�)Ç+ÌY¤/�D�B4���$�4 6 ����Å ¹�® 476 £+®@¦%�£+®�Ì�¤/�³�ª�¨+¤@¥/¬Z�S¦%�³�¯±ÌZ¦ °¢�²»±» Ý ®�¨'»±¯#³c®��¦�¾�¨+»#®�Þ
£�§)³�¥/¬Z�P»#£�¤/Ç'�M°²�¢»#» Ý ¨'¡��¢§C®��¦�¾�¨+»±®�Þ�É Ý Æ©¬Z�?³Y£+®�¬Y�³C£�§)³~®�¨'»±¯#³C»±¯±§Z�²®S¯±§Z³Y¯±°£�¥/�ý¥/¬Z�Ë°�¬Z£+§ZÇ+�M¨+ªU¥/¬Z�476�Ø�³Y�¢¡��²§)³��²§Z°²�"¨+ª 4��SÎ�¬Y¯±°�¬c¯±®@§Z¨�¥-³Y¯±®�°²ÌY®�®��³s¬Z��¤/�'É ÞQY�¨Î©�¢¤7�)Ç+ÌY¤/�D�S^�\ *F� $ *��J£�®"£ýª�ÌZ§Y°¢¥/¯±¨'§
¨�ª�476ýª�¨�¤J¥/¬Z�-¦%�³Y¯±ÌY¦ Ý ®�¨+»±¯�³�»±¯±§Z��Þó£+§)³?»#£�¤/Ç+� Ý ³Y£+®�¬Z�²³�»±¯±§Z�Þó°²�²»±» É�Æ©¬Z�"®A2�Ì)£�¤/��Ø�®��¦U¾�¨'»±®U¨�¤/¯±Ç'¯±§)£�¥/�
ª�¤/¨'¦ ¥/¬Z��°¢¤/¨'®�®�ØÙ°²¨�¤�¤/�²»#£�¥/¯±¨'§Y®²·�¥/¬Z��°²¯º¤/°²»±�¢ØÙ®��¦�¾�¨'»±®�ª�¤/¨+¦�£�ÌY¥/¨+ØÙ°²¨�¤�¤/�²»#£�¥/¯±¨'§Y®o¨�ª�¥/�¢¦%¡��¢¤�£�¥/Ì�¤/�²®²É�Æ©¬Y�
®�¨+»±¯�³
®A2�Ì)£�¤/�²® Ý ¦%�³Y¯±ÌZ¦Q°¢�²»±»�Þó£�¥ó¥/¬Z�%¬Y¯#Ç+¬Z�²®�¥;476 Ý 476I\ Ñ��#Â 8�ÂÃ �:9 Þ9£�¤/�%ª�¨+¤7* \IÁ� ��J·Û¬)£¹ �%^
	IÃ��  $!Y·
£�§)³´®�¬Y¨'ÌZ»#³´®�¬Y¨Î�Õ Ï ½c�����²°¢¥/®²·YÎ�¬Z�¢¤/�£�®
¥/¬Y¨'®���ª�¨�¤l¥/¬Y��»#£�¤/Ç'�9°²�¢»#»�£�¥�¥/¬Z��®/£�¦%� 476 Ý ¨+¡��²§{®��¦�¾�¨+»±®�Þ�·
Î�¬Y¯#°�¬{£�¤/� ª�¨�¤;*��'!�� !�J·Z¬Z£¹ �C^�	�Ã�� À� �·*·Y£�§)³´£�¤/� °²»±�£�¤/»±"¯±§"¥/¬Y�9Ï ½�¤�£+§YÇ'�'ÉZ¿l®�¥/¬Z�E¥�Î©¨J³Y£�¥�£�®���¥/®
£�Ç+¤/�²�9Î�¯º¥/¬Z¯±§S¥/¬Z���¢Ð�¡��¢¤/¯±¦%�²§�¥�£+»q¡Y¤/�²°¢¯#®�¯±¨+§ Ý Ñ CJÞ�·)¯º¥l°£+§e¾��9°²¨+§Z°²»±Ì)³��³"¥/¬Z£�¥lÕ�Ï ½������²°¢¥/®
¨'§ 4���£�¤/�
£�¥l¦%¨+®�¥�¨+ªÛ¥/¬Z£�¥�¨+¤�³��¢¤
¨+ªÛ¦@£�Ç'§Y¯±¥/ÌZ³Y�Eª�¨+¤ ^P§Y�£�¤lÃ�É  $!YÉ

�K��� �*�M��pZ�lw jEml�lk*pYw�n���ml�E|�ml� nYtlk�� +�g pZ� , j
w�nYm
k*w�w��������
� ø�áýàYá�åUê�á�ù�å�æ²ë�ñ¢ø�áqù{ñ�ò�åJì�á�ë�å�á�ë�ì#ñ¢ì � ì�ñ/ûSà���ö?÷Pñ¢à-ñ¢ò�å�ßJã�é ç�àYá�ù�ì�ñ�ì�à�á�ë=����ò�ì�ç²òPë�à{ë/ñ¢æ�àYá�ÿ�ô�û

ç�àYáYñ¢æ¢øYë/ñ²ëM��ì#ñ¢òMñ�ò�å"ë�å+á�ë�ì�ñ�ì � ì#ñ/ûËà��©ñ�ò�å@æ¢ø�ñ�ì�àYëM@�	��D@ 
H� àYæ�ñ�ò�å-õ{ø�ñ�å+æ�ì�ø�ô_��æ�à��qå+æ�ñ¢ì�å'ë���àYæS� à�æ�ñ¢ò�å
æ¢ø�ñ�ì�à @B7\5 :�B�53< 8 � ò�å�ç�å+áYñ¢å�æ©ñ¢å�õ��qå+æ¢ø�ñ�ê�æ¢åSL M ù�å � ì�ø�ñ�å'ëK� æ�àYõIñ�ò�åEõ{å'ø�á"ñ�å�õ��*å�æ²ø�ñ¢ê�æ�åSL?>[ä)û
ø�ä*à�ê�ñ/'�J ø�ñ�5 7 9 , # ��ìQ	 å�	R�*ø�ô�ë�àýì�ëóæ¢ø�ñ�ò�å+æóì�á�ë�å+á�ë�ì#ñ¢ì � å
	 I ë/ñ¢å��Mñ¢àP�Eø�æ¢ù�ëóø�á?ê�á�ù�å�æ²ë/ñ²ø�á�ù�ì�á�ÿ
ì�ë"ñ¢à�ù�ì � ì�ù�åËñ�ò�åPßóê�ë�ë�å�ô�ñ{áZê�õ-ä*å�æ{ö?÷Cì�á~ñ¢ò�åH� à�æ¢õ å'íT	 î O 	 0 % ï%ä)ûcì#ñ²ëSã�é � ø�ô�ê�åMö?÷ ��� 7
�YB�î O M 5ON��� ï 	D� ò�ì�ë�ÿYì � å+ë

ö�÷ �����
ö�÷ � � 7 O M 5ON� �M 5ON< @ M 5ON:

��< 53<;@ �E:25 :
� > 5 C î 9D	 0 ï



0+8 ���������
	����	������
�

0.06

0.07

Ra

N
u 

/ R
a1/

3

108 109 1010 1011

−0.01

0.00

N
u 

/ N
u O

B
 −

 1
 

( a )

( b )

���������
	��
 Ý £ Þ9Æ©¬Z�%¤/�³YÌY°²�³PÕlÌZ®�®��²»º¥U§�ÌZ¦�¾���¤�����$�4 6 ���/Ö '̈§�£{»±̄±§Z�£�¤�®�°£�»±�́ £�®J£́ ª�ÌY§Z°¢¥/̄±̈+§?̈+ª�¥/¬Z�
Úl£²Y»±�²̄±Ç+¬-§�ÌY¦�¾��¢¤L476ó̈'§-£�»±̈'Ç £�¤/̄º¥/¬Z¦%̄±°l®�°²£+»±�lª�̈+¤o¥/¬Y�l®�¦@£�»±» Ý '̈¡��²§%®A2�ÌZ£�¤/�²®�Þ�·�¦%�²³Ȳ±ÌZ¦ Ý ®�̈+»#̄#³@°²̄º¤/°²»±�²®�Þ�·
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