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¹ �7�£�'�£���z�)�D�z�)¤d¥��b�D¦3�D�c�_�£�y�M�c�Z�D�z�)¤d¥��b¨} V�c���c�-��³�_��y�c�º ��d»¬�3 ¼���-�D ����M¥xª´«B���«´�M�� ��¡�B�-½B¤B«d�b�M�c�¾«B�3·
�D�z�)¤3¥¿�n�c�Z�b³���À�c«d�c¤¬�j�À ¿�7�Z ��Á�����n�!�)�c�Â�)�x��»¬�3 V�c�Iª¬«�z�c«´�M�� ��7��¸lÃ1�Á��«Bc�P��¦3�D�c�-�Ä�-½T�����n���z�T�B�D�!�)�c���M�� ��7�
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µB���-�}�B�T�u³d�c��_�-�_µÉ«B�`�� V¥p�Á»¬�d V�c�bª´«B��c«¬�M�� ��¡����-_«3�c�-¸}Ã��������Z�B�-_�-�����j��¦�ª¬«�z�c«¬�j�� ��7�Ê ��y���º¥2�j�c§7�¾�c�¬�j�
 V�c�<³d�c�7¤´�)¤3 V¥¼ V��¦Ë�T�y V�Ä��--«3���� ��B§É ��Ì�T�\¦Í�7¤��À����Î7�)¤d¥����� ��£�£ ��Ä��Ïx�_��� VÎ\��¥V¦ÑÐ_���c�3½n�c���_�Í�c�B���D¦3�D�c�_�Ò ��
Ó  ��B���� �j�j¥V¥V¦ÌÔÕ�2�c�¡Ð_�-�xÖ� ��Í V�c�<�£���-�T�D�z�)¤d¥��Ä�D�z�j���T¸Ø×É�)�`¦¡½> V�b�B�T�<�£�7�D�9½��_��§) ����_���� ��B§Ù���M�c���� 2�M¥��P�M�c�£ ��
��«Bc�Ç�B�¡�3·1�-Úd«d V¥V �¤3�� �«��Û�D�z�M�c�-�-¸

Üh�)c�Ý�T�n�c���_���Á»¬�3 V�c�Þª¬«B��c«¬�j�� ��7�B�u ��Zj�j¥V¥��-µØ�àßBá3â9ã ¯ á�ä�å��c�B�P�Ä���z�)�D�z�T¤3¥��º�£�-µ3 �«B�æ ���9�M¥¼¥��_µç�c�B�
èÄé¡ê!ëzìVí ° �}�B�É�P ��3 ��º«��î�D �Ð_�©��«B�¥��-«B���c�-Ú�«3 V�c�-µÌ�È�T��_�¡�`�� ���«B�-µÌ��³�7�`�z�)���_�¡«B�£§)�c�9¨}�c�@ ���9�j¥V¥��_µï�
â ëzì!ê!ì â é ãßBá3â9ã ¯ á�än�)��µ¢�M¥V¥�c���yª¬«�z�c«¬�j�� ��7���n�����M¥V¥����$�c�¬�)�£�c���bz�� V�� �9�M¥��d«�z¥¿�_«B�y�j�c�b9�M¥V¥��-µÝäcáBð�ñ�â ë�ìÈê!ì â é ã
ßBá3â9ã ¯ ì ° �}�B��³d�c��_�-���º¤`¦Ý¨y�3 �c�Í�c�B����«�¤3·1��À ¼�À ¿j�j¥���«�z¥��� �À�¬�)��§7���c���z V�P�� ¿Ð_��¤`¦Ý�c��� ® �_���z�c§7���� �9�M¥V¥V¦
���-Î\�)�z�T¤3¥��M¶�¥��¡���n�)�� V���I�M�c�¡�Ä���c�¾�c�B�}���M���� ¼ò£�T�BµP�����$ ��£³3�c�7¤´�)¤d¥����j���z�)c�B�£�-�`�>�)�ó���z¨ô���j�À�� ¼ò£�j�c�7�£�
�7�`�c�Þ�����'��«�¤3·1��À ¼�À �9�j¥ó��«B�¥��_«��} ��}j�j¥V¥��_µÍßBá3â9ã ¯ é¡ê!ì/õ ß °

ö#«Bz¥¿�j�j�À ¿�7�É ��y-�7�£�Ä�¡�3¥V¦��¡¤B������Î\�-µ� ��©j�j�c¤�7�´�M�c�_µÇ¤�zÎ`�z�z�T§7�-�-¸#÷ø�B�-�t�£¤�zÎ`�z�z�T§7�Z_�¡�`�z�M ����z�y ��
9�)³B³�-µx½`�c�B�b�T�Ä�¡«B�`�n�T�pµd ��À���T¥VÎ\�-µ¢ù}úyûI�c�¬�j�n ��I ����_Ú�«d V¥V �¤3�� �«��ü�M�$j�T³B³�-µ�³3�c�_����«d�c�# ��$§T���9�j�����n�c�´�)�
�c�B�}�)�£�¡«B�`���)�óµd ��À���T¥VÎ\�-µ�ù}úyû� ��£�-Ú�«3 V¥V �¤d�À ¿«B�F�M�#�j�c�Ä�¡��³B���z�� �$³3�c�-���À«d�c�)¸��}�B�$¤B«B¤�¤3¥��-�>�)�pù}ú�û��c�¬�j�
�!�)�c�Û ��É�)���¡³�_���_µÇ¤���Î\���z�)§¡�Þ�T�Bµ�ª´�\�j�}�c���c�B�u�c�7³¢�j�c�'�c���y�c�_��«d¥V�y�)����«B�¥��j�j�� ��7�¢³d�c��_�-���-¸

ùI�¡�Ä�£�¡�Þ�cò�³�z�� ��-�B-�y�M¥����ZµB�-�£�7�B�D���z�j���-�����´�M���c�B���c���j�c�n�5¨#�¾µ3 VÏx���c�_�`�>9�M�c�-§7�T�À ¿�_���T����«�z¥��9�M�� ��¡�x¸
�}�B�$��«B�¥��j�j�� ��7�£�T����� V�� �j�j¥�d«�z¥��� ��j�nµ��z�!�_��c�>��«Bc���)����«d���/�T_�$ ��£³�z���!�_��� ��7���� ��>9�M¥V¥��-µÇý ¯ ê ¯ ë�õ ±¡¯ ß ¯ õ á�ä
ßBá3â9ã ¯ é¡ê!ì/õ ß3å´��«B�¥��j�j�� ��7�Ç�c�¬�M�}��-_«d���$�z�T�BµB�¡�P¥V¦Ä�c�d�c�7«B§¡�B�¡«3�I�����bÎ`�)¥�«��£�'�T�p�c�B�¾�£�z�z�T���z�T¤3¥��¾���M���� ¼ò
 ��¾ý õ)è£õ ±7¯ ß ¯ õ á�äußBá3â9ã ¯ é7ê!ì�õ ß °
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ö#«Bz¥¿�j�j�À ¿�7�Ç ��}¨y�¬�j�u³d�c�_-�_µ��_�y§T�c�9¨}�c��¤`¦�³B�¬�T���b���z�T�B�D�È�T�c�Ê�j�� ��7��¸$ùI�¡�B�D �µ��z�}�c�B�¾j�T�����)���<���T¥V �µ

���)¥�«d�� ��7�Ñ�)�u³B�¬�T��� � �M���t-�¡�Ä³�¡�� V�� ��¡�Í�c�¬�M�Á ��<�£�z�z�T�D�z�)¤3¥¿�Ä¨} V�c�Ñ�c�-��³��-��º�c�©�c�B����c�j�j�� ��7�@�T�'�)�
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^ ³3�c�)�c�T��¦3³3 ¿j�j¥�9�)���Z9�)�Ç¤��u V¥V¥�«������z�j�c�_µ�¨} V�c�É�º³B�´�)���bµd 2�)§T�z�)�æ�)��µ��2�c�-�Z�_�B���c§)¦�-«3��Î`�)¸
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·�¸:¹�º=»¢¼�½G¾À¿Á¸ÃÂ�¾ÀÄÆÅÈÇÉ¨�g�g$Ê{±Xg4�§$g4°Ë°{g*¦®4ªÍÌ�Î{®9¥§$g*eÉ´\c{g4¬{U¨f`b¬{a�ÎfÏXg�¥	©#e$gC*e�`Ð§�`b9®9¦�¬\c{*¦bg*`T¥	©#e$ÑÒ`W¬Ë¤�cfÓ�k

*`bg]¬�§C´\cÁ®#¬�§�`Ð§�`bg4¤'¥	©#e�g$Ê�±Xg�e�`bÑÍg]¬�§�®9¦3©dÏ{¤�g*e�Ôd®�§�`b©�¬3Õ
Ö¯º:¹�×ÀÅ\¼f½�¾À¿A¸ÈØi¼f½6ÅÙÇ�¨{g�e�®9§$g#Î3ÚXÛ ÛÜÝ�Þ0ß ÎA®�§�³�¨f`b$¨Ë*e�`Ð§�`b6®�¦à¬\c��¦bg*`3¥�©Ge$Ñá±Xg�e�c{¬�`Ð§�Ô�©G¦bc{ÑÍg2®9¥§$g*eQ`b¬�]c�ÏA®�k

§�`b©�¬3Õ

Ç�¨�g]¤�g&´�cÁ®#¬�§�`Ð§�`bg4¤�®�e$g5e*g*¦®9§*g4°Ë§$©�§$¨{gC¤�©Gk)9®9¦Ð¦bg4°�¬\c{*¦bg6®�§�`b©�¬¯e$g4a#`bÑÍg]¤4m
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éëê'ìíê'îZï¢ð5ï¢ê.ñ2ò�óëñ&ô�õ>ïàö-÷{ø�ê.ðµùûú&ø�ìÒü�õ>ïþýûÿCï�ê������§-`b¤ã±X©d¤�¤�`bÏ�¦bg�§*©&¥	©#e$Ñµc�¦®�§$g�®5Ô�g*e�ªµ¤�`bÑx±�¦bg�§$¨{g]©Ge�ª�¥�©Ge-§$¨{g�¤�`��4g�©#¥�®&�e�`Ð§�`b6®�¦X¬\c{*¦bg]c�¤-¥Àe*©�Ñ Ñi®G�e$©Gk
¤�]©�±f`bZ§$¨{g*e$Ñx©\°�ª�¬Á®#Ñ�`b:´\cA®#¬�§�`Ð§�`bg4¤4m3`b¬�§$g�e�¥ ®#*`®�¦f¤�cfe�¥ ®#4gã§$g4¬{¤�`b©�¬�� ¡
	�� g]¬�g�e$aGª�#®9e$g9®��UÎ�®G¬{°�¥Àe$g]gZg]¬{g*e$a#ª
$¨A®G¬{a�g�±Xg*e�c�¬f`Ð§&Ô�©G¦bc{ÑÍg�¬\c��¦bg4c{¤���� � g4¬{g*e$a#ª�6Ô�©#¦bc�ÑÍg��UÕxÇ�¨�`b¤�¤�`bÑÍ±�¦bgµ§$¨{g4©#e�ª ³Q©Ge��f¤2e$g4Ñi®�e��d®#Ï�¦Ðª
³Qg*¦Ð¦ã°{g4¤�±f`Ð§$g�§$¨�g�¥�®G�§�§$¨A®9§6Î:®9§C§$¨�gµ¤�Ñ«®9¦Ð¦-¤�`��]g4¤&§*¨Á®�§&�e�`Ð§�`b6®�¦ã¬\c��¦bg*`'®�e$g�¥	©#e$ÑÍg]° � l���k������UÎXg*Ê�§�e�®#±X©Gk
¦®9§U`b©�¬�©#¥�� ¡
	 ®#¬�°ç���Ë`b¤C´\c{g4¤�§�`b©d¬Á®#Ï�¦bg#Õ £ ¬{©#§$¨�g�e2®G°fÔd®G¬�§�®#a�g�`b¤C§$¨A®9§�§$¨{g�ÑÍ©\°{g*¦à±fe$©6Ô\`b°�g]¤&®Íc{¤�g�¥	cf¦
c{¬�°{g*e$¤S§�®G¬{°�`b¬{a�©G¥à§$¨{g&±{¨�ªf¤�`b6®�¦�´\cÁ®#¬�§�`Ð§�`bg]¤�§$¨Á®�§�]©�¬�§�e$©#¦�¬\c{*¦bg6®�§�`b©�¬3Õ

£ ¬ �3k)±�¨A®G¤UgÍ¬\c{*¦bg4c{¤�¥	©#e$Ñ�`b¬{ai`b¬ ® � k)Ñi®9§�eU`OÊ ¨A®G¤�©d¬�¦Ðª�§(³Q©²]©�¬�§�e�`bÏ{cf§�`b©�¬{¤&§$©Ë`Ð§$¤�g4¬{g*e*aGªXm�§$¨{g
°{g4�e$g6®#¤�g�`b¬�g4¬{g*e$a#ª °{c{g�§$©�§$¨{g�Ô�©#¦bc�Ñxg*§�e�`b�°�e�`ÐÔ\`b¬{a�¥�©Ge$]gGÎ����ÁÎ�®#¬{°�®G¬�`b¬��e$g6®#¤�g�`b¬�g4¬{g*e$a#ª�°�c{g�§$©
¤�cfe�¥ ®#4gC§$g4¬{¤�`b©�¬3Î�� ¡
	 Õ����_�©#eC®�¤U±�¨{g*e�`b9®9¦3`b¤�©#§�e$©�±f`b�¬\c{*¦bg]c�¤�©#¥:e�®#°f`Wc{¤ ��Îf§$¨{g5§$©#§�®9¦3¥e$g4g2g4¬{g*e$a#ªi`b¤4m

�"!$#&% Ü � ����' j (*) � � ����+ j ) �-,�� ¡
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]y2z365{UV<.@|PeIRBO5o?D5�K6UVAC9TK-=>IOdvIT:CU19}7RI;@1dNPQ@D9R=~ITL6U19T@1s.?1AC9TK-9�P�U19;:�<.?D5OUz9;@f?13655�wxACUV?D5�K6BO5�9;P�A�K&?D5�@|PeIRBO5}M�ACUV:W9�BOIT?1AW9;K6Ui��?1365OU15�5���5JB�?DUoI;@D5pI;:WU19>A�[tK69T@D5OM-365�@D5t]



��������� 	�
������������	�����	 �� ��� ����� �� !�#"$�&%'%)(���*+ �� ,- /.�*�01�2 3	54 6jÅ��

∆Gnuc

R

γ 4πR2

∆g 4πR3

3

∆Gnuc
crit

Rcrit

�� �§7«3�c� Å6� · ��� O+f f KTL5RzS2W_R�H&]3Q']TUpRt�TNÁay]7L5R}L�HmaZ[\f N�Q`KMX)f N9W9R�H&]3Q¾RR�MN-]`S��
�
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�c�B���c�Ê�j¥V¥V¦à�Tz�� VÎ7�j�c�_µÙ-�7��_�-�`���z�M�� ��¡� ð á1á������ �cò�³ ® ¹ �"�$
®&¯ ®1Î ¶�É6Ï Å ¶$¨y���z�c� ���  ��u�c�B����«B�Á¤�z�b�T�³�7���D �¤3¥��u�B�¡�Ä�¡§7�-�B�-�7«��>��«B�¥��j�j�� ��7���D V�c�-�#³���nÎ`�)¥�«��Ä�y�T�Bµ£�c�B�y��«�z¥��9�M�� ��¡��¤¬�j�À�� ����#9�)��¤�y�cò�³¬�T�BµB�-µ
�M�c�¡«B�BµÄ�����b��� V�� �j�j¥l�D �Ð-� �

�¬� 
®&¯ ®1Î ¶ � �¬� 
®
¯¯iµD·�¸ Ñ ®1Î ¹ Î ¯¶µD·�¸ ¶ ûÅ ø û �"� &®
¯ ®1Î ¶ø Î û
°°°° ��� ±�²V³ ´ ® Å6� · 676 ¶

¨y�B���c�)½3 V���c�B�u�� ¿�Ä³d¥��Þ�T³B³d���_òd ����j�� ��7�£ ��tÜlÚ´¸ Å6� · �  ��y«��À�-µ
�¬� &®
¯ ®ÈÎ ¶ � ¹ Õ ÆxÂf»½¼
¾ � Ð û� � � û ¹ � � �Á��6Âf»�¼
¾ � Ð û ®1Î ¹ Î ¯¶µD·�¸ ¶ ûÅ

® Å6� · 6jÅ ¶
÷ô V�c�Ê�����_���Z�)³�³3�c�_òd ����M�� ��¡�B�#�T�Bµ��c���b ��`�c�-§)�z�j�� ��7��9�)�Ç¤��¾9�M���� ��-µ¢�7«d�b�)�Bµà &®
¯á1á ���cë ¾�í>¼½î ¾ �����! #"%$'&�( ±±�²V³ ´)+* ���cë ¾�í>¼½î ¾-,/.+0Rð á1á¯¶µD·�¸ ® Å6� · 6x� ¶
¨y�B���c� �  ��I�c�B��ü´�z¥�µ��9Î� �c�¢���)��c�)�}§) ¼Î\�-�¢¤`¦£�����y�c�-��«3¥V�}�)���)³�³3�c�_òd ����M�� ��B§¾�c�B�� ��`�c�_§T�z�M¥x ��¢ÜlÚ¬¸ Å6� · 69Æ
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� �21 ¹ 6ÅxÂ Ï Å ø û �"� 
®&¯¯¶µD·�¸ø Î û ® Å6� · 6
� ¶�3�T�}�c�B�¾�� ¿�Ä³d¥��b�£��µB��¥x ��tÜ�Ú´¸ Å�� · ���
�Ò� � � ûÕ Â Ð »�¼
¾ û 1 6

Å Ï Å ® Å6� · 6xÞ ¶
�h¦3³3 �9�M¥ó�cò�³�z�� ��£�_�`�z�j¥Î7�M¥�«��_�y�T� � � 6 É Å7Æ ¸

× �$ØbE���Ù_� � ?�ÚbE ���¾�ó�5E�;h?BAD�I�43��'�x�65';�?BAD�I�87ÍADCFE
ùI�¡�B�D �µB���z�M�� ��¡�B�I�)�ó�c���z�c���M¥V¥¼¦Ä�)��� VÎ7�M�c�-µ���«B¤��À ¼�À ¿j�j¥���«�z¥��� x�c�_��«d¥V�c�_µ£ ��¢�Þµ3 VÏx«B�D ��¡���_Ú�«´�M�� ��¡�Ä�!�)�

�c�B�Á�z�M�c�£�)�}c�¬�T�B§¡���)�$�c�B�<µ��_���D V��¦Ý�T����«�z¥��� #�T���D �Ð-� Î  ��ÑÜ�Ú´¸ Å6� · Õ ¨� V�c�Í�)�Í�zÏx�-z�� VÎ`��µ3 VÏx«B�D VÎ� V�5¦
§) ¼Î\�-�¢¤`¦ ë ¾�í>¼½î ¾ ¸�}���Z ��B-«B¤¬�j�� ��7�Ç�� ��£�Z ��'�T³B³3�c�_òd ����M�c��¥V¦��c�B�º�T�£�7«B�`�y�T�>�� ��£�Þ¤���È�T�c��³¬�j�À�� ��¥��-�'¤�-§) ��É�c�j�Tc�3 ���§
�c�B�º��� V�� �9�M¥>�D �Ð-�)¸<�}���º��«B�¥��j�j�� ��7�Ý�T�BµÙ§T�c�9¨��c�©³d����-�-�À�u�c�3�c�¡«B§7���7«d�'�M¥V¥��c�-§) ��£�_�u ��£³3¥V ��-�b�c�´�M�¾�c�B�
³¬�j���� �z¥��¾�D �Ð_�Zµd ��D�À�� �¤�«3�� ��¡�� ��}c�¬�T�B§T ��B§P�9Î\������ ��£� �
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�� �§7«3�c� Å�� · Þ�� ã X��TNTabW9RcH�XÙH+f f KTL5RzS2W_R�H&]3Qt]TUZRR�MNtN�rM]3f K9R�H&]3QÙ])UZRt�TNç[)W)SVRcH�XTf NtLcH ç_N©i3H�L5RzSÈHWä`KjRcH�]dQ9 H+f f KTL5RzS2W_R�N-i äR�ZRt�TNuUÈ]dK`S�[\f�W`QMN_L�:�H RR�PQT]`S�abW`fBHmQ'Rt�TNÁ[)W.è7N�;$WML}W¾U�K`QMXzRcH�]dQÁ]TUpRcH+ayN��
�}�d ��'µd VÏ�«��D ��7�Ù�-Ú�«¬�j�� ��7�Ù-�7«d¥�µÝ¤�º���)¥¼Î\�-µÙ�È�T�Á�T�© ��3 V�� 2�j¥>µ3 ��D���� �¤B«d�� ��7�Ù�T�n�¥�«B�D�c�z�c�¾¨} V�c�Ý�£»3òB�-µ

_�¡�B-�_�`���z�j�À ¿�7�Ä�j�n�����M¥V¥B�D �Ð-�-� ®1Î � 6 ¶��T�BµPÐ_���c�'ª´«dòP�j� Î � 
 �c�u¦� ��z¥�µ��¾c�¬�j�z�)��c�z�� ��D�� �$�� ��£�n¨y�B�-�
�)³�³3�c�-z 2�T¤3¥��¾_�¡�B-�_�`���z�M�� ��¡�B�y�T³B³�j�j�y�M� Î � Î ¯¶µD·C¸ ¸

<}�9¨$�zÎ`�z�9½´�c�B�u ��B-«B¤¬�j�� ��7�Ä�À ¿�Ä�¾j�T�¢¤���)³�³3�c�_òd ����M�c�-µ£¨� V�c�É���z�T�BµB�¡�F¨��j¥ Ó �£��µB��¥ó�)�$�È�T¥V¥��9¨y�-¸
ö}�j�j� Î � Î ¯iµÈ·C¸ ½ �"� &®
¯  ��y�B�9�M��¥V¦�ª�M�b�T�Bµ��c���b�z�j���¾�)���c�B�¾��«B�Á¤����}�)��³¬�j���À ¿z¥��-�yz�c�¡���D ��B§ Î � Î ¯¶µD·�¸j�T�Ë¤���)³�³3�c�_òd ����M�c�-µ©¤\¦à�����º�c���T�À·1�£�9�)�d·1�ÀÚ�«´�M�c�ÄÔ µd ���³3¥2�T_�-�£�_�`�9Öó�c��¥2�M�� ��¡�Ý�!�)�º�Ç�7�B��·1µ3 ��£�-�B�D ��7�´�M¥
�z�)��µB�7� ¨��j¥ Ó �>=/? Î û�@ � Å ë ¾�ív¼ î ¾%A ¨y�B���c� ? Î É Å  ��#�����ÁÔ µd ��D�z�)��_�TÖ¬�7�Ç�z V�c���z�b�D �µ��Z�)�������Z�Ê�9òd ��º«B��c�¬�j� �¬� &®
¯ j�T�¢¤�'-�7���D �µB���c�_µÊ���P¤�bª�M�9¸ ^ ³B³d�c�_ò3 ¿�Ê�j�� ��B§Z�c�B� ? Î É Å ¤`¦��c�B�uÎ7�M¥�«��Þ�j��¨y�d �c�

�¬�c&®
¯ ®1Î ¯¶µD·�¸ ¹ ? Î É Å ¶ � �$&®
¯¯¶µD·�¸ ¹ Ï Å ½A � ? Î û
Å ë ¾6í>¼�î ¾ � Å�Þ_ÁxÂ Ï Å »½¼
¾ � Ð û� � � ë ¾6í>¼�î ¾ ® Å6� · 6xÁ ¶
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