
���������	��
������������������������������� "!$#%���'&(�)�+*,�'-.��& ���/�0�1�������!$2 ���'&(�/�
34���	56� �����'�7�"���8���+9�:"<;=�/
�>'

?A@CB6D7EGFIH�JKELHM@CEONQP�R$STBUJ(PWVIELHYXUP7R[ZLB]\

^`_�acb�d acbfegd h+i4jlknm�aco�ipbrqgs`jQtvu�ipbGegbUu�jl_�awmxjQbfjyi
z jlk{i |Tt}u�j~mxjQbUuxjl_�awm

9�:"<;=�/
�>'
�����T�



?A@CB6D7EGFIH�JKELHM@CEONQP�R$STBUJ(PWVIELHYXUP7R[ZLB]\

^`_�acb�d acbfegd h+i4jlknm�aco�ipbrqgs`jQtvu�ipbGegbUu�jl_�awmxjQbfjyi
z jlk{i |Tt}u�j~mxjQbUuxjl_�awm

���������[���������C���	�{�{�������[���C���������������0���C�����������������������'�� ¡�C�£¢��¤�
¥ �£¦C��¢C�����v�����l���§�$¨C�C�£¢����0�{�<©K����ª«�C���[�����{���0���4¬����®6�«��¯¡�4���«�°�
�n±$���C��²���l���r�� �����¯¡�M���x³´���������´�C� ¥ �£¦C��¢C�����¶µ
·�¸°¹¶º�»"¼�½'¾�¸°¿nÀ�¿nÁ~ÂÃº
Ä ¸°Â¡¹$À{¾�º«Å¶Æ«¿�»"Ç"¸°¿«È%É�Ê�¸�º�É/Ë�¹$¸�ºlÌnº�¾�¹$À�Í$¿QÎ�Â¡ÏÑÐ�º�ÇÒ¹$¸°¹$Â¡¸�º

9�:"<;=�/
�>'
�����T�



Ó Ô+Õ×ÖÙØÛÚÝÜ1Þ ß ÚÝà)áYâ�ã

Ê�¹$½°ä�¹7Á~Â¡À�å�º´Â¡À�È�æ«À�Í$ÂÃº´Á´ç�ÂÑ¾�º«½Uè�¹$½°½°¿{º«½�Á~¹�Â¡À�Í$¹$À{¾�ÂÑÐ«º«¸�º«Áé¹$Á�¾�¿�ä�º�¹$½°½�º~ê�ç�½°Í¶ºrè�¹$Ï¡¿r¹$À{¾�¹$À�ä�Âìë
Á~¹CÀ�¾�¿Lä�ºLí�º�¾�ç�¸°¹$î¶º�É�Ê�¹$½°ä�¹x¿Lè�¸°Â¡Á~¹$Â¡¸°¿�Ï¡ÂÑÐ�¸°¿�ä�¹�¼�½'¾�¸°¿nÀ�¿nÁ~ÂÃº�ï�ç�¹�ð{º«À�å�¹$Â�ä�¿LÁ~¹$ç~¾�Â¡¿�ñvº«ÏÑ¾�¹$¸
ï�ç�º�À�ä�¿}¾�Â¡À�å�ºpº«è�¹$À�º«½Qòpº«À�¿n½$ó6º�¾�ô=¿c¾�¹$Ï¡¹$½°Í$õnè�Â¡¿}¸°¹Cö�¹C¾�¿n¸~ä�¹p÷�ò�Í$Á=óTä�º«ä�¿}è�¹$Ï¡¿n½rÁ~¹$ç�½lè�º«Â¡½
À�ºøº�ä�¿nÏ¡¹$½°Í$ù$À�Í$ÂÃº�Épí�ºwðn¸�º«ä�ç�º«Å¶Æ«¿�ó"è�¿n¸´¿nê�¸�º×ä�¿cº«Í¶º«½°¿�ó�¹$Áúê�ç�½°Í¶ºøä�¹Q¹$½'¾�ç�ä�¿n½rÀ�¿øû(¿«ü�º«Álº«ü
ä�¿øý%þ/ÿxÎ�Ç8Ð�Â¡ÁúºøÍ$¿nÀ�å�¹$Í$¹$¸r¿w¾�¸�º«ê�º«Ï¡å�¿wä�¿cðn¸°ç�è�¿cä�¹Mè�ÏÃº«½°Álº«½´º«½'¾�¸°¿«È��¡½°Â¡Í$¿n½´ä�¿øý�¼���É"í�¹$½'¾�¹
Á~¿«Á~¹$À�¾�¿LÈ§ç�Â�¹���¾�¸°¹$Álº«Á~¹$À{¾�¹�ê�¹$Á ¸°¹$Í$¹$ê�Â¡ä�¿rè�¹$ÏÃº�Ç"¸°¿«È�º�É�Ê�¸�º�É/Ë�¹$¸�ºrÌnº�¾�¹$À�Í$¿lÎ�Â¡ÏÑÐ�º´Ç(¹$¸°¹$Â¡¸�º�ó�¹
Í$¿«Á�¹$ÏÃº´¾�¹$À�å�¿r¾�¸�º«ê�º«Ï¡å�º«ä�¿rº�¾�ô�å�¿��'¹«ó�¹	�rï�ç�¹$Á�½�¿«ç=ä�¹$Álº«½°ÂÃº«ä�º«Á~¹$À�¾�¹xðn¸�º�¾�¿�É�Ê�ç�¸�º«À{¾�¹�¾�¿�ä�¿n½
¿n½�ï�ç�º�¾�¸°¿wº«À�¿n½7¹$Á ï�ç�¹~¾�¸�º«ê�º«Ï¡å�¹$Â/À�¹$½'¾�º=¾�¹$½°¹r¾�º«Á�ê�ô$ÁÛ¾�ÂÑÐn¹~º«è�¿nÂ¡¿YÂ¡À�Í$¿nÀ�ä�Â¡Í$Â¡¿nÀ�º«Ï/ä�º=Á~Â¡À�å�º
È�º�Á
�¡Ï¡Â¡º�É��=Â¡À�å�º´Í$¿nÁ~è�º«À�å�¹$Â¡¸�º� ç�Í$Â¡º«À�º�ó�Á~Â¡À�å�ºLÁlÆ«¹��×º«¸°ÂÃº���À�ðn¹$ÏÃº�ó�Á~¹$çMè�º«Â�¼�À{¾�¿nÀ�Â¡¿�ó�Á~¹$ç�½
Â¡¸°Á~Æ«¿n½�Êxº«À�Â¡¹$ÏÃº~¹����«¸°Í$Â¡¿�ó�¿l¾�Â¡¿~ñvº«ÏÑ¾�¹$¸$ó.ºQº¶Ð{õ��×º«¸°ÂÃº�� ���}�l�C�l���[���«��� ó�¿n½�º«Á~Â¡ðn¿«½�ûÒº«ä�¹$çc¹
��ç�Â¡ÏÑå�¹$¸°Á~¹«ó(¹~Á�ç�ÂÑ¾�¿n½�¿nç�¾�¸°¿n½$É=Ê�¹$À{¾�¸°¿wä�¿×è�¸°õnè�¸°Â¡¿=ä�¹$è�º«¸'¾�º«Á~¹$À�¾�¿×ä�¹l¼�½°¾�¸°¿nÀ�¿nÁrÂÃºYä�¿×ý�¼���ë
ÿxÎ�Ç è�ç�ä�¹�½°¹$Á~è�¸°¹�Í$¿nÀ�¾�º«¸UÍ$¿nÁ�º�º��'ç�ä�º´¹�º�º«Á~Â¡î¶º«ä�¹xä�¹���ç�½'¾�º¶Ð{¿�ó�¼�Ï¡¹���º«À�ä�¸°¹«ó�¼�Ï¡Â¡À�¹«ó�Ç"¸°¿«È�º�É
Ê�¸�º�É���ç�Ï¡¹$ÁlºM¼�ê�¸�º«å�º«Á=óÒÇ"¸°¿«È�º�ÉYÊ�¸�º�É��"ÏÑÂ¡½�º«ê�¹C¾�¹��×º«¸°ÂÃºYä�¹���¿nç�Ðn¹$ÂÃº=Êxº«ÏTÇ"Â¡À�¿�ó �×º«¸°Â¡À�º�ó(¹
¾�¿�ä�¿n½"º«ï�ç�¹$Ï¡¹$½"ï�ç�¹UÁ~¹UÍ$¹$¸°Í¶º«¸�º«Á=É/Ç(¿n¸"!�Á=ó{º«ð«¸�º�ä�¹$Å$¿x¾�º«Á´ê�ô$ÁÙº«¿�Ê�¹$è�º«¸'¾�º«Á~¹$À{¾�¿�ä�¹U¼�½'¾�¸°¿nÀ�¿�ë
Á~Â¡º~ä�¿Mý�¼���ë%ÿxÎ�ÇÝè�¿n¸xÁ~¹Lè�¹$¸°Á~ÂÑ¾�Â¡¸]ä�¹$½°¹$À�Ðn¿nÏÑÐn¹$¸�¹$½'¾�¹´¾�¸�º«ê�º«Ï¡å�¿lÍ$¿nÁ<¾�¿�ä�ºMºlÂ¡À�È§¸�º�ë�¹$½'¾�¸°ç�¾�ç�¸�º
À�¹CÍ$¹$½°½#�«¸°ÂÃºr¹7º«¿%$Uí�Ç"ïQè�¹$Ï¡¿~º«è�¿nÂ¡¿�!�À�º«À�Í$¹$Â¡¸°¿��§è�¸°¿�Í$¹$½°½°¿lÀ�¿�É6÷'&)(+*{ò+,+-+./(+(�÷[ë0, � É

Â



13254�6"798;:=<+>94@?BA
C 4�6"79DB<)E#4FD/G C DB<+>94@?IH#J

K�L=MON0PRQTSUP=V3N0P�W/XZY+[
\^]`_#a#_RbZc`d�e+bZf/bZgId)hI_=g/i)gIa=bkjUgIe)d�dlc`_#d']`_=m�j	e)_

a#d'gIn`_=]ofpj'q�r'd	eIjlm�j'n`n0jl_sjlc`_#d']obkj�e)_t]`_=c`d']ogId�e)_
m�jUc`u=]obkj�n`v'wZbOeIj	j'd�m	_RbOd�bZg/c`_=]`_#noc`_=wkjU]�hxn`_=mybZg/c`_=gIq�r'd)z

Â¡Â



{ Ú0ã�| ß â

í�¹C½'¾�¹l¾�¸�º«ê�º«Ï¡å�¿wè�¸°Â¡Ár¹$Â¡¸�º«Ár¹$À�¾�¹~¹$½'¾�ç�ä�º«Á~¿n½´¿n½´¹CÈ§¹$ÂÑ¾�¿n½LÀ�ºwè�¸°¿nè�º«ð{º«Å¶Æ«¿wä�¹Q¿nÀ�ä�º«½´ä�¹Q¼�ÏÑÈ�Ðnô$À
¹$Á<è�ÏÃº«½°Álº«½�¹$Á~è�¿�¹$Â¡¸�º«ä�¿n½�¹$À�Í$¿nÀ{¾�¸�º«ä�¿n½x¹$ÁIÂ¡ÀI}�Á~¹$¸°¿n½�º«Á´ê�Â¡¹$À�¾�¹$½�º«½'¾�¸°¿«È��¡½°Â¡Í$¿n½$É�¼�¸°¹$Ï¡º«Å¶Æ«¿Qä�¹
ä�ÂÑ½�è�¹$¸°½�Æ«¿Mä�ºl¿nÀ�ä�ºlôLÁ~¿�ä�Âk!�Í¶º«ä�ºlº«è�¸°¹$½°¹$À{¾�º«À�ä�¿MÀ�¿�Ðn¿n½xÁ~¹$Í¶º«À�Â¡½°Á~¿n½�ä�¹´º«Á~¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿�É�~��
À�º�Ï¡ÂÑ¾�¹$¸�º�¾�ç�¸�º6ä�º«ä�¿n½Ò¿nê�½°¹$¸'Ð�º«Í$Â¡¿nÀ�º«Â¡½(ï�ç�¹UÂ¡À�ä�Â¡Í¶º«Á º�¹���Â¡½'¾�ù$À�Í$ÂÃº�ä�¹TÍ$¿nÀ�ä�Â¡ÅU��¹$½Òè�º«¸�º�Í$¸°¹$½°Í$Â¡Á~¹$À{¾�¿
ä�¹rè�º«¸'¾=�¡Í$ç�ÏÃº«½xä�¹rè�¿�¹$Â¡¸�ºMÀ�ºYê�º«½°¹rä�ºYº�¾�Á~¿n½'È§¹$¸�ºMä�¹r¹$½'¾�¸°¹$ÏÃº«½�ðnÂ¡ð{º«À{¾�¹$½�¹r½°ç�è�¹$¸°ðnÂ¡ð{º«À{¾�¹$½�È§¸°ÂÃº«½$É
$T¿«À�½'¾�¸°ç@�¡Ár¿n½�ç�ÁAÁ~¿�ä�¹$Ï¡¿Qä�¹rè�¹$¸°ä�ºMä�¹rÁlº«½°½�ºQè�º«¸�ºM¹$½°½�º«½�¹$½'¾�¸°¹$ÏÃº«½�À�¿Yï�ç�º«Ï"Á~¿n½'¾�¸�º«Á~¿n½�ï�ç�¹
ç�Á ö�çx��¿Qä�¹´¿nÀ�ä�º«½�ä�¹L¼�ÏÑÈ�Ðnô$À.ó.º«Á~¿n¸'¾�¹$Í$Â¡ä�¿~è�¹$ÏÃº~è�¸°¹$½°¹$À�Å¶ºMä�¹Lè�¿�¹$Â¡¸�º�ó�è�¿�ä�¹´Í$¿nÀ{¾�¸°Â¡ê�ç�Â¡¸]è�º«¸�º
ºwðn¹$¸�º«Å¶Æ«¿øä�¹Mç�Á Ðn¹$À{¾�¿cä�¹Mê�º«ÂO��º×Ðn¹$Ï¡¿�Í$Â¡ä�º«ä�¹Q¹Yº«ÏÑ¾�º=¾�ºB��ºwä�¹Mè�¹$¸°ä�ºøä�¹MÁlº«½°½�º�ó"ä�¹Yº«Í$¿n¸°ä�¿
Í$¿«Áúº«½´¿nê�½°¹$¸'Ð«º«ÅU��¹$½$ÉvÌ+�×À�¿øÍ¶º«½°¿øä�¹Q¹$½'¾�¸°¹$ÏÃº«½´ï�ç�¹$À{¾�¹$½$ó�Á~¿n½'¾�¸�º«Á~¿n½7Í$¿nÁ~¿wôlè�¿n½°½R�ÑÐn¹$ÏU¿nê�¾�¹$¸
º«½MÍ$¿nÀ�ä�Â¡ÅU��¹$½YÂ¡ä�¹¶º�Â¡½Mè�º«¸�ºvÈ§¿n¸°Álº«Å¶Æ«¿,¹øÍ$¸°¹$½°Í$Â¡Á~¹$À{¾�¿4ä�¹$½'¾�º«½Yè�º«¸'¾=�¡Í$ç�ÏÃº«½Q¹$Á ç�Á Á~¿�ä�¹$Ï¡¿,ä�¹
Í$¿«Ï¡Â¡½�Æ«¿�ä�¹6Ðn¹$À�¾�¿n½�¹$Á�½°Â¡½'¾�¹$Álº«½�ê�Â¡ÀF�«¸°Â¡¿n½$ÉÒ¼�è�º«¸'¾�Â¡¸/ä�¹$½'¾�¹�Á~¿�ä�¹$Ï¡¿�ó{ô]è�¿n½°½R�ÑÐn¹$Ï�¹���è�Ï¡Â¡Í¶º«¸�º«½�º«ÏÑ¾�º«½
¹$ÁrÂ¡½°½R��¹$½�¹$Á¤¸�º«Â¡¿n½%ë���¿nê�½°¹$¸'Ð�º«ä�º«½$ó�º«Ï¡ô$ÁÙä�¿LÍ$¸°¹$½°Í$Â¡Á~¹$À{¾�¿7ä�¹�ðn¸�Æ«¿n½�À�¿7è�õn½%ë�Í�å�¿�ï�ç�¹«É"¼�è�Ï¡Â¡Í¶º«À�ä�¿
ºxÂ¡ä�ô$ÂÃºxº«¿�½°Â¡½'¾�¹$Álº�ê�Â¡ÀF�«¸°Â¡¿xä�¹

η
$Uº«¸°Â¡À�º«¹«ón¿�Á~¿�ä�¹$Ï¡¿xè�¹$¸°Á~ÂÑ¾�¹Uºxä�¹C¾�¹$¸°Á~Â¡À�º«Å¶Æ«¿�ä�¿n½"è�º«¸�æ«Á~¹C¾�¸°¿n½

¿n¸°ê�Âì¾[º�Â¡½�ä�¿=½°Â¡½'¾�¹$Álº�Ér¼)è�¿�¹$Â¡¸�ºMÍ$¿nÀ{¾�Â¡ä�ºMÀ�¿n½�Ðn¹$À{¾�¿n½L¹$½'¾�¹$ÏÃº«¸°¹$½�ô~¹$À{¾�Æ«¿=¹`�'¹C¾�º«ä�ºYè�º«¸�ºY¿=Á~¹$Â¡¿
Â¡À{¾�¹$¸°¹$½'¾�¹$ÏÃº«¸$Éx¼U¾�¸�º¶Ðnô$½�ä�¹´ç�ÁIÍ'�«Ï¡Í$ç�Ï¡¿l½°¹$Á~Âìë�¹$Á~è@�Ñ¸°Â¡ÍC¿lä�¹C¾�¹$¸°Á~Â¡À�º«Á~¿n½�ºlÂ¡Á~è�¿n¸'¾�æ«À�Í$ÂÃºrä�¹´Í¶º«ä�º
Â¡À{¾�¹$¸'Ð�º«Ï¡¿Lä�¹�Álº«½°½�º7¹$½'¾�¹$ÏÃº«¸$ó�¹$Á)Í¶º«ä�ºL¹C¾�º«è�º7¹CÐ{¿nÏ¡ç�¾�ÂÑÐ�º�ó�À�¿L¸°¹C¾�¿n¸°À�¿´ä�¹�Álº�¾�¹$¸°ÂÃº«Ï�½°õnÏ¡Â¡ä�¿Lº«¿��=ý�É
�"Á ¸°¹$ðnÂk��¹$½Uä�¹xÈ§¿n¸°Álº«Å¶Æ«¿´¹$½'¾�¹$ÏÃº«¸UÂ¡À�Ðn¹$½'¾�Â¡ð{º«Á~¿n½TÍ$¿nÁ~¿�º«½6¿nÀ�ä�º«½6ä�¹�¼�ÏÑÈ�Ðnô$À.ó�º«Á~¿n¸'¾�¹$Í$Â¡ä�º«½Tè�¹$ÏÃº
è�¸°¹$½°¹$À�Å$ºwä�¹lè�¿�¹$Â¡¸�º�ó(Â¡À�ö�ç�¹$À�Í$ÂÃº«Ágº=¹$½'¾�º«ê�Â¡Ï¡Â¡ä�º«ä�¹rä�¹lÀ�ç�Ðn¹$À�½´Á~¿nÏ¡¹$Í$ç�ÏÃº«¸°¹$½$É��"Ág¿nè�¿n½°Â¡Å¶Æ«¿��«½
¾�¹$¿«¸�Â¡º«½�¹$À�Í$¿nÀ�¾�¸�º«ä�º«½�À�ºlÏ¡ÂÑ¾�¹$¸�º�¾�ç�¸�º�ó�Á~¿n½'¾�¸�º«Á~¿n½]ï�ç�¹´ç�Á~º~À�ç�Ðn¹$ÁIÁ~¿nÏ¡¹$Í$ç�ÏÃº«¸]º«À�Æ�ó�½°ç�è�¿n¸'¾�º«ä�º
º«è�¹$À�º«½]è�¿n¸6è�¸�¹C½�½�Æ«¿~Álº«ðnÀ�ôC¾�Â¡Í¶º�ó�À�Æ«¿rè�¿�ä�¹�½°¹$¸]ä�Â¡À�º«Á~ÂÑÍ¶º«Á~¹$À{¾�¹x¹$½'¾#��Ðn¹$Ï£É

Â¡Â¡Â



Ó �gã~áYÕ×ÖÙÜ}á

ý�À�¾�å�Â¡½ �T¿n¸°ü�ó)�T¹�!�¸°½'¾�Ïk�´ä�Â¡½°Í$ç�½°½"¾�å�¹]è�¸°¿nè�º«ð{º�¾�Â¡¿nÀ´¿«È�¼�ÏÑÈ�Ðnô$À��Uº�Ðn¹$½�Â¡À�ä�ç�½'¾o�rè�ÏÃº�½�Á~º«½/È§¿nç�À�ärÂ¡À
½°¹CÐn¹$¸�º«Ï/º«½'¾�¸°¿nè�å)��½°Â¡Í¶º«Ï(¹$À�Ð�ÂÑ¸�¿«À�Á~¹$À�¾�½$É�û6å�¹��6º¶Ðn¹´ä�Â¡½°è�¹$¸°½°Â¡¿nÀ×¸°¹$ÏÃº�¾�Â¡¿nÀ=Â¡½�Á~¿�ä�Âk!�¹$ä×ðnÂÑÐ�Â¡À�ð~¸°Â¡½°¹
¾�¿YÀ�¹���ä�º«Á~è�Â¡À�ðMÁ~¹$Í[å�º«À�Â¡½°Á~½$É�û6å�¹$¸°¹lº«¸°¹�Â¡Àø¾�å�¹rÏ¡ÂÑ¾�¹$¸�º�¾�ç�¸°¹´¿nê�½°¹$¸'Ð«º�¾�Â¡¿nÀ�º«Ï/ä�º�¾�ºMÂ¡À�ä�Â¡Í¶º�¾�Â¡À�ð
¾�å�¹�è�¸°¹$½°¹$À�Í$¹7¿«È(ä�ç�½'¾]À�¹¶º«¸U¾�å�¹�½°ç�¸'È�º«Í$¹�¿«È(Í$¿�¿nÏ.ðnÂÃº«À{¾6º«À�äY½°ç�è�¹$¸°ðnÂÃº«À{¾]½'¾�º«¸°½$É"ñp¹�ä�¹CÐn¹$Ï¡¿nè�¹$ä=º
½'¾�¹$Ï¡Ï¡º«¸]Á~º«½°½�Ï¡¿n½°½]Á~¿�ä�¹$Ï��]å�¹$¸°¹��T¹7½°å�¿p� ¾�å�º�¾�º�ö�çx�=¿«È/¼�ÏÑÈ�Ðnô$À��Uº¶Ð{¹$½$ó�ä�º«Á~è�¹$ä=ê)�M¾�å�¹7ä�ç�½'¾
è�¸°¹$½°¹$À�ÍC¹nóÒÍ¶º«À}ðn¹$À�¹$¸�º�¾�¹lºYÏ¡¿p�ÙÐn¹$Ï¡¿�Í$ÂÑ¾o�cº«À�ä}å�ÂÑðnåpÁlº«½°½�Ï¡¿n½°½�¸�º�¾�¹��]Â¡À�ä.óKÂ¡À}º«ðn¸°¹$¹$Á~¹$À{¾	�]ÂÑ¾�å
¾�å�¹�¿nê�½°¹$¸'Ð�º�¾�Â¡¿nÀ�½$É"ý�Àl¾�å�¹�Í¶º«½°¹x¿«È å�¿«¾U½'¾�º«¸°½��T¹x½°å�¿p� å�¿p��ÂÑ¾TÂ¡½�è�¿n½°½°Â¡ê�Ï¡¹]¾�¿L¿nê�¾�º«Â¡À~¾�å�¹�½°è�¹$Í$ÂÃº«Ï
Í$¿«À�ä�ÂÑ¾�Â¡¿nÀ�½TÈ§¿n¸6ä�ç�½'¾]ðn¸°¿B�6¾�åMÂ¡À=º��]Â¡À�äYÍ$¿nÏ¡Ï¡ÂÑ½°Â¡¿nÀQÁ~¿�ä�¹$Ï.¿«È(Álº«½°½°ÂÑÐ{¹xê�Â¡À�º«¸0�Q½0��½'¾�¹$Á~½$É�þ�¿n¸T¾�å�Â¡½
Á~¿�ä�¹$Ï/ÂÑ¾�Â¡½�è�¿n½°½°Â¡ê�Ï¡¹´¾�¿Y¹���è�ÏÃº«Â¡Àcê�¿«¾�å.ó.¾�å�¹rå�Â¡ðnå���ë�¸�º'��½�¹$Á~Â¡½°½°Â¡¿nÀ�½�º«À�äpä�ç�½'¾7ðn¸°¿p�6¾�å}º�¾�¾�å�¹
è�¿n½'¾'ë�½°å�¿�Í�üwè�å�º«½°¹«ÉL¼�è�è�Ïk��Â¡À�ðQ¾�å�¹�Â¡ä�¹¶ºl¾�¿Q¾�å�¹

η
$Uº«¸°Â¡À�º«¹´ê�Â¡À�º«¸0�w½0��½'¾�¹$Á=ó.¾�å�¹�Á~¿�ä�¹$Ï/º«Ï¡Ï¡¿p�]½

¾�å�¹Yä�¹C¾�¹$¸°Á~Â¡À�º�¾�Â¡¿nÀ1¿«È�¾�å�¹Y½0��½'¾�¹$Á ¿n¸°ê�ÂÑ¾�º«Ï6º«À�ä1¾�å�¹=½'¾�¹$Ï¡ÏÃº«¸��]Â¡À�ä4è�º«¸�º«Á~¹C¾�¹$¸°½$É û6å�¹=½'¾�¹CÏ¡ÏÃº«¸
�]ÂÑÀ�ä��§½�ä�ç�½'¾7Â¡½x¾�å�¹$Àp¹`�'¹$ÍC¾�¹$äp¾�¿M¾�å�¹rÂÑÀ�¾�¹$¸°½'¾�¹$Ï¡ÏÃº«¸�Á~¹$ä�Â¡ç�Á=É´ý�ÀpºM½°¹$Á~Âìë�¹$Á~è�Â¡¸°ÂÑÍ¶º«ÏÒÍ$º«Ï¡Í$ç�ÏÃº�¾�Â¡¿nÀ
�T¹L½°å�¿p�T¹$äw¾�å�¹7Â¡Á~è�¿n¸'¾�º«À�ÍC¹�¿«È"¹¶º«Í�åw½'¾�¹$Ï¡ÏÃº«¸6Álº«½°½$ó�º�¾�¹¶º«Í[å×¹CÐ{¿nÏ¡ç�¾�Â¡¿nÀ�º«¸0�Mè�å�º«½°¹«ó�¿nÀ=¾�å�¹7ä�ç�½'¾
È§¹C¹$ä�ê�º«Í[üQ¿«ÈK¾�å�¹�ý'Î@�pÉ�þ�¿n¸U½'¾�º«¸TÈ§¿n¸°Álº�¾�Â¡¿nÀQ¸°¹$ðnÂ¡¿nÀ�½$óx�T¹�Â¡À{Ðn¹$½'¾�Â¡ð{º�¾�¹�¾�å�¹�¸°¿nÏ¡¹�¿«ÈÒ¼�ÏÑÈ�Ðnô$À��Uº¶Ðn¹$½$ó
ä�º�Á~è�¹$ä4êI�v¾�å�¹=ä�ç�½'¾lè�¸°¹$½°¹$À�Í$¹«ó6¿nÀ1¾�å�¹=½'¾�º«ê�Â¡Ï¡Âì¾`�}¿«È�¾�å�¹=Á~¿nÏ¡¹$Í$ç�ÏÃº«¸´Í$Ï¡¿nç�ä�½$É4ý�À ä�¹$½°è�ÂÑ¾�¹Y¿«È
¾�å�¹l�T¿n¸°ü�½UÈ§¿nç�À�äYÂ¡ÀQ¾�å�¹�Ï¡ÂÑ¾�¹$¸�º�¾�ç�¸°¹«óI�U¹�½°å�¿p�U¹$äY¾�å�º�¾]º´ä;�6º�¸°È(Á~¿nÏ¡¹$Í$ç�ÏÃº«¸TÍ$Ï¡¿«ç�ä.ó�Álº«ðnÀ�¹C¾�Â¡Í¶º«ÏÑÏk�
½°ç�è�è�¿n¸'¾�¹$ä×¿nÀ�Ïk�nó�Â¡½6ç�À�½'¾�º«ê�Ï¡¹«É
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���3���p���������������B�F� ���3�3�
���3���p���������@���x���F�  
¡�¢�£ ���p� £ �B�x���^�B�3�3�T¤)�F���F�  ��
¥�¦ �p�x�'� £ �p�F§+¨ ¢ ©
© ªU£ �p� ¢ �«�«§+¨ ¢¬ ��®3�p�3¯+�5����°����F�'±²�F��³�± ¦´¢ �x���B�F� ¢ � µ

÷nÉÑ÷ ý�À{¾�¸°¿�ä�ç�Å¶Æ«¿cÉ7É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É &
÷nÉ¶. Ê�¹$½°Í$¸°Â¡Å¶Æ«¿~ä�¹�ç�Á Ç"ÏÃº«½°Álº��×º«ðnÀ�¹C¾�Â¡î¶º«ä�¿QÉ7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É &

÷nÉ¶.�ÉÑ÷ Ê�¹$½°Í$¸°Â¡Å¶Æ«¿�$TÂ¡À�ôC¾�Â¡Í¶º�¹�¼�è�¸°¿'��Â¡Álº«Å¶Æ«¿�ä�¹7þÒÏ¡ç�Â¡ä�¿n½ É7É7É7É7É7É�É7É7É7É7É ò
÷nÉ¶.�É¶. Ä À�ä�º«½]ä�¹�¼�ÏÑÈ�Ðnô$À É7É�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ·
÷nÉ¶.�É * ¼�Á~¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿�ä�º«½ Ä À�ä�º«½]ä�¹�¼�ÏÑÈ�Ðnô$À É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ÷'(

÷nÉ * Ç"¸°¹$½°¹$À�Å¶º~ä�¹7Ç/º«¸'¾=�¡Í$ç�ÏÃº«½Uä�¹7Ç(¿�¹$Â¡¸�º É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ÷p.
÷nÉ *�ÉÑ÷ ¼�Á~¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿
$��¡Í$Ï¡¿«¾�¸°¿nÀMä�º~Ç(¿�¹$Â¡¸�º�É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ÷'*
÷nÉ *�É¶. Ê�Â¡½'¾�¸°Â¡ê�ç�Â¡Å¶Æ«¿�ä�¹�¾�º«Álº«À�å�¿�ä�¿n½]ðn¸�Æ«¿n½GÉ�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ÷U&

¸ ¹ � £ � ¢ ������³����p�B�x���F�
º^� ¦ �I�B�����»� £ �p�x�
�´�;�p�+¼#��½ ¦ � ©x¾
.�ÉÑ÷ ý�À{¾�¸°¿�ä�ç�Å¶Æ«¿cÉ7É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ÷'¿
.�É¶.À��¸�Æ«¿n½6¹$ÁÁ�"À{Ð{¿nÏÑ¾�õn¸°Â¡¿n½��"½'¾�¹$ÏÃº«¸°¹$½GÉ7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É .�(
.�É *Â�=¹$Í¶º«À�Â¡½°Á~¿n½]ä�¹�¼6Í$¹$Ï¡¹$¸�º«Å¶Æ«¿rä�¹�Ë�¹$À�¾�¿n½ÛÉ7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É .�*

.�É *�ÉÑ÷ Ç"¸°¹$½°½�Æ«¿lä�¹�Ã�º«ä�ÂÃº«Å¶Æ«¿�½°¿nê�¸°¹���¸�Æ«¿n½ É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É .�*
.�É *�É¶. Ä À�ä�º«½]ä�¹�¼�ÏÑÈ�Ðnô$À É7É�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ./,
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.�É & Ä �=¿�ä�¹$Ï¡¿GÉ7É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É .�·

.�É &�ÉÑ÷ �"ï�ç�º«ÅU��¹$½�ä�¿rË"¹$À�¾�¿úÉ�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É .�¿
.�É òÐÃ]¹$½°ç�ÏÑ¾�º«ä�¿n½�É7É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É *+.

.�É ò�ÉÑ÷ �"½'¾�¸°¹$ÏÃºlÎ�ç�è�¹$¸°ðnÂ¡ð{º«À{¾�¹�Ñ7ò É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É *+.
.�É ò�É¶. ¼�è�Ï¡Â¡Í¶º«Å¶Æ«¿��

α Orionis
�ÓÒT¹[¾�¹CÏ¡ðn¹$ç�½°¹ � É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É *+Ô

.�É Ô Ê�Â¡½°Í$ç�½°½�Æ«¿ É7É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É */Ô
Õ ¡�¢ �3�3�U¨ ¢ ��� ¹ � £ � ¢ ����° ¢ �x���B�5�x±Öº^�3���p�x±²�F��×�� £�Ø ��� ¢ ��Ùy�F�'�'�T� ¢ � Õ ¾

*�ÉÑ÷ ý�À{¾�¸°¿�ä�ç�Å¶Æ«¿cÉ7É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É */¿
*�É¶.À�=¿�ä�¹$Ï¡¿rä�¹�$T¿nÏ¡Â¡½�Æ«¿�ä�¹�Ë�¹$À{¾�¿n½´É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É &+*

*�É¶.�ÉÑ÷ Ä Í�å�¿�ï�ç�¹7¹$À�¾�¸°¹�¿n½6Ðn¹$À{¾�¿n½QÉ7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É &+*
*�É¶.�É¶. ¼Ú�/Ðn¿nÏ¡ç�Å¶Æ«¿rä�¿��	�«½6À�¿lÇ(õn½%ë�Í�å�¿�ï�ç�¹�É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É &+Ô

*�É * ¼�è�Ï¡Â¡Í¶º«Å¶Æ«¿rº
η Carinae

É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É ò�÷
*�É *�ÉÑ÷ ý�À�¾�¸°¿�ä�ç�Å¶Æ«¿=É7É7É7É7É7É�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ò�÷
*�É *�É¶. ¼Û$Tç�¸'Ð�º~ä�¹� ç�î�¹$Á�¸�º«Â¡¿n½%ë�� É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ò�Ô
*�É *�É * ¼Û$Tç�¸'Ð�º~ä�¹� ç�î�¹$ÁÁÃ��«ä�Â¡¿<É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É Ô+.

*�É & Ê�Â¡½°Í$ç�½°½�Æ«¿ É7É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ,�÷
µ ¥ ³´Ü��x§+¨ ¢ ����° ¢ �x�3�p�5� ¢ Ùy�x� ¢²ªU£ �B�I�p�x�U�p�x���@� Ý Õ

&�ÉÑ÷ ý�À{¾�¸°¿�ä�ç�Å¶Æ«¿cÉ7É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ,�*
&�É¶.À�=¿�ä�¹$Ï¡¿lÎ�¹$Á~Âìë`�"Á~è@�Ñ¸°ÂÑÍ$¿ É7É7É�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ,/,

&�É¶.�ÉÑ÷ �/Ð{¿nÏÑç�Å¶Æ«¿%�"½'¾�¹$ÏÃº«¸ É7É�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ·/(
&�É¶.�É¶. þ�ç�À�ÅU��¹$½]ä�¹7Ê�Â¡½'¾�¸°Â¡ê�ç�Â¡Å¶Æ«¿�ä�¹��×º«½°½�º�É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ·/(

&�É *ÀÃ]¹$½°ç�ÏÑ¾�º«ä�¿n½�É7É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ·�&
Þ ¥ ³����p�@�"�3�3���«�F��������ß��^��� £ �
Ù ¢ ���x¯)�«���@�B�x��Ùy�@� £ �)�B��¤)�F���F� à�Ý

ò�ÉÑ÷ ý�À{¾�¸°¿�ä�ç�Å¶Æ«¿cÉ7É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ·+,
ò�É¶. Ä �=¿�ä�¹$Ï¡¿GÉ7É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ·/¿
ò�É *ÀÃ]¹$½°ç�ÏÑ¾�º«ä�¿n½�É7É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ¿+.

ò�É *�ÉÑ÷ Î�ç�è�¿n¸'¾�¹�¼�ÏÑÈ�Ðnù$À�Â¡Í$¿r½°¹$Á º«Á~¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ¿+.
ò�É *�É¶. Î�ç�è�¿n¸'¾�¹�¼�ÏÑÈ�Ðnù$À�Â¡Í$¿rÍ$¿nÁ�¼�Á~¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿úÉ7É7É7É7É7É7É7É7É7É�É7É7É7É7É ¿+.
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ò�É &á$T¿nÀ�Í$Ï¡ç�½R��¹$½xÉ7É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ¿+,

â ¡�¢�£ ¯)�3�«�U¨ ¢ ��°l�I��� ¦ �x¯/�B�T�@�F� ¾ à
ã��IäÓ�I�Bå £ ¯I���F� ©Iæ ¸
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÷nÉÑ÷êÃ]¹$ÏÃº«Å¶Æ«¿7ä�¹�Ê�Â¡½°è�¹$¸°½�Æ«¿Lä�¹�¿nÀ�ä�º«½�ä�¹�¼�ÏÑÈ�Ðnô$Àlè�º«¸�º7º«Á~¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿�ÍU�¡Í$Ï¡¿«¾�¸°¿nÀrä�º
è�¿�¹$Â¡¸�ºWÉ�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É ÷p,

.�ÉÑ÷ê Â¡Á~Âì¾�¹xä�¹��"ä�ä�Â¡À�ð«¾�¿nÀYè�º«¸�º~º�è�¿�¹$Â¡¸�º�À�¿~Ê�ÂÃº«ðn¸�º«Álº�~�Ã É7É7É7É7É7É�É7É7É7É7É .�Ô
.�É¶.À��¹$¿nÁ~¹C¾�¸°ÂÃº´ä�º«½� ÂÑÀ�å�º«½]ä�¹�$Uº«Á~è�¿%�×º«ðnÀ�ôC¾�Â¡Í$¿rÀ�¿QÎ�¿nÏ`É7É7É7É7É7É7É�É7É7É7É7É .�¿
.�É * Ç(¹$¸0!�ÏKä�¹�¾�¹$Á~è�¹$¸�º�¾�ç�¸�º�¹$Á

α
Ä ¸°ÂéÉ7É7É7É7É7É7É�É7É7É7É7É7É7É7É7É7É�É7É7É7É7É7É *+(

.�É &á$T¿nÁ~è�¸°Â¡Á~¹$À{¾�¿�ä�¹�¼�Á~¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿�ä�º«½ Ä À�ä�º«½ É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É */*
.�É ò Ç(¹$¸0!�ÏKä�¹�Ë�¹$Ï¡¿�Í$Â¡ä�º«ä�¹�ä�¿rË"¹$À�¾�¿~ä�¹�ç�Álº��"½'¾�¸°¹$ÏÃº
Ñ7ò É7É7É7É7É7É7É7É�É7É7É7É7É *nò
.�É Ô Ç(¹$¸0!�½�ä�¹�Ë�¹$Ï¡¿�Í$Â¡ä�º«ä�¹�¹�Ê�¹$À�½°Â¡ä�º«ä�¹7ä�¿�Ë�¹$À�¾�¿rä�¹

α Ori
É7É7É7É7É7É�É7É7É7É7É7É *),

*�ÉÑ÷yþÒÏ¡çx��¿n½6¹$Á�ý`Ãë�
1− 20 µm

� ä�¹�ñìÃ�÷p*),cÉ7É�É7É7É7É7É7É7É7É7É7É�É7É7É7É7É7É7É7É &)(
*�É¶. Ä ê�½°¹$¸'Ð«º«ÅU��¹$½�Á´ç�ÏÑ¾�Âìë£¾�¹$Á~è�¿n¸�º«ÂÑ½Uä�¹�ñìÃ�÷'&)(�¹$Á

2, 2 µm
É7É7É7É�É7É7É7É7É7É7É7É &�÷

*�É *À�"½°ï�ç�¹$Álºrä�ºrÍ¶º«Álº«ä�º�ä�¹�Í�å�¿�ï�ç�¹�¹$Á�ç�Á�½°Â¡½'¾�¹CÁlº�ê�Â¡ÀF�«¸°Â¡¿ É7É7É7É7É�É7É7É7É7É &/&
*�É &Â�/Ðn¿nÏ¡ç�Å¶Æ«¿r¾�¹$Á~è�¿n¸�º«Ï.ä�º�¾�¹$Á~è�¹$¸�º�¾�ç�¸�ºrº«è�õn½]¿rÍ�å�¿�ï�ç�¹¤É7É7É7É7É7É7É7É�É7É7É7É7É &+·
*�É òÐ�"½'¾�¸°ç�¾�ç�¸�ºrä�¿~ð)�«½]º«è�õn½]¿r¸°¹$½'È§¸°ÂÃº«Á~¹$À{¾�¿rÀ�¿rè�õn½%ë�Í�å�¿�ï�ç�¹,É7É7É7É7É7É7É�É7É7É7É7É ò�(
*�É Ô ¼8¹$½'¾�¸°¹$ÏÃº

η Car
À�¿�Ð�Â¡½R�ÑÐn¹$Ï ¹�¹$Á�¸=�«ä�Â¡¿ÛÉ7É7É�É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É7É ò+.

*�É¶, ¼8Í$ç�¸'Ð�ºrä�¹7Ï¡ç�î�¿nê�½°¹$¸'Ð�º«ä�º~¹$Á�¸�º«Â¡¿n½%ë�� ä�¹
2− 10KeV

É7É7É�É7É7É7É7É7É7É7É7É ò�&
*�É · ý�Ï¡ç�½'¾�¸�º«Å¶Æ«¿rä�º�õn¸°ê�ÂÑ¾�º�ä�¹

η Car
¹7º�Í¶º«ç�ä�ºrä�¹�Álº�¾�ô$¸°ÂÃº É7É7É7É7É7É�É7É7É7É7É7É ònò

*�É ¿ Ê�¹$À�½°Â¡ä�º«ä�¹7Í$¿nÏ¡ç�À�º«¸Uä�ºrÍ¶º«Álº«ä�º´ä�¹7ð)��½]¹$Á
η Car

É7É7É7É7É7É7É7É�É7É7É7É7É7É ò+,
*�ÉÑ÷p(í$Tç�¸'Ð«º«½]ä�¹�Ï¡ç�î�¾�¹$õn¸°Â¡Í¶º«½6¹$Á�¸�º«Â¡¿�ë���Ð�º«¸°ÂÃº«À�ä�¿rè�º«¸�æ«Á~¹C¾�¸°¿n½6¿n¸°ê�ÂÑ¾�º«ÂÑ½ É�É7É7É7É7É ò�¿
*�ÉÑ÷n÷î$Tç�¸'Ð«º«½]ä�¹�Ï¡ç�î�¾�¹$õn¸°Â¡Í¶º«½6¹$Á�¸�º«Â¡¿�ë���Ð�º«¸°ÂÃº«À�ä�¿~º´¾�ºB��ºrä�¹�è�¹$¸°ä�ºrä�¹�Álº«½°½�ºvÉ7É7É Ô�÷
*�ÉÑ÷B.ï$Tç�¸'Ð«º«½]ä�¹�Ï¡ç�î�¿nê�½°¹$¸'Ð�º«ä�º~¹$Áð,´Á~Á ¹r÷nó *�Á~Á É7É7É7É7É7É7É7É7É7É7É�É7É7É7É7É Ô/*
*�ÉÑ÷p*ÝÎ�Â¡Á´ç�ÏÃº«Å¶Æ«¿´À�ç�Á~ô$¸°Â¡Í¶º´ä�¹�¹$Á~Â¡½°½�Æ«¿r¹$Á�¸=�«ä�Â¡¿�ä�ºrç�Álº�½°ç�è�¹$¸'È��¡Í$Â¡¹�ä�¹�Í�å�¿�ï�ç�¹ É7É Ô/Ô
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.�ÉÑ÷ $T¿nÁ~è�º«¸�º«Å¶Æ«¿=ä�¿×Á~¿�ä�¹$Ï¡¿Yè�¸°¿nè�¿n½'¾�¿×Í$¿nÁ ¿=¾�¸�º«ê�º«Ï¡å�¿=ä�¹QÌnÇ Ä ó(è�º«¸�º
S = 5

¹
L0 = 0, 2 r0
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A â�à ãrá=ÖÙà)áYÚÝã |Iá=ÞB� ÞDC4ÖÙØ ÖÙã

¡�¢�£ ���p� £ �p� ¹ �F� ¢ � º^��� £ �FE ¯+�F� ¢
σT 6, 65× 10−25

Í$Á
2

½°¹$Í$Å¶Æ«¿lä�¹�Í�å�¿�ï�ç�¹�ä�¹�û6å�¿nÁ~½°¿nÀ
c 3, 00× 1010

Í$Á�½
−1

Ðn¹$Ï¡¿�Í$Â¡ä�º«ä�¹�ä�ºrÏ¡ç�î�À�¿�Ð/�«Í$ç�¿
e 4, 80× 10−10

¹$½°ç Á~õ�ä�ç�Ï¡¿�ä�º�Í¶º«¸°ð{º�ä�¿r¹$Ï¡ôC¾�¸°¿nÀ
G 6, 67× 10−8

ä;��À×Í$Á
2
ð
−2

Í$¿nÀ�½'¾�º«À{¾�¹7ä�º�ðn¸�º¶Ð�ÂÑ¾�º«Å¶Æ«¿rä�¹7í�¹��6¾�¿nÀ
h 6, 63× 10−27

¹$¸°ðr½ Í$¿nÀ�½'¾�º«À{¾�¹7ä�¹7Ç"ÏÃº«À�Í�ü
kB 1, 38× 10−16

¹$¸°ð
Ñ
−1

Í$¿nÀ�½'¾�º«À{¾�¹7ä�¹�ÒT¿nÏÑ¾�î$Álº«À�À
L� 3, 83× 1033

¹$¸°ðr½
−1

Ï¡ç�Á~Â¡À�¿n½°ÂÑä�º«ä�¹x½°¿nÏÃº«¸
me 9, 11× 10−28

ð Álº«½°½�º�ä�¿~¹$Ï¡ôC¾�¸°¿nÀ
mH 1, 67× 10−24

ð Álº«½°½�º�ä�¿~è�¸°õ«¾�¿nÀ
M� 1, 99× 1033

ð Álº«½°½�º�½°¿nÏÃº«¸
M� ano−1 6, 30× 1025

ðr½
−1

Álº«½°½�º�½°¿nÏÃº«¸6è�¿«¸�º«À�¿
R� 6, 96× 1010

Í$Á ¸�º«Â¡¿�½°¿nÏÃº«¸

��Â



Ó GÛÕ=ÚÝãlÚÝà)á=ÖIHKJ+â
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À�¿7ï�ç�º«Ï�º«½�è�º«¸'¾=�¡Í$ç�ÏÃº«½"¹$½'¾�Æ«¿´º«Í$¿nè�ÏÃº«ä�º«½�¹$Ï¡¹C¾�¸°Â¡Í¶º«Á~¹$À{¾�¹]¹$À{¾�¸°¹�½°Â�¹�Í$¿nÁ¤Í¶º«Á~è�¿n½�¹$Ï¡¹C¾�¸°¿nÁlº«ðnÀ�ôC¾�Â ë
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m
d~v
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= q( ~E + ~v × ~B).

�%÷nÉ¶. �
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rL =
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|q|B0

,
�%÷nÉ * �
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ï�ç�º�Ï�º7Í$Â¡À�¹$Á%��¾�Â¡Í¶º�ä�¹�¾�¿�ä�º«½Tº«½Tè�º«¸'¾=�¡Í$ç�ÏÃº�½�ä�¹�ç�Álº7ä�º«ä�º7¹$½°è�ô$Í$Â¡¹xè�¿�ä�¹�½°¹$¸TÍ$¿nÀ�½°Â¡ä�¹$¸�º«ä�º7Í$¿nÁ~¿
ç�Á~º�}�À�Â¡Í¶º´È§ç�À�Å¶Æ«¿~ä�¹�ä�Â¡½'¾�¸°Â¡ê�ç�Â¡Å¶Æ«¿�É

³�´¶µ¥´
³ ·¹¸Bºa»½¼M¾�¿£À�ÁÃÂÄ¾�Å�Æ£Ç�¾�»£ÈÉ¸ËÊÍÌ�¼MÁzÎ�¾
Ï�È�¿£À�ÁÑÐ�¸ÓÒÕÔ�Ö�¾�Ð�Á�º
í�º×¾�¹$¿n¸°ÂÃº×Í$Â¡À�ôC¾�Â¡Í¶ºwº�!�¸°Álº�ë�½°¹Qï�ç�¹Yº«½�ðn¸�º«À�ä�¹$î¶º«½´È��¡½°Â¡Í¶º«½Lä�¿øð)�«½�Í$¿nÁ~¿wç�Á ¾�¿�ä�¿øè�¿�ä�¹$Áú½°¹$¸
ä�¹C½�ÍC¸�Âì¾[º�½�è�¿n¸�º«è�¹$À�º«½�*xÐ«º«¸°Â �¶Ð{¹$Â¡½"ä�¹]ä�Â¡Á~¹$À�½�Æ«¿�ó{Álº«Â¡½´*�Ð�º«¸°Â �¶Ð{¹$Â¡½"ä�¹]Á~¿nÁ~¹$À�¾�¿�É $Uº«ä�º�¹$½°è�ô$Í$Â¡¹
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∂−→v =

(
∂f
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,
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ôwºpç�ÁlºøÈ§ç�À�Å¶Æ«¿vä�Â¡½'¾�¸°Â¡ê�ç�Â¡Å¶Æ«¿cä�ºp¹$½°è�ô$Í$Â¡¹×Í$¿nÀ�½°Â¡ä�¹$¸�º«ä�º�É Ä ¾�¹$¸°Á~¿pä�¿
½°¹$ð«ç�À�ä�¿vÁ~¹$Á�ê�¸°¿cÍ¶º«¸�º«ÍC¾�¹$¸°Â¡î¶º}ºcÐ�º«¸°ÂÃº«Å¶Æ«¿c¾�¹$Á~è�¿n¸�º«Ï6ä�ºpä�Â¡½'¾�¸°Â¡ê�ç�Â¡Å¶Æ«¿cä�¹CÐ�Â¡ä�¿�«½~Â¡À{¾�¹$¸�º«ÅU��¹$½
Í$¿«Ï¡Â¡½°Â¡¿nÀ�º«ÂÑ½$Éví�¿pÍ¶º«½°¿cä�¹Yç�Á è�ÏÃº«½°ÁlºwÀ�Æ«¿�ë�Í$¿nÏ¡ÂÑ½°Â¡¿«À�º«ÏTÂ¡Á~¹$¸°½°¿ø¹$Á ç�Á Í¶º«Á~è�¿cÁlº«ðnÀ�ôC¾�Â¡Í$¿�ó
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d
� ¹�¿�¾�º«Álº«À�å�¿´ä�¹7Ê�¹$ê)�n¹��

λD

� ½�Æ«¿�Á�ç�ÂÑ¾�¿´Á~¹$À�¿n¸°¹$½
ï�ç�¹Qº×¹$½°Í¶º«ÏÃº×ä�¹~¾�º«Álº«À�å�¿wº=½°¹$¸´Í$¿nÀ�½°Â¡ä�¹$¸�º«ä�º×À�¿wè�¸°¿nê�Ï¡¹$Álº²�

L >> λD

¹
L >> d

� ó/¿wï�ç�¹
À�¿«¸�Á~º«Ï¡Á~¹$À{¾�¹x¿�Í$¿n¸°¸°¹�¹$Á�¼�½'¾�¸°¿«È��¡½°Â¡Í¶º�É

í�º�¾�¹C¿n¸°ÂÃº7ä�¹�ö�ç�Â¡ä�¿n½Uº«½T¸°¹$ÏÃº«ÅU��¹$½�¹$À�¾�¸°¹xº«½Tðn¸�º«À�ä�¹$î¶º«½TÈ��¡½°Â¡Í¶º«½�Á~º«Í$¸°¿n½°Í$õnè�Â¡Í¶º«½��§¿nê�½°¹$¸'Ð���Ðn¹$Â¡½ �
½�Æ«¿Mä�º«ä�º«½�è�¿n¸�Á~¿nÁ~¹CÀ�¾�¿n½�ä�ºM¹$ï�ç�º«Å$Æ«¿�%÷nÉ ò � É�¼¤ÍC¿nÀ�½°¹$¸'Ð«º«Å¶Æ«¿=ä�ºQÁlº«½°½�ºQô�ä�º«ä�ºl¾�¿nÁlº«À�ä�¿Q¿
è�¸°Â¡Ár¹$Â¡¸°¿�Á~¿nÁ~¹CÀ�¾�¿�»
∫

∂f

∂t
d−→v +

∫
−→v · −→∇fd−→v +

q

m

∫ (−→
E +−→v ×−→B

)
· ∂f

∂−→v d−→v =

∫ (
∂f

∂t

)
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d−→v ,
�'÷«É¶, �

ï�ç�¹�¸°¹$½°ç�ÏÑ¾�º�¹$Á=»

∂n

∂t
+
−→∇ · (n−→u ) = 0,

�%÷nÉ · �
¿nÀ�ä�¹

~u
¸°¹$è�¸°¹$½°¹$À{¾�ºÝº4Ð{¹$Ï¡¿�Í$Â¡ä�º«ä�¹}Á~ô$ä�ÂÃº4ä�º«½×è�º«¸'¾=�¡Í$ç�ÏÃº«½$ó�¿nç º4Ð{¹$Ï¡¿�Í$Â¡ä�º«ä�¹}ä�¿ ö�ç�Â¡ä�¿ è�¿n¸

ä�¹�!�À�Â¡Å¶Æ«¿�É�¼ ¹$ï�ç�º«Å¶Æ«¿��%÷nÉ · � ôx¾�º«Á�ê�ô$Á�Í$¿nÀ�å�¹$Í$Â¡ä�º�Í$¿nÁ~¿ �u±$���n²���l�{�Y¢����������������{�{��� É
Ä ½°¹$ðnç�À�ä�¿7Á~¿nÁ~¹$À{¾�¿�ó«ï�ç�¹6È§¿n¸°À�¹$Í$¹]º�.«º� ¹$Â�ä�¹]í�¹��6¾�¿nÀ.ó�ô6ä�º�ä�¿�Á´ç�ÏÑ¾�Â¡è�ÏÑÂÑÍ¶º«À�ä�¿�ºx¹$ï�ç�º«Å¶Æ«¿

�%÷nÉ ò � è�¿n¸
m~v

¹�Â¡À{¾�¹$ðn¸�º«À�ä�¿�»

m

∫
−→v ∂f

∂t
d−→v + m

∫
−→v
(−→v · −→∇

)
fd−→v +

q

∫
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E +−→v ×−→B
)
· ∂f
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∫
m−→v

(
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mn

[
∂−→u
∂t

+
(−→u · −→∇

)−→u
]

= qn
(−→

E +−→u ×−→B
)
−−→∇ · −→P +

−→
P ij,

�%÷nÉÑ÷p( �
¿nÀ�ä�¹

~P = mn(−→vt · −→vt )
ô~¿×½'¾�¸°¹$½°½´ä�¿=ö�ç�Â¡ä�¿�ó

~vt

ôlºYÐ{¹$Ï¡¿�Í$Â¡ä�º«ä�¹r¾�ô$¸°Á~Â¡Í¶ºYä�º«½7è�º«¸'¾=�¡Í$ç�ÏÃº«½�ä�¿
ö�ç�ÂÑä�¿�ó −→

P ij = mn (−→u i −−→u j) νij

¸°¹$è�¸°¹$½°¹$À{¾�º4ºpÐ«º«¸°ÂÃº�Å¶Æ«¿vä�¹wÁ~¿nÁ~¹$À�¾�¿}ä�¿vö�ç�Â¡ä�¿vä�¹wç�Álº
¹$½°è�ô$Í$Â¡¹

i
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j
ó�¹

νij
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2
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8π
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¹
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¹
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α
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∂
−→
B
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α
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¸°¹$½°ç�ÏÑ¾�º«ä�¿×¿nê�¾�Â¡ä�¿wº«À{¾�¹$¸°Â¡¿n¸°Á~¹$À{¾�¹«É Ä ç�¾�¸�º×½°Â¡Á~è�Ï¡ÂO!�Í¶º«Å¶Æ«¿�óÒº=ä�¹lÐn¹$À{¾�¿øÂ¡½°¿«¾�ô$¸°Á~ÂÑÍ$¿�ó(ôlÍ$¿nÁ~è�¸°¿�ë
Ð�º«ä�º«Á~¹$À{¾�¹]Â¡¸°¸°¹¶º«Ï£É"~�º«¸°è�¹$¸$óxÒT¸°¿p�]ÀÕS  Â¡Á �Ó./(+(�÷ � ä�¹C¾�¹$¸°Á~Â¡À�º«¸�º«Á+¿�è�¹$¸0!�Ï�ä�¹6¾�¹$Á~è�¹$¸�º�¾�ç�¸�º�ä�¿
¹$À{Ðn¿nÏÑ¾�õn¸°Â¡¿~ä�¹

α
Ä ¸°Â£ó�Á~¿n½'¾�¸�º«ä�¿lÀ�º
!�ðnç�¸�º�.�É *�É�í�¿«¾�º�ë�½°¹Lï�ç�¹´º~¾�¹$Á~è�¹C¸�º�¾�ç�¸�º~ä�¿lð)�«½�Í¶º«Â(Ï¡¿nðn¿

.�·
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þÒÂÑðnç�¸�º�.�É¶.�» &�_=d'm	_=co]`bOj�eIj'n«wZbZg��xj'n"e)_�a�jUm��;d�m�j��pgIu=cobOa#d�gxj�jUcom	dpn�"T_=]0jsn`d'wkjU]�zDô�n�wZbZg��xj'n«co]0j'a#_�oj'eIj'n
]`_u�)]`_#n`_=g�c0jUméj��B_#d'm	_=co]obkj	e)_tiIm e+b��@d'wOdo' \^gI_=i)m�jUg�>10�d+���3254��62!3Rz
º«ÍCÂ¡ÁlºMä�ºMÈ§¿«¾�¿n½'È§¹$¸�º�ó Álº«½�¹$Ï¡¹CÐ�º�ë�½°¹lºM½°¹$ðnç�Â¡¸7º�¾�ôrÍ$¹$¸°Í¶º=ä�¹

4000 K
óKÍ¶º«Â¡À�ä�¿×º«ä�ÂÃº«ê�º�¾�ÂÑÍ¶º«Á~¹$À{¾�¹

º«è�õn½
3 r0

É
�"Á þ�º«Ï¡Í$¹C¾�º�ë0��¿«À�Å¶º«ÏÑÐn¹$½úSúÌnº�¾�¹$À�Í$¿�ë%Ç(¹$¸°¹$Â¡¸�º �Ó./(+(). � ó]è�¸°¿nè�ç�½°¹$Á~¿n½Mç�ÁlºvÁ~¿�ä�Âk!�Í¶º«Å¶Æ«¿vÀ�¿

Á~¿�ä�¹$Ï¡¿�ä�¹�ÌnÇ Ä É�ý�À�Í$Ï¡ç@�¡Á~¿n½/ç�Á)º«Á~¿n¸'¾�¹$Í$Â¡Ár¹$À�¾�¿�¹���¾�¸�º�ä�¹CÐ�Â¡ä�¿���è�¸°¹$½°¹$À�Å¶ºLä�¹]ðn¸�Æ«¿n½�ä�¹�è�¿�¹$Â¡¸�º
À�¿7¹$À{Ðn¿nÏÑ¾�õn¸°Â¡¿�ó{ç�Á�è�¹$¸0!�Ï�ä�¹6¾�¹$Á~è�¹$¸�º�¾�ç�¸�º�¸°¹¶º«Ï �¡½'¾�ÂÑÍ$¿�¹]Â¡À�Í$Ï¡ç@�¡Ár¿n½�º�è�¸°¹$½°½�Æ«¿Lä�¹]¸�º«ä�ÂÃº«Å¶Æ«¿�Í$¿nÁ~¿
Á~¹CÍ¶º«À�Â¡½°Á~¿�½�¹CÍ$ç�À�äF�«¸°Â¡¿~À�¿~è�¸°¿�Í$¹$½°½°¿lä�¹7º«Í$¹$Ï¡¹$¸�º«Å¶Æ«¿�É

µ¥´�78´
³ 8:9#Ö�È�¿<;¥¸BºKÐ�Á>= ¸BÅPÇ�Á
¼�½l¹$ï�ç�º«ÅU��¹$½Mï�ç�¹×¸°¹$ðn¹$Á ºpä�Â¡À�æ«Á~Â¡Í¶ºøä�¿}Ðn¹$À�¾�¿v½�Æ«¿vº«½l¹$ï�ç�º«ÅU��¹$½Qä�¿vè�ÏÃº«½°Álºcä�¹�!�À�Â¡ä�º«½lÀ�¿
Í¶º�è@�Ñ¾�ç�Ï¡¿l÷nÉ"¼�Ï¡ðnç�À�½Uº«ç�¾�¿n¸°¹$½6º�!�¸°Álº«Á)ï�ç�¹�¹���Â¡½'¾�¹�ºLÀ�¹$Í$¹$½°½�Â¡ä�º«ä�¹�ä�¹xç�Álº´º«ê�¿n¸°ä�º«ðn¹$ÁéÍ$Â¡À�ôC¾�Â¡Í¶º
À�º´ä�¹$½°Í$¸°Â¡Å¶Æ«¿rä�¹xç�ÁéÐ{¹$À{¾�¿r¹$½'¾�¹$ÏÃº«¸$ó�¹$À�ï�ç�º«À{¾�¿rï�ç�¹7º´ðn¸�º«À�ä�¹xÁlº«Â¡¿n¸°Â¡º7ä�¿n½6Á~¿�ä�¹$Ï¡¿n½T¹���Â¡½'¾�¹$À{¾�¹C½
À�º�Ï¡ÂÑ¾�¹$¸�º�¾�ç�¸�º´ç�¾�Â¡Ï¡ÂÑî¶º«Á ºrä�¹$½°Í$¸°Â¡Å¶Æ«¿~ä�¹�ö�ç�Â¡ä�¿n½]è�º«¸�º�¿rè�¸°¿nê�Ï¡¹$Álº�É�ÿ�Álº�Álº«À�¹$Â¡¸�º´ä�¹�¾�¹$½'¾�º«¸]½°¹
º´ä�¹$½°Í$¸°Â¡Å$Æ«¿rä�¹xö�ç�Â¡ä�¿n½UôxÐ��«Ï¡Â¡ä�ºLôxÍ$¿nÁ~è�º«¸�º«¸U¿�Ï¡ÂÑÐ�¸°¹�Í¶º«Á~Â¡À�å�¿´Á~ô$ä�Â¡¿´¹$À{¾�¸°¹�º«½6è�º«¸'¾=�¡Í$ç�ÏÃº«½TÍ$¿nÁ
º�¹$½°Í¶º«ÏÃº�ä�¿r½�ÂÑ½°¾�¹$Á~º�É Ä Ï¡ÂÑÐ�¸°¹xÍ¶º«Á~Â¡À�å�¿�Á~ô$ä�Â¡¿��

l
� ô�ä�º«ä�¿rè�¿n¸$»

l = (nσ)−1,
�Ó.�ÉÑ÷B. �

¿nÀ�ä�¹
σ
ô7º�½°¹$Í$Å¶Æ«¿lä�¹�Í�å�¿�ï�ç�¹7ä�º�½]è�º«¸'¾=�¡Í$ç�ÏÃº«½$É

.�¿
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þÒÂ¡ð«ç�¸�º�.�É *�» \�_=]�øIw�e)_�c`_=m��;_=]0jUcoi)]0j�e)d�_=g/fBd'wZc`v']obOd�e)_
α
ö�]ob/',$tjU]$�@_=]�h@?"]`dBA�go>DCFbZmI.1010E2!3Rz

$T¿nÁ~¿Q¿QÐn¹$À�¾�¿Yä�º«½x¹$½'¾�¸°¹$ÏÃº«½xÈ§¸°ÂÃº«½�ô´è�¿nç�Í$¿MÂ¡¿nÀ�Â¡î¶º«ä�¿5�
ne ∼ 10−4nH

� è�¿�ä�¹$Á~¿n½xä�Â¡î$¹$¸xï�ç�¹
ºpÁlº�¾�ô$¸°ÂÃºøô×è�¸�º�¾�Â¡Í¶º«Á~¹$À{¾�¹=Í$¿nÁrè�¿n½'¾�ºpä�¹×å�Â¡ä�¸°¿nðnù$À�Â¡¿pÀ�¹$ç�¾�¸°¿�óUÍ$ç��°º}½°¹$Í$Å¶Æ«¿vä�¹×Í�å�¿�ï�ç�¹wô

∼
10−16 cm2

É×ÇÒº«¸�º=¹$½'¾�¹$½´Ðn¹$À{¾�¿n½�º=ä�¹$À�½°Â¡ä�º«ä�¹QÀ�ç�Á~ô$¸°Â¡Í¶º=ôlä�¹
∼ 1011 cm−3

¹Qº«½°½°Â¡Á=óÒ¿×Ï¡ÂÑÐ�¸°¹
Í¶º�Á~Â¡À�å�¿~Á~ô$ä�Â¡¿~ä�º«½�è�º«¸'¾=�¡Í$ç�ÏÃº«½]À�¿lÐn¹$À{¾�¿QôLä�¹

∼ 105 cm
É��"½°½°¹7Ð«º«Ï¡¿n¸]ôLÁ´ç�ÂÑ¾�¿~Á~¹$À�¿n¸�ï�ç�¹L¿

¸�º«ÂÑ¿�ä�º�¹$½'¾�¸°¹$ÏÃº�ó{¿7Í$¿nÁ~è�¸°Â¡Á~¹$À{¾�¿�ä�¹�º«Á~¿n¸'¾�¹$Í$Â¡Ár¹$À�¾�¿�ä�º�¿nÀ�ä�º�¹6¾�º«Á�ê�ô$Á¤º�¸°¹$½°¿nÏ¡ç�Å¶Æ«¿�ä�¹]À�¿n½°½°¿
Á~¿�ä�¹$Ï¡¿�É7Ê�¹$½'¾�ºQÈ§¿n¸°Álº�ó.ºQç�¾�Â¡Ï¡ÂÑî¶º«Å¶Æ«¿Qä�¹�ç�Álºlä�¹$½°Í$¸°Â¡Å¶Æ«¿Yä�¹´ö�ç�Â¡ä�¿Qô�è�¹$¸'¾�Â¡À�¹$À{¾�¹«É´í�¿MÍ¶º«½°¿Yä�¹
¹$½'¾�¸°¹$ÏÃº�½�ï�ç�¹$À�¾�¹$½$óK¿nçcÀ�¿=Î�¿nÏ£ó ºQä�ÂÑÈ§¹$¸°¹$À�Å¶ºQ¹$À�¾�¸°¹�¿n½�¸°¹$½°ç�ÏÑ¾�º«ä�¿«½�ç�¾�Â¡Ï¡ÂÑî¶º«À�ä�¿l¾�¹$¿n¸°ÂÃºQÍ$ÂÑÀ�ôC¾�Â¡Í¶ºQ¿nç
ä�¹�ö�ç�Â¡ä�¿n½6è�¿�ä�¹�½°¹$¸�Á´ç�ÂÑ¾�¿�ðn¸�º«À�ä�¹
�Ó�×º«¸°½°Í[åp÷p¿+¿/& � É

¼0¹$ï�ç�º«ÅU��¹$½�ä�¹UÍ$¿nÀ�½°¹$¸'Ð«º«Å¶Æ«¿�ä�º�Álº�½�½�º�ónä�¹6Í$¿nÀ�½°¹$¸'Ð�º«Å¶Æ«¿7ä�¿xö�çx��¿�Álº«ðnÀ�ôC¾�Â¡Í$¿�ó«ä�¹6Á~¿nÁ~¹$À{¾�¿
¹´ä�¹�¹$À�¹$¸°ðnÂÃº�ó�Í$¿nÀ�½°¹$ðnç�¹$ÁÛä�¹$½°Í$¸°¹CÐn¹¶¸�¾�¿«¾�º«Ï¡Ár¹$À�¾�¹´ºQä�Â¡À�æ«Á~ÂÑÍ¶ºlä�¹´ç�ÁIÐn¹$À{¾�¿Y¹$½'¾�¹$ÏÃº«¸xÁlº«ðnÀ�¹C¾�Âìë
î¶º�ä�¿�Él¼é¹$ï�ç�º«Å¶Æ«¿×ä�¹~¹$À�¹$¸°ðnÂÃºYôrÀ�¹$Í$¹$½°½=�«¸°ÂÃº=ï�ç�º«À�ä�¿×À�Æ«¿=½°¹~Í$¿nÀ�å�¹$Í$¹QºM¾�¹$Á~è�¹$¸�º�¾�ç�¸�º=ºYÍ¶º«ä�º
è�¿nÀ{¾�¿×ä�¿=Ð{¹$À{¾�¿�ÉwÌnÇ Ä ¸°¹$Á~¿�Ðn¹$¸�º«Á º=¹$ï�ç�º«Å¶Æ«¿øä�¹l¹$À�¹$¸°ðnÂÃºYä�¿wè�¸°¿nê�Ï¡¹$Álº=º«¿×Í$¿nÀ�½°Â¡ä�¹$¸�º«¸Lç�Á
Ðn¹$À{¾�¿pÂ¡½°¿«¾�ô$¸°Á~Â¡Í$¿�É,í�¹$½'¾�¹M¾�¸�º«ê�º«Ï¡å�¿�ó�¹$À{¾�¸°¹C¾�º«À�¾�¿�ó�è�¿�ä�¹$Á~¿n½r¸°¹$Á~¿�Ðn¹$¸rä�¿c½°Â¡½'¾�¹$Álºcºø¹$ï�ç�º«Å¶Æ«¿
ä�¹M¹$À�¹$¸°ðnÂÃºcº«¿cç�¾�Â¡Ï¡Â¡î¶º«¸Lç�Á è�¹$¸0!�Ï6ä�¹M¾�¹$Á~è�¹$¸�º�¾�ç�¸�ºø¹$Á~è@�¡¸°Â¡Í$¿�ó"ä�º«ä�¿cè�¿n¸�~�º«¸°è�¹$¸$ó�ÒT¸°¿p�]ÀÍS

*/(
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 ÂÑÁ �Ó./(+(�÷ � ÉTûÒº«Á´ê�ô$Á�È�º«¸°¹$Á~¿n½�À�¿~Á~¿�ä�¹$Ï¡¿lº~º«è�¸°¿'��Â¡Álº«Å¶Æ«¿rä�¹L¹$½'¾�º«ä�¿l¹$½'¾�º«Í$Â¡¿nÀF�«¸°Â¡¿�ó�¹7ï�ç�¹L¿
Ðn¹$À{¾�¿rôxç�À�Â¡ä�Â¡Á~¹$À�½°Â¡¿«À�º«Ï�Í$ç��°º´è�¸°¿nè�º«ð{º«Å¶Æ«¿´¿�Í$¿n¸°¸°¹�º«¿´Ï¡¿nÀ�ðn¿´ä�º«½UÏ¡Â¡À�å�º«½�ä�¹�Í¶º«Á~è�¿�Á~º«ðnÀ�ôC¾�Â¡Í$¿�É
¼�½°½°Â¡ÁYó�º�¹$ï�ç�º«Å¶Æ«¿~ä�¹�Í$¿nÀ�½°¹$¸'Ð«º«Å$Æ«¿lä�ºrÁlº«½°½�º�½°¹�¾�¿n¸°À�º�»

ρuA = ρ0u0A0,
�Ó.�ÉÑ÷p* �

º�¹$ï�ç�º«Å¶Æ«¿~ä�¹�Í$¿nÀ�½°¹$¸'Ð«º«Å$Æ«¿lä�¿rö�çx��¿~Álº«ðnÀ�ôC¾�Â¡Í$¿�»

BA = B0A0,
�Ó.�ÉÑ÷'& �

¹rºM¹$ï�ç�º«Å¶Æ«¿=ä�¹rÁ~¿�Ð�Â¡Á~¹$À{¾�¿�ó º«ä�Â¡Í$Â¡¿nÀ�º«À�ä�¿M¿n½x¾�¹$¸°Á~¿n½�ðn¸�º�Ð�ÂÑ¾�º«Í$ÂÑ¿nÀ�º«ÏÒ¹�ä�¹CÐ�Â¡ä�¿��Mè�¸°¿nè�º«ð{º«Å¶Æ«¿
ä�º�½]¿nÀ�ä�º«½$»

u
du

dr
= −1

ρ

dP

dr
− GM∗

r2
+ farr + fondas,

�Ó.�ÉÑ÷�ò �
¿nÀ�ä�¹

farr = frad

ó(ä�º«ä�ºYè�¹$ÏÃºM¹$ï�ç�º«Å¶Æ«¿ �Ó.�É ¿ � óKô~ºMÈ§¿n¸°Å¶ºYä�¹lº«¸°¸�º«½'¾�¿Yðn¹$¸�º«ä�ºYè�¹$ÏÃºMÍ$¿nÏ¡Â¡½�Æ«¿Yä�¿n½
ðn¸�Æ�¿n½xº«Í$¹$Ï¡¹$¸�º«ä�¿n½�è�¹$ÏÃº~è�¸°¹$½°½�Æ«¿Qä�¹L¸�º«ä�ÂÃº«Å¶Æ«¿l½°¿nê�¸°¹L¿n½l��¾�¿«Á~¿n½�ä�¿lÐn¹$À{¾�¿�ó�¹´ºrÈ§¿n¸°Å¶º~ä�¹CÐ�Â¡ä�¿��«½
¿nÀ�ä�º«½]ô�ä�º«ä�ºrè�¿n¸$»

fondas = − 1

2ρ

dε

dr
,

�Ó.�ÉÑ÷pÔ �
¿nÀ�ä�¹

ε
ó"ä�¹�!�À�Â¡ä�ºw¹$Á �%÷nÉ¶.nò � ó"ôMºwä�¹$À�½°Â¡ä�º«ä�¹Mä�¹M¹$À�¹$¸°ðnÂ¡ºwä�º«½�¿nÀ�ä�º«½$É Ä ðn¸�º«ä�ÂÑ¹$À�¾�¹lä�¹

ε
ôQ¿

ðn¸�º�ä�Â¡¹$À�¾�¹�ä�¹�è�¸°¹$½°½�Æ«¿~Álº«ðnÀ�ôC¾�Â¡Í¶º´ä�º«½]¿nÀ�ä�º«½$ó�ï�ç�¹7¸°¹$½°ç�ÏÑ¾�º�À�ºrº«Í$¹$Ï¡¹$¸�º«Å¶Æ«¿rä�¿rÐn¹$À{¾�¿�É
Î�ç�ê�½'¾�ÂÑ¾�ç�Â¡À�ä�¿~º�¹$ï�ç�º«Å¶Æ«¿��%÷nÉ¶./Ô � ¹$Á �Ó.�ÉÑ÷pÔ � ó�¾�¹$Á~¿n½$»

fondas = − 1

2ρ

[
− ε

L
− ε

(1 + 3MA)

(1 + MA)

(
1

u

du

dr
− 1

B

dB

dr
+

1

2ρ

dρ

dr

)]
.

�Ó.�ÉÑ÷B, �

Ç(¿n¸�!�Á=ó�Í$¿nÁ´ê�Â¡À�º«À�ä�¿rº«½]¹$ï�ç�º«ÅU��¹$½��Ó.�ÉÑ÷p( � ó��Ó.�ÉÑ÷n÷ � ¹%�
2.13− 2.17

� ó�¿nê�¾�¹$Á~¿n½]º�¹$ï�ç�º«Å¶Æ«¿�»

1

u

du

dr
=

Z

r

N

D
,

�Ó.�ÉÑ÷p· �
½°¹$À�ä�¿

*�÷



�	� ��
�°����Éó�������!�a����� �+�GFÍ�/�$�$�1¢ ªF¤!�!�u�
N = v2

T

(
1− r

vT

dvT

dr

)
+

1

4

(
1 + 3MA

1 + MA

)
〈δv2〉+ 1

2Z

r

L
〈δv2〉 − 1

2Z
v2

e ,
�Ó.�ÉÑ÷p¿ �

¹

D = u2 − v2
T −

1

4

(
1 + 3MA

1 + MA

)
〈δv2〉,

�Ó.�É¶./( �
¿nÀ�ä�¹

v2
T = kBT/µmH

ôYº×Ðn¹$Ï¡¿�Í$Â¡ä�º«ä�¹l¾�ô$¸°Á~Â¡Í¶º�ó
v2

e = 2GM∗(1 − Γ)/r
ôYº×Ðn¹$Ï¡¿�Í$Â¡ä�º«ä�¹Qä�¹

¹$½°Í$º«è�¹M¹CÈ§¹C¾�ÂÑÐ«º�ó"Í$¿nÀ�½°Â¡ä�¹C¸�º�À�ä�¿cºøº«Í$¹$Ï¡¹$¸�º«Å¶Æ«¿wä�¹CÐ�Â¡ä�¿5�×è�¸°¹$½°½�Æ«¿cä�¹Q¸�º«ä�ÂÃº«Å¶Æ«¿�ó/¹
Z = S

è�º«¸�º
r < rt

¹
Z = 2

è�º«¸�º
r > rt

É
�"Áúþ�º«Ï¡Í$¹C¾�º�ë0��¿nÀ�Å¶º«ÏìÐn¹$½;SIÌnº�¾�¹$À�Í$¿�ë%Ç(¹$¸°¹$Â¡¸�ºî�Ó./(+(). � ó/ç�¾�Â¡Ï¡ÂÑî¶º«Á~¿«½L¿wÁ~¿�ä�¹$Ï¡¿×ä�¹QÐn¹$À{¾�¿c¿n¸�º

ä�¹C½�ÍC¸�Âì¾�¿�ó�¿nÀ�ä�¹�½�Æ«¿�Í$¿nÀ�½°Â¡ä�¹$¸�º«ä�¿n½$»KÂìë � ç�Á�è�¹$¸0!�Ï{ä�¹�¾�¹$Á~è�¹$¸�º�¾�ç�¸�º]À�Æ�¿�ë�Â¡½°¿«¾�ô$¸°Á~Â¡Í$¿�ó¶Â¡Âìë � º6è�¸°¹$½°½�Æ«¿
ä�¹�¸�º«ä�ÂÃº«Å¶Æ«¿r¹�Â¡Â¡Â ë � ç�Á�È§¿«¸°¾�¹�º«Á~¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿rä�º«½]¿nÀ�ä�º«½�ä�¹[Ð�Â¡ä�¿���è�¸�¹C½�¹CÀ�Å¶ºlä�¹7ðn¸�Æ«¿n½�ã�Í$¿nÁ�¿
Â¡À{¾�ç�ÂÑ¾�¿´ä�¹�Ðn¹$¸°Âk!�Í¶º«¸6Í$¿nÁ~¿r½�Æ«¿~Á~¿�ä�Âk!�Í¶º«ä�¿n½6¿n½6¸°¹$½°ç�ÏÑ¾�º«ä�¿n½]¹$À�Í$¿nÀ{¾�¸�º«ä�¿n½�è�¿n¸�ÌnÇ Ä É

t(kIH J B]\zpMR[J(P@nMEL\

µ¥´LK¥´
³ 8qº�Ça¼M¸BÔ�È�M¥Ö8Ì@¸D¼Mò�¾�ò�È�Å�Ç�¸�N�K
$T¿«Á~¿Qè�¸°Â¡Á~¹$Â¡¸�º~º«è�Ï¡Â¡Í¶º«Å¶Æ«¿l¹$½°Í$¿nÏ¡å�¹$Á~¿n½xºQ¹$½'¾�¸°¹$ÏÃºlä�¿QÁ~¿�ä�¹$Ï¡¿�Ôlä�¹�~�º«¸'¾�Álº«À�ÀõS �×º«Íp��¸°¹$ðn¿n¸
�%÷p¿/·+( � ó/¾�º«Á´ê�ô$Á ç�¾�Â¡Ï¡ÂÑî¶º«ä�º=è�¿n¸rÌnÇ Ä ó/Í$º«¸�º«ÍC¾�¹$¸°Â¡î¶º«ä�ºwè�¿n¸

M∗ = 16 M�

ó
B = 10 G

ó
r0 =

400 R�

ó
ρ0 = 10−13 g cm−3

¹
L∗ = 3 × 104 L�

ó]ï�ç�¹ø¸°¹$½°ç�ÏÑ¾�º«Á ¹$Á
Γ = 0, 3

ÉÚ$T¿nÁr¿
è�¸°¿nè�¿n½'¾�¿QÀ�¿QÁ~¿�ä�¹$Ï¡¿~ä�¹�ÌnÇ Ä ó�ç�¾�Â¡Ï¡ÂÑî¶º«Ár¿n½�Â¡À�Â¡ÍCÂÃº«ÏÑÁr¹$À�¾�¹�ç�Á<ö�çx��¿l¾�¿«¾�º«Ï(ä�¹L¿nÀ�ä�º«½�ä�¹´¼�ÏÑÈ�Ðnô$À
φA0 = 3, 36 × 106 erg cm−2 s−1

¹w¿}È�º�¾�¿n¸~ä�¹wä�ÂÑÐn¹$¸°ðnù$À�Í$ÂÃº
S = 5

É�¼AÂ¡Á~è�¿n¸'¾�æ«À�Í$ÂÃºcä�¿
È�º�¾�¿«¸~ä�¹wä�ÂÑÐn¹$¸°ðnù$À�Í$ÂÃºpô×ä�¹$½'¾[º�Í¶º«ä�ºvÀ�¿}¾�¸�º«ê�º«Ï¡å�¿pä�¹øÌnÇ Ä É�$T¿nÁ~¿vº«½lè�º«¸°¹$ä�¹$½Qä�¹×ç�Á`¾�ç�ê�¿�ó
º«½�Ï¡Â¡À�å�º«½´ä�¹YÍ$º«Á~è�¿cðnç�ÂÃº«Á ¿øÐn¹$À{¾�¿p¹=º«½°½°Â¡Á=ó�ï�ç�º«À{¾�¿cÁlº«Â¡¿n¸´º5�«¸°¹¶ºøä�¹$½°½°¹Y¾�ç�ê�¿�ó�Á~¹$À�¿n¸�º
Ðn¹$Ï¡¿�Í$Â¡ä�º«ä�¹Mä�¹M¹$½°Í$¿{º«Á~¹$À{¾�¿�É Ä º«Á~¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿wä�¹M¿nÀ�ä�º«½�ä�¹CÐ�Â¡ä�¿pº«¿n½�ðn¸�Æ«¿n½´ôMÂ¡À�¾�¸°¿�ä�ç�î$Â¡ä�¿
º«è�¹$À�º«½��Yè�º«¸'¾�Â¡¸�ä�º=¸°¹$ðnÂÃÆ«¿Yä�¹�È§¿n¸°Álº«Å¶Æ«¿Yä�¹~ðn¸�Æ«¿n½%�3Ã�þ«� � ó ï�ç�¹~ôrç�Á è�º«¸�æ«Á~¹C¾�¸°¿YÏ¡ÂÑÐ�¸°¹«Élí�º
¸°¹$ð«ÂÃÆ«¿c¿nÀ�ä�¹

r < RFG
ó�¿n½rðn¸�Æ«¿n½rº«Â¡À�ä�ºøÀ�Æ«¿cÂ¡À{¾�¹$¸'È§¹$¸°¹$Á À�ºcè�¸°¿nè�º«ð{º«Å$Æ«¿cä�º«½r¿nÀ�ä�º«½r¹Yç�Á

¿nç�¾�¸°¿~Á~¹$Í¶º«À�Â¡½°Á~¿~ä�¹Lº«Á~¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿rä�¹CÐ{¹L½°¹$¸�Í$¿nÀ�½°Â¡ä�¹C¸�º�ä�¿�É]í�º�!�ðnç�¸�º�.�É &Qº«è�¸°¹$½°¹$À{¾�º«Á~¿n½�¿
Í$¿«Á~è�¿n¸'¾�º«Á~¹$À{¾�¿�ä�¿n½�¾�¸°ù$½�Á~¹$Í¶º«À�Â¡½°Á~¿n½"ä�¹�º«Á~¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿�ç�¾�Â¡Ï¡Â¡î¶º«ä�¿n½/è�¿n¸TÌnÇ Ä ¹$Á�È§ç�À�Å¶Æ«¿7ä�º
ä�ÂÑ½°¾�æ«À�ÍCÂÃº��§¹$ï�ç�º«ÅU��¹$½��%÷nÉ¶.+, � ó��%÷nÉ¶./· � ¹
�%÷nÉ¶./¿ �R� É´$T¿nÁ~¿l�R�´Á~¿n½'¾�¸�º«ä�¿�À�¿rÍ¶º«è@�Ñ¾�ç�Ï¡¿Q÷nó�º´è�¸�¹C½�¹CÀ�Å¶º

*+.



�	� ��
�°����Éó�������!�a����� �+�GFÍ�/�$�$�1¢ ªF¤!�!�u�

þÒÂÑðnç�¸�º�.�É &�»�5 d'm��;d']oc0jUm	_#g�c`d
e)dpntco]�O#n�m	_#a�jUg)bOnom	dpnse)_	jUm	d']oc`_#a=bZm	_=g�c0d�i)cobZwZb���j'e)dpn¥�@d']�?B\óö �xjU]0j
L0 = 0, 2 r0

hB]`_u�)]`_#n`_=g�c0j'e)dpnó�;_=wkj'n�wZbZg��xj'n"a��I_=bkj+h�co]0j'a#_�oj'eIjs_�co]0j'a#_�oj'eIj¥�@d'g/cobZw��xj'eIj+h�]`_#n$�@_#a=cobZfpjUm	_=g�c`_
�xjU]0j�j�_#noco]`_=wkjP0RQ+z@ôìwZbZg��xjû�;d'g/cobZw��xj'eIj�]`_u�)]`_#n`_=g/c0j�d
jUm	d']oc`_#a=bZm	_=g/c`d
e)_=f/bOe)d
j'dpn��p]0r'dpn@'=<;jUwOa#_=c0j!�
&td'gIq�jUwZfB_#n�>�?�jUc`_=gIa#d��3\�_=]`_=bZ]0j^.10101.�3Rz

ä�¹�è�¿�¹$Â¡¸�º�Í¶º«ç�½�ºLç�Á)º«Á~¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿�È§¿n¸'¾�¹�À�¿7ö�çx��¿´ä�¹�¿nÀ�ä�º«½$É"Ê�¹$½'¾�ºLÈ§¿n¸°Álº�ó�½°Â¡Á´ç�ÏÃº«Ár¿n½�¹$½'¾�¹
º«Ár¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿�ó.è�º«¸�º

r > RFG
óKº�¾�¸�º�Ðnô$½�ä�ºM¹���è�¸°¹$½°½�Æ«¿

Ld = L(r=RFG)e
(RFG−r)

A

óK¿«À�ä�¹
A
ô

ç�Á<è�º«¸�æ«Á~¹C¾�¸°¿~Ï¡ÂÑÐ�¸°¹7ï�ç�¹�º«è�¹$À�º«½�ä�¹C¾�¹$¸°Á~Â¡À�ºlºl¸�º«è�Â¡ä�¹$î7ä�¿Mº«Á~¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿�É]í�ºl¸°¹$ðnÂÃÆ«¿l¿nÀ�ä�¹
r < RFG

¿n½�¾�¸°ù$½�Á~¹$Í¶º«À�Â¡½°Á~¿n½xä�¹~º«Á~¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿Qç�¾�Â¡Ï¡Â¡î¶º«ä�¿n½xè�¿n¸7ÌnÇ Ä è�¿n½°½°ç�¹$Á ¿YÁ~¹$½°Á~¿
Í$¿«Á~è�¿n¸'¾�º«Á~¹$À{¾�¿�ó�¹�ç�¾�Â¡Ï¡Â¡î¶º«Ár¿n½U¹$À{¾�Æ«¿~À�¿n½]À�¿n½°½°¿n½]Í'�«Ï¡Í$ç�Ï¡¿n½$ó�¿rÀ�Æ«¿�ë�Ï¡Â¡À�¹¶º�¸¶É

Ç"¸°Â¡Á~¹$Â¡¸�º«Ár¹$À{¾�¹ !�î$¹$Á~¿n½K½°Â¡Á´ç�ÏÃº«ÅU��¹$½ Í$¿nÁ�ç�Á�Ðn¹$À{¾�¿�Â¡½°¿«¾�ô$¸°Á~Â¡Í$¿6¹�½°¹$Á è�¸°¹$½°½�Æ«¿�ä�¹�¸�º«ä�ÂÃº«Å¶Æ«¿�ó
º«è�¹$À�º«½rÐ«º«¸°ÂÃº«À�ä�¿pº�Ã�þ"��É Ä ½rÐ�º«Ï¡¿n¸°¹$½rä�º²Ã�þ«��óÒÐ{¹$Ï¡¿�Í$Â¡ä�º«ä�¹M¾�¹$¸°Á~Â¡À�º«ÏU¹Y¾�ºB��ºcä�¹=è�¹$¸°ä�ºpä�¹
Álº�½°½�º�è�º«¸�º�Í¶º«ä�º7½°Â¡Á´ç�ÏÃº«Å¶Æ«¿�½�Æ«¿7ä�º«ä�¿n½�À�º�¾�º«ê�¹$ÏÃº�.�ÉÑ÷nÉ"í�¿«¾�º�ë�½°¹]ï�ç�¹«ó�½°¹$À�ä�¿L¿´º«Á~¿n¸'¾�¹$Í$Â¡Ár¹$À�¾�¿
ä�¹[Ð�Â¡ä�¿cº«¿n½Lðn¸�Æ«¿n½LÁlº«Â¡½�È§¿n¸'¾�¹lï�ç�¹M¿n½L¿nç�¾�¸°¿n½´Í$¿nÀ�½°Â¡ä�¹$¸�º«ä�¿n½Lè�¿n¸�ÌnÇ Ä óÒ¿×ö�çx��¿øä�¹Q¿nÀ�ä�º«½´Í¶º«Â
¸�º«è�ÂÑä�º«Á~¹$À�¾�¹��Mè�º«¸'¾�Â¡¸�ä�¹$½°½�ºY¸°¹$ðnÂÃÆ«¿�É�$T¿nÁ~¿MÍ$¿nÀ�½°¹$ï°¯�ù$À�Í¶ÂÃº�óKºQÐn¹$Ï¡¿�Í$Â¡ä�º�ä�¹´¾�¹$¸°Á~Â¡À�º«Ï(ä�¿MÐn¹$À{¾�¿
ô�¸°¹$ä�ç�î$Â¡ä�º�É�¼�½�½°Â¡ÁYó�ï�ç�º«À{¾�¿~Álº«Â¡½Uè�¸°õp��Â¡Ár¿rä�º�¹$½'¾�¸°¹$ÏÃºr¿�Í$¿«¸�¸°¹�º�È§¿n¸°Álº«Å¶Æ«¿�ä�¹�ðn¸�Æ«¿n½$ó�Á~¹CÀ�¿n¸]ô
º�Ð{¹$Ï¡¿�Í$Â¡ä�º«ä�¹�¾�¹$¸°Á~Â¡À�º«Ï�ÉUÇ/º«¸�ºlº«ç�Á~¹$À{¾�º«¸�ºrÐn¹$Ï¡¿�Í$Â¡ä�º«ä�¹�¾�¹$¸°Á~Â¡À�º«Ï.ä�¿~Ð{¹$À{¾�¿�ó�ä�¹7È§¿n¸°Álºrº~¿nê�¾�¹$¸

*/*



�	� ��
�°����Éó�������!�a����� �+�GFÍ�/�$�$�1¢ ªF¤!�!�u�
û(º«ê�¹$ÏÃº.�ÉÑ÷n»�$T¿nÁ~è�º«¸�º«Å¶Æ«¿pä�¿}Á~¿�ä�¹$Ï¡¿cè�¸°¿nè�¿n½'¾�¿}Í$¿nÁ`¿p¾�¸�º«ê�º«Ï¡å�¿cä�¹øÌnÇ Ä ó�è�º«¸�º

S = 5
¹

L0 = 0, 2 r0 S
d�e)_=w

RFG (r/r0) u∞/ve0 Ṁ (10−7 M� ano−1)

?B\óö zZzZzZzZzZz
0, 56 5, 1?B\óöUT �p]0r'dpn 2ph .10
0, 41 3, 4?B\óöUT �p]0r'dpn 2ph ü1.
0, 45 3, 9?B\óöUT �p]0r'dpn 2ph Q10
0, 52 4, 6?B\óö['�)VP2Ih ü�3WT �p]0r'dpn 2ph ü1.
0, 61 4, 4

u∞ ∼ 1/2ve0

ó�ô�À�¹$Í$¹$½°½=�«¸°Â¡¿~ä�Â¡Á~ÂÑÀ�ç�ÂÑ¸U¿�È�º�¾�¿n¸6ä�¹�ä�ÂÑÐn¹$¸°ðnù$À�Í$ÂÃº~Î�É
¼�ðn¿n¸�º�ó]º«ä�Â¡Í$Â¡¿nÀ�º«À�ä�¿p¿vè�¹$¸0!�Ï�À�Æ«¿�ë�Â¡½°¿«¾�ô$¸°Á~ÂÑÍ$¿p¹w¿n½Q¹[È§¹$ÂÑ¾�¿n½Qä�º}è�¸°¹$½°½�Æ«¿,ä�¹w¸�º«ä�ÂÃº«Å¶Æ«¿�óU¿n½

¸°¹$½°ç�ÏÑ¾�º«ä�¿«½rä�ºø¹$ï�ç�º«Å¶Æ«¿pä�¿cÐn¹$À{¾�¿p½°¹M¾�¿n¸°À�º«Áúä�ÂÑÈ§¹$¸°¹$À�¾�¹$½$É1í�º�!�ðnç�¸�º².�É ò×¾�¹$Ár¿n½r¿cè�¹$¸0!�Ï]ä�¹
Ðn¹$Ï¡¿�Í$Â¡ä�º«ä�¹Lè�º«¸�ºl¿QÁ~¿�ä�¹$Ï¡¿~ä�¹rÌnÇ Ä �§Ï¡Â¡À�å�ºr¾�¸�º«Í$¹`�°º«ä�º � ¹L¿QÁ~¿�ä�¹$Ï¡¿~è�¸°¿nè�¿n½'¾�¿QÀ�¹$½'¾�¹L¾�¸�º«ê�º�Ï¡å�¿
�§Ï¡ÂÑÀ�å�ºxÍ�å�¹$ÂÃº � É/¼Ý¸°¹$ðnÂÃÆ«¿�Í$Â¡¸°Í$ç�ÏÃº«ä�º�ón¿nÀ�ä�¹]¹���Â¡½'¾�¹�º�Á~º«Â¡¿n¸"º«Í$¹CÏ¡¹$¸�º«Å¶Æ«¿�ä�¿�Ð{¹$À{¾�¿�ó�Í$¿nÂ¡À�Í$Â¡ä�¹6Í$¿nÁ�º
¸°¹$ð«ÂÃÆ«¿´Í$¿nÀ�½°Â¡ä�¹$¸�º«ä�ºLè�º«¸�º�º7È§¿n¸°Álº«Å¶Æ«¿Lä�¿n½Uðn¸�Æ«¿n½$É´�"½°½�ºrº�Í$¹$Ï¡¹$¸�º«Å¶Æ«¿�ô�È§¸°ç�¾�¿´ä�¿´¸=�«è�Â¡ä�¿´ä�¹$Í$Ï �¡À�Â¡¿
ä�¿pö�çx��¿,ä�¹×¿nÀ�ä�º«½lÍ¶º«ç�½�º«ä�¿vè�¹$Ï¡¿vº«Á~¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿pä�¹CÐ�Â¡ä�¿,º«¿n½lðn¸�Æ«¿n½$ó6Á~º«½lè�¸°Â¡À�Í$Â¡è�º«Ï¡Ár¹$À{¾�¹
è�¹$Ï¡¿Mðn¸�º«ä�Â¡¹$À{¾�¹´ä�¹L¾�¹$Á~è�¹$¸�º�¾�ç�¸�ºlä�ºM¸°¹$ðnÂ¡Æ«¿�É�¼¤è�¸°¹$½°½�Æ«¿Mä�¹�¸�º«ä�ÂÃº«Å¶Æ«¿l¾�º«Á´ê�ô$ÁIô´Í$¿nÀ�½°Â¡ä�¹$¸�º«ä�º
¹$Ág¾�¿�ä�ºøº×¹���¾�¹$À�½�Æ«¿pä�¿wÐn¹$À{¾�¿ö�

r > RFG
� É²$T¿nÁ~¿w¸°¹$½°ç�ÏÑ¾�º«ä�¿�ó"¿nê�¾�ô$Á�ë�½°¹Qç�Álº=Ð{¹$ÏÑ¿�Í$Â¡ä�º«ä�¹

¾�¹$¸°Á~ÂÑÀ�º«Ï.ê�¹$Á Álº«Â¡¿«¸Uï�ç�¹7ºrä�¹LÌnÇ Ä É
�"½°½°¹$½�¸°¹$½°ç�ÏÑ¾�º«ä�¿n½�Á~¿n½'¾�¸�º«ÁIï�ç�¹rºQè�¸°¹$½°½�Æ«¿Yä�¹�¸�º«ä�ÂÃº«Å¶Æ«¿Q¹«ó è�¸°Â¡À�Í$Â¡è�º«Ï¡Ár¹$À�¾�¹«ó�ç�ÁAè�¹$¸0!�Ï"ä�¹

¾�¹$Árè�¹$¸�º�¾�ç�¸�ºx¸°¹¶º«Ï¡Â¡½'¾�º�ó«¹$Á´ê�¿n¸�º�À�Æ«¿�½°¹`�°º«ÁÙ¿n½"è�¸°Â¡À�ÍCÂ¡è�º«Â¡½ÒÁ~¹$Í¶º«À�Â¡½°Á~¿n½Òä�¹]º«Í$¹$Ï¡¹$¸�º«Å¶Æ«¿�ä�¿xÐn¹$À{¾�¿�ó
è�¿�ä�¹$Á�Â¡À�ö�ç�¹$À�ÍCÂÃº«¸6¿n½6è�º«¸�æ«Á~¹C¾�¸°¿n½�!�À�º«Â¡½6ä�¿´Ð{¹$À{¾�¿rÍ$¿nÁ~¿rº´Ðn¹$Ï¡¿�Í$Â¡ä�º«ä�¹�¹�ºL¾�ºB��º�ä�¹�è�¹$¸°ä�ºrä�¹
Álº�½°½�º�É"¼�½°½°Â¡Á=ó�Á~¿�ä�¹$Ï¡¿n½Tº�¾�ç�º«Â¡½Tï�ç�¹�À�Æ«¿´Ï¡¹CÐ«º«Á)¹$Á)Í$¿nÀ�½°Â¡ä�¹$¸�º«Å¶Æ«¿�ºL¹$ï�ç�º«Å¶Æ«¿�ä�¹�¹$À�¹$¸°ðnÂÃº7è�º«¸�º
ºxä�¹C¾�¹$¸°Á~Â¡À�º«Å¶Æ«¿xä�¿�è�¹$¸0!�Ï�ä�¹U¾�¹$Á~è�¹$¸�º�¾�ç�¸�ºx¹$½'¾�Æ«¿�¿nê�¾�¹$À�ä�¿�Ð«º«Ï¡¿n¸°¹$½/½°Â¡½'¾�¹$Álº�¾�Â¡Í¶º«Á~¹$À{¾�¹UÁ~¹$À�¿n¸°¹$½
è�º�¸�ºrº´Ðn¹$Ï¡¿�Í$Â¡ä�º«ä�¹x¾�¹$¸°Á~Â¡À�º«Ï�ä�¿rÐn¹$À{¾�¿�É

*�&



�	� ��
�°����Éó�������!�a����� �+�GFÍ�/�$�$�1¢ ªF¤!�!�u�

þÒÂÑðnç�¸�º�.�É ò�» \õ_=]�øIwFe)_�f�_=wOd�a=bOeIj'e)_teId�fB_=g/c`d8�xjU]0j�?B\/öÓ' wZbZg��xjsco]0j'a#_�oj'eIj�3«_P�xjU]Rj�d�m	d�e)_=wOdÝ�)]`d+�;dpnoc`d
' wZb¶g°�xj	a
�I_=bkj�3Rh;d'gIe)_�j��)]`_#n`n0r'd�e)_s]0j'e+bkj'q�r'd�_si)m �@_=]�øIw�g;r'd	bOn`d'c`u=]om�bOa#d�n0r'd	a#d'gInobOe)_=]0j'e)dpn�'=<;jUwOa#_=c0j!�
&td'gIq�jUwZfB_#n�>�?�jUc`_=gIa#d��3\�_=]`_=bZ]0j^.10101.�3Rz

*nò



�	� ��
�°����Éó�������!�a����� �+�YX9Ì��%�
���+�����!�

µ¥´LK¥´Øµ ÊÍÌÝÔ�¾�»£È�¿£À�Á*Z
α Orionis []\ ¸£Ç�¸BÔ�ò�¸BÖ�ºa¸_^

ÒT¹[¾�¹CÏ¡ðn¹$ç�½°¹�ô"ç�Álº6¹$½'¾�¸°¹$ÏÃº6½°ç�è�¹$¸°ðnÂ¡ð{º«À{¾�¹"Ðn¹$¸°Á~¹$Ï¡å�º��Ó��*6ý � ó¶Ð�º«¸°Â �¶Ð{¹$Ïnä�¹�Ï¡¿nÀ�ðn¿6è�¹$¸R�¡¿�ä�¿�ó�ä�Â¡½'¾�º«À{¾�¹
130 pc

ä�¿~Î�¿nÏ£É Ä ê�½°¹$¸'Ð�º«ÅU��¹$½]ä�¿r¹$À{Ð{¿nÏÑ¾�õn¸°Â¡¿´ä�¹	ÒT¹C¾�¹$Ï¡ðn¹$ç�½°¹xÈ§¿n¸°À�¹$Í$¹$Á Ðn¹$Ï¡¿�Í$Â¡ä�º«ä�¹�¾�¹$¸°Á~Â¡À�º«Ï�ä�¹
u∞ = 15 km s−1

¹l¾�ºB��ºøä�¹Mè�¹$¸°ä�ºøä�¹MÁlº«½°½�º
Ṁ = 2 − 5 × 10−6 M� ano−1

�3Ñ�À�º«è�èKS
ñp¿�¿�ä�å�º«Á~½×÷p¿+¿�÷nós ¿nç�è �C�r�«¯Ñµ ÷p¿+¿+* � É�¼Aä�¹C¾�¹$¸°Á~Â¡À�º«Å¶Æ«¿vä�¹w½°ç�º}Álº«½°½�ºvô×Â¡À�Í$¹$¸'¾�º�ó]¹×è�¿n¸
½°¹$¸xç�Álºl¹$½'¾�¸°¹$ÏÃºlÐ«º«¸°Â �¶Ðn¹$Ï£ó.ºQä�¹C¾�¹$¸°Á~Â¡À�º�Å¶Æ«¿Qä�¹�½°¹$çc¸�º«Â¡¿~¾�º«Á´ê�ô$ÁIÀ�Æ«¿Qô�è�¸°¹$Í$Â¡½�º�É7Î�ç�è�¿n¸°¹$Á~¿n½
¹$À{¾�Æ«¿�ó

r0 = 300 R�

¹
M = 8 M�

É Ä è�¹$¸0!�ÏÒä�¹´¾�¹$Á~è�¹$¸�º�¾�ç�¸�ºQä�¿M¹$À{Ðn¿nÏÑ¾�õn¸°Â¡¿lô�¿Qä�º«ä�¿Mè�¹$ÏÃº
!�ð«ç�¸�º�.�É *�ó ¹r¿YÈ�º�¾�¿n¸�ä�¹
�"ä�ä�Â¡À�ð«¾�¿nÀcè�º«¸�ºM¿n½�è�º«¸�æ«Á~¹C¾�¸°¿n½�º«ä�¿«¾�º«ä�¿n½�ôrä�¹

Γ = 0, 6
É Ä ö�çx��¿

Â¡À�Â¡Í$ÂÃº«Ï.ä�¹L¿nÀ�ä�º«½�ä�¹L¼�ÏÑÈ�Ðnô$À=È§¿nÂKÍ$¿nÀ�½°Â¡ä�¹$¸�º«ä�¿lÍ$¿nÁ~¿lè�º«¸�æ«Á~¹C¾�¸°¿~Ï¡ÂÑÐ�¸°¹«É Ä Á~¹$Ï¡å�¿n¸6Ð«º«Ï¡¿n¸]¿nê�¾�Â¡ä�¿
È§¿«Â

φA0 = 6, 9 × 106 erg cm−2 s−1
óKï�ç�¹~¸°¹$è�¸°¿�ä�ç�î~ç�ÁAÐn¹$À�¾�¿=Í$¿nÁAÐn¹$Ï¡¿�Í$Â¡ä�º«ä�¹´¾�¹$¸°Á~Â¡À�º«Ï/ä�¹

u∞ = 16 km s−1
óK¹~ç�ÁlºQ¾�ºB��ºYä�¹rè�¹$¸°ä�ºYä�¹rÁlº«½°½�º

Ṁ = 4 × 10−6 M� ano−1
óKä�¹~º«Í$¿n¸°ä�¿

Í$¿«ÁÛº«½x¿nê�½°¹$¸'Ð«º«ÅU��¹$½$É Ä è�¹$¸0!�Ï/ä�¹LÐn¹$Ï¡¿�Í$Â¡ä�º«ä�¹´ä�¿QÐn¹$À{¾�¿Yô´Á~¿n½'¾�¸�º«ä�¿QÀ�º%!�ðnç�¸�º�.�É Ô5��þ�º«Ï¡Í$¹C¾�º�ë
��¿nÀ�Å$º«ÏÑÐ{¹$½�S¤Ìnº�¾�¹$À�Í$¿�ë%Ç(¹$¸°¹$Â¡¸�º
./(+(). � É

�"Á´ê�¿n¸�ºø¿pè�¹$¸0!�Ï]ä�¹=ä�¹$À�½°Â¡ä�º«ä�¹=Á~¿n½'¾�¸�º«ä�¿cÀ�º�!�ðnç�¸�º².�É Ôc½°¹`�°ºpç�Á`ê�¿nÁ ºB�'ç�½'¾�¹=è�º«¸�ºc¿n½
ä�º�ä�¿n½~¿nê�½°¹$¸'Ð«º«Í$Â¡¿nÀ�º«Â¡½rä�¹�~�º«¸°è�¹$¸$ó�ÒT¸°¿p�]À�S  Â¡Á �Ó./(+(�÷ � ó�ðn¿n½'¾�º«¸R�Ãº«Ár¿n½�ä�¹=¹CÐ�Â¡ä�¹$À�Í$ÂÃº«¸rï�ç�¹
¿=Ðn¹$¸°ä�º«ä�¹$Â¡¸°¿w¿nêx�'¹C¾�ÂÑÐn¿×ä�¿×¾�¸�º«ê�º«Ï¡å�¿YÈ§¿nÂ"Ðn¹$¸°Âk!�Í¶º«¸L½°¹lç�Ágè�¹$¸0!�Ï�ä�¹~¾�¹$Á~è�¹$¸�º�¾�ç�¸�º�óÒè�¸°¹$½°½�Æ«¿øä�¹
¸�º«ä�ÂÑÅ¶Æ«¿Q¹rºQè�¿n½°Â¡Å$Æ«¿Mä�¹´È§¿n¸°Álº«Å¶Æ«¿lä�¹�ðn¸�Æ«¿n½$ó.è�¿�ä�¹$¸°ÂÃº«ÁAº«ÏÑ¾�¹$¸�º«¸�¿n½x¸°¹$½°ç�ÏÑ¾�º«ä�¿n½xä�¿MÁ~¿�ä�¹$Ï¡¿Qä�¹
ÌnÇ Ä É Ä è�¸°Â¡À�Í$Â¡è�º«Ï�¸�¹C½�ç�Ïì¾[º�ä�¿7È§¿nÂ�ä�¹$½°Í$¿nê�¸°Â¡¸Tï�ç�¹xº7¹$½'¾�¸°ç�¾�ç�¸�ºLä�¿LÐn¹$À{¾�¿´ô�Á´ç�ÂÑ¾�¿7ä�¹$è�¹$À�ä�¹$À�¾�¹xä�¿
è�¹$¸0!�Ï/ä�¹´¾�¹$Á~è�¹$¸�º�¾�ç�¸�º�ÉLÇ(¿n¸�¹$½°½°¹rÁ~¿«¾�ÂÑÐn¿�ó�ô�Â¡Á~è�¿n¸'¾�º«À{¾�¹LÂ¡À�Í$Ï¡ç�Â¡¸�À�¿MÁ~¿�ä�¹$Ï¡¿Q¿MÍ'�«Ï¡Í$ç�Ï¡¿Mº«ç�¾�¿�ë
Í$¿«À�½°Â¡½'¾�¹CÀ�¾�¹�ä�ºr¹$ï�ç�º«Å¶Æ«¿~ä�¹�¹$À�¹$¸°ðnÂÃº�ó�è�º«¸�º�ä�¹$è�¿nÂ¡½6¸°¹¶º«Ï¡Â¡î¶º«¸6º��'ç�½'¾�¹$½�º�ä�º«ä�¿n½]¿nê�½°¹$¸'Ð«º«Í$Â¡¿nÀ�º«Â¡½$É

t(ka` ?A@$\KS#pY\K\zr�E

Ê�¹CÐ�ÂÑä�¿ö�«½YÍ$¿nÀ�Í$Ï¡ç�½R��¹$½Yä�¹pþ�º«Ï¡Í$¹C¾�º�ë0��¿nÀ�Å¶º«ÏìÐn¹$½qS Ìnº�¾�¹$À�Í$¿�ë%ÇÒ¹$¸°¹$Â¡¸�ºì�Ó./(+(). � ó]ËxÂ¡ä�¿«¾°¾�¿ì�Ó./(+({ò �
¸°¹CÈ§¿«¸�Á´ç�Ï¡¿nçQ¿�Á~¿�ä�¹$Ï¡¿´ä�¹�º«Í$¹$Ï¡¹$¸�º«Å¶Æ«¿rä�¹xÐn¹$À{¾�¿«½]Â¡À�Í$Ï¡ç�Â¡À�ä�¿´¿rÍ'�«Ï¡Í$ç�Ï¡¿´ä�º´¾�¹$Á~è�¹$¸�º�¾�ç�¸�ºrº�¾�¸�º¶Ðnô$½
ä�º�¹$ï�ç�º«Å¶Æ«¿Lä�¹�¹$À�¹$¸°ðnÂÃº�É�Î�¹$ðnç�Â¡À�ä�¿Lº�ä�¹$¸°ÂÑÐ«º«Å¶Æ«¿7ä�º�¹$ï�ç�º«Å¶Æ«¿Lä�¹�Á~¿�Ð�Â¡Ár¹$À�¾�¿%�Ó.�ÉÑ÷'· � ó�º�¹$ï�ç�º«Å¶Æ«¿
ä�¹�¹$À�¹$¸°ðnÂ¡º��'÷«ÉÑ÷n÷ � è�¿�ä�¹�½°¹$¸]¸°¹$¹$½°Í$¸°ÂÑ¾�ºrÍ$¿«Á~¿�»
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�°����Éó�������!�a����� �+�YX9Ì��%�
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¿nÀ�ä�¹

Λ
ô�ºLÈ§ç�À�Å¶Æ«¿�ä�¹xè�¹$¸°ä�º´¸�º«ä�ÂÃº�¾�ÂìÐ«º7¹

Q = ε(u + vA)/L
ô�º7¾�ºB��º´ä�¹�º«ï�ç�¹$Í$Â¡Á~¹$À{¾�¿�ä�¹CÐ�Â¡ä�¿

�«½6¿nÀ�ä�º«½$É
í�¹$½'¾�¹pÍ¶º«½°¿�ó�º«½=¹$ï�ç�º«ÅU��¹$½ �%÷nÉ¶./Ô � ó��Ó.�ÉÑ÷'* � ó��Ó.�ÉÑ÷p· � ¹ï�Ó.�É¶.�÷ � ä�¹C¾�¹$¸°Á~Â¡À�º«Á ¿4Í$¿nÀ��'ç�À{¾�¿ ä�¹

¹$ï{ç�º«ÅU��¹$½]ä�ÂÑÈ§¹$¸°¹$À�Í$ÂÃº«Â¡½�ï�ç�¹�¸°¹$è�¸°¿�ä�ç�î$¹$Á�¿LÐ{¹$À{¾�¿�É�ÿ]¾�Â¡Ï¡Â¡î¶º«À�ä�¿L¿n½UÁ~¹$½°Á~¿n½Uè�º«¸�æ«Á~¹C¾�¸°¿n½TÂ¡À�Â¡Í$ÂÃº�Â¡½
è�º�¸�º�º�¹$½'¾�¸°¹$ÏÃº�Í$¿nÀ�½°Â¡ä�¹$¸�º«ä�º�À�º�½°¹$Å¶Æ«¿´º«À{¾�¹$¸°Â¡¿n¸$ó«ËxÂ¡ä�¿«¾°¾�¿%�Ó./(+({ò � ¿nê�¾�ô$Á�ç�Á�è�¹$¸0!�Ï�ä�¹6¾�¹$Á~è�¹$¸�º�ë
¾�ç�¸�ºl½°¹$Á~¹$Ï¡å�º«À{¾�¹�º«¿Qç�¾�Â¡Ï¡ÂÑî¶º«ä�¿l¹$Á~è�Â¡¸°Â¡Í¶º«Ár¹$À{¾�¹LÀ�¹$½'¾�¹´¾�¸�º«ê�º«Ï¡å�¿�ó�¹´Í$¿nÀ;!�¸°ÁlºlÀ�¿n½°½�º«½xè�¸°¹CÐ�Â¡½R��¹$½
ä�¹Tç�Álº6Ð{¹$Ï¡¿�Í$Â¡ä�º«ä�¹�¾�¹$¸°Á~Â¡À�º«Ï�ò�&@b�Álº«Â¡¿n¸ ï�ç�¹UÀ�¿�Í¶º«½°¿xÂ¡½°¿«¾�ô$¸°Á~Â¡Í$¿�ó�¹T¿�Ðn¹$À{¾�¿x½°¹$À�ä�¿xÈ§¿n¸'¾�¹$Á~¹$À{¾�¹
½°¹$À�½R�ÑÐn¹$Ï(º�ðn¸�º«ä�Â¡¹$À{¾�¹$½]ä�¹�¾�¹$Á~è�¹$¸�º�¾�ç�¸�º�É

�"½°½°¹7¸°¹$½°ç�ÏÑ¾�º«ä�¿�Ð�º«Â ä�¹�¹$À�Í$¿nÀ{¾�¸°¿lº«¿rï�ç�¹�½°¹7¿«ê�¾�ôCÁ�À�ºrÏ¡ÂÑ¾�¹$¸�º�¾�ç�¸�º�É/ÿ�½°ç�º«Ï¡Á~¹$À{¾�¹«ó�Ð{¹$À{¾�¿n½�ä�¹
¹$½'¾�¸°¹$ÏÃº�½"È§¸°ÂÃº«½"½�Æ«¿7Í$¿nÀ�½°Â¡ä�¹$¸�º«ä�¿n½�Â¡½°¿«¾�ô$¸°Á~Â¡Í$¿«½"è�¿n¸�½°¹�º«Í$¸°¹$ä�ÂÑ¾�º«¸"ï�ç�¹�ðn¸�º«ä�Â¡¹$À{¾�¹$½�ä�¹6¾�¹$Á~è�¹$¸�º�¾�ç�¸�º
À�Æ�¿�¾�ù$Á¤¹CÈ§¹$ÂÑ¾�¿n½�½°Â¡ðnÀ�Âk!�Í¶º�¾�ÂÑÐn¿n½$É/í�¿7Í¶º«½°¿7ä�¹�¹$½'¾�¸°¹$ÏÃº«½�ï�ç�¹$À{¾�¹$½T¹�è�¿nç�ÍC¿LÏ¡ç�Á~Â¡À�¿«½�º«½$ó{À�¿7¹$À�¾�º«À{¾�¿�ó
ç�¾�Â¡ÏÑÂ¡î¶º�ë	½°¹T¿xðn¸�º«ä�Â¡¹$À{¾�¹Tä�¹T¾�¹$Á~è�¹$¸�º�¾�ç�¸�º�Í$¿nÁ~¿�è�¸°Â¡À�Í$Â¡è�º«Ï�Á~¹$Í¶º«À�Â¡½°Á~¿�ä�¹Uº«Í$¹$Ï¡¹$¸�º«Å¶Æ«¿xä�¿n½ÒÐ{¹CÀ�¾�¿n½$É
Ä ¹���¹$Á~è�Ï¡¿MÁlº«Â¡½xÍ$¿nÁ´ç�ÁAô�¿×Î�¿nÏ£É Ä À�ä�º«½�ä�¹r¼�ÏÑÈ�Ð{ô$Àc¹�¸°¹$Í$¿nÀ�¹���Æ«¿=Álº«ð«À�ôC¾�Â¡Í¶ºQÀ�ºM½°ç�è�¹$¸'È��¡Í$Â¡¹
ä�º�¹$½'¾�¸°¹$ÏÃºLº«ï�ç�¹$Í$¹$Á)¿Lè�ÏÃº«½°Álº�¸�º«è�Â¡ä�º«Á~¹$À�¾�¹]ä�¹

104K
è�º«¸�º

106K
ó�ðn¹$¸�º«À�ä�¿´º«½°½°Â¡Á¤ç�Á¤ðn¸�º«À�ä�¹

ðn¸�º�ä�Â¡¹$À�¾�¹/ä�¹/¾�¹$Á~è�¹$¸�º�¾�ç�¸�º�ÉÒÎ�¹$À�ä�¿�ä�¹"ê�º«ÂO��ºUä�¹$À�½°Â¡ä�º«ä�¹«ó�¿6è�ÏÃº«½°ÁlºUº�¾�Â¡À�ðn¹"º«ÏÑ¾�º«½�Ðn¹$Ï¡¿�Í$Â¡ä�º«ä�¹$½��
∼

500−700 km s−1 � ó�È§¿n¸°Álº«À�ä�¿]¿�Ð{¹$À{¾�¿x½°¿nÏÃº«¸$É"�×º«½$ónÁ~¿n½'¾�¸�º«Á~¿n½Kï�ç�¹TÁ~¹$½°Á~¿�¹$Á8¹$À{Ð{¿nÏì¾�õ«¸�ÂÑ¿n½(ä�¹
ê�º�ÂO��º7¾�¹$Á~è�¹$¸�º�¾�ç�¸�º�ó�¹$Á�ê�¿n¸�º7À�Æ«¿´½°¹`�°ºL¿´Á~¹$Í¶º«À�ÂÑ½�Ár¿Lä�¿nÁ~Â¡À�º«À{¾�¹«ó�ðn¸�º«ä�Â¡¹$À�¾�¹$½�ä�¹�¾�¹$Á~è�¹$¸�º�¾�ç�¸�º
¾�ù$Á�è�º«è�¹$Ï Â¡Á~è�¿n¸'¾�º«À{¾�¹xÀ�¿~è�¸°¿�Í$¹$½°½°¿lä�¹7º«Í$¹$Ï¡¹$¸�º«Å¶Æ«¿rä�¿rÐn¹$À{¾�¿�É

�"½°½°¹$½T¸°¹$½°ç�ÏÑ¾�º«ä�¿n½�À�Æ«¿7ä�Â¡Á~Â¡À�ç�¹$Á�º7Â¡Á~è�¿n¸'¾�æ«À�Í$ÂÃºxä�º«½�è�º«¸'¾=�¡Í$ç�ÏÃº«½"ä�¹�è�¿�¹$ÂÑ¸�º�À�¹$½'¾�¹$½T¿nê;�'¹C¾�¿n½$É
¼�è�¸°¹$½°¹$À�Å¶ºøä�¹Mè�¿�¹$Â¡¸�º×À�¿wÐn¹$À�¾�¿øôMÍ$¸°ç�Í$ÂÃº«Ï£ó��R�×ï�ç�¹Yº�¾�ç�º«Á Í$¿nÁ~¿w¿øè�¸°Â¡À�Í$Â¡è�º«ÏTº«ðn¹$À{¾�¹Yº«Í$¹$Ï¡¹[ë
¸�º«ä�¿«¸¶É=í�¿×Í¶º«½°¿wä�º×è�¸°¹$½°½�Æ«¿wä�¹l¸�º«ä�ÂÃº«Å¶Æ«¿�ó(¿n½Lðn¸�Æ«¿n½7½�Æ«¿w¸°¹$½°è�¿nÀ�½=�¶Ðn¹$Â¡½´è�¿n¸Lº«ê�½°¿n¸'Ð{¹$¸´º=Ï¡ç�îl¹
¾�¸�º«À�½'È§¹$¸°Â¡¸�Á~¿nÁ~¹$À{¾�¿Lº«¿´ð)�«½$É"í�¿´Í¶º«½°¿´ä�º«½T¿nÀ�ä�º«½Tä�¹x¼�ÏÑÈ�Ðnô$À.ó�ðn¸�Æ«¿n½T½�Æ«¿´¸°¹$½°è�¿nÀ�½=��Ðn¹$Â¡½Uè�¹$Ï¡¿L½°¹$ç
º«Ár¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿�ó�º«ï�ç�¹$Í$¹$À�ä�¿l¹7º«Í$¹$Ï¡¹$¸�º«À�ä�¿r¿~è�ÏÃº«½°Álº�É
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A â�� Þ ã�J+â ØÛÚ ÿ Ú0à)áYâ�ã Ú h â�Ú0Þ.Õ×Ö Ú0ß � Þ ã~áYÚ0ß ÖÙãd Þ.à�e+Õ×Þ.â�ã f ÖÙãMãMÞhg¤â�ã

èÕk�j l H�JBmÒEonqpYX#r�E

�"Á´ê�¿n¸�ºQ¹$À{Ðn¿nÏÑ¾�õn¸°Â¡¿n½�ä�¹�¹$½'¾�¸°¹$ÏÃº«½�È§¸°ÂÃº«½x½°¹`�°º«ÁIÁlº«Â¡½�Í$¿nÀ�å�¹$Í$Â¡ä�¿n½�Í$¿nÁ~¿Q¸°¹$ðnÂ ��¹$½xä�¹LÈ§¿n¸°Álº«Å¶Æ«¿Q¹
Í$¸°¹C½�ÍCÂ¡Á~¹$À�¾�¿~ä�¹7ðn¸�Æ«¿n½]ä�¹7è�¿�¹$Â¡¸�º�ó�¹$½'¾�¸°¹$ÏÃº«½]ï�ç�¹$À{¾�¹$½�¾�º«Á´ê�ô$Á�è�¿�ä�¹$Á ½°¹$¸�½R�Ñ¾�Â¡¿rä�¹�À�ç�Í$Ï¡¹¶º«Å¶Æ«¿~¹
Í$¿«À�½°¹$ï°¯�¹¶À{¾�¹~Â¡À��'¹$Å¶Æ«¿Mä�¹$½°½°¹~Álº�¾�¹$¸°ÂÃº«ÏÒº«¿MÁ~¹$Â¡¿QÂ¡À�¾�¹$¸°¹$½'¾�¹$ÏÃº«¸$É7ûÒº«ÏÑÐ{¹$î�¿n½�Álº«Â¡½�À�¿«¾#��Ðn¹$Â¡½$ó ¹�ï�ç�¹
Ðnù$Á ½°¹~¾�¿n¸°À�º«À�ä�¿wê�º«½'¾�º«À{¾�¹~È§¸°¹$ï°¯�¹$À�¾�¹$½��×Á~¹$ä�Â¡ä�º=ï�ç�¹l¿nê�½°¹$¸'Ð«º«ÅU��¹$½´¹$Á Â¡À�È§¸�º¶Ðn¹$¸°Á~¹$Ï¡å�¿�§ý`Ã �
ä�¹YÏ¡¿nÀ�ð{ºwä�ç�¸�º«Å¶Æ«¿p½�Æ«¿p¸°¹¶º«Ï¡Â¡î¶º�ä�º«½�ä�¹$½'¾�¹$½l¿nêx�'¹C¾�¿n½$óT½°¹`�°º«Á ¿n½rÍ¶º«½°¿n½~ä�¹MÈ§¿n¸°Álº«Å¶Æ«¿øä�¹=è�¿�¹$Â¡¸�º
¹$ÁI¹$½'¾�¸°¹$ÏÃº«½ Ä ¹�Ò�À�ºQ½°¹$ï°¯�ù$À�Í$ÂÃºMè�¸°Â¡À�Í$Â¡è�º«Ï£ó�¹´ä�ç�¸�º«À{¾�¹�½°ç�º«½xÈ�º«½°¹$½�¹CÐn¿nÏ¡ç@�¡ä�º«½�Í$¿nÁ~¿Yº«½�ñ}¿nÏÑÈÃë
Ã�º'�n¹C¾���ñìÃ � É;�"½°½�º«½6¹$½'¾�¸°¹$ÏÃº«½U½�Æ«¿´Í¶º«¸�º«ÍC¾�¹$¸°Â¡î¶º«ä�º«½Tè�¿n¸Tè�¿n½°½°ç�Â¡¸°¹$Á º«ÏÑ¾�º«½TÁlº«½°½�º��

M > 10 M�

� ó
Ï¡ç�Á~Â¡À�¿n½°Â¡ä�º«ä�¹��

L > 103 L�

� ¹�¾�¹$Á~è�¹$¸�º�¾�ç�¸�º�¹CÈ§¹C¾�ÂÑÐ«º��
T > 20000 K

� É
�"½°½�º«½rÍ¶º«¸�º«ÍC¾�¹$¸R�¡½'¾�Â¡Í¶º«½LÐ�Â¡¸'¾�ç�º«Ï¡Á~¹$À{¾�¹QÂ¡Árè�¿n½°½°Â¡ê�Â¡ÏÑÂì¾�º«Á ºw¹���Â¡½'¾�ù$À�Í$ÂÃºøä�¹Mï�ç�º«Ï¡ï�ç�¹$¸�Álº�¾�¹$¸°ÂÃº«Ï

½°õnÏÑÂ¡ä�¿wº=ä�Â¡½'¾�æ«À�Í$ÂÃº«½LÁr¹$À�¿n¸°¹$½´ï�ç�¹QÍ$¹$À{¾�¹$À�º«½´ä�¹Q¸�º«Â¡¿n½7¹$½'¾�¹$ÏÃº«¸°¹$½$É��"À{¾�¸°¹C¾�º«À{¾�¿�ó/ä�¹$½°ä�¹M¿×Â¡À@�¡Í$Â¡¿
ä�ºlä�ô$Í¶º«ä�ºQä�¹�·+(�ó�¿nê�½°¹$¸'Ð«º«ÅU��¹$½�¹$ÁIê�º«À�ä�º«½�½°ç�ê�ë�Á~Â¡ÏÑÂÑÁ~ôC¾�¸°ÂÑÍ¶º«½$ó�ý`Ã�ó�è�¿nÏÃº«¸°Â¡Á~¹[¾�¸°Â¡ºrÀ�¿QÐ�Â¡½R�ÑÐn¹$ÏÒ¹
¹���¾�ÂÑÀ�Å¶Æ«¿Yä�¹rç�ÏÑ¾�¸�º¶Ð�Â¡¿nÏÑ¹C¾�º���ÿ]Ë � Â¡À�ä�Â¡Í¶º«ÁAºQè�¸°¹$½°¹$À�Å¶º=ä�¹�ðn¸�Æ«¿n½xä�¹rè�¿�¹$Â¡¸�ºQÀ�¹$½°½°¹$½7¿nê;�'¹C¾�¿n½$É Ä
Álº�Â¡½LÂ¡À{¾�¹$¸°¹$½°½�º«À{¾�¹MôQï�ç�¹M¿n½´¿nêx�'¹C¾�¿n½´Í$¿nÁ Álº«Â¡¿n¸7ï�ç�º«À{¾�Â¡ä�º«ä�¹Qä�¹Qè�¿�¹$Â¡¸�º×¹$½'¾�Æ«¿ø¹$Á ½°Â¡½'¾�¹$Álº«½
ê�ÂÑÀF�«¸°Â¡¿n½�¿nçwÁ�}�ÏÑ¾�ÂÑè�ÏÑ¿n½$É�Ê�¹´Í$¹$¸'¾�ºlÈ§¿n¸°Álº�ó�ä�¹CÐn¹�å�º¶Ð{¹$¸x¹CÀ�¾�Æ«¿Mº«Ï¡ðnç�Á�¾�Â¡è�¿lä�¹´Í$¿n¸°¸°¹$ÏÃº«Å¶Æ«¿l¹$À{¾�¸°¹
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¾�¸�º�¾�º«Á~¹CÀ�¾�¿×å�Â¡ä�¸°¿�ä�Â¡À�æ«Á~ÂÑÍ$¿=½°Â¡Á~è�Ï¡¹$½$óÒä�¹$½°Í$¿nÀ�½°Â¡ä�¹$¸�º«À�ä�¿cº×è�¸°¹$½°¹$À�Å¶ºwä�¹QÍ¶º«Á~è�¿n½LÁlº«ðnÀ�ôC¾�Â¡Í$¿n½$É
$T¿«Á~¿,Í$¿nÀ�½°¹$ï°¯�ù$À�Í$ÂÃº,ä�º,¹CÐn¿nÏ¡ç�Å¶Æ«¿v¾�¹$Á~è�¿n¸�º«Ï�ä�¹$½'¾�¹øÍ[å�¿�ï�ç�¹«óxÁ~¿n½'¾�¸�º«Á~¿n½lï�ç�¹ø¿1ð+�«½Yº�¾�Â¡À�ðn¹
ê�º�ÂO��º«½´¾�¹$Á~è�¹$¸�º�¾�ç�¸�º«½�¹=º«ÏÑ¾�º×ä�¹$À�½°Â¡ä�º«ä�¹«É,¼<Í$¿nÁ~è�¸°¿�Ð«º«Å¶Æ�¿c¿nê�½°¹$¸'Ð«º«Í$Â¡¿nÀ�º«ÏUä�¹$½'¾�¹$½~Í�å�¿�ï�ç�¹$½~ô
ä�º�ä�ºQ¹$ÁA¸�º«Â¡¿n½%ë��´Éõ�"½'¾�¸°¹$ÏÃº«½�ñìÃÙ¹$ÁrÂÑ¾�¹$Á=ó�¹$ÁAÁ~ô$ä�ÂÃº�ó

1032 − 1033 erg s−1
¹$ÁA¸�º«Â¡¿n½%ë��´É.Î�Â¡½%ë

¾�¹$Á~º«½/ê�Â¡ÀF�«¸°Â¡¿n½ÒÁlº�½�½°ÂÑÐn¿n½$ón¹$À{¾�¸°¹C¾�º«À�¾�¿�ónè�¿n½°½°ç�¹$ÁÙÏ¡ç�Á~Â¡À�¿n½°Â¡ä�º«ä�¹C½ÒÀ�¹$½'¾�º�ê�º«À�ä�ºxä�¹
1035 erg s−1

ó
Â¡À�ä�Â¡Í¶º«À�ä�¿×º«½°½°Â¡ÁÛç�ÁlºQÈ§¿nÀ�¾�¹«ó(À�Æ«¿YÈ§¿�¾�¿«½°È§ôC¸�ÂÑÍ¶º�óKä�¹~¸�º«Â¡¿n½%ë��´É.¼éè�¸°Â¡À�Í$Â¡è�º�Ï/È§¿nÀ{¾�¹rä�¹$½'¾�¹l¹���Í$¹$½°½°¿
¹$ÁÛ¸�º«Â¡¿n½%ë��)ô~¿=ð)�«½�¹���¾�¸°¹$Álº«Á~¹$À{¾�¹~ï�ç�¹$À{¾�¹lä�ºY¸°¹$ðnÂÃÆ«¿Yä�¹~Í�å�¿�ï�ç�¹l¹$À{¾�¸°¹~¿n½�Ð{¹$À{¾�¿n½7¹$½'¾�¹$ÏÃº«¸°¹$½
��Ç"¸°Â¡Ï¡ç�¾�½°ü�Â¡ÂDSÙÿ�½°¿�Ðc÷p¿),/Ô�ó�ÇÒ¿nÏ¡Ï¡¿�Í�ü×÷p¿+·),�ó»��å�¹$ü«¿�ÐîS�Î�ü�Â¡À�À�¹$¸�./(+(+( � É

&).



i È9�a���-��j°�o�a� � ��
�°���lk¥¤nm4¢ �-��¤©���!�Ý¤
η
Îý¤�� æ�� � ¦@�
�!�
¢ ���!��Îý��¢ �%�
�!�Ý�!���4��¨�ªF�u�

èÕkut { EonMB6RCE nMB{z+E7RC@¶\zr�E nMB|� B]H�JKEL\

ß�´¶µ¥´
³ Ù »Mñ�Á}9#Ö�¸Ó¸BÅPÇa¼M¸ÓÁ�º¡Û�¸BÅPÇ�Á�º
�"Áéç�Áé½°Â¡½'¾�¹$ÁlºLê�Â¡ÀF�«¸°Â¡¿7ä�¹x¹$½'¾�¸°¹$ÏÃº«½UÁlº«½°½°ÂÑÐ«º«½$ó�¿nÀ�ä�¹�º«Á´ê�º«½T¹`�'¹C¾�º«Áéðn¸�º«À�ä�¹$½Uï�ç�º«À{¾�Â¡ä�º«ä�¹$½6ä�¹
Álº�¾�ô$¸°ÂÃº~¹$Á<È§¿n¸°Álºrä�¹LÐn¹$À�¾�¿n½x½°ç�è�¹$¸°½LnÀ�Â¡Í$¿«½¶ó.¹���Â¡½'¾�¹Lç�Álºl¸°¹$ðnÂÃÆ«¿lÂ¡À{¾�¹$¸°À�º��r¾�¸�ºB�'¹C¾�õn¸°ÂÃºr¿n¸°ê�ÂÑ¾�º«Ï
ä�ºQ¹$½'¾�¸°¹$ÏÃºQÁ~¹$À�¿n½�Álº«½°½°ÂÑÐ«ºl¿nÀ�ä�¹r¿�Í$¿n¸°¸°¹�¿MÍ�å�¿�ï�ç�¹r¹$À{¾�¸°¹r¹$½'¾�¹$½�Ðn¹$À{¾�¿n½$É��"½'¾�¹rÍ�å�¿�ï�ç�¹rôLÈ§¸°ç�¾�¿
ä�ºlÂ¡À�¾�¹$¸�º«Å¶Æ«¿Q¹$À{¾�¸°¹�¿n½�Ðn¹$À�¾�¿n½$ó ¹´¸°¹$½°ç�ÏÑ¾�ºQ¹$ÁIç�ÁÛº«ç�Á~¹$À{¾�¿Qä�¹�ä�¹$À�½°Â¡ä�º«ä�¹´¹«ó è�¸°Â¡À�Í$Â¡è�º«Ï¡Ár¹$À{¾�¹«ó
ä�¹´¾�¹$Á~è�¹$¸�º�¾�ç�¸�ºQä�¿Yð)�«½$É�í�¿Mè�¹$¸°ÂÃº«½'¾�¸°¿�ó ï�ç�º«À�ä�¿=º«½�¹$½'¾�¸°¹$ÏÃº«½�¹$½'¾�Æ«¿YÁlº«Â¡½�è�¸°õp��Â¡Á~º«½$óKºQä�¹$À�½°Âìë
ä�º�ä�¹Mä�¿n½LÐn¹$À{¾�¿n½�À�ºw¸°¹$ðnÂÃÆ«¿×ä�¿wÍ[å�¿�ï�ç�¹MôQÁlº«Â¡¿n¸7¹«ó"Í$¿nÀ�½°¹$ï°¯�¹$À{¾�¹¶Á~¹$À{¾�¹«ó�¿n½´½°¹$ç�½�¹CÈ§¹$ÂÑ¾�¿n½L½�Æ«¿
Â¡À{¾�¹$À�½°Âk!�Í¶º«ä�¿n½$É

¼8Í¶º«Álº«ä�ºrï�ç�¹7Í¶º«¸�º«ÍC¾�¹$¸°Â¡î¶ºr¿~Í�å�¿�ï�ç�¹Lè�¿�ä�¹7½°¹$¸�ä�ÂÑÐ�Â¡ä�Â¡ä�º´¹$Á�¾�¸°ù$½]È�º«ÂO��º«½$ó�Í$¿nÁ~¿~À�º�!�ðnç�¸�º
*�É *�ó6¿nÀ�ä�¹

D = rWR + rOB

¸°¹$è�¸°¹$½°¹$À�¾�ºvº}½°¹$è�º«¸�º«Å¶Æ«¿v¹CÀ�¾�¸°¹wº«½l¹$½'¾�¸°¹$ÏÃº«½$É�¼IÈ�º«ÂO��ºcÂ¡À�¾�¹$¸°À�º�ó
Í�å�º«Álº«ä�º�ä�¹6¸°¹$ðnÂÃÆ«¿xä�¹6Í$¿nÀ{¾�º�¾�¿
�Ó$ � ó«Í¶º«¸�º«ÍC¾�¹$¸°Â¡î¶º�ºx¸°¹$ðnÂÃÆ«¿x¿nÀ�ä�¹6ºxè�¸°¹$½°½�Æ«¿7ä�¹6º«Á´ê�¿n½/¿n½ÒÐ{¹$À{¾�¿n½
ôTÂ¡ðnç�º«Ï£É

S1

¹
S2

ä�¹$½°Â¡ðnÀ�º«Á+º«½ÒÈ§¸°¹$À{¾�¹$½"ä�¹TÍ[å�¿�ï�ç�¹6è�º«¸�º�¿n½(Ð{¹$À{¾�¿n½/ä�ºxè�¸°Â¡Á%�«¸°Â¡º]¹Tä�ºx½°¹$Í$ç�À�äF�«¸°ÂÃº�ó
¸°¹$½°è�¹$ÍC¾�ÂÑÐ«º«Á~¹$À{¾�¹«É/¼Ýä�Â¡½'¾�æ«À�Í$ÂÃº�Á
�¡À�Â¡Á~º�¹$À{¾�¸°¹]º«½"¹$½'¾�¸°¹$ÏÃº«½"¹6º�½°ç�è�¹$¸'È��¡Í$Â¡¹Uä�¹6Í$¿nÀ�¾�º�¾�¿�ón¿nç�½°¹`�°º�ó�º
è�¿n½°Â¡Å¶Æ«¿L¿nÀ�ä�¹�¿LÍ�å�¿�ï�ç�¹�¹$À{¾�¸°¹�¿n½�Ðn¹$À{¾�¿«½Uô]È§¸°¿nÀ{¾�º«Ï£ó{ô�ä�¹C¾�¹$¸°Á~Â¡À�º«ä�º�Â¡ð«ç�º«ÏÃº«À�ä�¿�ë�½°¹�º«½�è�¸°¹$½°½R��¹$½$»

ρWR v2
WR = ρOB v2

OB.
�3*�ÉÑ÷ �

ÿ]¾�ÂÑÏ¡Â¡î¶º«À�ä�¿
D
¹�º�¾�ºB��º7ä�¹]è�¹$¸°ä�º7ä�¹�Álº«½°½�º�¹$½'È§¹$¸°Â¡Í¶º«Á~¹$À{¾�¹�½°Â¡Á~ôC¾�¸°Â¡Í¶º�ó

Ṁ = 4πr2ρv
ó�¿nê�¾�¹$Á~¿n½$»

rWR =
1

1 + η
1
2

D,
�3*�É¶. �

¿nÀ�ä�¹
η = ṀOBvOB/ṀWRvWR

ó�ô7º�¸�º�î¶Æ«¿~¹$À{¾�¸°¹�¿n½]Á~¿nÁ~¹$À{¾�¿n½6ä�¿n½6Ðn¹$À{¾�¿n½$É
í�º�!�ðnç�¸�º�*�É *�ó�½°¹$ðnç�À�ä�¿��"Â¡Í�å�Ï¡¹$¸PS�ÿ�½°¿�Ð��%÷p¿+¿+* � ó�º�½°ç�è�¹$¸'È��¡Í$Â¡¹

C
è�¿n½°½°ç�Â�ðn¹$¿nÁ~¹C¾�¸°ÂÃºxÍ�LnÀ�Â¡Í¶º�ó

¿nÀ�ä�¹
θ
¸°¹$è�¸°¹$½°¹$À{¾�º~¿læ«À�ðnç�Ï¡¿�ä�¹7º«ê�¹$¸'¾�ç�¸�ºrº«½°½°Â¡À{¾�õ�¾�ÂÑÍ$¿�ó�¹�ô�ä�º�ä�¿~è�¿n¸$»

θ ' 2, 1

(
1− η

2
5

4

)
η

1
3 .

�3*�É * �
Î�ÂÑÁ�ç�ÏÃº�ÅU��¹$½xÀ�ç�Árô$¸°Â¡Í¶º«½�Í$¿nÀ;!�¸°Álº«ÁA¹$½°½�º=º«è�¸°¿p��Â¡Á~º«Å¶Æ«¿Yº«À�º«Ï �Ñ¾�ÂÑÍ¶º�ó�Í$¿nÁ~¿Yè�¿�ä�¹r½°¹$¸�Ð�Â¡½'¾�¿MÁlº«Â¡½

&+*
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þÒÂÑðnç�¸�º
*�É *�» &�n�*�iI_=m�j�eIj	a�jUm�j'eIj�e)_�a��Id4*�iI_�_=mÛi)mÛnobOnoc`_=m�j�7)bZga�U]obOd�a#d'm��@dpnoc`d@�;d']�i)m�j	_#noco]`_=wkjp � _�noixj�a#d'm��xjUg��I_=bZ]0j+h�i)m�j�_#noco]`_=wkj(ö�?tzýôìnoi��@_=]�"=÷Oa=bO_�e)_	a#d'g�c0jUc`d�ulbZgIe+bOa�j'eIj;�;d']
C
h»_=g°*�ixjUg/c`d

*�iI_sj'n´d'gIeIj'n´e)_sa��Id4*�iI_sn0r'd�eIj'eIj'n��;d']
S1
_

S2
',~�n`d�f%254�41.+h@&^bOa��)wO_=]#>1~�n`d�f�254�41ü�3Rz

&/&
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º«ä�ÂÃº«À�¾�¹�À�º�!�ðnç�¸�º�*�ÉÑ÷p*�É
Ç(¿�ä�¹[ë�½°¹�è�¹$¸°Í$¹$ê�¹$¸]è�¹$ÏÃº«½6¹$ï�ç�º«ÅU��¹$½��3*�É¶. � ¹%�3*�É * � ï�ç�¹�¿�Í[å�¿�ï�ç�¹�È§¿n¸°Álº´ç�Álº´½°ç�è�¹$¸'È��¡Í$Â¡¹�ï�ç�¹

¹$À�Í$¿nê�¸°¹Uº]¹$½'¾�¸°¹$ÏÃº]Í$ç��'¿�Ðn¹$À�¾�¿�è�¿n½°½°ç�Â�Á~¹$À�¿n¸KÁ~¿nÁ~¹$À{¾�¿�É(í�¿n¸°Álº«Ï¡Ár¹$À�¾�¹«ó�º]¹$½'¾�¸°¹$ÏÃº]Álº«Â¡½ Álº«½°½°ÂÑÐ«º
è�¿n½°½°ç�Â�¿LÐn¹$À�¾�¿´Í$¿nÁéÁ~¿nÁ~¹$À{¾�¿Lä�¿nÁrÂ¡À�º«À�¾�¹«ó�¹xºL½°ç�è�¹$¸'È��¡Í$Â¡¹�ä�¹�Í�å�¿�ï�ç�¹x½�¹�È§¿n¸°Álº«¸=�7º«¿´¸°¹$ä�¿n¸Tä�º
¹$½'¾�¸°¹$ÏÃº�½°¹$Í$ç�À�äF�«¸°ÂÃº�É

ÇÒº«¸�º=ºMä�¹C¾�¹$¸°Á~Â¡À�º«Å¶Æ«¿Mä�¿n½�è�º«¸�æ«Á~¹C¾�¸°¿n½�À�¿=Í�å�¿�ï�ç�¹«ó(ç�¾�Â¡Ï¡ÂÑî¶º«Á~¿«½�º«½�¸°¹$ÏÃº«ÅU��¹$½�ä�¹
Ã�º«À�ü�Â¡À�¹[ë
~�ç�ðn¿nÀ�Â¡¿«¾��§ä�¹$½°è�¸°¹$î¶º«À�ä�¿L¿n½�Í¶º«Á~è�¿n½�¹CÏ¡¹C¾�¸°¿nÁlº«ðnÀ�ôC¾�Â¡Í$¿n½ � ó{ä�º�ä�º«½�è�¹$ÏÃº�½°¿nÏ¡ç�Å¶Æ«¿7¹C½°¾�º«ÍCÂ¡¿nÀF�«¸°ÂÃº�ä�º«½
¹$ï{ç�º«ÅU��¹$½Òä�¹TÍ$¿nÀ�½°¹$¸'Ð�º«Å¶Æ«¿xä�º]Álº«½°½�º��%÷nÉ · � ó�Á~¿nÁ~¹$À{¾�¿��%÷nÉÑ÷p( � ¹�¹$À�¹$¸°ðnÂÃº��%÷nÉÑ÷n÷ � ó�¸°¹$¹$½°Í$¸°ÂÑ¾�º«½(Í$¿nÁ~¿�»

−→∇ · (ρ−→v ) = 0,
�3*�É & �

ρ
(−→v · −→∇

)−→v = −−→∇P,
�3*�É ò �

ρ−→v · −→∇
(
H + v2/2

)
= −Q,

�3*�É Ô �
¸°¹$½°è�¹$ÍC¾�ÂÑÐ«º«Á~¹$À{¾�¹«ó�¿nÀ�ä�¹

ρ
ô7ºrä�¹$À�½°Â¡ä�º«ä�¹�¹$Á Álº«½°½�º�ä�¿~ð)�«½$ó

P
º�è�¸°¹$½°½�Æ«¿�ó

v
º�Ðn¹$Ï¡¿�Í$Â¡ä�º«ä�¹«ó

H

º�¹$À{¾�º«Ï¡è�ÂÃº´¹
Q
º´Ð�º«¸°ÂÃº«Å¶Æ«¿rä�¹�¹$À�¹$¸°ðnÂÃº�è�¿n¸]ç�À�Â¡ä�º«ä�¹�ä�¹�¾�¹$Á~è�¿rè�¿n¸6ç�À�Â¡ä�º«ä�¹�ä�¹�Ðn¿nÏ¡ç�Á~¹«É

í�¿�¸°¹CÈ§¹$¸°¹$À�Í$ÂÃº«Ï�ä�¿�Í�å�¿�ï�ç�¹«ó�½°ç�è�¿nÀ�ä�¿rç�Á Í�å�¿�ï�ç�¹�ç�À�Â¡ä�Â¡Á~¹$À�½°Â¡¿nÀ�º«Ï�ó
v
è�º«½°½�ºrº´½°¹$¸]º7Ð{¹$Ï¡¿�Í$Âìë

ä�º�ä�¹�¸°¹$ÏÃº�¾�ÂÑÐ�ºL¹$À{¾�¸°¹�¿n½UÐn¹$À{¾�¿n½$É��"Á�ðn¹$¸�º«Ï£ó�¿rÍ�å�¿�ï�ç�¹�¿�Í$¿n¸°¸°¹�¹$Á ¹$½°Í¶º«ÏÃº«½6ä�¹x¾�¹$Á~è�¿�ä�Â¡À�æ«Á~ÂÑÍ¶º«½
Á´ç�ÂÑ¾�¿YÁ~¹$À�¿n¸°¹$½7ï�ç�¹lº=¹$½°Í¶º«ÏÃº=ä�¹r¾�¹$Á~è�¿×¸�º«ä�ÂÃº�¾�ÂìÐ«º�ÉlÊ�¹$½'¾�º=È§¿n¸°Álº�ó

Q
è�¿�ä�¹l½°¹$¸7Í$¿nÀ�½°Â¡ä�¹$¸�º«ä�¿

À�ç�Ï¡¿�À�¿7Â¡À�½'¾�º«À{¾�¹]ä�¿7Í[å�¿�ï�ç�¹«É�í�¹$½'¾�¹�Í¶º«½°¿�ó�½°¹�Í$¿nÀ�½°Â¡ä�¹$¸�º«¸°Á~¿n½�¿	�¡À�ä�Â¡Í$¹#Ü�÷!Þ6è�º«¸�º�¿n½�è�º«¸�æ«Á~¹C¾�¸°¿n½
ä�¿�ð)�«½�º«À�¾�¹$½�ä�¿�Í�å�¿�ï�ç�¹«ó�¹#Ü0.1ÞUè�º«¸�º�¿n½�è�º«¸�æ«Ár¹C¾�¸�¿«½"À�¿7è�õn½%ë�Í[å�¿�ï�ç�¹«ó�º«½�¹$ï�ç�º«ÅU��¹$½��3*�É & � �%�3*�É Ô �
½°¹�¾�¿n¸°À�º«Á=»

ρ1v1 = ρ2v2,
�3*�É¶, �

P1 + ρ1v
2
1 = P2 + ρ2v

2
2,

�3*�É · �
&{ò
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H1 +
v2

1

2
= H2 +

v2
2

2
.

�3*�É ¿ �

Ä ½°Â¡½'¾�¹$Álº�ä�¹�¹$ï�ç�º«ÅU��¹$½�º«Í$Â¡Álº�ó�½°ç�è�¿nÀ�ä�¿~ç�Á�ð)�«½6Â¡ä�¹¶º«Ï£ó�¾�¹$Á�Í$¿nÁ~¿r½°¿nÏ¡ç�ÅU��¹$½�º�ä�¹$À�½°Â¡ä�º«ä�¹
¹�º�¾�¹$Á~è�¹$¸�º�¾�ç�¸�º�À�¿~è�õn½6Í[å�¿�ï�ç�¹«ó�ä�º«ä�º«½]è�¿n¸$»

ρ2

ρ1

=
(γ + 1) M 2

(γ − 1) M 2 + 2
,

�3*�ÉÑ÷p( �

ρ2T2

ρ1T1

=
2γM2 − (γ − 1)

(γ + 1)
,

�3*�ÉÑ÷n÷ �
¿nÀ�ä�¹

M = v1 (γkBT1/µmH)
1
2

ô�¿rÀI}�Á~¹$¸°¿rä�¹��×º«Í[å=À�¿rè�¸°ô[ë�Í�å�¿�ï�ç�¹«É
û6Â¡è�Â¡Í¶º«Á~¹$À{¾�¹«óU¹$½'¾�¸°¹$ÏÃº«½ Ä Ò ¹=ñìÃ�óTº«è�¸°¹$½°¹$À�¾�º«Á Ðn¹$À{¾�¿n½QÍ$¿nÁ Ðn¹$Ï¡¿�Í$Â¡ä�º«ä�¹C½l¾�¹$¸°Á~Â¡À�º«ÂÑ½~ä�¹

v = 2000−3000 km s−1
ó�¹]¾�ºB��º«½�ä�¹�è�¹$¸°ä�º7ä�¹�Álº«½°½�º

Ṁ ∼ 10−5 M� ano−1
�3Kº«Á~¹$¸°½�./(+(�÷ � É

í�¿�¾�¹�ï�ç�¹«ó�À�¿�Í¶º«½°¿rä�¹�¹$½'¾�¸°¹$ÏÃº«½ Ä ë`Ò0¿n½UÐn¹$À{¾�¿n½]½�Æ«¿r½°ç�è�¹$¸°½LnÀ�Â¡Í$¿n½$ó�Í$¿nÁ
M >> 1

É�í�¹$½'¾�¹�Í¶º«½°¿�ó
º«½/¹$ï�ç�º«ÅU��¹$½��3*�ÉÑ÷p( � ¹	�3*�ÉÑ÷n÷ � È§¿n¸°À�¹$Í$¹$Á

ρ2 ∼ 4ρ1

¹
T2 ∝ T1M

2
ÉÒ¼�½°½°Â¡Á=ón¹$Á´ê�¿n¸�ºxº«½/ä�¹$À�½°Â¡ä�º«ä�¹$½

¹���º�¾�º«Á~¹$À�¾�¹�À�¿rè�õn½%ë�Í�å�¿�ï�ç�¹�À�Æ«¿r½°¹`�°º«Á�Á´ç�ÂÑ¾�¿�º«ÏÑ¾�º«½$ó�º«½6¾�¹$Á~è�¹$¸�º�¾�ç�¸�º«½�º�¾�Â¡À�ð«¹$Á
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È§¹C¸�ùCÀ�Í$ÂÃº}¸�º«ä�ÂÃº�¾�ÂÑÐ�ºcÀ�¹$½'¾�¹$½MÍ$¿nÁ~è�¸°Â¡Ár¹$À�¾�¿n½rä�¹×¿nÀ�ä�º�ó6¿}Á~¿�ä�¹$Ï¡¿pä�¹wÍ�å�¿�ï�ç�¹w½�º�¾�ÂÑ½°È�º�î=¾�º«À{¾�¿vº
ä�¹[¾�¹C¸�ÁrÂ¡À�º«Å¶Æ«¿rä�¿n½]è�º«¸�æ«Á~¹C¾�¸°¿n½6¿n¸°ê�ÂÑ¾�º«ÂÑ½UÍ$¿nÁ~¿~º�½°¿nê�¸°¹CÐ�ÂÑÐ{ù$À�Í$ÂÃºrä�¹�ðn¸�Æ«¿n½6À�¹$½'¾�¹$½�º«Á´ê�Â¡¹$À�¾�¹$½$É

èÕk
è F��YRC@$SUP7X#r�EOP
η Carinae

ß�´�ß�´
³ ��Å�Ça¼MÁ#Ð�Ö�¿£À�Á
η
¥ �«�[������� ô�ç�Álº]¹$½'¾�¸°¹$ÏÃº]è�¹$Í$ç�Ï¡ÂÃº«¸ ¹$À{Ð{¿nÏÑÐ�Â¡ä�º]è�¿n¸(ç�Álº6ä�¹$À�½�º�À�ç�Ðn¹$Á8ä�¹�ð)�«½(¹�è�¿�¹$Â¡¸�º�ó�È§¿n¸°Álº«ä�º

è�¿n¸x½°¹$ï°¯�ù$À�Í$ÂÃº«½�ä�¹´¹$è�Â¡½°õ�ä�Â¡¿n½�ä�¹´¹`�'¹$Å¶Æ«¿Mä�¹´Álº«½°½�º�ó�Í¶º«¸�º«ÍC¾�¹$¸R�¡½°ÂÑ¾�Â¡Í$¿~ä�¹´ç�Álºl¹$½'¾�¸°¹$ÏÃºlÏ¡ç�Á~Â¡À�¿n½�º
º«îCç�Ï�Ð�º«¸°Â �¶Ð{¹$Ï��3�Ò�ËÝë ®Ò�����������{�}�]¯ ���%���«�[���{±$¯¡���=� É"Î�ç�º�Á~º«½°½�º�è�¿�ä�¹]½°¹$¸�¹$½'¾�Â¡Álº«ä�º�º�è�º«¸'¾�Â¡¸/ä�º
Ï¡ç�Á~Â¡À�¿n½°Â¡ä�º«ä�¹´ê�¿nÏ¡¿nÁ~ô[¾�¸°ÂÑÍ¶º�ó.Í$¿n¸°¸°¹$½°è�¿nÀ�ä�¹$À�ä�¿wºYç�ÁÛ¿nê;�'¹C¾�¿Yä�¹

120 M�

ó È�º«î$¹$À�ä�¿=ä�¹
η Car

ó
½°¹�Â¡À�ä�ÂÑÐ�Â¡ä�ç�º«Ï�ó�º�¹$½'¾�¸°¹$ÏÃº�Álº«Â¡½6Á~º«½°½�ÂìÐ«º�ä�º
��º«Ï �B��ÂÃº�É

Ê�ç�¸�º«À{¾�¹~¿n½�}�ÏÑ¾�Â¡Á~¿«½�º«À�¿n½7½°ç�¸°ðnÂ¡¸�º«ÁAÈ§¿n¸'¾�¹$½7¹CÐ�Â¡ä�ù$À�Í$ÂÃº«½�è�º«¸�º=ï�ç�¹
η Car

½°¹`�°º=¹$À�¾�¹$À�ä�Â¡ä�º�ó
À�ºM¸°¹¶º«ÏÑÂ¡ä�º«ä�¹«ó Í$¿nÁ~¿Mç�ÁA½°Â¡½'¾�¹CÁlºMê�Â¡ÀF�«¸°Â¡¿�ÉLþ�¿nÂ/À�¿«¾�º«ä�ºQç�ÁlºMè�¹$¸°Â¡¿�ä�Â¡Í$Â¡ä�º«ä�¹´ä�¹~ò�ó ò+.Mº«À�¿n½�À�º
Í$ç�¸°Ð�ºlä�¹LÏ¡ç�î7¹$Á<ý`Ã ��ñ�å�ÂÑ¾�¹$Ï¡¿�Í[ü �C�]�«¯Ñµ ÷p¿+¿/& � ó�À�º~Ï¡Â¡À�å�º�ä�¹´º«ÏÑ¾�ºr¹���Í$ÂÑ¾�º«Å¶Æ«¿lä�¿�~�¹$ý

λ10830 ���Êxº«Á~ÂÑÀ�¹$Ï¡Â]÷p¿+¿+Ô � ¹lÀ�º×Ðn¹$Ï¡¿�Í$Â¡ä�º«ä�¹l¸�º�ä�ÂÃº«Ï�ä�º×Ï¡Â¡À�å�º=ä�¹MÇÒº
γ
ó/ï�ç�¹Q¾�º«Á´ê�ô$ÁgÂ¡À�ä�Â¡Í¶º=ç�Álº×º«ÏÑ¾�º

¹���Í$¹$À�¾�¸°Â¡Í$Â¡ä�º«ä�¹Uè�º«¸�º�ºxõn¸°ê�ÂÑ¾�º�ä�¿�½°Â¡½'¾�¹$Álº���Êxº«Á~Â¡À�¹$Ï¡Â�ó)$T¿nÀ{¾�ÂMSì ¿nè�¹$½6÷p¿+¿), � É(¼0è�¹$¸°Â¡¿�ä�Â¡Í$Â¡ä�º«ä�¹
ä�¹6ò�ó ò+.�º«À�¿n½(È§¿nÂ�¾�º«Á´ê�ô$Á ¿nê�½°¹$¸'Ð«º«ä�º�¹$Á+¸=�«ä�Â¡¿��Ó$T¿p� �C�(�«¯Ñµ ÷'¿+¿{ò�ó«¼�ê�¸�º«å�º«Á S�Êxº«Á~Â¡À�¹$Ï¡Â�÷p¿+¿+¿�ó
Ê�ç�À�Í¶º�ÀÄSÙñ�å�ÂÑ¾�¹�./(+(+*�ó�¼�ê�¸�º«å�º«Á �C�]�«¯Ñµ ./(+(+* � É Ä ê�½°¹$¸'Ð«º«ÅU��¹$½xÍ$¿nÁI¿~Ë��ÒTý]Á~¿«½°¾�¸�º«Á ç�Álº
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¼�¸°ðnç�Á~¹$À{¾�¿n½�Í$¿nÀ{¾�¸=�«¸°Â¡¿n½�º«¿~Á~¿�ä�¹$Ï¡¿~ê�Â¡ÀF�«¸°Â¡¿´Ð�Â¡¹$¸�º«Á ä�¹7¿nê�½°¹$¸'Ð�º«ÅU��¹$½x¹C½�è�¹$ÍC¾�¸°¿n½°Í$õnè�Â¡Í¶º«½xä�¹
º«Ïì¾�º�¸°¹$½°¿nÏ¡ç�Å¶Æ«¿7ä�¿�~xÎ�ûÚ��Êxº¶Ð�Â¡ä�½°¿nÀ.ó�ý�½°å�Â¡ê�º«½°å�Â½Sy��ç�Ï¡Ï�./(+(+( � ó�º«½�ï�ç�º«Â¡½�Á~¿n½'¾�¸�º«Á�ï�ç�¹«ó�¹$Á´ê�¿n¸�º
º«½�Ðn¹$Ï¡¿�Í$Â¡ä�º«ä�¹$½�¸�º«ä�ÂÃº«Â¡½�ä�º«½�Ï¡Â¡À�å�º«½�ä�¹�¹$Á~Â¡½°½�Æ«¿Lè�¸°õ'��Â¡Álº«½�ä�º7¹$½'¾�¸°¹$ÏÃº7Ð�º«¸°ÂÃº«Á=ó{¹$½'¾�º«½U½�Æ«¿LÂ¡À�Í$¿nÁ�ë
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gId�f/bZn$÷Zf�_=wz'�$¥)6vP3#'«�xjUbZgI_=w½ô¥3"_ph)a#d'bZgIa=bOe+bZgIe)d�a#d'mÚjÝ�;dpnobOq�r'd	eIj8"Td'g/c`_
'=*�ixj'e+]0j'e)d�3Rh»d+7In`_=]ofpj'q�:�_#ns_=mé]
�'e+bOd�a#d'm d���C�?�o´gId�m�÷Zg)bZm	dq'«�;jUb¶gx_Rw�?�3�_�gId�m@�! +bZm	dq'«�xjUbZgI_=w 5 3
' " i)gIa�jUg»hp �)bZc`_8>1CFbZm*254�4��13Rz
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è�º�¾#�ìÐ{¹$Â¡½�Í$¿nÁ ¿n½�è�º«¸�æ«Á~¹C¾�¸°¿n½�¿n¸°ê�ÂÑ¾�º«Â¡½]ä�¹´Êxº«Á~Â¡À�¹$Ï¡Â�ó�$T¿nÀ{¾�ÂóSë.¿nè�¹$½��%÷p¿+¿), � É�Ê�¹$½°Í¶º«¸'¾�º«À�ä�¿Mº
½°ç�è�¿n½°Â¡Å¶Æ«¿Qä�¹7ç�Á<½°Â¡½'¾�¹$Álº~ê�Â¡ÀF�«¸°Â¡¿�ó�¿n½�¹CÐ{¹$À{¾�¿n½xè�¿�ä�¹$¸°ÂÃº«Á ½°¹$¸�¹���è�Ï¡Â¡Í¶º«ä�¿n½�Í$¿nÁ~¿l¸°¹$½°ç�ÏÑ¾�º«ä�¿lä�¹
¹`�%¹$ÅU��¹$½�ä�¹]Í¶º«Álº«ä�º«½"ä�¹]Álº�¾�ô$¸°ÂÃº�ä�¹$À�½�º�ó�ï�ç�¹�º«ê�½°¿n¸'Ðn¹$¸°ÂÃº�¿7ÿ]Ë´ón¸°¹$½°è�¿nÀ�½=�¶Ð{¹$Ï�è�¹$ÏÃº�Â¡¿nÀ�Â¡î$º«Å¶Æ«¿�ä�¿
ä�ÂÑ½�ÍC¿�ó.è�¸°¿nè�Â¡Í$ÂÃº«À�ä�¿l¿MÍC¸�¹C½�ÍCÂ¡Á~¹$À�¾�¿Qä�¹�ðn¸�Æ«¿n½�ï�ç�¹�Í$¿n¸°¸°¹$½°è�¿nÀ�ä�¹$Á º«¿Q¹���Í$¹$½°½�¿YÀ�¿Mý`Ã �Ó�.º«À�¹$Ï¡ÏÃº�ó
ñp¿nÏÑÈ9S�Î�¾�º«å�Ï"÷p¿+·/&�óF�×º«¸'¾�Â¡ÀîSéÑ�¿nè�è�¹$Ï¡Álº«À�./(+(/& � É

�"À{¾�¸°¹C¾�º«À{¾�¿�ó�¾�º«ÏÑÐn¹$îø¿1Álº«Â¡½lÈ§¿n¸'¾�¹øÂ¡À�ä@�¡Í$Â¡¿vä�º,À�º�¾�ç�¸°¹$î¶º1ê�Â¡ÀF�«¸°ÂÃº}ä�¿4½°Â¡½'¾�¹$Álº}Ðn¹$À�å�º4ä�º«½
Í$ç�¸°Ð�º«½xä�¹LÏ¡ç�î7¹$Á<¸�º«Â¡¿n½%ë��´É�¼�½xº«ÏÑ¾�º«½�¹$Á~ÂÑ½�½R��¹$½�À�¹$½°½�ºQê�º«À�ä�ºlÀ�Æ«¿lè�¿�ä�¹$ÁI½°¹$¸�è�¸°¿�ä�ç�î$Â¡ä�º«½�è�¿n¸
¹`�%¹$ÅU��¹$½�è�¹$¸°Â¡õ�ä�Â¡Í¶º«½6ä�¹�Álº«½°½�ºrÍC¿nÁ~¿rè�¸°¿nè�¿n½'¾�¿~Álº«½$ó�½�Æ«¿rÈ�º«Í$Â¡Ï¡Ár¹$À�¾�¹x¹���è�Ï¡Â¡Í¶º«ä�º«½]Í$¿nÁ�¿rç�½°¿lä�¹
ç�Á<Á~¿�ä�¹$Ï¡¿~ä�¹´Í$¿nÏ¡Â¡½�Æ«¿~ä�¹7Ð{¹$À{¾�¿n½$ó.Í$¿nÁ~¿lä�¹$½°Í$¸°ÂÑ¾�¿QÀ�ºl½°¹$Å¶Æ«¿Yº«À{¾�¹$¸°Â¡¿n¸$É Ä ½�¹CÐn¹$À�¾�¿n½xä�¹Q÷p¿+¿),r¹
./(/(+*�ó�Í¶º«¸�º«ÍC¾�¹$¸°Â¡î¶º«ä�¿n½(è�¿n¸(Á
�¡À�ÂÑÁ~¿«½KÀ�º�Í$ç�¸'Ð�º�ä�¹TÏÑç�î�¹$Á8¿nç�¾�¸°¿n½(Í$¿nÁ~è�¸°Â¡Ár¹$À�¾�¿n½ ä�¹T¿nÀ�ä�º�ó�È§¿n¸�º«Á
¾�º«Á´ê�ô$Á8¿nê�½°¹$¸'Ð«º�ä�¿n½/¹$Á+¸�º«Â¡¿n½%ë��´ó�è�¸°¹$Í$¹$ä�Â¡ä�¿n½Òè�¿n¸Òç�Á+º«ç�Á~¹$À{¾�¿�À�º�ä�¹$À�½°Â¡ä�º«ä�¹Tä�¹�ö�çx��¿��T!�ðnç�¸�º
*�É , � É Ä º«ç�Á~¹$À{¾�¿×À�¿×ö�çx��¿wôQº�¾�¸°Â¡ê�ç@�¡ä�¿×º«¿wº«ç�Á~¹$À{¾�¿×À�º×Â¡À{¾�¹$À�½°Â¡ä�º«ä�¹~ä�¿wÍ�å�¿�ï�ç�¹��=Á~¹$ä�Â¡ä�º
ï�ç�¹øº«½M¹$½'¾�¸°¹$ÏÃº«½Q½°¹cº«è�¸°¿'��Â¡Álº«Á`ä�¿,è�¹$¸°ÂÃº«½'¾�¸°¿ ��Ç"ÂÑ¾°¾�º«¸°ä �C�~�«¯Ñµ ÷p¿+¿+·�ó]Ç"ÂÑ¾°¾�º«¸°äàS $T¿n¸°Í$¿n¸�º«À
./(/(). � É�Ì+��¿rä�¹$Í$Ï �¡À�Â¡¿´¹$Á�¸�º«Â¡¿n½%ë�� ô�ç�Á�è�¸°¿nê�Ï¡¹$Álº´½°¹$Á�½°¿nÏ¡ç�Å¶Æ«¿�É"Ç"ÂÑ¾°¾[º�¸�äqSé$T¿n¸°Í$¿n¸�º«À²�Ó./(+(). �
º«¸°ð«ç�Á~¹$À�¾�º«Á�ï�ç�¹7¿~ä�¹$Í$Ï �¡À�Â¡¿rô7Í¶º«ç�½�º«ä�¿lè�¿n¸�ç�Á<º«ç�Á~¹$À{¾�¿~À�º~º«ê�½°¿n¸°Å¶Æ«¿lä�¹$½'¾�¹$½�È§õ«¾�¿nÀ�½$ó�¹�À�Æ«¿
è�¿n¸�ç�Álºr¹CÐ{¹$À{¾�ç�º«ÏÒ¸°¹$ä�ç�Å¶Æ«¿QÀ�º~¹$Á~Â¡½°½�Æ«¿�É Ä º«ç�Á~¹$À{¾�¿lÀ�ºlä�¹$À�½°Â¡ä�º«ä�¹LÍ$¿nÏ¡ç�À�º«¸�ä�¹�~7ó�º
!�Á<ä�¹
¸°¹$è�¸°¿�ä�ç�î$Â¡¸�¿Mä�¹$Í$Ï �ÑÀ�Â¡¿l¿nê�½°¹$¸'Ð«º«ä�¿�ó.è�¿�ä�¹$¸°ÂÃºl½°¹$¸x½�º�¾�Â¡½'È§¹$ÂÑ¾�¿lÍ$¿nÁIç�ÁIº«ç�Á~¹$À�¾�¿Q¹$Á ./(rÐ{¹$î$¹$½�À�º
¾�ºB��º�ä�¹�è�¹$¸°ä�ºrä�¹�Álº«½°½�º�ä�º�¹$½'¾�¸°¹$ÏÃº�É

�"Á)þ�º«Ï¡Í$¹C¾�º�ë0��¿nÀ�Å¶º¶Ðn¹$½$ó�Ìnº�¾�¹$À�Í$¿�ë%Ç(¹$¸°¹$Â¡¸�º^S�¼�ê�¸�º«å�º«Á �Ó./(+({ò � ó�è�¸°¿nè�¿nÁ~¿«½�ç�Á¤Á~¿�ä�¹$Ï¡¿�ï�ç�¹
Í$¿«À�¾�¹$Á~è�ÏÃºLº«½Uä�ç�º«½6å�Â¡è�õ«¾�¹$½°¹$½$»�ç�Áé½°Â¡½'¾�¹$ÁlºLê�Â¡ÀF�«¸°Â¡¿7¹�ºL¹`�'¹$Å¶Æ«¿�ä�¹xÍ¶º«Álº«ä�º«½Uä�¹xÁlº�¾�ô$¸°ÂÃº�É/í�õn½
ç�¾�Â¡ÏÑÂ¡î¶º«Ár¿n½�º7å�Â¡è�õ«¾�¹$½°¹�ä�¹�½°Â¡½'¾�¹$Álº�ê�Â¡ÀF�«¸°Â¡¿�è�º«¸�º7¹���è�Ï¡Â¡Í¶º«¸�º«½�¹$Á~Â¡½°½�Æ«¿7¹$Á¤¸�º«Â¡¿n½%ë�� è�¹$ÏÑ¿LÍ�å�¿�ï�ç�¹
ðn¹C¸�º«ä�¿wÀ�º×Í$¿nÏ¡Â¡½�Æ«¿×¹$À{¾�¸°¹Q¿n½7Ð{¹$À{¾�¿n½$É Ä ï�ç�¹MÍ�å�º«Álº«Á~¿n½7ä�¹l¹`�'¹$Å¶Æ«¿øä�¹QÍ¶º«Álº«ä�º�½Lä�¹QÁlº�¾�ô$¸°ÂÃº
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¹�ç�Álº�¹$½'¾�¸�¹CÏÃº7ñìÃ0¾=�¡è�Â¡Í¶º�ó

�×ï�ç�º«ÏUº�¾�¸°Â¡ê�ç@�¡Ár¿n½7ç�ÁgÐn¹$À{¾�¿cÍ$¿nÁ ¾[ºp��ºwä�¹Qè�¹$¸°ä�ºwä�¹QÁ~º«½°½�º×¹lÐn¹$Ï¡¿�Í$Â¡ä�º«ä�¹l¾�¹$¸°Á~Â¡À�º«Ï�ä�º«ä�º«½
è�¿n¸$ó

ṀWR = 10−5 M� ano−1
¹

vWR = 3000 km s−1
óÒ¸°¹$½°è�¹$ÍC¾�ÂÑÐ«º�Á~¹$À�¾�¹«É Ä ½Lè�º«¸�æ«Á~¹C¾�¸°¿n½
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þÒÂÑðnç�¸�ºs*�É¶,�» ô�a=i)]ofpj´e)_^wZi��"d+7In`_=]ofpj'eIj´_=m9]0jUbOdpn�����e)_
2−10 KeV

',oÓn$�)b�7xj'n$�)b�h 5 d']`a#d']0jUg�> " j#f/bOe)n`d'g254�4�4�3Rz
ä�¿vÐn¹$À�¾�¿1ä�¹

η Car
½�Æ«¿1Í$¿nÀ�å�¹$Í$Â¡ä�¿n½MÍ$¿nÁ è�¿nç�Í¶º,è�¸°¹$Í$Â¡½�Æ«¿�Éé~�Â¡Ï¡ÏÑÂÑ¹$¸ �C�~�«¯Ñµ �Ó./(+(�÷ � ¿nê�¾�ù$Á

vηCar ' 500− 700 km s−1
¹«ó�ä�¹xº«Í$¿n¸°ä�¿´Í$¿nÁ º«½T½°Â¡Á´ç�ÏÃº«ÅU��¹$½�ä�¹�Ç"ÂÑ¾°¾�º«¸°ä�SÚ$T¿n¸°Í$¿n¸�º«À5�Ó./(+(). � ó

ç�Á~º7¾�ºB��ºLä�¹xè�¹$¸°ä�ºLä�¹xÁlº«½°½�ºLä�¹
ṀηCar = 2, 5× 10−4 M� ano−1

è�¸°¿nÁ~¿�Ðn¹�¿´Á~¹$Ï¡å�¿n¸Tº��'ç�½'¾�¹
º«¿r¹$½°è�¹$ÍC¾�¸°¿lä�¹�¸�º«Â¡¿n½%ë�� ¿nê�½°¹$¸'Ð«º«ä�¿�É

Ç(¿nç�Í$¿r½°¹�½�º«ê�¹x¾�º«Á´ê�ô$Áé½°¿nê�¸°¹�¿n½Uè�º«¸�æ«Á~¹C¾�¸°¿n½U¿n¸°ê�ÂÑ¾�º«ÂÑ½¶óp�R�Lï�ç�¹�¿�½°Â¡½'¾�¹$ÁlºLÀ�Æ«¿�ô�¸°¹$½°¿nÏÑÐ�Â¡ä�¿
¹$½°è�º�Í$ÂÃº«Ï¡Á~¹$À�¾�¹«É�¼�½�¿nê�½°¹$¸'Ð«º«ÅU��¹$½�Â¡À�ä�Â¡Í$º«Á<ï�ç�¹´ºlõn¸°ê�ÂÑ¾�º~¹$½'¾#�l¹$ÁIç�ÁIè�ÏÃº�À�¿Qï�ç�¹´ï�ç�º«½°¹´Â¡À{¾�¹$¸%ë
Í$¹Cè�¾�ºrº´Ï¡Â¡À�å�º7ä�¹xÐ�Â¡½�º«ä�º���¹Cä�ðn¹[ë�¿nÀ � ó�¹xè�º«¸�º´¹���è�Ï¡Â¡Í¶º«¸T¿n½Tö�çx��¿n½6¹$Á ¸�º«Â¡¿n½%ë��´ó�ôxÀ�¹$Í$¹$½°½=�«¸°ÂÃº�ç�Álº
½°¹$è�º�¸�º�Å¶Æ«¿lä�¹

D ∼ 3
ÿ�¼8À�¿lè�¹$¸°ÂÃº«½'¾�¸°¿�ÉUÊxº«Á~Â¡À�¹$Ï¡Â �C�6�«¯Ñµ �%÷p¿+¿), � ä�¹C¾�¹$¸°Á~Â¡À�º«Á�ç�Álºr¹#��Í$¹$À�¾�¸°Âìë

Í$ÂÑä�º«ä�¹~¿n¸°ê�ÂÑ¾�º«Ï/ä�¹%(�ó Ô+*YºYè�º«¸'¾�Â¡¸�ä�ºYÐn¹$Ï¡¿�Í$Â¡ä�º«ä�¹r¸�º«ä�ÂÃº«Ï/ä�º«½�Ï¡Â¡À�å�º«½�ä�¹~Ç/º
γ
¹lÇÒº

δ
ó(¹$À�ï�ç�º«À{¾�¿

ï�ç�¹6Êxº�Ð�Â¡ä�½°¿nÀ��%÷p¿+¿), � ónº«À�º«Ï¡Â¡½�º«À�ä�¿�¿n½/Á~¹$½°Á~¿n½Òä�º«ä�¿n½�º«è�¿nÀ�¾�º�è�º«¸�ºxç�Álº�¹���Í$¹CÀ�¾�¸°Â¡Í$Â¡ä�º«ä�¹UÁlº«Â¡¿n¸
�
e = 0, 8

� Éwÿ�Álº=¹���Í$¹$À{¾�¸°Â¡Í$Â¡ä�º«ä�¹Mº«Â¡À�ä�º=Álº«Â¡¿n¸$ó
e = 0, 9

ó/ôQº«è�¿nÀ{¾�º«ä�º×è�¿n¸�$T¿n¸°Í$¿n¸�º«À �C���«¯Ñµ
�Ó./(/(�÷ � º�!�Á ä�¹Q¸°¹$è�¸°¿�ä�ç�î$Â¡¸´ºwÍ$ç�¸'Ð�ºwä�¹QÏ¡ç�îl¹$Áú¸�º«ÂÑ¿n½%ë��´ÉÒÇ(¿n¸�!�Á=ó"º×è�¿n½°Â¡Å¶Æ«¿wä�¿wè�¹$¸°ÂÃº«½'¾�¸°¿
Í$¿«Á¤¸°¹$ÏÃº«Å¶Æ«¿7º«¿7¿nê�½°¹$¸'Ð«º«ä�¿n¸�ô�ä�¹C½�ÍC¿nÀ�å�¹$Í¶Â¡ä�º�É�Î�¹$ðnç�À�ä�¿L¿7À�¿n½°½°¿LÁ~¿�ä�¹$Ï¡¿�ó{è�º«¸�º�ï�ç�¹�º7º«ê�½°¿n¸°Å¶Æ«¿
ä�¿=ö�çx��¿w¹$Á ¸�º«Â¡¿�ë��é½°¹`�°º×¹�!�ÍCÂ¡¹$À�¾�¹«ó/ô~À�¹$Í$¹$½°½=�«¸°Â¡¿wï�ç�¹Qº×Í$º«Álº«ä�º=ä�¹lð)�«½7ä�¹$À�½°¿wÂ¡À{¾�¹$¸°Í$¹$è�¾�¹Qº
Ï¡ÂÑÀ�å�ºYä�¹~Ð�Â¡½�º«ä�º��YÈ§¿nÀ{¾�¹~ä�¹l¸�º«Â¡¿n½%ë��´ó ï�ç�¹lôl¿×Í�å�¿�ï�ç�¹Qè�¿n½°Â¡Í$Â¡¿nÀ�º«ä�¿=¹$À{¾�¸�¹lº«½L¹$½'¾�¸°¹$ÏÃº«½$É=ÇÒº«¸�º
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�Id�*�iI_pz
öíau÷Z]`a=i)wOdpn�a��I_=bOd�_�fpj��#bOd�]`_u�)]`_#n`_=g�c0jUm

η Car
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d�a��Id4*�iI_^" ]`d'g/c0jUw´d'gIe)_
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Φ = 0

ó
¿nÀ�ä�¹

Φ
ô�¿�æ«À�ðnç�Ï¡¿]ä�¹�è�¿n½°Â¡Å¶Æ«¿�ä�º]½°¹$Í$ç�À�äF�«¸°ÂÃº]¹$Á ½°ç�º]õn¸°ê�ÂÑ¾�º6Í$¿nÁ�¸°¹$ÏÃº«Å¶Æ«¿��

η Car
� É(û(¿nÁlº«Á~¿n½

e = 0, 9
�§Ï¡Â¡À�å�ºs!�À�º � ¹

e = 0, 95
�§Ï¡Â¡À�å�º�ðn¸°¿n½°½�º � ónè�º«¸�ºxï�ç�º«Ï¡ï�ç�¹$¸/¿nç�¾�¸°¿xÐ�º«Ï¡¿n¸Òä�¹6¹#��Í$¹$À�¾�¸°Â¡Í$Â¡ä�º«ä�¹

È§¿«¸�º�ä�¹$½'¾�¹6Â¡À�¾�¹$¸'Ð�º«Ï¡¿�ó«¿�ºB�'ç�½'¾�¹UÀ�Æ«¿�ôU¸�º«î$¿)�¶Ðn¹$Ï£É/í�¿�è�º«ÂÑÀ�¹$Ï�Â¡À�È§¹$¸°Â¡¿n¸$ó«ºx¹���Í$¹$À{¾�¸°Â¡Í$Â¡ä�º«ä�¹TÈ§¿nÂx!;��º«ä�º

ò�·
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η
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η Carinae

þÒÂÑðnç�¸�º%*�ÉÑ÷p(�»'" j'e)dpntd+7In`_=]ofpj'a=bOd'gxjUbOn�_=mÛ]0jUbOd�����' au÷Z]`a=i)wOdpn3��xjU]0j�d�_=f�_=g�c`d�e)_�254�4���e)_�oÓn$�)b�7xj'n$�)b´N=V
S'M-,�'n254�4�4�3�_�a=i)]ofpj'n�e)_�wZi���c0_=v']`bZa�j'n��xjU]0j

ṀηCar = 2, 5× 10−4 M� ano−1 z \^jUbZgI_=w�noi��;_=]obOd']5�ó�xjU]0j
Φ = 0

h
e = 0, 9

' wZbZg��xj^øIgxj�3�_
e = 0, 95

' wZbZg��xj;�p]`dpn`n0j�3Rz	\^jUbZgI_=w�bZg�"T_=]obOd']5���xjU]0j
e = 0, 95

h
Φ = 0' wZb¶g°�xjÝ�p]`dpn`n0j�3"_

Φ = 30o ' wZbZg��xj�øIgxj�3¥'=<xjUwOa#_=c0j!��&td'gIq�j�fB_#n�ha?�jUc`_=gIa#d��3\�_=]`_=bZ]Rj@>�ôP7)]0j��xjUmI.1010�Q�3Rz
ò�¿
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η
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η Carinae

¹$Á
e = 0, 95

¹Yº«½rÍ$ç�¸'Ð«º«½r¸°¹$è�¸°¹$½°¹$À�¾�º«Á
Φ = 0

�§Ï¡Â¡À�å�ºwðn¸°¿n½°½�º � ¹
Φ = 30o

�§Ï¡Â¡À�å�º�!�À�º � ó�¹
À�¿�Ð�º«Á~¹$À�¾�¹�¿lºB�'ç�½'¾�¹�À�Æ«¿rô�ê�¿nÁ�è�º«¸�º�¿nç�¾�¸°¿�Ð�º«Ï¡¿n¸6ä�¹

Φ
È§¿n¸�º�ä�¿rÂ¡À{¾�¹$¸'Ð«º«Ï¡¿�¹$À{¾�¸°¹

0o
¹

30o
É

$T¿nÁ~¿QÐ�Â¡½'¾�¿YÀ�º�!�ðnç�¸�º�*�ÉÑ÷p(�ó ¿×ºB�'ç�½'¾�¹rÀ�Æ«¿YôrÁ´ç�ÂÑ¾�¿M½°¹$À�½R�ÑÐn¹$Ï��QÐ«º«¸°ÂÃº«Å¶Æ�¿Yä�¿n½�è�º«¸�æ«Á~¹C¾�¸°¿n½
¿n¸°ê�Âì¾[º�Â¡½$É7¼�è�¹$À�º«½�è�¿�ä�¹$Á~¿n½�º�!�¸°Álº«¸xï�ç�¹~ºQ¹���Í$¹$À�¾�¸°Â¡Í$Â¡ä�º«ä�¹�ä�¹CÐn¹~¹$½'¾�º«¸�¹$À{¾�¸°¹
(�ó ¿Q¹
(�ó ¿{ò�ó.¹�¿
è�¹$¸°ÂÃº«½'¾�¸°¿lä�¹CÐ{¹´¹$½'¾�º«¸�è�¸°õ'��Â¡Á~¿%�lÍ$¿nÀ��'ç�À�Å¶Æ«¿Qä�¿l½°Â¡½'¾�¹$Álº�É��"À{¾�¸°¹C¾�º«À{¾�¿�ó�Í$¿nÁ~¿Qº~è�¸°¿«È§ç�À�ä�Â¡ä�º«ä�¹
õnè�¾�ÂÑÍ¶º~ô´º«ÏÑ¾�º«Á~¹$À{¾�¹7ä�¹$è�¹$ä�¹$À{¾�¹�ä�º~¾�ºB��º~ä�¹Lè�¹$¸°ä�ºlä�¹´Álº«½°½�º~ä�¹

η Car
ó�¿n½xºB�'ç�½'¾�¹$½xä�ºlÍ$ç�¸'Ð�º

ä�¹�Ï¡ç�î�½�Æ«¿LÁlº«Â¡½�½°¹$À�½R�ÑÐn¹$Â¡½t�L¹$½°½°¹xè�º«¸�æ«Á~¹C¾�¸°¿�É/í�º�!�ðnç�¸�º�*�ÉÑ÷n÷�Í$¿nÁ~è�º«¸�º«Á~¿n½�º«½T¿nê�½°¹$¸'Ð«º«ÅU��¹$½s�«½
Í$ç�¸°Ð�º«½�ä�¹6Ï¡ç�î6¿nê�¾�Â¡ä�º«½/è�º«¸�º�¾�¸°ù$½"Ð�º«Ï¡¿n¸°¹$½"ä�¹U¾�ºB��º�ä�¹6è�¹$¸°ä�º�ä�¹6Álº«½°½�ºxè�º«¸�º

η Car
»
1, 0×10−4

ó
2, 4× 10−4

¹
5, 0× 10−4 M� ano−1

ó�è�º«¸�º�ç�Álº�õn¸°ê�ÂÑ¾�º´ä�¹
e = 0, 95

¹
Φ = 0

É�í�¹$½'¾�¹7Í¶º«½°¿�ó�º
¾�ºB��º´ä�¹xè�¹$¸°ä�º�ä�¹�Álº«½°½�º´ä�¹

η Car
À�Æ«¿�ä�¹CÐ{¹�½°¹$¸6Á´ç�ÂÑ¾�¿´ä�ÂÑÈ§¹$¸°¹$À{¾�¹�ä�¹

2, 4× 10−4 M� ano−1
ó

ä�¹7º«Í$¿«¸�ä�¿rÍ$¿nÁ Ç"ÂÑ¾°¾�º«¸°äqS $T¿n¸°Í$¿n¸�º«À²�Ó./(+(). � ó�ê�º«½°¹¶º«ä�¿~¹$Á�½°Â¡Á´ç�ÏÃº«ÅU��¹$½UÀ�ç�Á~ôC¸�ÂÑÍ¶º«½$É

³lä��x�T� ¢ ��� ¡ �F±²�F�����x±�� ¦ �B�3¯ ¢ �¡  ¹
í�º�¸°¹¶º«Ï¡Â¡ä�º«ä�¹«ó«º�è�¸°¹$½°¹$À�Å¶º�ä�¹Uè�º«¸'¾=�¡Í$ç�ÏÃº«½(ä�¹Uè�¿�¹$Â¡¸�º�À�Æ«¿xÂ¡À�ö�ç�¹$À�Í$ÂÃº�À�º�¿nè�º«Í$Â¡ä�º«ä�¹Tä�¿�Á~¹$Â¡¿�è�º«¸�º
È§õ�¾�¿«À�½7¹$Ág¸�º«Â¡¿n½%ë��´É^�"À�¾�¸°¹C¾�º«À{¾�¿�óÒÀ�¿=õnè�¾�Â¡Í$¿=¹Qÿ]Ë´ó(ºY¹���Â¡½'¾�ù$À�Í$ÂÃº=ä�¹lç�ÁlºMÈ�º«½°¹~½°õnÏ¡Â¡ä�ºMÂ¡Á~¹$¸°½�º
À�¿�ð)�«½T¾�¹$Á ç�Á Â¡Á~è�º«ÍC¾�¿´ä�¸=�«½'¾�Â¡Í$¿�À�º´è�¸°¿«È§ç�À�ä�Â¡ä�º«ä�¹xõnè�¾�Â¡Í¶º´ä�¿�Á~¹$Â¡¿�É/¼�è�¹$À�º«½]¸°¹$Í$¹$À{¾�¹$Á~¹$À{¾�¹«ó
¿nê�½�¹C¸°Ð�º«ÅU��¹$½�Í$¿nÁg¿�~xÎ�û¤¿nê�¾�ÂÑÐ{¹$¸�º«Á ¸°¹$½°¿nÏ¡ç�Å¶Æ«¿w½°ç;!�Í$Â¡¹$À{¾�¹Qè�º«¸�º×½°¹$è�º«¸�º«¸´º=È§¿nÀ{¾�¹lÍ$¹$À�¾�¸�º«Ï�ä�º
À�¹Cê�ç�Ï¡¿n½�ºQï�ç�¹�ºlÍC¹$¸°Í¶º5�§¿�~�¿nÁ�}�À�Í$ç�Ï¡¿ � É�Ê�ç�¸�º«À�¾�¹´¿l¹CÐ{¹$À{¾�¿Mä�¹�./(+(+*�ó�¿n½�ä�º«ä�¿n½xº«è�¸°¹$½°¹$À�¾�º«ä�¿n½
è�¿n¸s�×º«¸'¾�Â¡ÀúSÚÑ�¿nè�è�¹$Ï¡Álº«À��Ó./(+(/& � º«è�¸°¹$½°¹$À{¾�º«¸�º«Á ç�Áéä�¹$Í$Ï �¡À�Â¡¿´ä�¹�(�ó ò�ó@(�ó *+·�ó@(�óÑ÷B,L¹�(�ó (�÷xÁlº«ð
¹$Á

λ
.+./(+(�ó@.nò/(+(�ó;*+*+(+(L¹�ònò/(/( � ó�¸°¹$½°è�¹$ÍC¾�ÂÑÐ«º«Á~¹$À{¾�¹«ó�Í$¿nÁ~è�º�¾=�ÑÐn¹$Â¡½TÍ$¿«Á º´ÏÑ¹$Â�ä�¹x¹���¾�Â¡À�Å¶Æ«¿�Â¡À{¾�¹[ë

¸°¹$½'¾�¹$ÏÃº�¸
R = AV /E(B−V ) ∼ 3

¹
E(B−V ) = 0, 08

Álº«ð���þÒÂÑ¾�î$è�º�¾�¸°Â¡Í�üL÷p¿+¿+¿ � ÉÒÎ�¹�ç�¾�Â¡Ï¡ÂÑî¶º«¸°Ár¿n½
ç�Á~º�¸�º«î¶Æ«¿�ð)�«½%ë�ðn¸�Æ«¿�½°¹$Á~¹$Ï¡å�º«À{¾�¹���ä�¿�Á~¹$Â¡¿�Â¡À�¾�¹$¸°¹$½'¾�¹$ÏÃº«¸��

ρg/ρd ∼ 200
� ó�º�ä�¹$À�½°Â¡ä�º«ä�¹�Í$¿nÏ¡ç�À�º«¸

À�¹CÍ$¹$½°½#�«¸°ÂÃºrè�º«¸�ºrº�¹���¾�Â¡À�Å¶Æ«¿~ä�¹$½°Í$¸°ÂÑ¾�º�½°¹$¸°ÂÃº�»

NH = 5, 5× 1021E (B − V ) cm−2 mag−1 ' 4, 6× 1020 cm−2.
�3*�É¶.+. �

$T¿«Á~¿YÐ�Â¡Á~¿n½$óKºYä�¹$À�½°Â¡ä�º«ä�¹~Í$¿nÏ¡ç�À�º«¸�À�º=Í¶º�Álº«ä�ºY¹$ÁÛ¹���è�º«À�½�Æ«¿×À�¿=è�õn½%ë�Í�å�¿�ï�ç�¹~è�¿�ä�¹rÍ[å�¹$ð{º«¸
�

104
Ð{¹$îC¹$½�Álº«Â¡½7ï�ç�¹Q¿×Ð�º«Ï¡¿n¸7¿nê�¾�Â¡ä�¿×¹$Á �3*�É¶.+. � É=ý�½°½°¿ø½°Â¡ðnÀ�Âk!�Í¶º=ï�ç�¹Q½°¹$¸°ÂÃº=À�¹$Í$¹$½°½=�«¸°ÂÃºwç�Álº

ï�ç�º�À�¾�Â¡ä�º«ä�¹�ä�¹�ðn¸�Æ«¿n½TÀ�¿´Álº�¾�¹$¸°ÂÃº«Ï�ä�ºLÍ¶º«ç�ä�º´ä�¹l(�ó (�÷�b�ä�¿LÐ«º�Ï¡¿n¸Tè�º«¸�º7¿´Á~¹$Â¡¿LÂ¡À{¾�¹$¸°¹$½'¾�¹$ÏÃº«¸�ã�¿nç
¹$À{¾�Æ«¿�ó�º�È§¿nÀ{¾�¹�ä�¹7ÿ]Ë+ô�Álº«Â¡½U¹���¾�¹$À�½�º~ï�ç�¹Lº�Í¶º«Álº«ä�º�ï�ç�¹�è�¸°¿�Ð{¿�Í¶º~º�¹���¾�Â¡À�Å¶Æ«¿�É

Ô/(
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η Carinae

þÒÂÑðnç�¸�º�*�ÉÑ÷n÷n»¢" j'e)dpn�d+7In`_=]ofpj'a=bOd'gxjUbOn´_=m ]RjUbZdpn����Í�xjU]0jldl_=fB_=g/c`d�e)_�254�4���e)_�oÓn$�)b�7xj'n$�)b"N=V«S'M-,P'n254�4�4�3
_taRiI]ofpj'n e)_twZi��tc`_#v']obOa�j'n´a#d'gInobOe)_=]0jUgIe)d

e = 0, 95
_

Φ = 0
h4�xjU]0j

ṀηCar = 1, 0× 10−4 h 2, 5× 10−4 _
5, 0× 10−4 M� ano−1 '=<xjUwOa#_=c0j!��&td'gIq�j�fB_#n�ha?�jUc`_=gIa#d��3\�_=]`_=bZ]Rj@>�ôP7)]0j��xjUm�.1010�Q�3Rz

Ô�÷
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�×º«¸'¾�Â¡ÀTSÁÑ�¿nè�è�¹$Ï¡Álº«Àï�Ó./(+(/& � ¾�º«Á�ê�ô$Á À�¿«¾�º«¸�º«Ágï�ç�¹Qº=Ï¡Â¡À�å�ºYä�¹l¹$Á~Â¡½°½�Æ«¿×ä�¹�~
α
½°¿«È§¸°¹

ä�¹CÍ$¸°ô$½°Í¶Â¡Ár¿}½°Â¡ðnÀ�Âk!�Í¶º�¾�ÂÑÐn¿�ó�¹$À�ï�ç�º«À�¾�¿}ï�ç�¹×¿pÍ$¿nÀ{¾#�ÑÀ�ç�¿p¹$Á
λ
Ô),+,/( � À�Æ«¿pä�¹$Á~¿n½'¾�¸�ºcÀ�¹$À�å�ç�Á

½°Â¡À�º�Ï�ä�¹xº«ê�½°¿n¸°Å¶Æ«¿�É Ä ö�çx��¿�º«ê�½°¿n¸'Ð�Â¡ä�¿�ó�Â¡À{¾�¹$ðn¸�º«ä�¿Lº«¿LÏ¡¿nÀ�ðn¿7ä�º7Ï¡Â¡À�å�º�ä�¹�Ð�Â¡½�º«ä�º�ó�ô�ä�º«ä�¿´è�¿n¸$»

∆FHα =
hνHα

c
BHαN2FHα,

�3*�É¶./* �
¿nÀ�ä�¹

νHα

ô�º~È§¸°¹$ï°¯�ù$À�Í$ÂÃºQä�ºlÏ¡Â¡À�å�º~ä�¹�~
α
ó
BHα

ô´¿QÍ$¿�¹�!�Í$Â¡¹$À{¾�¹´ä�¹��"Â¡À�½'¾�¹$Â¡Àwä�º~¾�¸�º«À�½°Â¡Å¶Æ«¿Q¹
N2 = NHe−hν2/kT

ºLä�¹$À�½°Â¡ä�º«ä�¹�Í$¿nÏÑç�À�º«¸Tä�¹���¾�¿nÁ~¿n½Tä�¹�~ À�¿�À@�ÑÐn¹$Ï�ï�ç�æ«À{¾�Â¡Í$¿´è�¸°Â¡À�Í$Â¡è�º«Ï
n = 2

É
Ç(¹$ÏÃº«½6¿nê�½°¹$¸'Ð�º«ÅU��¹$½$ó

FHα ' 5× 109 erg cm−2 s−1
¹

∆FHα ' 109 erg cm−2 s−1
ó�¸°¹$½°ç�ÏÑ¾�º«À�ä�¿

¹$Á
NH ∼ 1024 cm−2

ó�ä�¹7º«Í$¿n¸°ä�¿rÍ$¿nÁ�¿r¿nê�¾�Â¡ä�¿rè�º«¸�º�¿~ºB�'ç�½°¾�¹�ä�º�Í$ç�¸'Ð«ºrä�¹�Ï¡ç�î�¹$Á�¸�º«Â¡¿n½%ë��´É

ß�´�ß�´¶ß Ê ÂÄÖ8¼�ÛóÈÑÐ�¸��ûÖr� ¸zÏ �£��Ð�¾�Á
Ä ê�½�¹C¸°Ð�º«ÅU��¹$½6ä�¹

η Car
¹$ÁéÍ$¿nÁ~è�¸°Â¡Á~¹$À{¾�¿n½�ä�¹�¿nÀ�ä�ºLä�¹´÷nó *LÁ~Áë��ÔLÍ$Á)¾�º«Á´ê�ô$Á)º«è�¸°¹$½°¹$À�¾�º«Á

¿n½Lè�¹$¸°Â¡õ�ä�Â¡Í$¿n½Lä�¹$Í$Ï �¡À�Â¡¿n½7À�º×Í$ç�¸'Ð«ºwä�¹QÏ¡ç�î��Ó$T¿'� �C���«¯Ñµ ÷p¿+¿{ò�óÒ¼�ê�¸�º«å�º«ÁwS<Êxº«Á~Â¡À�¹$Ï¡Â]÷p¿+¿+¿ � É
¼+¹$Á~Â¡½°½�Æ«¿~À�¿QÍ$¿nÀ{¾=�¡À�ç�¿lô´º�¾�¸°Â¡ê�ç@�¡ä�º�è�¸°Â¡À�Í$Â¡è�º«Ï¡Ár¹$À{¾�¹��~¹$Á~Â¡½°½�Æ«¿r¾�ô$¸°Á~Â¡Í¶ºrÏ¡ÂÑÐ�¸°¹[ë�Ï¡ÂìÐ�¸°¹�ä�¿lä�Â¡½°Í$¿
ä�¹~ð)�«½7¹$ÁÛ¾�¿n¸°À�¿×ä�¿×½°Â¡½'¾�¹$ÁlºY¹«óÒ¹$Á Á~¹$À�¿n¸7è�º«¸°Í$¹$ÏÃº�ó(ä�¿YÐ{¹$À{¾�¿wä�ºY¹$½'¾�¸°¹$Ï¡º=è�¸°Â¡Á%�«¸°Â¡º�É�$T¿nÁ~¿
Ð�ÂÑÁ~¿n½�À�º�!�ðnç�¸�º%*�É Ô�ó�º«Í$¸°¹$ä�ÂÑ¾�º�ë�½°¹7ï�ç�¹´¿lÁ
�¡À�ÂÑÁ~¿r¹$Á<¸=�«ä�Â¡¿~½°¹`�°ºlÍ¶º«ç�½�º«ä�¿Qè�¹$ÏÃº~¸°¹$Í$¿nÁ´ê�Â¡À�º«Å¶Æ«¿
ä�¹�å�Â¡ä�¸°¿nðnù$À�Â¡¿QÀ�¿Yä�Â¡½°Í$¿Mä�¹CÐ�Â¡ä�¿��Mº«ç�½°ù$À�Í$ÂÃºMä�¹�È§õ«¾�¿nÀ�½xÂ¡¿nÀ�Â¡î¶º«À�¾�¹$½$ó º«ê�½°¿n¸'Ð�Â¡ä�¿n½�è�¹$ÏÃºQè�¿�¹$Â¡¸�ºQ¹
è�¹$Ï¡¿rð)�«½]ä�º�Í¶º«ç�ä�ºrä�¹�ð)�«½$ó�¹$Á�¾�¿n¸°À�¿rä�¿rè�¹$¸°ÂÃº«½'¾�¸°¿�É

¼9!�Á8ä�¹T¿nê�¾�¹$¸Òç�Álº�Í$ç�¸'Ð«º�ä�¹UÏ¡ç�î�Í$¿nÁ8Álº«Â¡¿n¸K¸°¹$½°¿nÏ¡ç�Å¶Æ«¿x¹$Á ¾�¿n¸°À�¿�ä�¿xè�¹$¸°ÂÃº«½'¾�¸°¿�ç�¾�Â¡Ï¡ÂÑî¶º«Á~¿n½
¿nê�½�¹C¸°Ð�º«ÅU��¹$½Mä�Â �«¸°ÂÃº�½~¹$Á ,pÁ~Á ¸°¹¶º«Ï¡Â¡î¶º«ä�º«½~À�¿}¸�º�ä�Â¡¿«¾�¹$Ï¡¹$½°Í$õnè�Â¡¿}ê�¸�º«½°Â¡ÏÑ¹$Â¡¸°¿pä�¹wý	¾�º«è�¹C¾�Â¡À�ð{º�ó6¹
½°¹$Á~º«À�º«Â¡½x¹$Á ÷nó *lÁ~ÁIÍ$¿«ÁA¿���Î Ä �3�"ç�¸°¿nè�¹¶º«ÀpÎ�¿nç�¾�å�¹$¸°À Ä ê�½°¹$¸'Ð�º�¾�¿n¸0� � Î;��Î�û+¹$Á KºYÎ�Â¡Ï¡Ï¡º�ó
$Tå�Â¡Ï¡¹«ó�ä�ç�¸�º«À{¾�¹�¿r¹CÐn¹$À{¾�¿rä�¹LÌ«ç�À�å�¿rä�¹�./(+(+*��§¼�ê�¸�º«å�º«Á=ó�þ�º«Ï¡Í$¹C¾�º�ë0��¿nÀ�Å¶º«ÏìÐ{¹$½$ó�Ê�¿nÁ~Â¡À�Â¡Í$Â �C�T�«¯Ñµ
./(/({ò � É

Ä ½�ä�º«ä�¿n½�½�Æ«¿=º«è�¸°¹$½°¹$À{¾�º«ä�¿n½�À�º�!�ðnç�¸�º�*�ÉÑ÷B.l¹�Í$¿nÀ;!�¸°Álº«ÁÛºQè�¸°¹$½°¹$À�Å¶ºYä�¿Yä�¹$Í$¸°ô$½°Í$Â¡Á~¿Yä�º
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è�º�¸�ºvä�¹C¾�¹$¸°Á~Â¡À�º«¸l¿n½Mè�¹$¸0!�½Yä�¹øä�¹$À�½°Â¡ä�º«ä�¹ø¹w¾�¹$Á~è�¹$¸�º�¾�ç�¸�ºvä�¿,ð)�«½Yº«è�õn½Q¿1Í�å�¿�ï�ç�¹«Éë$T¿nÁ~¿
¸°¹$½°ç�ÏÑ¾�º«ä�¿�ó�º7¹$ï�ç�º«Å¶Æ«¿��3*�É¶./Ô � è�¿�ä�¹�È§¿n¸°À�¹$Í$¹$¸6º7¸°¹$ÏÃº«Å¶Æ«¿L¹$À{¾�¸°¹�ºL¸�º«î¶Æ�¿´ä�º«½Tä�¹$À�½°Â¡ä�º«ä�¹$½Uä�¹�ö�çx��¿
¹$Á ÷nó *Q¹
,lÁ~Á<Í$¿nÁÛºQä�¹$À�½°Â¡ä�º«ä�¹�ä�¿Mð)�«½$É��"½°½�ºY¸°¹$ÏÃº«Å¶Æ«¿Qô´Â¡Ï¡ç�½'¾�¸�º«ä�ºlÀ�º%!�ðnç�¸�º�*�ÉÑ÷�ò�É7í�¿«¾�º�ë
½°¹lï�ç�¹Qº=¸�º«î¶Æ«¿×¹$À{¾�¸°¹Mº�½Lä�¹$À�½°Â¡ä�º«ä�¹$½´ä�¹~ö�çx��¿wä�º=è�¸°Â¡Á%�«¸°Â¡ºM¹lä�º=½°¹$Í$ç�À�äF�«¸°ÂÃº �

Sp/Ss

� ¹$Á ,
Á~ÁAôr½°¹$Á~è�¸°¹rÁ~¹$À�¿n¸�ï�ç�¹Y÷nóK¿nçp½°¹`�°º�óÒºM¹$Á~Â¡½°½�Æ«¿Yä�ºM½°ç�è�¹$¸'È��¡Í$Â¡¹�ä�¹~Í�å�¿�ï�ç�¹~ä�ºY½°¹$Í$ç�À�äF�«¸°ÂÃºYô
Álº�Â¡¿n¸7ï�ç�¹Yºw¹$Á~Â¡½°½�Æ«¿øä�ºwè�¸°Â¡Á%�«¸°Â¡º�ÉøÊ�¹$½'¾�ºwÈ§¿n¸°Álº�ó/Í$¿nÁ~¿w¿øÁ%�B��Â¡Á~¿=¿nê�½°¹$¸'Ð«º«ä�¿c¹$Á`Ì«ç�À�å�¿
ä�¹�./(+(+*=¿�Í$¿n¸°¸°¹lè�¸°õ'��Â¡Á~¿×º«¿×è�¹$¸°ÂÃº�½°¾�¸°¿�T!�ðnç�¸�º�*�ÉÑ÷B. � óÒô~È§ç�À�ä�º«Á~¹CÀ�¾�º«Ï�ï�ç�¹QºYÈ§¿nÀ�¾�¹~¹$Á~Â¡½°½°¿n¸�º
¿nê�½�¹C¸°Ð�º«ä�ºrÀ�¹$½°½°¹7ÂÑÀ�½°¾�º«À{¾�¹�½°¹`�°ºrº´½°ç�è�¹$¸'È��¡Í$Â¡¹�ä�¹�Í�å�¿�ï�ç�¹�ä�¿�Ðn¹$À�¾�¿rä�º�¹$½'¾�¸°¹$ÏÃº�½°¹$Í$ç�À�äF�«¸°ÂÃº�É"ý�½°½°¿
Â¡Árè�Ï¡ÂÑÍ¶ºvÀ�º4ºB!�¸�Á~º«Å¶Æ«¿1ä�¹cï�ç�¹p¿1è�¹$¸°ÂÃº«½'¾�¸°¿1¿�Í$¿n¸°¸°¹«óxÍ$¹$¸'¾�º«Á~¹$À{¾�¹«óxÀ�º1Í$¿nÀ��'ç�À�Å¶Æ«¿�É)¼ ¸�º«î¶Æ«¿
S(1, 3mm)/S(7mm)

¾�º«Á´ê�ô$Á Á~¿n½'¾�¸�º1ï�ç�¹vº4¹CÁ~Â¡½°½�Æ«¿4¹$Á ÷nó *1Á~Á ôpä�¹$½°è�¸°¹$îU�ÑÐn¹$Ï£ó�Á´ç�ÂÑ¾�¿
Á~¹CÀ�¿n¸6ï�ç�¹Lº�¹$Á~Â¡½°½�Æ«¿rä�¿rä�Â¡½°Í$¿�ó�Í$¿nÁ~è�¸°¿�Ð«º«À�ä�¿rè�¿n¸°ï�ç�¹�¿rè�Â¡Í$¿rô�Ð�Â¡½R�ÑÐn¹$ÏKº«è�¹CÀ�º«½�¹$Áð,´Á~Á=É

ý�½°¿nÏÃº«À�ä�¿�¿�è�Â¡Í$¿�¹$Áë,�Á~Á+ä�¿n½�ä�º«ä�¿n½$ó�¿nçr½°¹`�°º�ó{¾�¿nÁlº«À�ä�¿�¿n½�¹���¾�¸°¹$Á~¿n½�ä�¿n½�ä�º«ä�¿n½�º«è�¸°¹$½°¹$À�ë
¾�º«ä�¿«½/À�º�!�ðnç�¸�ºl*�ÉÑ÷p.�ónôTè�¿n½°½R�ÑÐn¹$Ï�ºB�'ç�½'¾�º«¸/º�È§ç�À�Å¶Æ«¿xä�¹UÏ¡Â¡À�å�º]ä�¹Uê�º«½°¹Uè�º«¸�º�º�ä�¹$À�½°Â¡ä�º«ä�¹Uä�¹�ö�çx��¿

Ô/Ô



i È9�a���-��j°�o�a� � ��
�°���lk¥¤nm4¢ �-��¤©���!�Ý¤
η
Îý¤�� æ��%æíþ<m4¢ ���Ø¤©�u�!��¤

η Carinae

þÒÂÑðnç�¸�ºî*�ÉÑ÷'&�» o3wZiInoco]0j'q�r'd�e)d�m	d/e)_=wOd5d']$7)bZc0jUw�eIj�noi��@_=]�"=÷OaRbO_�e)_�a
�Id�*�iI_pz[ô�n�]`_u�pb-:/_#n;�xj'a
��i)]0j'eIj
_%gI_u�p]0j�]`_u�)]`_#n`_=g/c0jUm j'n�noi��;_=]�"=÷Oa=bO_#n�e)_�a
�Id�*�iI_#n�e)dpn�f�_=g�c`dpn�eIj�_#noco]`_=wkj �)]`b¶m@�U]`bOj5_�n`_#a=i)gIe°�U]obkj+h
]`_#n$�;_#a=cobZfpjUm	_=g�c`_pz

ä�¿lä�Â¡½°Í$¿5�§¹$ï�Él*�É¶.nò � É Ä Á~¹$Ï¡å�¿n¸�ºB�'ç�½'¾�¹L¿�Í$¿n¸°¸°¹Lè�º«¸�º
a = 3, 1 × 10−5

ó
b = −0, 228

ó
c = 7, 5

ó
m = 0, 004

¹
n = 0, 94

É�Î�ç�ê�¾�¸�º«Â¡À�ä�¿�º«½"ä�¹$À�½°Â¡ä�º«ä�¹$½�ä�¹Uö�çx��¿�¿nê�½°¹$¸'Ð«º«ä�º«½�è�¹$ÏÃºx¹$ï�ç�º«Å¶Æ«¿%�3*�É¶.nò �
Í$¿«Á8¿n½(è�º«¸�æ«Ár¹C¾�¸�¿«½(Í$Âì¾[º�ä�¿n½$ó«¿nê�¾�¹$Á~¿n½(º�Í$ç�¸'Ð�º�ä�¹�Ï¡ç�î�ä�º�¹$Á~Â¡½°½�Æ«¿�è�¸°¿�Ðn¹$À�Â¡¹$À{¾�¹T¹���Í$Ï¡ç�½°ÂÑÐ�º«Á~¹$À�¾�¹
ä�º�½°ç�è�¹$¸'È��¡Í$Â¡¹�ä�¿rÍ[å�¿�ï�ç�¹«É

�"ÁgÍ¶º«ä�º×è�¿nÀ{¾�¿×ä�º×õn¸°ê�ÂÑ¾�º�ó(ä�¹C¾�¹$¸°Á~Â¡À�º«Á~¿n½�¿wè�¹$¸0!�Ï�ä�¹lä�¹$À�½°Â¡ä�º«ä�¹Q¹~¾�¹$Á~è�¹$¸�º�¾�ç�¸�º�ó/ê�¹$Á
Í$¿«Á~¿7º�ä�¹$À�½°Â¡ä�º«ä�¹]ä�¹Uö�çx��¿7¹$Áë,xÁ~Á=ÉKË�º«¸°ÂÃº«À�ä�¿�¿n½"è�º«¸�æ«Á~¹C¾�¸°¿n½"¿n¸°ê�ÂÑ¾�º«ÂÑ½ÒÈ§¿nÂ�è�¿n½°½=�ìÐ{¹$Ï�ºB�'ç�½'¾�º«¸
ºM¹$Á~Â¡½°½�Æ«¿=ä�¿=Í�å�¿�ï�ç�¹lº«¿n½7ä�º«ä�¿«½7¿nê�½°¹$¸'Ð«º«Í$Â¡¿nÀ�º«Â¡½$É Ä Á~¹$Ï¡å�¿n¸�º��'ç�½'¾�¹r¿�Í$¿n¸°¸°¹rè�º«¸�º

e = 0, 95
ó

¿×æ«À�ðnç�Ï¡¿YÀ�¿=è�¹$¸°ÂÃº«½'¾�¸°¿
Φ = 30o

ó(¸�º«Â¡¿Yä�º��«¸°¹¶ºY¹$Á~Â¡½°½°¿n¸�º
R = 1, 3 × 1014 cm

¹
θ ∼ 44o

ó(¿
ï�ç�¹�¸°¹$è�¸°¹$½°¹$À�¾�º

η ∼ 0, 1
É�$�¿nÁ~¿Y½°ç�è�¿nÁ~¿n½

ṀWR = 10−5 M� ano−1
ó
vWR = 3000 km s−1

¹
vηCar = 700 km s−1

óÒ¿nê�¾�¹$Á~¿n½
ṀηCar = 5 × 10−4 M� ano−1

ÉM¼éè�¸°¿«È§ç�À�ä�Â¡ä�º«ä�¹~¿nê�¾�Â¡ä�º
è�º�¸�º�¹$½°½°¹$½Tè�º«¸�æ«Á~¹C¾�¸°¿n½"ä�¹6Ð{¹$À{¾�¿�È§¿nÂ

L = 1, 3×1011 cm
ó�Í$¿�¹$¸°¹$À{¾�¹�Í$¿nÁ�¿7Â¡À{¾�¹$¸'Ð«º«Ï¡¿�ä�º«ä�¿7è�¹$ÏÃº

¹$ï{ç�º«Å¶Æ«¿��3*�É¶./¿ � �
L < Lmax ∼ 2× 1012 cm

� Ä ¸°¹$½°ç�ÏÑ¾�º«ä�¿rä�¹$½°½°¹´ºB�'ç�½'¾�¹�ô�Á~¿n½'¾�¸�º«ä�¿rÀ�º�!�ðnç�¸�º
*�Éì÷pÔ�É Ä è�º«Â¡À�¹$ÏÒä�ºM¹$½°ï�ç�¹$¸°ä�ºYÂ¡Ï¡ç�½'¾�¸�ºl¿n½�ä�º«ä�¿n½�¿nê�½°¹$¸'Ð«º«ä�¿n½�¹rºMä�¹$À�½°Â¡ä�º«ä�¹�ä�¹�ö�çx��¿M¾�¿«¾�º«ÏÒä�¿
Á~¿�ä�¹$Ï¡¿�É Ä è�º«Â¡À�¹$Ï�ä�º7ä�Â¡¸°¹$ÂÑ¾�º�Á~¿n½'¾�¸�º�¿n½Tä�º«ä�¿n½$ó�½°ç�ê�¾�¸�º/�¡ä�¿n½�ä�ºL¹$Á~Â¡½°½�Æ«¿7ä�¿Lä�Â¡½°Í$¿�ó�¹�¿LÁ~¿�ä�¹$Ï¡¿

Ô+,



i È9�a���-��j°�o�a� � ��
�°���lk¥¤nm4¢ �-��¤©���!�Ý¤
η
Îý¤�� æ��%æíþ<m4¢ ���Ø¤©�u�!��¤

η Carinae

þÒÂÑðnç�¸�º�*�ÉÑ÷�ò�»�� j���r'd�_=g�co]`_�j'n�e)_=gInobOeIj'e)_#n�e)_r�Ii� )d�a#d'm ]`_=wkj'q�r'do��e)_=gInobOeIj'e)_	e)dû���'n�z�ö�n#÷ZgIe+bOa#_#n
s
_

p
]`_u�)]`_#n`_=g/c0jUmðdpn'�Ii� )dpn��B_=]0j'e)dpnÝ�@_=wkj'n�noi��;_=]�"=÷Oa=bO_#n�e)_�a��Id4*�iI_�e)d%fB_=g/c`d%eIj%n`_#a=i)gIe°�U]obkj�_�eIj

�)]obZm@�U]obkj+h)]`_#n$�@_#a=cobZfpjUm	_=g�c`_pz

Ô/·



i È9�a���-��j°�o�a� � ��
�°���lk¥¤nm4¢ �-��¤©���!�Ý¤
η
Îý¤�� æ��%æíþ<m4¢ ���Ø¤©�u�!��¤

η Carinae

þÒÂÑðnç�¸�º�*�ÉÑ÷pÔ�» öP7In`_=]ofpj'q�:�_#nl_�a=i)]ofpj
e)_�wZi���c`_#v']obOa�j
_=m ��m�m�zqö[�xjUbZgI_=w�eIj
_#n�*�iI_=]`eIj�bZwZiInoco]0j
dpn
eIj'e)dpnld+7In`_=]ofpj'e)dpn(' au÷Z]`a=i)wOdpn�a��I_=bOdpn3Rh«j
_=m�bOn`n0r'd�j��;_=gxj'n�e)d%e+bOn`a#dõ' au÷Z]`a=i)wOdpnlfpj��#bOdpn3s_�j
e)_=gInobOeIj'e)_
e)_'�Ii� )d�c`d'c0jUw«e)d�m	d/e)_=wOd)z@ö¹�xjUbZgI_=w«eIj�e+bZ]`_=bZc0j�m	dpnoc`]0j�dpntfpjUwOd']`_#nsd+7In`_=]ofpj'e)dpn�h»noi�7)co]0j�÷Oe)dpnseIj�_�*;z
'Fü+z .�Q�3RhI_�dlm	d/e)_=wOd�c`_#v']obOa#d��xjU]0j	jl_=m�bOn`n0r'd�_ )a=wZiInobZfpj�e)d�a
�Id�*�iI_pz
¾�¹$õ«¸�ÂÑÍ$¿Mè�º«¸�ºMºM¹$Á~Â¡½°½�Æ«¿Q¹���Í$Ï¡ç�½°ÂÑÐ«ºMä�¿MÍ�å�¿�ï�ç�¹rè�º«¸�ºQ¿Mè�¹$¸°ÂÃº«½'¾�¸°¿M¿�Í$¿n¸°¸°¹$À�ä�¿M¹$Á ./¿Qä�¹~Ì«ç�À�å�¿
ä�¹�./(+(/*�É

Ä è�º«¸�æ«Á~¹C¾�¸°¿�Ár¹$Ï¡å�¿n¸(ä�¹C¾�¹$¸°Á~Â¡À�º«ä�¿�è�¹$Ï¡¿�Á~¿�ä�¹$Ï¡¿�ä�¹U¹$Á~Â¡½°½�Æ«¿�¹$Á8¸=�«ä�Â¡¿�ôUº�¹���Í$¹$À{¾�¸°Â¡Í$Â¡ä�º«ä�¹«ó
ï�ç�¹7Â¡À�ö�ç�¹$À�Í$ÂÃºrÀ�ºrÏÃº«¸°ðnç�¸�º�ä�¿~è�Â¡Í$¿~ä�¹7¹CÁ~Â¡½°½�Æ«¿~ä�ºrÍ$ç�¸'Ð«º~ä�¹7Ï¡ç�î«ÉTí�º�!�ðnç�¸�º
*�ÉÑ÷B,´Á~¿n½'¾�¸�º«Á~¿n½
ºLÍ$ç�¸'Ð«º�ä�¹xÏ¡ç�î�¾�¹$õn¸°Â¡Í¶ºLè�º«¸�º

e = 0, 9
¹

0, 95
ó�¹$Á Í$¿nÁ~è�º«¸�º«Å¶Æ«¿´Í$¿nÁé¿n½6ä�º«ä�¿n½U¿nê�½°¹$¸'Ð«º«Í$Â¡¿nÀ�º«Â¡½$ó

è�º�¸�º,cÁ~Á=É�í�¿�¾[º�ë�½�¹=ï�ç�¹×ç�Álºpè�¹$ï�ç�¹$À�º}Ð�º«¸°ÂÃº«Å¶Æ«¿pÀ�º}¹���Í$¹$À{¾�¸°Â¡Í$Â¡ä�º«ä�¹×¿n¸°ê�ÂÑ¾�º«Ï6¸°¹$½°ç�ÏÑ¾�ºp¹$Á
ðn¸�º�À�ä�¹�ä�ÂÑÈ§¹$¸°¹$À�Å¶º6À�º]ÏÃº«¸°ðnç�¸�ºTä�¿�è�Â¡Í$¿6ä�º]Í$ç�¸'Ð�º]ä�¹�Ï¡ç�î«É Ä ç�¾�¸°¿n½ è�º«¸�æ«Á~¹C¾�¸°¿n½ ¿n¸°ê�ÂÑ¾�º«Â¡½.¹"¹$½'¾�¹$ÏÃº«¸°¹$½
¸°¹$½°ç�ÏÑ¾�º«ÁYó è�¸°Â¡À�Í$Â¡è�º«Ï¡Ár¹$À{¾�¹«ó ¹$ÁAÐ«º«¸°ÂÃº«Å���¹$½�À�ºYº«Á~è�Ï¡Âì¾�ç�ä�¹´ä�¿=è�Â¡ÍC¿�óKÍ¶º«ç�½�º«À�ä�¿=ä�¹Cðn¹$À�¹$¸°¹$Í$ù¶À�Í$ÂÃº
Í$¿«Á ¸°¹$ÏÃº«Å¶Æ«¿����«¸°¹¶º´¹��´è�¸°¿«È§ç�À�ä�Â¡ä�º«ä�¹xä�º�½°ç�è�¹$¸'È��¡Í$Â¡¹xä�¹�¹$Á~Â¡½°½�Æ«¿�É Ä ½6è�º«¸�æ«Á~¹C¾�¸°¿n½Uä�¿�Á~¿�ä�¹$Ï¡¿
ä�¹�Á~¹$ÏÑå�¿n¸]ºB�'ç�½'¾�¹�¹$½'¾�Æ«¿~¸°¹$½°ç�Á~Â¡ä�¿n½6À�º�¾�º«ê�¹$ÏÃº�*�É¶.�É

Ô/¿



i È9�a���-��j°�o�a� � ��
�°���lk¥¤nm4¢ �-��¤©���!�Ý¤
η
Îý¤�� æ��%æíþ<m4¢ ���Ø¤©�u�!��¤

η Carinae

þÒÂÑðnç�¸�º�*�ÉÑ÷B,�»l" j'e)dpn�d+7In`_=]ofpj'a=bOd'gxjUbOn�_sa=i)]ofpj'n�e)_�wZi��sc`_#v']obOa�j'n�_=m���m�m �xjU]0j
e = 0, 9

' wZbZg��xjÝøIgxj�3
_

e = 0, 95
' wZbZg��xjÝ�p]`dpn`n0j�3Rz

ûÒº«ê�¹$ÏÃº�*�É¶.�» \�jU]
	Um	_=co]`dpn�e)d�m	d�e)_=wOd�e)_tm	_=w��Id']�j�ÓiInoc`_8�la=i)]ofpj�e)_twZi���_=mI��m�m�z
\�jU]
	Um	_=co]`d �"jUwOd']

ṀWR(M� ano−1) 10−5

η
0+hG2

_ 0+h 4�Q
Φ 30o

L 2, 3× 1011 a=m
�

1, 3× 1014 a=m

,�(



i È9�a���-��j°�o�a� � ��
�°���lk¥¤nm4¢ �-��¤©���!�Ý¤
η
Îý¤�� æ�� ( Ì��%�
���+���
�!�

èÕk.- ?A@$\KS#pY\K\zr�E

Ê�¹´º«Í$¿n¸°ä�¿lÍ$¿nÁ<¿n½�¸°¹$½°ç�ÏÑ¾�º«ä�¿n½�¿nê�¾�Â¡ä�¿n½]è�¹$Ï¡¿lÁ~¿�ä�¹$ÏÑ¿~ä�¹LÍ$¿nÏ¡Â¡½�Æ«¿~ä�¹7Ðn¹$À{¾�¿n½xÁ~¿n½'¾�¸�º«Á~¿n½]Í$¿nÁ~¿
ô�è�¿n½°½R�ÑÐn¹$Ï£ó�º�è�º«¸'¾�Â¡¸Uä�¹�ç�Á ¸°¹$½'È§¸°ÂÃº«Á~¹$À�¾�¿�Â¡À{¾�¹$À�½°¿~º«è�õn½]¿rÍ�å�¿�ï�ç�¹�¹�ç�Á º«ÍU}�Á´ç�Ï¡¿�ä�¹�Álº�¾�¹$¸°ÂÃº«Ï
è�¸°¿�Ðn¹$À�Â¡¹$À{¾�¹=ä�¿cÐ{¹$À{¾�¿}ä�ºcè�¸°Â¡Á%�«¸°Â¡ºøº«¸°¸�º«½'¾�º«À�ä�¿p¿p¸°¹$Álº«À�¹$½°Í$¹$À{¾�¹×ä�ºc½°ç�è�¹$¸'È��¡Í$Â¡¹Yä�¹=Í�å�¿�ï�ç�¹«ó
Í$¿«Á~è�¸°¿�Ð�º«¸�ºr¹���Â¡½'¾�ù$À�Í$ÂÃº~ä�¹7ç�Álº�Í¶º«ç�ä�º~ä�¹$À�½�º~ä�¹7ð)�«½�¹$Á�¾�¿n¸°À�¿~ä�¿~½°Â¡½'¾�¹$Álº�ó�Í$¿nÁ ä�ÂÑÈ§¹$¸°¹$À{¾�¹$½
È�º�½�¹C½¶É´�"��¾�¹$¸°À�º«Á~¹$À{¾�¹«ó�è�¹$Ï¡ºL¸�º«ä�ÂÃº«Å¶Æ«¿7ä�º«½Uä�ç�º«½T¹$½'¾�¸°¹$ÏÃº«½$ó�¿´ð)�«½T¹$½'¾#�LÂ¡¿nÀ�Â¡î¶º«ä�¿´º�¾�¹$Á~è�¹$¸�º�¾�ç�¸�º«½
ä�¹
∼ 104 K

É �×º«Â¡½´Â¡À{¾�¹$¸°À�º«Á~¹$À�¾�¹l¾�¹$Á~¿n½´ð)�«½�À�¹$ç�¾�¸°¿�ó�Í$¿nÁ ¾�¹$Á~è�¹$¸�º�¾�ç�¸�º«½
< 104 K

ó�¹MÀ�¿
Â¡À{¾�¹$¸°Â¡¿n¸$óUÍ$¿nÁ ¾�¹$Á~è�¹$¸�º�¾�ç�¸�º«½QÁ~¹$À�¿n¸°¹$½Qï�ç�¹

1500 K
ºv¹���Â¡½'¾�ù$À�Í$ÂÃºvä�¹wðn¸�Æ«¿n½Qä�¹wè�¿�¹$Â¡¸�º}ï�ç�¹

Í$¸°¹C½�ÍC¹$Á<¹$Á ¹$½°Í¶º«ÏÃº«½]ä�¹�¾�¹$Á~è�¿rÁ~¹$À�¿n¸°¹$½]ï�ç�¹Lºr¹$½°Í¶º«ÏÃº�ä�¹�¾�¹$Á~è�¿~ä�ÂÑÀ�æ«Á~Â¡Í¶º´ä�¿~½°Â¡½'¾�¹$Álº�É´�"½°½°¹
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Álº�Â¡½ Â¡À{¾�¹$¸°À�º«½$É/Î�ç�è�¿nÁ~¿n½Kï�ç�¹Tº«Ï¡ðnç�Á�Á~¹$Í¶º«À�Â¡½°Á~¿6Â¡À{¾�¹$¸°À�¿�À�º«½KÀ�ç�Ð{¹$À�½$ó«Í$¿nÁ~¿]¾�ç�¸°ê�ç�Ï¡ù$À�Í$Â¡º�ó�ðn¹$¸°¹
º«½Uö�ç�¾�ç�º«ÅU��¹$½�À�¿rÍ¶º«Á~è�¿r¹�¿«À�ä�º«½]ä�¹�¼�ÏÑÈ�Ð{ô$ÀYä�¹�Álº«À�¹$Â¡¸�º´½°Â¡Á~Â¡Ï¡º«¸Uº«¿rï�ç�¹7¿�Í$¿n¸°¸°¹�À�¿QÎ�¿nÏ£É

Ä ö�çx��¿r¾�¿«¾�º«Ï.ä�¹�¿nÀ�ä�º«½]è�¿�ä�¹�¹$À{¾�Æ«¿r½°¹$¸�Í¶º«Ï¡Í$ç�ÏÃº�ä�¿rè�¿n¸$»

Φtot =

∫ ωmax

ωmin

ΦA (ω) dω.
�£ò�É · �

¼ ä�¹$À�½°Â¡ä�º«ä�¹pä�¹c¹$À�¹$¸°ðnÂÃº,è�¿�ä�¹c½°¹$¸=ä�¹C¾�¹$¸°Á~Â¡À�º«ä�ºvè�¿n¸
ε = Φ/vA

óx¹pº«½°½°Â¡Á=ó�¿4½°Â¡½'¾�¹$Álº,ä�¹
¹$ï{ç�º«ÅU��¹$½�À�¹$Í$¹$½°½#�«¸°Â¡¿Yè�º«¸�ºQ¸°¹$½°¿nÏÑÐn¹$¸�¿Mè�¸°¿nê�Ï¡¹$Álºl¹$½'¾#�QÈ§¹$Í[å�º«ä�¿�É�Ã]¹$ÏÃº�Í$Â¡¿nÀ�º«Á~¿n½

ε
Í$¿nÁÛºQä�¹$À�ë

½°Â¡ä�º�ä�¹wä�¹w¹$À�¹$¸°ðnÂÃº}Â¡À{¾�¹$¸°À�º}ä�¿vð)�«½��
Ui

� è�¹$Ï¡¿}è�º«¸�æ«Á~¹C¾�¸°¿
Λ = ε/Ui

É ÇÒº«¸�ºvº«½MÊ���$��§½$ó�º
¸�º«î$Æ«¿

β = P/(B2
0/8π)

ôM¾�Â¡è�Â¡Í¶º«Ár¹$À�¾�¹Qè�¹$ï�ç�¹$À�ºï�
β ∼ 0, 04

� �Ó$T¸°ç�¾�Í�å�¹$¸Y÷p¿+¿+¿�óTÎ�Â¡ð{º«Ï¡¿«¾°¾°Â#S
Ñ�Ï¡º«è�è./(+(+( � ÉQÊ�¹$½'¾�º=È§¿n¸°Álº�ó ½°¹lÍ$¿nÀ�½°Â¡ä�¹$¸�º«¸°Á~¿n½

Λ < 1
ó(¾�¹$Á~¿n½

ε < P
¹~Í$¿nÀ�½°¹$ï°¯�¹¶À{¾�¹$Á~¹$À�¾�¹

δB << B0

ó�¿rï�ç�¹7ð{º«¸�º«À{¾�¹�º´Ð«º«Ï¡Â¡ä�º«ä�¹xä�º~º«è�¸°¿'��Â¡Álº«Å¶Æ«¿�Ï¡Â¡À�¹¶º«¸$É
í�º«½�è�¸°õp��Â¡Álº«½x½°¹$ÅU��¹$½7ä�¹$½°Í$¸°¹CÐ{¹$Á~¿n½LºM¹$½'¾�¸°ç�¾�ç�¸�ºYä�¹�ç�ÁlºMÀ�ç�Ðn¹$Á Á~¿nÏ¡¹$Í$ç�ÏÃº«¸�¹$½'¾#�¶Ðn¹$Ï£óKç�¾�Âìë

Ï¡ÂÑî¶º«À�ä�¿rº«½]¹$ï�ç�º«ÅU��¹$½��
5.4− 5.6

� ó�Í$¿nÀ�½°Â¡ä�¹$¸�º«À�ä�¿~ä�¿«Â¡½]Í$º«½°¿n½$»
i−)

ï�ç�º«À�ä�¿~À�Æ«¿r¹���Â¡½'¾�¹7º«Á~¿n¸'¾�¹[ë
Í$ÂÑÁ~¹$À�¾�¿lä�¿lö�çx��¿Qä�¹´¿nÀ�ä�º«½$ó�¹

ii−)
ï�ç�º«À�ä�¿M¿n½�ðn¸�Æ«¿n½xº«Á~¿n¸'¾�¹$Í$¹$Á=ó�ºlè�º«¸'¾�Â¡¸�ä�¹L¸°¹$½°½°¿nÀ�æ«À�Í$ÂÃº«½

ÍU�ÑÍ$Ï¡¿«¾�¸°¿nÀ.ó�¿�ö�çx��¿~ä�¹�¿nÀ�ä�º«½$ó�è�º«¸�º�ä�ÂÑÈ§¹$¸°¹$À{¾�¹$½6Ð«º«Ï¡¿n¸°¹$½6ä�¹
Λ
É

¿�÷
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a��o�a�����6È°�!�a������;�@Êw
°�����YË��a�4��� F!�%æ��/�$�$�1¢ ªF¤!�!�u�
H(k
è J B]\zpMR[J(P@nMEL\

K¥´�ß�´
³ M¥Ö8Ì^Áá¼aÇ�¸ÓÊ�Ô�ÚuÛlÍBÅ�¾�»£Áêºa¸zÏ ÈPÏ�Áá¼aÇ�¸B»£¾
Ï�¸BÅPÇ�Á
Î�¹rÀ�Æ«¿YåF�=º«Á~¿n¸'¾�¹$Í$ÂÑÁ~¹$À�¾�¿Q¿nçp½°¹~¹$½'¾�¹rô�È§¸�º«Í$¿�ó ¾�¹$Á~¿n½�ï�ç�¹

L → ∞
óK¿nç}º«¿YÁ~¹$À�¿n½

L >> l
ó

½°¹$À�ä�¿
l
ºY¹$½°Í¶º«ÏÃºMä�¹�¾�º«Álº«À�å�¿Yä�ºYÀ�ç�Ðn¹$Á=ÉlÊ�¹$½'¾�ºMÈ§¿n¸°Álº�óKºYä�¹$À�½°Â¡ä�º�ä�¹~ä�¹r¹$À�¹$¸°ðnÂÃºMä�ºY¿nÀ�ä�º�ó

ä�º�ä�ºrè�¹$ÏÃº�¹Cï�ç�º«Å¶Æ«¿��£ò�É Ô � ó�ô�ä�¹C¾�¹$¸°Á~Â¡À�º«ä�º�º�¾�¸�º¶Ð{ô$½]ä�º�¸°¹$ÏÃº«Å¶Æ«¿�»

ε (z) = ε (z = 0)

(
ρ

ρ0

) 1
2

.
�£ò�É ¿ �

í�¹C½'¾�¹�Í¶º«½°¿�ó�ç�Á ðn¸�º«ä�Â¡¹$À�¾�¹xä�¹�ä�¹$À�½°Â¡ä�º«ä�¹�¸°¹$½°ç�ÏÑ¾�º�¹$Á ç�Á�ðn¸�º«ä�ÂÑ¹$À�¾�¹xä�¹�ä�¹$À�½°Â¡ä�º«ä�¹�ä�¹�¹$À�¹$¸°ðnÂÃº
ä�º�½x¿nÀ�ä�º«½�¹«ó.ä�¹´º«Í$¿n¸°ä�¿QÍ$¿nÁIºl¹$ï�ç�º«Å¶Æ«¿��£ò�É ò � ó�¾�¹$¸°¹$Á~¿n½�¿l¾�¹$¸°Á~¿Qä�¹Lè�¸°¹$½°½�Æ«¿Mä�º«½x¿nÀ�ä�º«½�ï�ç�¹
½°ç�è�¿n¸'¾�ºvº}À�ç�Ð{¹$Á Í$¿nÀ{¾�¸�º}¿v½°¹$çÝÍ$¿nÏÃº«è�½°¿�É Ä è�¹$¸0!�Ï�ä�¹×ä�¹$À�½°Â¡ä�º«ä�¹wè�º«¸�ºp¿v¹$ï�ç�Â¡Ï �¡ê�¸°ÂÑ¿pè�¿�ä�¹
¹$À{¾�Æ«¿L½°¹$¸�¿nê�¾�Â¡ä�¿�É/ÿ]¾�Â¡Ï¡ÂÑî¶º«Á~¿n½"Í$¿nÁ~¿7è�º«¸�æ«Á~¹C¾�¸°¿n½�Ï¡¿�Í¶º�Â¡½�À�¿LÍ$¹$À{¾�¸°¿Lä�º7À�ç�Ðn¹$Á

n0 = 104 cm−3
ó

B0 = 10 µG
¹

T = 20 K
�3�/Ð«º«À�½7ý'ýL÷p¿+¿+¿ � É~í�º�!�ðnç�¸�º×ò�É¶.MºYÏ¡Â¡À�å�ºQÍ$¿nÀ{¾=�¡À�ç�ºM¸°¹$è�¸°¹$½°¹$À�¾�º=¿

è�¹$¸0!�Ï ä�¹�ä�¹$À�½°Â¡ä�º«ä�¹�½°¹$Á�¿r½°ç�è�¿n¸'¾�¹�¼�ÏÑÈ�Ðnù$À�Â¡Í$¿�� ��µ§�¶µ
Λ = 0

� ó�¹�º«½]¿nç�¾�¸�º«½6Í$ç�¸'Ð«º«½]¸°¹$è�¸°¹$½°¹$À{¾�º«Á
¿r¸°¹$½°ç�ÏÑ¾�º«ä�¿rä�¹�¹$ï�ç�Â¡Ï �¡ê�¸°ÂÑ¿�è�º«¸�º

Λ Î (�ó ({ò�óF(�óÑ÷�ò´¹�(�ó¶.nò�É
Ë�¹$¸°Âk!�Í¶º«Á~¿n½Òè�¹$ÏÃº�!�ðnç�¸�º�ò�É¶.�ï�ç�¹6¿�¾�º«Álº«À�å�¿xä�¹6¹$ï�ç�Â¡Ï �¡ê�¸°ÂÑ¿�ä�º�À�ç�Ðn¹$Áð�§¿�ï�ç�¹]¸°¹$è�¸°¹$½°¹$À{¾�º«¸°ÂÃº

ç�ÁÛÍ$¿nÁ~è�¸°Â¡Á~¹$À{¾�¿Yä�¹lÌ«¹¶º«À�½7Á~¿�ä�Âk!�Í¶º«ä�¿ � º«ç�Á~¹$À{¾�ºYÍ$¿nÀ�È§¿n¸°Á~¹rº«ç�Á~¹$À{¾[º�Á~¿n½7ºYä�¹$À�½°Â¡ä�º«ä�¹~ä�¹
¹$À�¹$¸°ðnÂÃº7ä�º«½T¿nÀ�ä�º«½$ó�¿Lï�ç�¹�¹$½'¾#�Lä�¹xº«Í$¿n¸°ä�¿LÍ$¿nÁ¤¿n½T¸°¹$½°ç�ÏÑ¾�º«ä�¿n½�¿nê�¾�Â¡ä�¿n½�è�¿n¸t�×º«¸'¾�Â¡À.ó;~�¹���Ð�º«¹$¸'¾�½
S�Ç"¸°Â¡¹$½'¾��%÷p¿+¿), � óK¿nç}½°¹`�°º�óÒº«½7¿nÀ�ä�º«½Lº«Ï¡Í¶º«À�Å¶º«Á º«½7ê�¿n¸°ä�º«½7ä�ºYÀ�ç�Ðn¹$ÁgÂ¡À�Â¡ê�ÂÑÀ�ä�¿Y½°¹$çvÍ$¿nÏ¡º«è�½°¿�É
�"À{¾�¸°¹C¾�º«À{¾�¿�ó�Í$¿nÀ�½°Â¡ä�¹$¸�º«À�ä�¿7ç�Á)º«Á~¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿�¸°¹¶º«Ï �¡½'¾�ÂÑÍ$¿�è�º«¸�º�¿�ö�çx��¿Lä�¹�¿nÀ�ä�º«½$ó�¿7¸°¹$½°ç�ÏÑ¾�º«ä�¿
ô�ä�ÂÑÈ§¹$¸°¹$À�¾�¹«É

K¥´�ß�´Øµ M¥Ö8Ì^Áá¼aÇ�¸ÓÊ�Ô�ÚuÛlÍBÅ�¾�»£Áê»£ÁPÏ ÊàÏ�Áá¼aÇ�¸B»£¾
Ï�¸BÅ�Ç�Á
�"ÁAç�ÁAÁ~¿�ä�¹$Ï¡¿QÁlº«Â¡½�¸°¹¶º«Ï �¡½'¾�Â¡Í$¿QÍ$¿nÀ�½°Â¡ä�¹$¸�º«Á~¿n½�ºMè�¸°¿nè�º«ð{º«Å¶Æ«¿Mä�º«½�¿nÀ�ä�º«½�ä�¹�¼�ÏÑÈ�Ðnô$Àc¹$ÁÛç�Á
è�Ï¡º«½°ÁlºM¹$Á~è�¿�¹$Â¡¸�º«ä�¿�óK¹r¿nÀ�ä�¹lº«½�è�º«¸'¾=�¡Í$ç�ÏÃº«½�ä�¹rè�¿�¹$Â¡¸�ºY½�Æ«¿=Í¶º«¸°¸°¹$ð{º«ä�º«½�¹$Ï¡¹C¾�¸°Â¡Í¶º«Á~¹$À{¾�¹«É%$T¿nÀ�ë
½°Â¡ä�¹C¸�º�À�ä�¿L¿n½TÁ~¹$½°Á~¿7è�º«¸�æ«Á~¹C¾�¸°¿n½�è�º«¸�ºLº7À�ç�Ð{¹$Á)ç�¾�Â¡Ï¡ÂÑî¶º«ä�¿n½�À�º7½°¹$Å¶Æ«¿rò�É *�ÉÑ÷nó�º7¹$ï�ç�º«Å¶Æ«¿��%÷nÉ *+* �
È§¿«¸�À�¹CÍ$¹�ç�ÁlºUÍ¶º«¸°ð{º6Á~ô$ä�ÂÃºUè�º«¸�ºU¿n½Kðn¸�Æ«¿«½

qd ' −1 |e−|
É Ä Í$¿nÁ~è�¸°Â¡Á~¹$À{¾�¿Uä�¹�º«Á~¿n¸'¾�¹$Í$Â¡Á~¹CÀ�¾�¿UÍU�ìë

Í$ÏÑ¿«¾�¸°¿nÀ.ó«ä�º�ä�¿xè�¹$ÏÃº�¹$ï�ç�º«Å¶Æ«¿��%÷nÉ &)* � è�º«¸�º
p = 4

¹TÀ�¿�Â¡À�¾�¹$¸'Ð�º«Ï¡¿�ä�¹T¸�º«Â¡¿n½
0, 005 µm < a < 1 µm

¿+.
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þÒÂÑðnç�¸�ºxò�É¶.�» \õ_=]�øIwIe)_ e)_=gInobOeIj'e)_�eIj�g/i)fB_=mía#d'm noi��;d']oc`_áô�w%" f�O=g)bOa#d�gxr'd��ÓjUm	d']oc`_#a=bOe)dIzBô�wZbZg��xjtn`v'w¶bOeIj
]`_u�)]`_#n`_=g�c0jsd�m	d/e)_=wOd�n`_=mìd'gIeIj'n«e)_Pô�w%" fBu=g»h�_�j'n«d'i)co]0j'n�]`_u�)]`_#n`_=g/c0jUm d�m	d/e)_=wOd��xjU]0j

Λ =
0+h 0�Q+h40+hG25Q

_�0+h .�Q+z

¿/*
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þÒÂÑðnç�¸�º~ò�É *�»P5 d'm��)]obZm	_=g/c`d�e)_�jUm	d']oc`_#a=bZm	_=g/c`d�au÷Oa=wOd'co]`d'g%eIjÝ�@d�_=bZ]0j	_=mÓ" i)gIq�r'd	eIj�" ]`_�*�Ï@O=gIa=bkjÝ�xjU]0j
j�g�i)f�_=m m	d'wO_#aRiIwOjU]�z

è�º�¸�ºQº«½�è�º«¸'¾=�¡Í$ç�ÏÃº«½�ä�¹�è�¿�¹$ÂÑ¸�º�ó.ô�Â¡Ï¡ç�½'¾�¸�º«ä�¿QÀ�º%!�ðnç�¸�ºYò�É *�É7¼Û!�ðnç�¸�ºQÁ~¿n½'¾�¸�ºQï�ç�¹rºQ¹$½°Í¶º«ÏÃºMä�¹
Í$¿«Á~è�¸°Â¡Á~¹$À�¾�¿�ó�À�ºlï�ç�º«Ï(è�¸�º�¾�Â¡Í¶º«Á~¹$À�¾�¹�¾�¿�ä�¿l¿lö�çx��¿Mä�¹L¿nÀ�ä�º«½xô´º«Á~¿n¸'¾�¹$Í$Â¡ä�¿�ó�ô´ä�ºl¿n¸°ä�¹$ÁIä�¹
10−1 pc

É´�"½°½�º�¹$½°Í¶º«ÏÃº´ô�º«Â¡À�ä�ºLÁ~¹$À�¿n¸T½°¹�Í$¿nÀ�½°Â¡ä�¹$¸�º«¸°Á~¿n½T¿´ö�çx��¿�¹$ÁéÈ§¸°¹$ï°¯�ù$À�Í$ÂÃº«½UÍ$¿nÂ¡À�Í$Â¡ä�¹$À{¾�¹C½
Í$¿«Á`º«½�è�º«¸'¾=�¡Í$ç�ÏÃº«½Lä�¹Yè�¿�¹$Â¡¸�ºwä�¹Y¸�º«Â¡¿n½´º«Â¡À�ä�ºwÁ~¹$À�¿n¸°¹$½$ó�è�¿�ä�¹$À�ä�¿pÍ�å�¹$ð{º«¸rº

∼ 10−5 pc
É Ä

¹$½°è�¹$ÍC¾�¸°¿×ä�¿Yö�çx��¿=ä�¹r¿nÀ�ä�º«½LºMÍ¶º«ä�ºYè�¿nÀ{¾�¿Yä�ºYÀ�ç�Ð{¹$Á ôrÂ¡Ï¡ç�½'¾�¸�º«ä�¿MÀ�º�!�ðnç�¸�º=ò�É &�É~Ç(¿�ä�¹$Á~¿n½
è�¹$¸°Í$¹$ê�¹$¸�ï�ç�¹´¿lö�çx��¿Yä�¹L¿nÀ�ä�º«½x½°¿«È§¸°¹´¿Mº«Á~¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿Qº�¾�ô

∼ 1016 cm
�
10−2

è�Í � ó�¹�º«½x¿nÀ�ë
ä�º�½xÍ$¿nÁ È§¸°¹$ï°¯�ù$À�Í$ÂÃºQÍU�¡Í$Ï¡¿«¾�¸°¿nÀ=Álº«Â¡¿n¸]½�Æ«¿Mº�È§¹C¾�º«ä�º«½�Í$¿nÁ<Álº«Â¡¿n¸]Â¡À{¾�¹$À�½°Â¡ä�º«ä�¹«ó�¹L½°ç�ºl¹$À�¹$¸°ðnÂÃºlô
¸°¹$Ár¿�Ð�Â¡ä�º´Álº«Â¡½U¸�º«è�Â¡ä�º«Á~¹$À{¾�¹«É

¼)è�º«¸'¾�Â¡¸�ä�ºYä�¹C¾�¹$¸°Á~ÂÑÀ�º«Å¶Æ«¿Yä�¿=¹$½°è�¹$ÍC¾�¸°¿×ä�¹~è�¿«¾�ù$À�Í$ÂÃºY¹$Á Í¶º«ä�ºYè�¿n½°Â¡Å¶Æ«¿=ä�ºYÀ�ç�Ðn¹$Á ��þÒÂ¡ð�É
ò�É & � è�¿�ä�¹$Á~¿n½�ä�¹C¾�¹$¸°Á~Â¡À�º«¸�¿Mö�çx��¿Y¾�¿«¾�º«Ï"¹$ÁÛÍ¶º«ä�ºYè�¿nÀ�¾�¿�óK¹rÍ$¿nÀ�½°¹$ï°¯�¹$À{¾�¹¶Á~¹$À{¾�¹l¿Yðn¸�º«ä�Â¡¹$À{¾�¹
À�ºMä�¹$À�½°Â¡ä�º«ä�¹~ä�¹r¹$À�¹$¸°ðnÂÃºMä�º«½7¿nÀ�ä�º«½$É
Ã]¹$½°¿nÏÑÐn¹$À�ä�¿wºM¹$ï�ç�º«Å¶Æ«¿ �£ò�É ò � Â¡À�Í$Ï¡ç�Â¡À�ä�¿M¿n½�¹CÈ§¹$ÂÑ¾�¿n½�ä�¹
º«Ár¿n¸'¾�¹$Í$Â¡Á~¹$À{¾�¿�ÍU�ÑÍ$Ï¡¿«¾�¸°¿nÀ.ó�¿xè�¹$¸0!�Ï�ä�¹Uä�¹CÀ�½�ÂÑä�º«ä�¹Uä�º�À�ç�Ðn¹$ÁÙôTÂ¡Ï¡ç�½'¾�¸�º«ä�¿�À�º�!�ðnç�¸�ºxò�É ò�ÉÒ¼ Ï¡Â¡À�å�º
è�¿nÀ{¾�ÂÑÏ¡å�º«ä�º=¸°¹$è�¸°¹$½°¹$À{¾�ºøº×½°¿nÏ¡ç�Å¶Æ«¿×è�º«¸�º

Λ = 0
ó/¿nçv½°¹`�°º�ó/À�ºwº«ç�½°ù$À�Í$ÂÃº×ä�¹Q¿nÀ�ä�º«½Lä�¹l¼�ÏÑÈ�Ð{ô$À.ó

¿�&
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þÒÂÑðnç�¸�ºYò�É &�» &�n$�@_#a=co]`d�e)_Ý�@d'c�O=gIa=bkj�eIj'nsd'gIeIj'n�h�jUm	d']oc`_#a=bOeIj'n8�;_=wkj�]`_#n`n`d'ga	UgIa=bkj�au÷Oa=wOd'co]`d'g»h½�xjU]0j�e+b%�
"T_R]`_=g/c`_#n�wOd/a�jUwZbOeIj'e)_#n�eIj�g/i)fB_=mée)_#n`e)_

z = 0
hxgId�a#_=g/co]`d)h@jUc`u

z = 1016 cm
h;d'gIe)_lj�m�jUbOd']��;jU]oc`_�e)d�Ii� )d�"Td'b�jUm	d']oc`_#a=bOe)d)z

¿nò
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