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�Y�Q� pr�caco�nt��sef � dN�� j¡N¢3 �£e¢3 m¤�¥ o � dNhjf�¦�a¨§©acb¨oeªthtoT«¬ajfio � dNhefisefm�aek¬®

v ¯±°z²´³¶µl· µ�³¶¸±°
«¬a �r� prhjd¹oN�jaca�sto � f�a � b¨oNsjajp�ºe»j¼rsjf�½ � dgp � prsja
b¨ogs¨«/a¨«Uo�d�ox¦�a¨§©acbmf�¾6¿ogdgp©¿ogdNaj»jp � bca¨ÀÁstorºeb

��a¨Âxscaj½�	
h�ÀjÃ�§�¥ ¤� � iÄ



� o � f�d¹o%q�Ã � fgn/seprsto�q�� � pr�caco�nt��sefi½Á	 � d�hefi¦�ae§©ac»ep � bmf�½l� � � prhcq�o�dNf�hcaja��/	��

��oQºe»cscÃ�½Áheºebmf�qNfr«¬ajdgp\n/��� «tfibedNf�h�¦�ae§©ajbmfg¾^�o�dgp©�o�dNac»ep � bja¨À�stoQºeb
qj¢ s1¢ � ¢�� ���U¸
	 ²U¯��  v�
� $�"�� at ¢j	�¢ $ ¢ �
fi¦�¦�p��t	���®

��¦�ac�jato¹n/�NscÃ p�f �j� f�sjprsjdNÃ�� «tfibedNf�h�¦�ae§©ajbmfg¾^�o�dgp©�o�dNac»ep � bja¨À�stoQºeb ª
� hjf�¦�p �Q� f�h���	 µ�����	��  �� ��� 	�� �t	���®��
«tfibedNf�h�¦�ae§©ajbmfg¾^�o�dgp©�o�dNac»ep � bja¨À�stoQºeb ª
�����U²
	 ²¬¯±�� v� � �,	
� �/	���®

+�pW«tº� �o�k�fih�!Wogsca¨§¹og�ca¨k"� ��º� �acs � b¨o�k�� o¹«/ato � dNhefisefm�ac»ep � b¨o¹k
� � � prhcq�ogdgf�hcaek�	���� $��
	��

&1o# �aed�o � f � dgf�ajd � k ¡%$�f�bjdrk � hikl¤g N iÄ&!E¢eq('%»to � f�q
sco�§¹o � pW«Uogscaca�«/a �Q� p©hed�og�caefisjsjf)!Qf � f�qNpQd¹o��� N m¤ ¢P¤� N£j¢  j¡ � hja�� � pr�caco�nt��sefi½
	 � dNhjf�¦�a¨§Taj»jp � bmfi½l� � � p©hjqio�dgfihjaca��/	�� � f�oT«¬hep � º*�c£)'�+j¡%+iÄ¨ª¬�,	�� �t	���ª
� f � ¢¬��a¨Âxscaj½�	
h�ÀjÃ�§iª¬��oghtoT»cogprqgfg¾7(
prhcbmp �Q� b¨o¹k�hjp �Q� º � n/acb¨o

� «/a �Q� p©hed�og�caep©½� fTÂxsef�fN§©stogbmfi¿aedN� � kÁq � a � ntajfNdgp©bmp��,	�� �t	���¢

	
qgdgfihep©¦�prhto�d hco�§rf � n¬ogs ¡-, � prsjdrk � hikl¤g N iÄ.!E¢

��»e¼©sjÃ*½ � prbchjpQd¹oNhj�
«/a �Q� p©hed�og�caefisjsjf)!Qf � f�qNpQd¹o��� � i¤ ¢P¤� �£e¢  j¡
b¨ogs¨«/a¨«Uo�d�¦�ae§©acbmf�¾6¿o�dgpT¿o�dNac»jp � bca À_scorºeb ��oN½efihefiq�o���¢ ��¢
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��a �Q� prhed�og�cajf�scsco�k�hco � f�d¹o � f � q�k  �prsto�a �Q� ntpW«/f�q�oNsja�� f � dNac»ep � bmf)!\f�a¨§rnjºe»jprsca¨k
hco¹«/ajf � º¹nt� � oghjf�q a � hjf©ktq�ntprscaj½Ia À q�§ToNac f©«/pr½ � dNqNaek � fibjheº Â�o��  �pr½ � hjpW«tfi½ �
� fm f) ����!¦�f�dgfi�pQdNhcaj»jp � bca À�a ªtq%hik¨«/p � njºe»to�p©qjª �Q� prbed�hco�nt��sjÃ�ÀÁsto � n���«tp©sjac½1¢
v�� °! ¬¸�"�# 	 ²%$�°!#±°cµ'&)( � �*$+$iµm³ °m¸-,����
�
dNbjhcÃ d�aep�htoT«¬aef � º¹n/� � oNhefiq/.1032547698;: <5=?>�@BA�¡ '�+�$DC�fN§©stoN prsjf�qio¹ntf � fTkcq�ntprscaep

sefiqgf !\f sto � hcoNq�ntprsjaek qIo � d�hefisefm�aja ¢G�
pr½jdNhjf�scsjÃ�p�§©q!Ep\§\«¬Ã � ��&'® ª � hep\« � b¨o�§Togs¨¾
sjÃ�p%p% ?Ep%q|¡%'�£DF !E¢Ub¨oNb�f �HG prbed�Ãf�»jprsj�Á�o¹ntf)!\f`htoT«¬a¨º � o�a|qNÃ � f�bmfi½ � ncf�dNsef � dNa ª
bmfNdgfihjÃ�p`«/fgncÂxsjÃ f � hto¹§rfiqNÃ�qio�dN� � kIq bmfisepr»csjf�½ � d�oT«¬ajaJIrqNfgn-���jaca ¿o �Q� ajq�sjÃ�À
§©q!EpQ§\«:ª � d�o¹n/a � hjpW«¬�pQdgfi!hjp©o¹n/�NscÃ#À sto � n���«¬ogdgp\n/�NscÃ#À a �r� ncp\«tfiq�ogscac½1¢�� � stogheºm¾
Â�prscaep � ºTn/� � oghjf�q q f � d¹ogdNb¨oTÀ � qgp©h�ÀjsefiqNÃ#Àq ��hto � fiqNa¨«/sjf�½!d�ºj�ogscsef � dNa a q
� fg§Tqgp\§\«¬aca¶��oNh¨º � f�q � f � ncº Âxa¨ntf � q�a «/pQdgp\n/� � dNqgfm f � hto¹§rfiq�oNsjaek ��& � hca qg§©hcÃ#¾
q�o¹À � qgprh�Àjsjf�q�Ã#À1¢#+ ¡%'iÄ¨¡"! ¢ � Ã�n/aIfNdNbchcÃ dNÃ hjprsed)!\prsjf�q � bjajp � ºTn/� � oghcÃ�ª¿aIq � bmf�¾
hep � d�o¹ntf�f �  �p � hcajsekjdNÃG ª »jdgf � ºTn/� � oghcÃ KLIQdgf � Ã � dNhjf�q�hco� �oM�  �aep � k � aen/�Nsjf�¾
§ToN�o#!Qscaj»jprscsjÃ�pÁ��& ¢¿� oT«¬aef � º¹n/� � oNhjÃ f�dNsjf � kjd � k b � fr«¬ben/o �Q� º�a¨§rfNntachjf�q�oNsjscÃ#À
��& � ����&'®4¢���sca sjp a �r� Ã�dNÃ�qioM��d q�n/a¨ktsjaek!ogbcbchepr�caca qNp% �p � dNq�o � f � Ã�»csjf)!\f
§©q!EpQ§\«/sjf)!Qf�bmfi � f�sjpQd�oeª¹«¬o�Â�p p � n/a�hco¹«/ajf � º¹nt� � ogh�sco¹Àif©«¬aed � k�q�«/qNf�½csefi½�§TqNEp\§\«¬sjf�½
� a � dgp© pi¢T� oT«¬aef � º¹n/� � oNhjÃ � ����®1ae§Qncºe»co���dTª©q�f � sjf�qNsjfi�ªW§To � »j¼Qd*sjpQdgp � ntf�qNÃ�À � hefg¾
�ep �Q� f�q�q�¿o�!Qsjajdgf � ¦�p©hep���& ªNa � dgfi»jscajbmfmLIrsep©h�!Qaca�bmfNdNf�hcÃ#À�kcqgnjkcpQd � k%q�hco� �prscaep
§©qgpQ§\«/Ã�¢#��sca kcqgnjk���d � k d�ogbeÂ�pOIr¦�¦�prbed�ajq�sjÃG�a � f � d¹oNq� �acb¨oN¿a qNÃ � f�Irsjprh !Qac» ¾
sjÃ�À`»to � dNaj��q�fibjheº Â�o��  _ºN� � hjpW«cºm¢m� hik¨«Uo���� f � scoNh¨º Â�prsef�dNp � ntf�qNfNp�a¨§rnjºe»jpW¾
sjajp ��� fiqgprh�Àjsjf � d�a�f � dNÃ�qioM�  �pr½z��& ¢1��o � n-�#«Uo�dgpQnt��sjÃ�p � hefTkcqgncp©sjaek ª � dNhef�prscaep
aPIrqNfgn-���jaek ��& f � hep\«tp\nck���d � k a � b¨n-��»caedgpQnt��sjÃG�a ¦�a¨§Taj»jp � bcac¿a º � ntf�q�a¨k/�a
�Y� qgprh G k¨«/prhcsjÃ�p � ntfNd�sef � dNa ª � qgprh�À � aent��sjÃ�p�¿o#!QscajdNsjÃ�p�a !Qhtogq�aed�og�caefisjscÃ p � f�¾
njk'ª � qgp©h�Àedgprbeºe»ep � dN� � oNhjajf�scsjf�½�bmfm � f�sjprsed�Ã qgp  �p � d�q�o�q_sep\«/htoTÀ���&`a%«/h ¢ ® ª »jdgf
«tpQn/ogpQd�a À±ºesjacb¨o¹n/�NscÃ*¿a � hjachef©«¬sjÃG�a n/o � f�hto�dNf�hca¨k/�a � f�a¨§Qºe»jprsca!� � qNf�½ � dNq
qgp% �p � dNqio´qLI©b � dNhjp©¿o¹n/�NscÃ#ÀIº � ntf�q�a¨keÀ1ª,sepW«/f � dNa¨Âxat�Ã#À sto &Up© ntp�¢#��«¬sefN§©sto©»¨¾
sefi½�dgpQf�hcacaÁ�sef !Qa¨À a¨§�IrdNa À � qgfi½ � d�q � f�b¨o�sep � º� �p � dNq�ºipQd�a f � sjf�q�sjÃG  pQdNfr«/fi
a �r� ncp\«tfiq�ogscac½�kcqgnjkcpQd � k � htogq�sep©sjajp � hjpW« � b¨o¹§©Ã*q�ogp©�Ã#À�hco�§©sjÃG�a_dgp©hepQd�aj»jp � bcac¿a
 f©«tpQnjk/�a�sco � n-�#«Uo�dgpQnt��sjÃ�À � hjfTkcq�ntprscaj½ � sto � n���«tprscaekt�a�����&´q`hto¹§rntac»jscÃ#À
«/ato � o¹§©f�stoTÀ «tn/ajs qNfgn/s1ª�qNben���»to¹k f � dNac»jp � bcaj½ ¢3Q,dNat f � hepW«/p\nckjpQd � k ogbjd�ºmo�nt��¾
sef � dN��dNp©�Ã¶«Uogscsefi½�«¬a �Q� prhed�og�caca1¢
� sto � dNf©k  �p© ºlq�hep©�prsja|f � stogheº Â�prsjf � fgntpQpÁ¡-,� � �hco¹«/ajf � º¹nt� � oghjf�qc¢ �#htogq�sja¨¾

dgp\n/�Nsjf�sjp � fNnt�HR_ºN� «tfNn�� � hjpW«¬axsja¨À � f � d¹oNq�nck���d�f �HG prbed�Ã�ªmae§Qnjºe»jprscaep�bmf�dgf�hcÃ#À
«tprdgprbjdNajheº�prd � k|d�ogbeÂ�p�q !Eo�¿¿oeªUhep©sed�!Qprsefiq � bmfm a�«Uo¹nt¼rbmfi º¹nt�TdNhtog¦�aefNncprdgf�qNfi
«/ato � o¹§©f�stoTÀS.1T�UWVX2ZY�¡%')'�$��![�2Z\^]M2ZY`_bacYMEd Vfe-2ZY�¡ '�'�'���gihH8;8j2lk+m;6�<5=`>M@BAt¤g N i¤ ��n�h+Yje-2ZU9o
_b[�hp4�qH2ZY�¡ '�')$��Nn)oM8;e�6�<5=�>�@rAj¤g N �+DC ¢¨+ f � dNac»ep � bmfiz«¬aco � o�§rf�sjp�f � stogheº Â�prsjf�dgfNnt��¾

s



bmf�«tp©q�kjd������ .�� 6��Hk�oMk�6U¤� N  ,lC9¢m)�fNnt�HR�acs � dNqgf�ae§�sca¨À1ª�§To�a � ben-��»eprscajp© �fgntfr«¬Ã#À
� º¹n/� � oNhefiqlq���hto � fiqNa¨«/sjf�½±dgºj¿ogscsef � dNa a g���� [#  , Fi ¹¾ +)'eª ktq�nck���d � k � n¬o � ÃG�a
f � dNac»ep � bjat�a¶f ��G p©bed�oN�a ¢��_a!R�� «tf � d¹ogdgf�»csjf kchcbcaj½ � º¹nt� � ogh qI��hco � f�q�a «¬sjf�½
d�ºj¿oNsjsjf � d�a � htogq�sjajdgp\n/�Nsjf � fNntsjf ae§Qºe»ep©s ��� fi f  ���� ¦�f�dgfi�pQdNhcaja ª �Q� prbjdNhefg¾
� bmf � aca a � fNnjkthjat pQd�hjaca1ªjq�dNfi�»ca � ncp�ª¨a � q�Ã � fibjat�qNhjp© p©sjscÃ*±hto¹§©hjpZR�prsjajp© ¢
��njk f � d�o¹n/�NscÃ#À � hefiqgf©«¬a¨n/a � �|dgfNnt��bmf´¦�fNdgfm pQdNhcac»ep � bjajp�sto � n���«tprscaekIq|f !QhtoT¾
sjac»jprsjsjfi sco � fihep �r� prbjdNhto¹n/�NscÃ#À � fNncf � ª � hep©ac º� �p � dNqNprscsef�q !\fNnjº � f�½�f � n¬o � dNa
qNa¨«/at f !\f�«/ato � o¹§rfisco�aenta � ntaeÂxsep©zº¹n/�©d�hcoN¦�ajfgntpQdgp�¢NQ#dNa�«UogscsjÃ�pGsjp � fg§Tqgfgncken/a
«tpQn/ogdN�xf � hjpW«/p\n�Ep©sjscÃ#À�qNÃ*qgf©«/f�q�f�À¨oghtogbjdgprhjp�a� p\À ogscae§T¿oTÀ`f � dNac»ep � bmf)!\f a¨§Qncºm¾
»ep©sjaekz��& ªtf §ToNbmf�sjfi prhcsjf � d©k¨À IrqNfgn-���jaca �Q� prbed�hefiq � qgfg§Thco � dgfi�ª/f hto¹§rntac»jaek¨À
 p\Â�«tºzf � dNac»ep � bjat ae§Qncºe»ep©sjajp© ��� a	��hco¹«/ajfi�fgn/»co� �a¨À�
|����& ª'a´dT¢ «:¢ �
f©ktq¹¾
ncp©sjajpxsco�§rp©�scÃ#À|f � dNac»jp � bca À dNp\ncp � bmf � f�qÁsjf�qNf)!\f � f�bmfNncp©sjaek ª d�ogbca¨À b¨ogb��� a s
a�� d�� oMY d�� ª � hja¨«¬o�ncfxsjf�q�Ã�½�ac � º¹nt� � IrdNac a �Q� ntpW«/f�qiogsca¨k/ ¢
��hjachef©«Uo_f � dNac»jp � bmf)!Qf�ae§Qnjºe»jprsca¨k�hco¹«/ajf � º¹nt� � oghjf�q_«tf � a¨À � fih sjp � fiq � pT k � ¾

scoj¢ �
f�¾^qNa¨«¬ac fm ºiª p !\f � qNf�½ � dNqioÁ»to � dNac»cseflf � hjpW«tpQnjk���d � k±qgfN§©hco � dgfm ��& ¢1��njk
 fgntf©«/Ã�À�f ��G prbjdgf�qcªjd¹oNbja¨À1ªtb¨ogb � º¹nt� � ogh`q���hco � fiqNa¨«/sjf�½�d�ºj�ogscsef � dNa�aen/a g����
[#  , Fi ¹¾ +)'eªg«tfm�acsjach¨ºN�  �ac ktq�nckjpQd � k�a¨§rnjºe»jprscaep�sjpQdgp � ncfiqgfi½ � hjachef©«¬Ã�ªmbmf�dgf�hjfNp
f � hco�§Qº�pQd � k�q��o#!QscaedNf � ¦�prhjp���& ¢e� ºeqgp\n/aj»jprscaepT±qgfg§Thco � d¹o�a�§To� pW«tncprscajp©´qNhtoT¾
 �prscaek � º¹nt� � oghto�seprdgp � ncfiq�o¹kzbmfm � f�sjprsed�o�f � n/o � prqio�pQd¹ªUaldgf !L«Uo�qgfN§T fTÂxsef � hefg¾
kcqgncprscajp�dgp � ncfiqgf�½%bmfm � fisep©sedNÃIae§Qnjºe»jprsca¨k ��� fiqgprh�Àjsjf � dNa�f � dNÃ*q�oM�  �pr½x��& ªgbmf�¾
dgf�hto¹k´sco � n-�#«Uo�pQd � k�º�hik¨«Uo � hep\«/sjprqgfN§©hto � dNscÃ#À � ¡r 

5
K¬¡© 

6
ntpQdm®
hco¹«/ajf � º¹nt� � oghjf�q

q hjprsjd�!\prsjf�q � bmfi «/ato � o¹§rfisepi¢G� � d�aj»jp � bcaep sco � n-�#«/prsjaek � fN§©qgfNnjk���d º¨dgfi»jscaed��
� oNhco� pQdNhcÃ dgp � ntf�qNf�½ bmfm � fisep©sedNÃ � f � dgf�hjf�scÃ �:p\ntpr½¨¾ ��Âxajs � fiq � bmfi½ f � n¬o � dNa
�Q� prbed�hco�a � hjf©k � scaedN� � hjachef©«tº�sjpQdgp � ncfiqgfi½�bmfm � f�sjprsed�Ã�ª �Q� p©bedNhto¹n/�NscÃ�½�acs¨«tprb �
bmfNdgfihefi½z fTÂ�pQdÁ p©s¨kcdN� � k � hca � prhjpWÀmfr«/p�f�d�fr«¬sjf)!\f�«/ato � o¹§©f�sto b�«¬heº�!\fi ºm¢¬	
b¨¾
d�ºmo�nt��sjÃG kcq�nckjprd � k d�ogbeÂ�p � fia � b qNfg§T�f©ÂxscÃ#À I©�a �Q� ajf�scsjÃ�À���o � � f�h � �cajf�scsjÃ�À
«tprd¹o�ncpr½ q �Q� p©bedNhtoTÀ ��& ª sco � hcac�prh1ª � q�kj§TogscscÃ#À � �cajbentfNdNhjf�scsjÃG ae§Qncºe»ep©sja¨¾
p© aen/a � f !3ntf) �prsjajp© � n¬o¹§T�Ã q�¿o#!rsjajdgf � ¦�prhjp�aen/aÁo�d� f � ¦�prhep���& ¢c�
f � ntpW«¬seprp
«¬oNEpQd*qNfg§T�f©Âxsjf � d�� � hikt f !\f*ae§T p©heprscaek�¿o�!QsjajdNsjf)!\f � fgnck���&�a���a¨n/a_ p � d�o ncfib¨oT¾
ntae§ToN�jaca � n/o�§T�Ã�ªifNdNqNpQd � dNqNprscsefi½x§To �r� prbjdNhto¹n/�NscÃ p�f � f � prsjsjf � dNa1ªif�dNsjf � ajdgp\n/�Nsjf
� fiqgprh�Àjsjf � dNal��& ¢
+ hik¨«/p � njºe»to�prq �r� prbjdNhto¹n/�NscÃ p�f � f � prscsef � dNa�q�bchto � sjf�½�f � n¬o � dNa�f � d�aj»jp � bca À

�Q� prbed�hefiq�htoT«¬aef � º¹n/� � oNhefiqÁ f)!Wº¨d � Ã d�� � q�kj§TogscÃ � sto¹n/aj»caepT 0
α
¾ dgºj¿ogscsef � dNa ª

kcqgnjk��  �pr½ � k�hep\§rºTn/�Td¹ogdgfiÁq�§ToNac f©«/pr½ � dNqNaek � º¹nt� � oghcsjf)!\fGqgpQdNhto*hep\nckjd�ajq�a � d � bja¨À
»co � dNac� � �p\Â%§©qg¼\§Q«/sjf�½ � hepW«/f�½ ¢ � o¹§¹ prhcÃ a !\prfi pQd�hjaek|d¹oNbja¨À � ºTn/� � oghcsjÃ�Àzd�ºm¾
¿ogscsjf � dgp©½�f � hjpW«/p\nck���d � k�b¨oNb�À¨oghtogbjdgprhca � d�ajb¨o��a � o� f�½_��& � pQ¼ � hjf � dNhtogs � dNqNprs¨¾
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fNnjºe»jprscsjÃ*½ �Q� prbed�h � hjpW« � d�ogq�ntprs q � ² �¿³ ¸ � �  	  	  
 ¢ ��s1ª q

f � sjf�q�sefm ª � ncf � bcaj½ ª � a¨§ � Ã dNb¨o��a�q � ntaeÂxsep© ��� a � n/aeÂ�sjp©��
$ «¬aco � o�§rf�stoTÀ1¢
��hja´sco � n-�#«/prsca¨keÀ�g���� [# �+ , +

+
¡ F�sto`dgp\ntp � bmf � p ��� a �HT�a�¡ ����� � f �Q� prbjdNhefg¾

!Qhtog¦�fi !.��� �j¤�q�¤� � DF�¾=¤� �  ,�!%! ¢ � fgncºe»jprs �Q� prbjdNhÁsca¨§©bmf !\f�hco�§©hjpZR�prscaek`q�«¬aco � o¹¾
§rf�sjp Fi£� N ¹¾ ')+N N  �� ¢j� � ntf�q�a¨k�sto � n���«tp©sjac½1ªUbmf�sc¦�a !Wºehtog�ca¨k|o �c� oghto�d�ºehcÃ a�hep\«cºeb¨¾
�jaek�«UogscsjÃ�Àzf � a � ogscÃ q � ² �¿³ ¸ �#�  	  	  � ª beºT«¬o`d¹oNb¨Â�p qNben���»�Eprs±ogsto¹n/a¨§ � fgncºm¾
»ep©sjscÃ#À�«¬oNsjscÃ#ÀÁa�f � � º Â�«tp©sjajp�hjp\§Qº¹n/�Td¹ogdgf�qc¢/+ �jp\ncfm ªchco �Q� hepW«/p\ntprscaep)Irsep©h�!Qaca
q �Q� prbjdNhjp � fNf�dNqgpQd � dNq�ºipQd hjp\§Qº¹n/�Td¹ogd¹o� R�achefibmf � fgntf � sjf�½¶¦�f�dgfi�pQdNhcaja ¢�Q��a � ¾
� ajf�scsjÃ�À a¨n/a´o � � fih � �jajf�scscÃ#À|n/ajscaj½±q � fNnjºe»jprscsefm �Q� prbed�hepxsjp�qNÃ kcqgncprsjfcª:sef
sepQnt�g§Qk � fgn/sjf � dN�H�¶a � ben���»cajdN�_sco�ntac»caep R�achefibja¨À%a � n/o � Ã#À �Q� prbed�hco�nt��sjÃ�À�f � f�¾
� prscsjf � dgp©½1¢ ��fised�ajseº ºj a �Q� hcoNq�ntprsjscsjf)!\f`§¹o � f)!4ncf  �prscaep �r� prbjdNhtoÁq`«/ato � o¹§rfisep
F +� N T¾=Ä� � N  �� at pQpQd � dgp � prsjseºN� ¦�f�ht º

f ∼ ν−0.2±0.2,
»edgf � f©«/dNqgprhiÂ�«Uo�pQd�seprdgp � ¾

ncfiq�ºN� � hjachef©«tº�f � sjf�qNsjf�½�»co � dNal����¢
u
¸ �#�¿µ+" 	  
 � f � qgk  ?Ep©s�a �Q� ntpW«/f�qiogsca¨k/ ae§Qncºe»eprscaek ���)� ��� � � �

+
���:¢�Q,dNfNd

� d�oghcÃ�½ � ¡¹Ä
×
¡© 
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ntpQdm® � º¹n/� � oNh � Ã n�d�ogbeÂ�p stoT«/¼\Âxsef
f�dgfTÂ�«tp � dNq�ntprs�q�heprsjd�!\p©sefiq¹¾

� bmfi�«/ato � o¹§rfisep . �'2543oMY � _ 
�oMk���¡ '�$)$�� �`hHY �Nh ��o <5= >M@BA�¡ '�$�'��C� oMk�k!69k.� _ 
 69UWUWVfhHY 2
¡%')'DFMC9¢j��«/stogbmf_«tf � dgf�qNprhcsef � dN��fNdgfTÂ�«tp � dNq�ntprsca¨k���& � f � dNaj»jp � bcat b¨ogs¨«¬a «Uo�dgfm ª
� hjpW«tncfTÂ�p©sjscÃ* � f�sto � n-�#«/prsca¨k/�sto�dgp\ntp � bmf � p`0 � a±q � ntaeÂxsep©Áº¹nt�TdNhtog¦�ajfgntpQdgp
. gco��NUBh ��<5=3>�@BA ¡%')'�+DC ªe«/fgn
!\fNp�q�hep© k�qNÃ §©Ã�qio¹n¬o � fi¿seprscaek � a¨§\¾ §To�seprq�Ã � fibmf�½�dgf�»¨¾
sef � dNaIo � dNhjfi�pQdNhcaj»jp � bmfi½ � hjacq�kj§©bja¬® ¢�+ ¤� � e¡"!E¢ � Ã�n/a � hefiqgpW«/prscÃ sco � n-�#«/prsjaek
g���� [# )' ,g 

+
 �$ q�¦�aen/�©d�hep

B
sco � d�� oMY d ¢ � �r� fNnt�g§rf�qiogscaep�º¨dgf�»cse¼©sjsjf)!\f�§TscoT»jpW¾

sjaek � f � � dNqNprscsef !\f «/q�a¨Â�p©sjaek � º¹n/� � oNhco .1[ Yj6W8;]�2Zk <5= >M@BA�¤� N m¤lC
a sjf�qNf)!\f o � dNhefg¾
 pQdNhcac»ep � bmf)!\f_b¨o�d�o¹ntf)!Wo T ����� � fN§©qgfNntaencf_stoT«/¼\Âxsef�f�dgfTÂ�«/p � d�qNajdN� IQdNfNd�f �HG prbed
sco � fNnjºe»jprscsefm a¨§©f � hto¹Â�prsjaca ªtf�»�Ep© � f©«¬hef � sjf�hto �Q� b¨o�§Togsjfxq � ² �¿³ ¸ � �  	  
  � ¢
+�p\n/aj»cacsco � ºTn/� � oghto q ¦�a¨n/�TdNhep

B
� f sco � n-�#«/prsca¨k/ sto � d�� o�Y d � f � d¹oNq�nckjpQd

B �
	�� a� �

±
�  ��� ª¿o � fNdgfib a¨§rnjºe»jprsca¨k'ª � fNf�dNqgpQd � dNqgp©sjsjfcª8� Z� � �

±
� a�1� � &�����	�¢

	



��§Qºe»ep©sjajp
���/g9��� [# �' ,� 
+
 �$ � Ã�ntf � hef©«/fgncÂ�prsjf �*� fi�f) ��H� R�ajhjf�bmf � fNncf � sefi½

UBVRI
¦�fNdgfm pQdNhcaja � f «UogscsjÃG ª � fNnjºe»jprscsjÃG sto !.��� �¬¡P� ��� a �9����¢ Q,dNa

sco � n-�#«/prsca¨k a�a¨À±hjpW«cºebc�ca¨k�f � a � ogscÃ q � ² �¿³ ¸ � �  	  
  	 ª d¹o� Â�p � hjacqgp\«tprscÃ
a�hep\§rºTn/�Td¹ogdNÃ�¢j}�² �¿³ ¸ �#�  	  
  
 � fr«/prhiÂxajd�a¨À�ogsto¹n/ae§�a�f � � º Â�«tprscajp�¢t�
f©«/dNqgprh¨¾
Â�«tprsjf � fNnjºe»jprscsef�p�sco�� d�� oMY d §©scoT»jprscaep � fNdgfib¨o�f�d � ºTn/� � oghto�q � fgntf � p B

a�q � prh¨¾
qNÃ�p
f � scoNh¨º Â�p©sef�p%!\f�ae§Qncºe»ep©sjajp�q�¦�aent�TdNhtoTÀ

V, R
a

Ic
a�ae§T prhjprscÃ qgpQntac»jacscÃ��

B �
	��

.m
� �

±
�  
 � �

V =
	��

.m
� �

±
�  ��� �

Rc �
	 �

.m
� �

±
�  � �´a

Ic �
	 �

.m
	 �

±
�  � � ¢

Q,dgf � fN§©qgfNntaencfxq � p©hjq�Ã p � f � dNhjf�ajdN�fR�ajhjf�bmf � fNncf � sjÃ*½ �Q� prbjdNh`f ��G prbjd¹oj¢
+I³ ¸ �#�¿µ+"�µ 	  � hjpr»c��a¨«/¼Qd%f � f�a � bmp�f � dNaj»jp � bmf !\f��r«¬qgfi½jscacb¨o 
 � d�oghjf)!Qf �����

� � ��
 

+
� � ¢/+#Ã � fib¨o¹k � hjf � dNhcoNs � dNqgprscsto¹k � bmfihef � dN� � º¹nt� � oghto � � 
 �

±

 � �*& � $¨®

«tpQn/ogpQd�p%!\f�Àifihef+R�atIb¨ogs¨«/a¨«¬ogdgfi a�«cnck � f�a � b¨o � ºTn/� � oghcsefi½`d�ºj¿oNsjsjf � d�a K�hjpW¾
§Qº¹nt�Td�o�d�o � qgp©h�À¨§©q�ºebmfiqgf)!Qf�«¬qNaeÂ�prsca¨k���& � bjqNfg§©�` p\Â%§©qN¼\§\«¬s¨ºN� � hjpW«cºm¢ � � stogheºm¾
Â�prscaep d¹oNbmf�½ d�ºj¿oNsjsjf � dNa � ncº Â�ajd «tf � fNntscaedNp\nt��sjÃG oNh�!\ºj prsjdgfi � hca¶f�dgfTÂ�¾
«tp � dNq�ntprscaja���& q
f � d�aj»jp � bmfm�«¬aco � o�§rf�sjp�¢i��hca�sto � n���«tp©sjaek¨À�sto � :�o�k���Y;o;� � ��	 �
q�«¬aco � o�§rf�sjpx e¢ , K $�bNI�+ .1n)oMY �+o�Urm 8j2 �J< =�>M@BA ¤� � �+DC`g���� [�¡�¡r£�£

+
¡%+ � Ã�n´f � stogheºm¾

Â�prs±b¨ogb � n¬o � Ã�½ f ��G p©bed¹ª �x� fNdgfibmfi sto`ºehjf�q�sep $
±
¤
×10−15

Irh ! �
−1
� 

−2
ª:»jdgf

� f)!4n¬o � ºipQd � k � f��jprscbmf�½´heprsjd�!\p©sefiq � bmfi½ � qNpQdNat f � dNa � f I© � ajhcaj»jp � bmfm º�§ToNbmf�seº
LX ≈ 10−3Ė

.1[�2Z\^]M2ZY _ acY d 2ZVfe-2ZY´¡%')'iÄlC9¢
��f stoMR�ac fi�ep©sjb¨o� � qgpQdNat f � dN�
g���� [�¡�¡r£N£

+
¡%+zq

B
¾ � fNncf � p�«/fgncÂxsco � Ã dN�

∼
,
×1026

I©h�!C� � a � fNf�dNqgprd � dNqgºN�*¾
 �o�k §©q!EpQ§\«/sto¹k qNp\n/aj»cajsto K!¤NÄ

.m
Ä ¢�+ � p IQdNa � fNf � hto¹Â�p©sjaek qNÃ � b¨o¹§¹ogscÃ q � ² ���

³ ¸ � �  	  �  � ¢���njk � f�a � b¨o � º¹nt� � oghto�q�f � dNac»jp � bmfi «¬ato � o¹§rfisep � Ã�n/a¶a �Q� fgn/�¹¾
§rf�qiogscÃ ae§rf � hto¹Â�prscaek � fgnck g9��� [�¡�¡r£�£

+
¡%+ q ¦�a¨n/�TdNhjp

B
ae§IoNh�Àjajqio ���'a�ª

� fNnjºe»jprscsjÃ�p�q�¤� N j¡"! ¢ ª a q�¤� � N£T¾=¤� � DF ! ! ¢ � hefiqgpW«/prscÃ !4njº � f�bcaep�sco � n-�#«/prsjaek sco
!.��� �¬¡P� ��� a ����� q�¦�aent�TdNhtoTÀ

B, R
a�n/acsjaca

Hα
¢!Q,dNax«UogscsjÃ�p
a�a¨ÀxhjpW«tºebj�caek

f � a � ogscÃ q � ² �¿³ ¸ �#�  	  �  	 � 	  �  
 ¢N}�² �¿³ ¸ � �  	  �  � � f©«/prhiÂxaed�ajsc¦�fihc�og�ca!�
f hjp\§Qº¹n/�©d�o�d�oTÀ � f�a � b¨oj¢,� � stogheº Â�prscÃ � n¬o � Ã�½Ib¨ogs¨«/a¨«Uo�d±q|f � dNac»ep � bjajp �©«/qNf�½¨¾
sjacbca�
 � º¹nt� � oghto �

B =
¤#$e¢  

±
 j¢ ¤¨ª

R � ¤NÄ ¢PÄN®
a±seprbmf�dgf�hcÃ p � hcae§©scoNbja´d�ºj�ogscsefg¾
� dNa q � fgntf � p

Hα
¢�+ � ² �¿³ ¸ �#�  	  �  � � hcacqgpW«/prsjf�f � � º Â�«/prscaep`hjp\§Qº¹nt�Td�o�dgfiq�a

� ntpW«cºN�  �a À�ae§�a À�oNsco�ntae§To�q�Ã�qgf©«/f�qc¢U��fNnjºe»jprscsco�k�«cnck�stog½¨«tp©sjsjf)!\f�f � dNaj»jp � bmfg¾
!\f�f ��G prbjd�o � qNpQdNat f � dN� � fNfNd�qgpQd � dNq�ºipQd�qNp\n/aj»cajstoN�ª fTÂxa «Uo�p©¿Ã*´«tnck � º¹nt� � oghjf�q
qgfN§©hco � d�o�¡© 
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7
ntpQdT¢'� � n/a IQdgf�«/pr½ � dNqNajdgp\n/�Nsjf���& ª-Ir¦�¦�p©bedNacqNsjf � dN� � hjpQf � htoT¾

§rf�qiogsca¨k Irsjprh !Qaja�pHEp�qNhto# �p©sjaeklqÁ��� � hcoNqNscac�o � qgp\n/aj»cacsco��a1ª/À oNhcoNbedNprhjscÃ*¿a
«cnck� fNncf©«¬Ã#À � º¹n/� � oNhefiqjªcq ��hco � f�q�a «¬sjf�½`d�ºj�ogscsef � dNa�a g���� [�  ,pFm T¾ +�'j¢
u
¸ �#�¿µ+" 	  � f � a � Ã�q�ogpQd�!3ncº � fibjajp�sco � n-�#«/prsjaek � fgntpr½ � ºTn/� � oghjf�q �i e¡r )$T¾4¡N¡©£DFcª

�j¡ 'N )$��� iÄg£DF�a�«¬h1¢ ªtq�bmfNdgfihjÃ�À�Â�p\n/ogp©¿o�k`�jp\n/��sco¹ÀifTÂ�«tp©sjaek�sefiqNÃ�À`f � d�aj»jp � bca À
fNdgfTÂ�«/p � dNqgncprscac½ ��� sep�«/f � d�a�!Qseº¨d�oe¢1��hcajqNpW«/prsjÃ bjhto�dNbcajp � qgp\«tprscaek�f�b¨o¹Â�«/fi
f �HG prbedNp�ªU«tprd¹o�nta sco � n-�#«/prsjac½´a|hep\«cºebc�jaca|«¬oNsjscÃ#Àza|f � hjpW«/p\n�EprsjscÃ p�«tnjk´b¨o¹Â�¾
«tf !\f � ºTn/� � oghto � hjpW«/p\n/�NscÃ p�§©q!EpQ§\«/scÃ p_qNp\ntac»cajscÃ�¢ ��«tpQn/oNsjÃ §¹ogben���»jprsca¨k�f � prh¨¾
�Q� prbed�ajqioTÀ�«¬o�nt��sep©½!R�a ÀÁsco � n-�#«/prscaj½ ¢

�



�%"�¸¬¯¬¸ 
 � f � q�k  �prsto � htogq�seprsca�� ae§Qnjºe»jprsca¨k a �Q� ntpW«tfiq�oNsjscÃ#À ��� qzhto¹§©scÃ#À
«/ato � o¹§©f�stoTÀ±a � f�a � beº � q�kj§©a´a´§Togbmfisefm prhcsef � dgpr½ IrqNfgn-���jaca±sco � n-�#«Uo�p©�Ã�ÀzÀ¨oT¾
hcoNbedNprhja � dNacb ¢ � ³ ¸ � ��µ+"�µ 
  � � hepW« � d�ogqgncprscÃ hjp\§Qº¹n/�©d�o�d�Ã ogsto¹n/ae§To �Q� prbjdNhco�nt��¾
sef !\flhco �Q� hjpW«/p\ntprsjaekLI©seprh !Qaca���� � � hep\«/sjprqgfN§©hto � dNscÃ#À�
 g9��� [# )+ ,#+

+
¡5F�a � pW¾

�acs�!Qa ª oÁd�ogbeÂ�p � d¹oNhef !\fOg9��� [� �' ,g 
+
 )$ � � ² ��³ ¸ �#�  
  �  � � 
  �  	 ª � fNf�dNqgprd¹¾

� dNqNprsjsjf ® ªTo�d�ogbeÂ�p,f � � º Â�«Uo�prd � k �Q� prbjdNhco�nt��sco�k I©qgfgn-���ca¨k���� � qNfg§©hto � dgfi � º¹n/�¹¾
� oghtoe¢U+ ³ ¸ �#�¿µ+"�µ 
  	 � hcajqNpW«tp©sjÃ!�sef !\f�qNfgn/sefiqNÃ�p �r� prbjdNhcÃ/IQd�a À�f ��G prbjdgf�q �B� f
q � pT «/f � d�º � scÃ* «¬oNsjscÃ*�® ¢ ��Àzogsto¹n/a¨§ � fg§Tqgfgnckjprd � hjpW« � fNncfTÂxaed���sjpQdgp � ntf�q�ºN�
� hcachef©«tº`��� � º¹nt� � oghjf�q � hepW«¬sjp%!\f�a � d¹oNhef !\f�qNfg§©hto � d¹oj¢j+�fg§¹ fTÂ�scÃ p��pWÀ oNsjae§T�Ã
��� � hep\«/sjprqgfN§©hto � dNscÃ#À � º¹n/� � oNhefiq�hto �r� ¿o�d�hjacq�o���d � k|q ³ ¸ � ��µ+" µ 
  
 ¢ ��hcoNqNsjpW¾
sjajp�f � d�aj»jp � bmf !\f�a�hjprsjd�!\prsjf�q � bmf)!\f�ºe»co � dNbmfiq �r� prbjdNhto g9��� [� �+ ,#+

+
¡ F � f�b¨o¹§TÃ#¾

q�ogpQdTª,»jdgf � f�dgf�bca ��� � f !3n¬o � ºN��d � k ��� hjfr«/fgncÂ�prscajp© � dgp � prscsefi½ bmfi � f�sjprsjdNÃ
a¨§�hjprsed)!\prsjf�q � bmf)!\fx«/ato � o¹§rfisco�q�f � dNac»ep � bjac½ ¢�Q#dgf � q�a «/pQdgp\n/� � dNq�ºipQd f`qNfg§T fTÂ�¾
sefi½lf �  �sjf � dNa� p\À ogscae§T f�q !\prsjprhtog�caja�f � dNac»jp � bmf)!Qf�a�hjprsjd�!\prsjf�q � bmf)!\f�a¨§rnjºe»jpW¾
sjaek � º¹n/� � oNhco a| fTÂ�pQd � ncº ÂxaedN�Áf ��G k � sjprsjajp© � hjachjfr«¬Ã ae§ � Ã�dNb¨o p%!\f �Q� p©bedNhto
q � n/a¨Âxsjp© ��� «¬aco � o�§rf�sjp�¢:+ ³ ¸ � ��µ+" µ 
  � � hjpW« � d¹oNq�ntprscÃ qNÃ*qgf©«/Ã�ª � fNnjºe»jprs¨¾
sjÃ�p�q�Àif©«/p�ogsto¹n/a¨§Toxa � htogq�seprscaek � qgprdNac�f � dgp©½

L
qxhto¹§©scÃ#À�«¬aco � o�§rf�stoTÀ�«tnjk|Är¾

�a � º¹nt� � oghjf�qcªta¨§rºe»eprscscÃ#À�q�f � dNac»ep � bmfi «¬aco � o�§rf�sjp � ª � stoT«iEp\ÂxsjÃG�a�f��jprsjb¨o��a
hco �Q� dgfTktsjaek�a Ir¦�¦�prbjdNacqNsjf � dNpr½ � hjpQf � hco�§rf�qiogsca¨k � f�dgprhc��Irsjprh !Qaca�qNhto# �prsca¨k

Ė
q

seprdgp � ncfiqgfNp�a¨§rnjºe»jprscaep �
η = L/Ė

® ¢¬��nck�hto �r�  fNd�heprscsjf�½lqNÃ � f�hcbca|��� Ir¦�¦�prb¨¾
dNacqNsjf � dN� � hepQf � hto¹§rfiq�oNsjaek � f�dgprhc�fIrsjprh !QacaÁqNhto# �prsjaek�qxsjpQdgp � ntf�qNfNp�ae§Qnjºe»jprscaep
hco � dgpQd � qgfN§©hto � dgfm qgf�q � pWÀ�«¬ato � o¹§rfisco¹À1¢cQ,dgf�d�q�Ã�qNfr« � fr«/dNqNprhiÂ�«¬ogpQd � k±az«tnjk
qNÃ � f�hcbca�q � fNncprp�»jp©�,� � ���� a¨§�b¨o�d�o¹ntf)!Wo � a���!�¢ &1oNqNa � ac�f � dNa Ir¦�¦�prbed�ajq�sefg¾
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