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RcxyQS}�h VUhYRWTHq��ExyQ`TJj6n^\JqSn��iq`\|xyQSTJjiR:T|�.xUgih�h>q`h>n>xyVWTHj6xyhY}~{ehYV��

\ x��iVUh�TJ� xUgih � t.\JV xygi}~THVUh � {igvhYVUTJ} \������E{ehYVUQS}~hYj x ? �i��� L {iq \JRW} \6N��vVUQ`jv�
}�\J�Hjvh>xyQSn2VUh>nYTHjijvhYn xyQ`TJj�b � gih jiTJj!��"��#� h$�vn>QSxy\|xyQSTHj%� QSjihY}�\|xyQSnYR�nYT_Nih � VUQSRU}&�
� �'�[d(� Q`R)�iRWhYN xyT�RUQS}*�iq \ xyh:h>}~Q`RURWQ`THj�RU{eh>n>xUVy\�� THV�\ P|\JVWQ`h>x �<TJ� {vq \JRW} \ n>THj!�
NvQSxyQSTHjiR>b+� gih>RUh�}~T_NihYq.RU{ehYn xyVU\ \JVWh<nYTH}~{p\JVWhYN xyT6h$�E{ehYVUQS}~hYj xy\Jq Np\|xy\ � VUTJ}
x tfT�}�\JQSj NiQ \|�HjiTHR xyQSnYRYX \�P \Jn��,�i}-�iq xyVU\GP_Q`THq h>x ?/.10#.:L }~THjiT_nogiVWTH}�\|xyTHV]\JjvN
\ qSTut2� VUhYRWTHq��ExyQSTHj�RUT|� x3�4� Vy\G��Nvh>xyh>n>xUTHV ? ��� r L biMzjp\|qS�_RUQSR TJ� RUQS}&�vq \|xUQSTJj�VUhYR5�iqSxUR
VWh>PHhY\Jq`R xygp\|x xygih<{iq \JRW} \%64�iQ`n7� qS� ?�8!DGI

µ
R L \J{v{iVUTC\|n gvhYR~h�64�iQ`qSQ�9vVUQ:�i} n>THj!�

NvQSxyQSTHjiR~QSj xygih Nih>jiRUQ x � VUh>�HQS}�h�TJ� Q`jCxyhYVWhYR x<;]\JR�\ VWhYR=�vqSx�tfh nY\Jj"Ry\|� h>qS�>�iRUh
R xyh^\|Nv�?� RWxy\|xyh�RWQ`}*�iq \ xyQ THjiR � THV nYTH}~{p\JVWQ`RWTHjiR tOQSxUg xygih�Np\|xo\Eb l�hY\JR=�vVUhYN 0#.
qSQ`jihcRWxyVWhYji�|xyg Vy\|xUQ`THR�Nih>{ehYjiN {iVWQ`}�\JVUQ q �<THj xygih h>q`h>n>xUVUTHj xyhY}~{ehYVU\|x��vVUh QSj xUgih
{vq \JRW} \vkiRWT~tfhw\|VUh2\�9iq`h xUT@�iRWh2}~h^\JR5�iVUh>}�h>j xUR�T|�0n^\|V=9eTHj�QS}�{��vVUQ x ��hY}~QSRURUQSTHj
qSQ`jih>R0Q`j n>THjBA5�ijin xyQSTHj tOQSxUg ��� r�}~h^\JR5�iVUh>}�h>j xyR�\JR�\]xUhY}~{ehYVy\ x��iVUh NvQ \J�JjiTHRWxUQ`n|b
C j�{p\|VWxyQSn��iq`\JVYk_xygvh2dEDFDGD FCK b K ji} B dHD�I D�J�J ji}�qSQ`jih]QSj xyh>jiRUQ x � Vy\|xUQ`T {iVWTuPHh>R
xUTK9eh�hL�_xyVWhY}~hYq �M�iRUh �/�iq kCtOgiQ`qSh xygihzdNDFDGD �J� F b K ji} q`QSjih�\|{i{eh^\|VURf\JjvTH} \|q`T��iRUq �
R xyVUTJji� QSj�h$�v{eh>VUQS}�h>j xo\|q[}~h^\|R=�iVWhY}~hYjCxyRYb�l�h^\|R=�iVWhY}~hYjCxyRwTJ�.T	�_�_�HhYj�\|jiN jiQO�
xUVUTH�JhYj�q`QSjih>Rf\Jq`qSTGtP�iR xyTwnYTHjvnYq��vNihzxUgp\|x xygihzn^\|V=9eTHj B T	�_�_�HhYj�j��v}*9mh>VfVy\ xyQ`T2QSj
�v��� Q`Rc\J{v{iVUT<�vQS} \ xyh>qS� DGIHIJICBED k�tOgiQ`qSh jiQ xyVWTH�HhYj nYTHjvnYhYjCxyVU\|xyQSTHjiR2\JVWh~jih>�HqSQ`�HQO�
9vq`hJb3� hY}~{ehYVU\|x��vVUhYRzNvhYVUQ PHhYN�� VUTH} xygih FCK b K ji} B<D�JQJ ji} q`QSjih:Vy\|xUQ`T�\^PHhYVy\|�Hh
� I h . � THV0RUQSji�HqSh.RW{igih>VUTH}�\��wRWgiTJxUR[\JjvN � I h . h^\|VUqS�2Q`j n>TQ�ijCxyh>VR� gih>q`QSnYQ x �cRUgiTJxURYk
QSjinYVWh^\JRWQ`ji� xyT @?J h . \ � xyhYV.xUgih x tfT~RU{vgihYVWTH}�\�� R�}~hYVW�HhJb ��� r }~h^\|R=�iVWhY}~hYjCxyR
R5�i�H�Hh>RWx�\6}�hY\Jj hYqShYn xyVUTJj xyh>}~{mh>Vy\ x��iVUh�TJ� @HI � @?J h . � THV~RWQ`ji�HqSh<RU{igih>VUTH}�\��
RWgiTJxyR2\JjiNTS I h . � THV:nYT��ij xUhYVR� gihYqSQ`n>QSx � }~hYVU�JQ`ji�vbU� gih~nYTQ�ijCxyh>VR� gvhYqSQ`nYQ x ��xyhY}&�
{eh>Vy\|x=�iVUh {iVWT�Vpq`h�RUgiTGtOR�\ NiQSRWxyQSjin>x�{eh^\���\ x x
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VWhYn>THjijih>n>xyQSTHj�Q`R#9eh>q`QSh>PHhYN<xyT~T_nYn��iV�; giTut h>PHh>VYk xygih:xUQ`}~QSji� TJ� xygiQSRO{eh^\���QSROjiTJx
QSj"{iVUh>nYQSRUh \|�HVUh>hY}~hYj x tOQSxUg"xygvh {ehY\�� Q`j�xygvh \^PHhYVU\J�Hh xyh>}�{eh>Vy\|x=�iVUh {iVWT�VpqSh
NvhYVUQ PHhYN<� VUTH} nY\JV=9eTJj�q`Q`jvh VU\|xyQSTHRYb
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Mzq xygiT��i�HgcVUhYq`\|xyQ PHhYq �]Vy\JVWh[THj �[\|VWxyg kJ}�\|xUhYVUQ`\JqHQSjcxUgih {vq \JRW} \ RWxo\ xyhf\|nYnYT��ij xUR � TJV }*�inog
TJ�vxygvh } \|xWxyh>V QSjcxygvh �ijiQSPHh>VURWhJkJQ`jin>q��iNiQSji�ORWxyh>q`q`\JV QSj xyh>VUQSTHVUR \|jiN \|xU}�THRW{igih>VUhYR>kJ�C\JRWhYTQ�iR jih�9!�
�iq`\JhJk \JjiN�}*�inog�TJ� xygihcQ`jCxyh>VURWxUhYqSq \JV.}�h>NiQ��v}�b � x=�iNv�_Q`ji��{vq \JRW} \|ROQ`R xygvhYVUh � THVUhcnYV5�inYQ`\Jq�� THV
TQ�iV&�ijvNihYVWRWxo\|jiNiQ`jv�6TJ�z\ }*�iq xyQ x=�iNih�TJ�z\JR xyVWTH{ig �_RWQ`n^\|q {igih>jiTH}~hYji\vb�M NihLVpjiQSji�6nogp\JVU\Jn$�
xyh>VUQSRWxyQSn�T|�z{iq`\JRU}�\JR Q`R xUgp\|x xygih ��nYTHjCxo\JQSj nogp\JVU�JhYN {p\JVWxUQ`n>q`h>R \JjiN�xygih>VUh>� TJVUh�\JVUh�VUhY\JNiQSqS�
Q`j��
�ihYjvnYh>N 9 ��h>q`h>n>xyVWTH}�\J�Hjih xyQSn � THVUn>hYR>b � gih jihYh>N � THV2nogp\|VU�Hh>N�{i\JVWxUQ`nYqShYRchL�E{iq`\JQ`jvRcxygih>Q`V
VUh>q \|xUQSPHh~RWn^\JVWnYQSx �6THj ��\JV xyg�X \ xwxUgih qSTut�xUhY}~{ehYVy\ x��iVWhYR \JjiN giQ`�Hg�NihYjvRUQSxUQ`h>R2xygi\|x2tfh hL�4�
{ehYVWQ`h>jinYh2Q`j�h>PHhYV �_Np\G��q`Q � hJkixUgihc� VU\Jn>xUQ`THj�TJ� \|xUTH}~ROxUgp\|xz\JVUhcQ`TJjiQ  >hYN�Q`ROP \JjiQ`RWgiQ`jv�HqS��RU}�\Jq`q b
�fb+�fb dfgihYj ? � L {vVUTuP_QSNihYR�\ }~THVUh]� TJVU}�\Jq Nih�VijiQSxUQ`THj X � M&{iq`\JRU}�\ Q`RO\M64�p\JRWQ`jih��vxyVU\Jq��C\JROT|�
nogp\JVU�JhYN�\JjiN�jih��vxyVU\Jq�{p\JV xyQSnYq`h>R.tOgiQSnog�h$�EgiQ�9iQ xyR nYTJq`q`h>n>xUQSPHh 9ehYgp\^P_Q`THV>b"!

�
�iVWxUgihYV2hL�E{iq`\Jjp\|xUQ`THj�QSR2VUh�64�iQSVUh>N � TJV2RUh PHhYVy\|qfTJ�.xygih>RUh xyh>VU}~RYb dfTJq`q`h>n>xUQSPHhU9ehYgp\^P_Q`THV
}~h^\JjiR.xygp\ xOxUgih:}�T|xyQ`TJjiR.TJ� {p\JV xyQ`n>q`h>R Q`j<\ {iq`\JRU}�\ NihY{eh>jiN jvTJx�TJjiqS� THj�qST_n^\Jq nYTJjiNiQSxUQ`THjvR
9��vx�THj�{iq`\JRW} \ {iVWTH{ehYV xyQShYR�QSj VUh>}~TJxyh�VWhY�HQSTHjiR�\JR tfhYqSq b C j"\|j�THVWNiQ`jp\|VW���C\JR~}�\JNih �i{
TJ�Ojih��vxyVy\|qf}~THq`h>n��iqShYRYk�{p\JV xyQ`n>q`h~xUVy\�AWhYn xyTHVWQ`hYR \|VUh�\$# h>n>xUhYN TJjiqS�T9 � n>THq`qSQSRUQSTJjiRctOQSxUg TJxygih>V
{p\JV xyQSnYq`h>RYk.\JjiN"\JR \6VUhYR5�iqSx~xygih 9ehYgp\^P_Q`THV~TJ�:\6�C\JR�}~THq`h>n��iqSh<Q`R~Q`j��
�ihYjvnYhYN"THjiq �+9 � Q xyR
jihY\JVUh>RWx�jih>Q`�Hg49eTHVUR>b C j \ {vq \JRW} \vk�THj xUgih TJxygvhYV<gp\|jiN�kzh^\Jnog QSTHj THV�hYqShYn xyVUTJj nYVWh^\|xUhYR
hYqShYn xyVUQSnc\JjiN�} \J�Jjih>xUQ`n VphYqSNiRz\|R�Q x�}~TuPHhYR>k tOgiQSq`hc\|xOxygihcRy\J}~h:xUQ`}~h � h>hYqSQ`ji� xygihcQ`j��
�vhYjin>h
TJ� xygvh Vph>q`NiRwnYVUhY\|xyh>N+9C� h PHhYV � TJxygvhYVw{p\JV xyQ`n>q`h ? � L b%� giQ`RwNv�_jp\J}~Q`n�Q`jCxyh>Vy\Jn xyQ`TJj Q`RctOgp\|x
}�\��JhYR xUgih:RWx��vNv�<TJ� {iq`\JRU}�\JR.�A\|RUn>Q`jp\|xUQ`ji�&9,�vx�\JqSRUT nogp\JqSq`h>ji�HQ`jv�ib

% �p\JRWQ`jih��vxyVU\Jq`Q x �cVUh � hYVUR xUT xUgih�\�9iRUh>jinYh�T|�mq \JVW�Hh$� RUnY\Jq`hfh>q`h>n>xyVWTHRWxy\|xyQSn(VphYqSNiR Q`j {iq`\JRU}�\JRYb
C �fTJjih t hYVUh xyT<QSjiRUh>VWxc\�{eTHRWQSxyQ PHhYq � nogp\JVW�HhYN6TQ9�AWh>n>xcQSj xUT�\�jvh��vxUVy\Jq0�C\JRYk�QSxUR h>q`h>n>xyVWQ`n VphYqSN
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tfT��iq`N�9eh�� h>qSx�h PHhYV � t�gihYVWh QSj xygih��C\|R~tOQ xyg"\6RWxUVUhYjv�Jxyg�{iVUTH{eTJVWxyQSTHjp\JqfxyT TJjih�TuPHh>V~xygih
NiQSRWxo\|jinYhOxyTcxUgih�TQ9�AWh>n>xfR56��i\JVUh>N�b C j \2{vq \JRW} \Ek TJj�xUgih�T|xygih>V gp\|jiN�k � VUhYh�hYqShYn xyVUTJjiR 64�iQSn$� qS�
R=�vVUVUT��ijiN xygihwnYTHjvnYhYjCxyVU\|xyQSTHj TJ��{eTHRWQSxyQ PHh2n gp\|VU�Hh|k xUgihYVWh�9 � RWgiQ`h>q`NiQSji� Q xyR�Q`j����ihYjin>h THj xygih
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neQ`RfxUgih:\GPHh>Vy\J�Jh hYq`h>n>xUVUTHj<NvhYjiRWQSx �Hb � gih>RUh 6��i\Jj xUQSxyQShYR.}*�iR x#9eh1�iRWhYN 9ehYnY\��iRWhcQSx.Q`R.h>q`h>n>xyVWTHjiR

\JjiN jiT|x]Q`THjvR�xUgp\|x \|n>x \JR�xygvh {iVWQ`}�\JVW��RUgiQShYq`NvQ`ji� \J�Hh>j xUR]QSj }~THR x]{vq \JRW} \JR>kmN��vhwxyT�xygih>Q`V
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nYT��iq`N�}�\JQSj xo\|QSj~\:xyhY}~{eh>Vy\|x��vVUh�RUh>PHh>Vy\|qmg��ijvNiVUh>N xyQS}�h>R[gvTJxUxUhYV�xygp\Jj~xygi\|x TJ� xygvh�q \^�HhYV'9eh$�
q`TGt QSxYb C j�VUh>nYh>j x.�Hh^\JVWRYkigiTGtfh>PHh>VYki{iq \|RU}�\2{ig �_RUQSnYQSRWxUR VWh^\JqSQ  >hYN xUgp\|xfxUgih]hYjih>VU�J� jih>nYh>RURy\JV �
xyT6gih^\ x~xygih�nYTJVUTHjp\ nYTQ�vq`N nYTH}~h<� VWTH} }�\J�Hjih xyQ`n�VWhYnYTJjijihYn xyQSTHj�b � gih�{iVUT_n>hYRWR�xygvVUTQ�i�Jg
tOgiQSn g xUgiQ`Rwn>TQ�iqSN�gi\J{i{ehYj�Q`R \JR2� THq`qSTGtORYX T�9iRUh>VWP|\ xyQ`TJjiR TJ� xygih�R5�ij�xUhYqSq �iRwxygi\|x nYTHVWTHjp\Jq
}�\J�Hjih xyQSn*VphYqSN�qSQ`jvhYR q`hY\GPHh THV:VUh x��iVWj6xyT<xygvh~{igiT|xyTHRW{igihYVWhJb�� q \|RU}�\�Q`j xUgih~{vgiTJxyTJRU{igih>VUh
}~TuPHh>R.\�9eTQ�vxfRUTH}~h tOgp\|x.VU\JjiNiTH}~qS�Jk_nY\JVUV �_Q`ji�2tOQ xyg QSx[xygih�� T_TJx {eTHQ`jCxyR TJ��xygih>RUh Vph>q`N q`QSjihYR>k
RUT�xUgp\|x xygih q`QSjih>R Q`jcxUgih nYTHVWTHjp\ 9eh>nYTH}~h }~THVUh \|jiNw}�TJVUh�x tOQ`R xyhYN b�MzR RWxUVUh>RUR0TJj2xygih RW�_R xyhY}
Q`jvnYVUhY\JRUh>RYk RWT�NiT_h>ROxygih:RWxUTHVUh>N�}�\J�Hjih xyQSn hYjvhYVU�|�Hb �.giQ`RO{iVUT_n>hYRWR�n^\|jijiTJx�n>THj xUQ`j��vh tOQSxygvTQ�vx
9eTQ�ijvN � h>PHh>j x=�p\JqSqS�cxygih(Vph>q`N q`QSjihYR tOQ`q`q NiQ # �iRUh.\JjiN VWhYn>THjijih>n>x^kCVUhYqSh^\JRWQ`ji��xygvh.RWxyTHVWhYN hYjih>VU�J�
\JR gihY\|x ? RUh>h ��Q`���iVUh @CL�? �H� L b sfh>n^\��iRWh]TJ��xUgih�nYTHVWTHjp\ � R q`TGt Nih>jiRUQ x �JkEhYjih>VU�J��QSjBAWh>n>xyh>N � VWTH}
VUh>nYTHjvjihYn xyQSTHj�nY\Jj�{iVUT_N,�inYh:xUgih:hL�_xyVWhY}~hYq ��giQS�Hg�xUhY}~{ehYVy\ x��iVUh>RORUhYh>j�b



� DHD �
� gih[{iVUT�9iq`h>} TJ�vn>THVUTJjp\JqCgihY\|xyQSji�Ogp\JR 9C�:jiT�}~h^\|jiR 9mh>hYj2RUTHq PHhYN ;JTJxUgihYV gihY\|xyQSji��}~hYnog!�

\JjiQSRU}~Rfgi\GPHh \JqSRUT*9eh>hYj<{vVUTH{eTHRWhYN�ki\JjiN�RWh>PHh>Vy\Jq�gi\GPHh]RWxUVUTHji�*9p\Jn7� Q`ji� Q`j�xygih]RWTHq \|Vf{vg �_RUQSnYR
nYTJ}�}*�ijvQSx �Hb 4]jih�R5�inog }~hYnogp\JjiQSRU} QSR2xUgih�TQ�Ex t.\|VUN xUVy\JjvRW� hYVwTJ�Oh>jihYVW�J� 9 � \JnYT��iRWxUQ`n THV
}�\J�Hjih xyQSn t.\GPHh>R ? RUh>h�dfgp\J{ExyhYV � � THVc\<}�TJVUh Nvh>xo\|Q`q`h>N6NvQ`RUn��iRURWQ`THj�T|�ftf\GPHh>RwQSj6{iq`\JRU}�\JR L
? @ � L b � gihcR=�,9!AWh>n>x�Q`R nYTJj xyVWTuPHh>VURUQ`\Jq�QSj<{p\JVWx#9ehYnY\��iRUhcTJ� xygvhcNiQ �~n��iq x ��T|� PHhYVWQS� �_Q`jv�~\Jj ��T|�
xygvh]n>THVUTHji\Jqmgvh^\|xUQ`ji�2xygvhYTHVWQ`hYRfT�9iRUh>VWP|\ xyQ`TJjp\Jq`q �Jb�� gih]VUh>q`h P|\JjCx.{ig �_RUQSn^\Jqm{iVWT_nYh>RURUh>RYkpR=�vn g<\JR
xygvh � ji\JjiT
�p\JVUh>R !:{iVUTH{eTJRUhYN�xyT~nYTHjCxyVUQ:9��vxUh:xyT�}�\|xU�Hjih>xUQ`n VUh>nYTHjijvhYn xyQ`TJj gih^\ xyQ`jv�ik T_n>n��iV�THj
VUh>q \|xUQSPHh>qS�wRU}�\Jq`qiRW{p\|xyQ`\JqpRWn^\JqShYR�;v\JR \:VUhYR5�iqSxYk_NiQSRWxUQ`ji�Q�vQ`RWgiQ`jv�:THjvh�gih^\|xUQ`ji�c}~hYnogp\|jiQ`RW}�� VWTH}
\JjiT|xygih>VcQ`R 9eh>�HTJjiN xUgih~n^\|{p\�9iQSq`Q xyQ hYR TJ�.n��iVUVWhYjCxwTQ9iRWhYV P|\|xyQSTHjp\|q xUhYnogijiTHqSTH�J� ? � DGL b � gih>VUh$�
� THVWhJk q`\�9eTHVU\|xyTHV �<{iq \|RU}�\�hL�E{eh>VUQ`}~hYjCxyR \|jiN n>TH}~{��vxyh>VzRUQ`}*�vq \|xUQSTJjiR�tOQSq`q {iq`\G��\�P_QSxo\|q VUTHqSh
Q`j VWhYRWTHqSP_Q`jv� xygih�QSRUR=�vhJb6r�h>RUhY\JVUnog \|x xUgih � t.\JV xygi}~THVWh � {igihYVWTH}�\�� ���E{ehYVWQ`}~hYjCx ? �i�4� L
� T_n��vRUhYR:TJj xUgih gihY\|xyQSji�<\|jiN 9��iq:� �pTGtOR xUgp\|x:\JVWh {vVUT_N��in>hYNT9C� xUgih VUh>q`hY\JRUh TJ�[} \J�Jjih>xUQ`n
hYjvhYVU�|� N��iVWQ`ji��VUhYn>THjijih>n>xUQ`THj b l�hY\JR=�vVUhY}~hYjCxyR�TJ� {vVUTH{eh>VWxyQShYR�R=�vn g \JR�xUgih�xUhY}~{ehYVU\|x��iVWh
Q`jvnYVUhY\JRUhwN��iVWQ`ji� VWhYnYTJjijihYn xyQSTHj tOQSq`q gih>q`{ xUT�\JNiNvVUhYRWR]xUgihw{iq \��vRy\�9iQSqSQ x �<TJ� VUhYn>THjijih>n>xUQ`THj \JR
\ {vVUQ`}�\JV � }~hYnogp\JjiQSRU} � THV n>THVUTHji\Jq�gih^\|xUQ`ji�vb
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�i��� tf\JR NihYRWQ`�HjvhYN xyT RWx=�iNv��} \|�Hjih>xUQ`n�VWhYn>THjijih>n>xUQ`THj h>PHh>j xUR�RWQ`}~Q`qS\JV2xUT xygiTHRWh<TQ9!�
RUh>VWPHh>N THj xygih R=�ij�b&� gih � THq`qSTGtOQSji��RUh>n>xUQ`THjiR:Nih>RUn>VUQ:9mh xygvh {iq`\JRU}�\�nYTJj,Vp�Q�iVU\|xyQSTHj �_jvTutOj
\JR.xygih:RW{igih>VUTH}�\���\JjiN�h$�E{iq \|Q`j<gvTut RU{igvhYVUTJ} \��_R�\JVWh:n>VUhY\|xyh>N \JjvN �iRUh>N�xyT R x��iNv��VWhYnYTJj!�
jih>n>xyQSTHj�QSj �i��� b
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4]jih]TJ��xygih]{vVUQ`}�\JV �~nogp\JqSq`h>ji�HhYRfQSj�q \�9eTHVy\|xUTHVW� {iq`\JRU}�\2VUh>RUh^\|VUnog�k�9eTJxyg�QSj�\JR xyVUTJ{ig �_RR�
Q`nY\Jq�\JjiN �/�vRUQ`TJj hYjih>VU�J� nYTJj xyh$�_xyRYk QSR]giTut xUT�\|n gvQ`h>PHh R xo\�9vq`h {iq \|RU}�\ nYTHj!VpjihY}~h>j x^b � THq`QSN
nYTJj xo\|Q`jih>VUR~\|VUh<T�9 P_Q`T��iRUq � jiTJx~\ PEQ`\�9iqSh�TH{ExyQ`TJj�k[\JR jiTT� jiTGtOj }�\|xyh>VUQ \|qfnY\Jj tOQSxUgiRWxy\JjiN
� DGI h . xyh>}~{mh>Vy\|x=�iVUh>R:tOQSxygvTQ�vx 9ehYQSji��Np\J}�\J�Hh>N�b �pTHV RU}�\Jq`q�nYTHjin>hYjCxyVy\ xyQ`TJjiRcTJ�f{iq \|RU}�\vk
RUgvTHVWxR� q`Q PHhYN QSjihYV xyQ \|q�nYTHj,VijihY}~hYjCx2n^\JjT9mh~\JnogiQ`h PHhYN6xygiVWTQ�i�Hg xUgihU�iRWh�T|�f{mTGtfh>VW�/�iq�q`\JRUh>VUR>k
\JjiN Q`jCPHhYR xyQ`�H\|xyQSTHjiRcTJ� xygvQ`Rw}~h>xUgiT_N � THVW} \Jj QS}�{eTHV xo\JjCx2R=�,9,VphYqSN�Q`j�xygih�\JVUhY\ TJ� �/�iRWQ`THj
VUh>RUhY\JVUnog�bOa�TGtfh>PHh>VYkexUgih2RWQ`}~{iq`h>RWx�\|jiN }~THR x�{vVy\Jn xyQ`nY\Jq�}�h xygiT_N<� THV�n>THj,VpjvQ`ji��{vq \JRW} \JR Q`j
xygvh�q`\�9eTHVy\ xyTHV �wQ`R0xyT:xy\��Jh�\|NvP|\JjCxo\J�Jh�T|�mxygihOhYqShYn xyVUTJ} \J�Jjih>xUQ`n.{iVUTJ{ehYVWxUQ`h>R[T|� Q`THjvQ  >hYN �C\JRWhYRYb

C x }~Q`�HgCx�RWhYhY} xUgp\|x�{iq \|RU}�\.n>TQ�iqSN 9eh nYTJj,Vpjih>N2QSjiNih�VijiQSxUhYqS��QSj:\ n^\|VUh>�/�vq`q �zn>THjiR xyV=�in xyh>N
hYqShYn xyVUTJRWxo\ xyQ`n 9eT|xUxyqShJb r�h>n^\|q`q kEgiTGtfh PHhYVYkixygih {iVUTJ{ehYVWx ��TJ��64�p\JRWQ`jih��vxyVU\Jq`Q x � � N,�ihzxyT xUgih nYTHj!�
N��in xyQ PHh ji\|x��iVWh TJ�2{iq`\JRW} \JR>k�q \|VU�Hh$� RUnY\JqSh hYq`h>n>xUVUTHR xo\|xUQ`n Vph>q`NiR<\|VUh h>j xyQSVUh>qS� Np\J}~{ehYN TQ�vx
xygvVUTQ�i�Jg~xygih�}�TGPHhY}~hYjCxyR[TJ� � VWhYh�h>q`h>n>xyVWTHjiR>b �
�iV xygih>VU}~THVUh|k_\cVUhYR5�iqSx � jiTGtOj�\|R(��\JVWjiRUgi\Gt � R
xygvhYTHVWhY}�RWxo\ xyhYR xUgp\|x�jvT:RWxo\�9iq`h n>THj,Vp���iVy\ xyQ`TJj h$�EQ`RWxUR �ijiNvhYV�{��iVWhYq � hYqShYn>xUVUTHR xo\|xUQ`nf� THVWnYh>R � THV
M���� \JVWVy\Jji�JhY}~hYjCx�TJ�mn gp\|VU�Hh>RYb � giQ`R0xygih>THVUh>}�n^\JjU9ehOhY\JRUQSqS�w{iVUTGPHhYNU9 � QSj PHTQ� QSji� 
:\��iRWR � R
q \^t ? DG@HL b

�pTHVWx=�ijp\|xUhYq � � THV~xygvh R xo\|xUh T|�:q \�9eTJVy\|xUTHVW� {vq \JRW} \6VUh>RUhY\JVUnog�k�RWxy\�9iq`h�nYTJj,Vp�Q�iVU\|xyQSTHjiR
M]r)� {eTJRURUQ:9iq`h:� THV�}~TuP_QSji�~{p\JV xyQ`n>q`h>R)�ijiNih>V�xUgih2Q`j��
�vhYjin>hwTJ� }�\J�Jjih>xUQ`n � THVUn>hYR>b 4]jih2R=�vn g
RWxy\�9iqSh2nYTJj,Vp�Q�iVU\|xyQSTHj�Q`R�\�RU{igvhYVUTJ} \�� ? RUh>h Vi�Q�iVUhKS L b#� gihwn>THjiNiQ xyQ`TJjiR�jih>nYh>RURy\JVW��� TJV�R xo\B�
9iQSq`Q x �ctOQ`qSq!9ehONiQ`RWn��iRWRUh>N QSj�dfgi\J{vxyh>V � ;C� THV0jiTGt�QSx QSR R=� ��n>Q`h>j x�xUT:Ry\^� xygi\|x[\ RW{igihYVWTH}�\��wQ`R
\wNiTJj��vxR� RUgi\J{ehYN�{iq`\JRU}�\cRWxyV5�in>x=�iVUhzxUgp\|x.VWhYq`\B�EhYR xyT \wRWxy\�9iq`h�h�64�iQSq`Q:9iVUQ:�i}�tOQSxUgiQ`j�\2RUQS}�{iqSh
nYTJj xo\|Q`jih>V ? Q b hJbO\�n>THj xy\JQSjihYVOxygp\ xzQSR�xUTH{eTHqSTH�HQSnY\JqSq ��h�64�iQ P|\JqShYjCx�xyT \�RW{igihYVWh L b � giQSq`h:TJxygih>V
nYTJ}�}~THj<{iq \|RU}�\ n>THj,Vp���iVy\|xUQ`THjvR�R5�in g \JROxygvhcxUTQ� \J}�\���VWhYq �<TJj�hL�_xyh>VUjp\|q`qS�<\|{i{iq`QShYN<} \J�B�
jih xyQ`n Vph>q`NiR>kvxUgih]RU{vgihYVWTH} \���Q`Rfn>THj,VpjvhYN<hYjCxyQ`VWhYq �@9C�@VphYqSNiR.{iVWT_N��inYh>N 9 � Q xyRfTGtOj<QSj xUhYVUji\Jq
n��vVUVUh>j xURYb � {igih>VUTH}�\�� R]n^\|j 9eh h>QSxygvhYV � q`h>� xR� gp\|jiNihYN !cTHV � VWQ`�HgCx5� gp\JjvNihYN ; !7;exUgih NiQSRWxUQ`jin xyQSTHj
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��QS�ib Sib � � tfT�P_Q`h>tOR TJ�Exygvh[} \|�Hjih>xUQ`n VihYq`NcRWxUV=�in x��iVWh QSj2\ORU{igih>VUTH}�\�� b�� THq`TJQ`Np\JqBVphYqSN2qSQ`jih>R
{p\JRWR xUgiVUTQ�v�Hg xUgih giTHqSh TJ�[xUgih � NvTHj��vxYk"!wtOgiQ`qShwxUTHVUTHQSNp\Jq VphYqSN qSQ`jih>R]nYQSVUn>q`h2xygih RU{vgihYVWTH}�\��
\  >Q`}*�vxUgp\JqSq �Jb � gih:RU{igih>VUTH}�\���RWgiTut j QSRO\ qSh>� x5� gp\JjiNvhYN<RU{igvhYVUTJ} \�� b-��QS�Q�iVWh]� VWTH} ? DJDuL b

VUh � hYVWROxyT xygvhcVWhYq`\|xyQ PHh TJVUQ`h>j xy\|xyQSTHj�T|� xUgih xyTHVWTHQ`Np\|q�\JjiN�{eTJq`THQSNp\Jqm}�\J�Hjih xyQSn VihYq`NvRYb
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� {igvhYVUTJ} \�� R.QSj �i�4� \JVWhz� TJVU}~hYN Q`j�n>TC\B�EQ`\Jqe{iq \JRW} \c�Q�ijvR \|x.h>QSxygvhYVfhYjvN<T|��xygihz} \JQSj
P|\|n����i} n gp\|}*9mh>V ? RWhYh ��QS�Q�iVWh JHL b � gvh P|\Jn����i} nogp\J}*9eh>VwQ`Rw\ R xo\JQSjiq`h>RUR2RWxyh>hYqfn �_q`Q`jvNihYV
\J{i{vVUT	�EQS} \ xyhYq � D }�qSTHji� \JjiN I b @ } Q`j<Vy\|NiQ��iR>b C jvRUQ`Nvh xygih:n gi\J}*9ehYV>kixygih>VUhc\JVUh:\ {p\JQSV T|�
n>�_qSQ`jiNiVWQ`nY\Jq n>TH{i{eh>Vwn>THj xy\JQ`jih>VUR � jiTutOj�\|R �
�!��n>THjiRUh>VWPHh>VURwxygp\ x2{iVUTGPEQSNih xygih�n>THjiN��in xyQSji�
9eTQ�ijvNp\JVW�<� THVOxygih2RU{vgihYVWTH} \�� VphYqSNiRYb#� gihYRWh gi\GPHh \~Vy\JNiQ:�iR�T|� I b � }�\JjvN \~xUTJxo\|q q`hYjv�Jxyg
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��QS�ib J b � � n gvhY}�\|xyQSnwTJ� xygvh �i��� RWh>x=�i{�b:M�nYVWTHRUR�� RUh>n>xUQ`THj QSRzRUgiTGtOj � xUgih Nih P_Q`nYh QSRzn>�_qSQ`j!�NiVWQ`n^\|q`q � RW�_}�}~h>xUVUQSn~\�9eTQ�ExcxUgih~giTHVUQ  YTHjCxo\|q�\B�EQSRcQSj xygihMVp���iVUh|b � {igihYVWTH}�\�� {iq \JRW} \|Rc\JVWh
� THVW}�h>N�Q`j xygih��Q�vjiR2THj�xUgih�hY\JRWx \JjvN�tfhYR x RUQSNihYR2T|�.xUgih~P|\Jn����i}�nogp\J}*9ehYV2\JjiN h AWhYn xyhYN
Q`jCxyTwxygvh } \JQSj	�
����nYTHjiRWhYV PHhYVYb�
:\J{iR.Q`j xygih n>hYj xUhYV TJ� xUgih��
����nYTHjiRWhYV PHhYV�\|q`qSTut h$�_xyhYVWjp\Jq k
{igiT|xyTHj!� 9p\JRWhYN6NiQ`\J�HjiTJRWxyQSnYRzxyT<�C\ xygih>V:Ni\|xo\vb*� gih~\JVWVUTutOR VUh>{iVUh>RUhYjCxcxygih qSQ`jih>R T|�fRWQ`�HgCx:T|�
xygvh . 0). }~THjiT_nogiVUTH}�\|xUTHV ? VUh>N L \JjiN~RWTJ� x �4� VU\G� Nih>xUhYn xyTHV ? 9iq:�ih L b 4zxUgihYV�NiQ`\J�HjiTJRWxyQSnYR0n��iV��
VUh>j xUqS��Q`j �iRUhcQ`j �i��� Q`jin>q��vNihc\|j�QSTHj�ZzTH{i{vq`h>VORU{ehYn xyVUTJ}�h xyh>VYke\�l \Jnog�{iVWTQ9eh:xUT~}�hY\JR=�vVUh
�pTGt�PHhYqST_nYQSxUQ`h>RYkJ\za�h$� ��h(64�p\JNiVU\|x��iVWhfQ`jCxyh>VW� hYVWTH}~h>xyh>V � THV }~h^\|R=�iVUQSji��Nih>jiRUQ x �JkC\JjiN \Jj \JVUVU\G�
TJ� }�\J�Hjvh>xyQSn {vVUTQ9eh>R ? RUgiTGtOj�\JR19iq \|n$��q`QSjihYR]QSj xUgih&Vi�Q�iVUh L b*� gih n>THj xUTQ�iVWR:NiVU\GtOj6QSjiRUQSNih
xygvh ���!� n>THjiRWhYVWPHh>V \JVWhcxygih2}�\J�Hjvh>xyQSn VihYqSN q`QSjihYR�T|��\Jj ��rOdzkpxygvhw{vq \JRW} \ RWxUV=�in x��iVWh2xygp\|x
� THVW}�RftOgihYj�x tfT~nYT��ij xUhYVR� gihYqSQ`n>QSx � RU{igvhYVUTJ} \��_RO}�h>VU�Hh|b ��Q`�Q�vVUh]}�T_NiQ VphYN�� VUTH} ?AFCL b

TJ� I b � D }�b � gihYVWh Q`R]\ � nY} �H\J{ 9eh x t hYh>j xygihwx tfT �
�!� n>THjiRUh>VWPHh>VURc\|xzxygih }~Q`Ni{vq \|jihcxyT
\JqSq`TGt \JnYn>hYRWR�xyT xygih:{iq`\JRU}�\w� THV h$�v{eh>VUQS}�h>j xo\|q�NiQ`\J�HjiTJRWxyQSnYR>b

� gihcRU{vgihYVWTH} \�� � THVU}�\|xyQSTJj�{iVUT_n>hYRWR�Q`R Q`qSq:�iR xyVy\ xyhYN�Q`j ��QS�Q�iVUh �vb � gihchYjvhYVU�|��� THV nYVUh$�
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hYqShYn xyVUT_NvhJk�xUgiVUTQ�v�Hg�xygvh<{vq \JRW} \vk \JjiN+9p\|n$� \JqSTHji� xygih�Q`jvjihYV hYqShYn xyVUT_Nvh�xUT xUgih�jihY�H\|xyQ PHh
n^\|{p\Jn>QSxyTJV {iq \ xyhJb�� gih�n��iVUVWhYjCx �pTutOQSji�6NiTutOj xygih�QSjijihYV hYqShYn xyVUT_Nih�n>VUh^\ xyh>R�\ } \J�Jjih>xUQ`n
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�i��� RU{vgihYVWTH} \��_R2nY\Jj 9eh�hY\JRUQSqS� VWh>PHh>VURUh>N 9C�6nogp\|ji�HQ`jv��xUgih�NvQ`VUh>n>xUQ`THj TJ�.n��vVUVUh>j xwQSj xygih
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Q`Rzxygih Vy\|xyQST�T|�[xygih RU{ehYn>Q:Vin~gihY\|xc\|x:nYTJjiRWxy\Jj x:{iVUh>RUR=�vVUh xyT�xygvh RU{eh>nYQ Vpn gih^\|xc\|x

nYTJjiRWxy\Jj x PHTHq:�i}~h \|jiN d�Q`R \�n>THjiRWxy\Jj xYb �pTHV Q`RUT|xygih>VU}�\JqCn>TH}�{vVUhYRWRUQSTHjwTJV hL�E{p\JjiRWQ`THj k
γ = 1

k
tOgiQSq`hO� THVf\|NiQ \�9i\|xyQSn�n>TH}~{iVUh>RURUQSTHj THV h$�v{i\JjiRUQSTHj tOQSxUg�xygiVWhYhzNihY�JVUh>hYR.TJ��� VUh>hYNiTJ}�k

γ = 5/3
b

��TwRUh>x.TJ���HTuPHh>VUjiQSji�wh�64�p\ xyQ`TJjiR � THVf\wR �_RWxyh>} t TQ�iq`N 9ehznYTH}~{iqSh>xyhOtOQSxygvTQ�vx ��h t xyTHj
� R
RUh>nYTHjvN q`\Gt:b � h 9ehY�JQ`j 9 ��n>THjiRUQSNihYVWQ`ji��xUgih2� THVUn>hYRzTHj h>q`h>n>xyVWTHjiR]\JjiN Q`THjiR�QSj�xygihw{vq \JRW} \
RUh>{p\JVU\|xyh>qS�Jb ��h>�Hq`h>n>xUQ`ji� �HVU\GP_Q x �Jkp\|j<hYq`h>n>xUVUTHj<QSj�\Jj<QSTHjiQ  Yh>N<{vq \JRW} \wn^\|j<� hYh>q \ � TJVUn>h � VWTH}
{iVWhYRUR5�iVUh:�HVy\|NiQ`h>j xURYkvhYqShYn>xUVUQSn Vph>q`NiR>kp\JjiN<}�\J�Hjvh>xyQSn Vph>q`NiR ? "�THVUh>j x  ]� THVUn>h L b � gvhYj�Q`j xyh>VU}~R
TJ� xygih:h>q`hYn xyVWTHj�}�\JRUR

me

kiNihYjiRWQSx �
ne

kiPHh>q`T_nYQ x �
ve

k \|jiN�{iVUh>RUR5�iVUh
pe

mene
dve

dt
= −ene(E + ve × B) −∇pe

? � b D^ICL

� gih�Nih>VUQ P|\|xUQSPHhOTHj~xUgih�q`h � x[gp\JjvN RWQ`NihOTJ� xUgiQ`R�h�6��i\|xyQSTHj�Nih>RUn>VUQ:9mh>R[xygih�\Jn>nYhYqShYVU\|xyQSTHj~T|�
hYqShYn xyVUTJjiR]Q`j�xygih>Q`VzTGtOj � Vy\J}~h�;�Q x�tfTQ�iqSN%9mhw}�THVWhwn>THj PHh>jiQ`h>j x]xyT�gp\^PHh \|j h�6��i\|xyQSTHj xygp\|x
\J{i{vq`Q`h>Rf� TJV��
�iQSN<h>q`h>}�h>j xyRfxygp\ x�\|VUh V!�vh>N�Q`j�RW{p\Jn>hJb C j�TJjih NiQS}�h>jiRUQSTHj�k_xygvh n gi\Jji�Hh Q`j�\Jj
\JV59iQSxUVy\JV � ���iQ`N {iVUTJ{mh>VWx �

K
QSj \�� Vy\|}�h�}~TGPEQSji��tOQSxyg�xygih �
�vQ`N nY\Jj 9eh tOVWQSxUxUhYj�\|R2xygih

R=�v} T|� x tfT xyh>VU}~R

dK(x, t)

dt
=

∂K

∂t
+

∂K

∂x

dx

dt
=

∂K

∂t
+ ux

∂K

∂x

? � b DJDuL

� giQSRO�HhYjvhYVy\|q`Q  YhYR Q`j�xUgiVUh>hcNvQ`}~hYjiRWQ`THjvR.xyT

dK

dt
=

∂K

∂t
+ (v · ∇)K

? � b D � L

� giQSR�Q`R�� jiTGtOj \JR<\�n>THj PJhYn>xUQSPHh Nih>VUQSP \|xyQ PHhJb � T+�ijiNvhYVUR xo\JjvN Q xyR�}~h^\JjiQSji� Q`jCx��iQ xyQ PHh>qS�Jk
nYTJjiRUQSNihYV�\ {mT|x�TJ� t.\|xUhYVOTHj�\ RWxyTGPHhJb'� gvh:xyh>}�{eh>Vy\|x=�iVUhc\|x�\&V!�vh>N�q`T_n^\ xyQ`TJj�QSj<xUgih t.\|xUhYV



� � I �
n^\|j�nogp\Jji�Hh 9ehYn^\��iRUh gihY\|x.Q`R xUVy\JjvRW� hYVWVUh>N�xUTwxygih�t.\|xUhYV � VUTH} xygihzRWxyTGPHh]hYqShY}~hYjCx^k_t.\JVW}�QSji�
xygvh tf\|xyh>V h PHhYV � t�gihYVWh~QSj xygih {eTJx ? xUgih {p\JVWxUQ \Jq NvhYVUQ P|\|xUQSPHh2xyh>VU} L k THV 9ehYnY\��iRWh giTJxzt.\|xUhYV
}~TuPHh>R2Q`jCxyT<xygih�qST_n^\ xyQ`TJj6T|� QSj xUhYVUh>RWxw\JjiN NvQ`RU{vq \Jn>hYR:xygih�n>T_THqShYV:tf\|xyh>Vcxygp\ xct.\JRw\JqSVUh^\|Nv�
xygvhYVUh ? xygvh n>THj PHh>n>xUQSPHh xyh>VU} L b C jvRUhYV xyQ`jv��xygih nYTHjCPHhYn xyQ PHh6Nih>VUQ P|\|xyQ PHh Q`j xUT xygih h>q`hYn xyVWTHj
h�64�p\ xyQ`TJj�TJ� }�T|xyQ`TJj�k_tfhcgi\GPHh

mene

[

∂ve

∂t
+ (ve · ∇)ve

]

= −ene(E + ve × B) −∇pe

? � b D^@CL
Mzj�\Jji\Jq`TJ�HTQ�iR.h�64�p\ xyQ`TJj�n^\|j 9eh tOVWQSxUxUhYj�� THV.xygih:QSTHjiR Q`j�xygih:{iq`\JRU}�\

mini

[

∂vi

∂t
+ (vi · ∇)vi

]

= eni(E + vi × B) −∇pi

? � b D S L
MzRWR=�i}~Q`jv�

ne = ni

kit hcnY\Jj�\JNiN�h�6��i\|xyQSTHj � b DG@ \JjvN � b D S xyT �Hh>x

ρ

[

∂v

∂t
+ (v · ∇)v

]

= J × B −∇p
? � b D�JHL

9ehYnY\��iRWh
en(vi − ve) = J

b M&}~THVUh]n>TH}~{iq`h xyh]NvhYVUQ P|\|xUQ`THj tfT��iq`N<\JqSq`TGt � THVfxygih {eTJRURUQ:9iQ`qSQ x �
TJ� RWgih^\JVWQ`ji� ? � THV h$�v\J}�{vq`h|ki}�T|xyQSTHj�Q`j�xygih �4� NiQ`VWhYn xyQ`TJj<qSh^\JNvQ`ji�wxyT }~TH}~hYj x=�i})xyVU\JjiR � hYV Q`j
xygvh:�?� NiQ`VWhYn>xUQ`THj L 9 ��VUh>{iq \|nYQSji�

∇p
9C��xygih:NiQ PHhYVU�JhYjin>hcTJ� xygih:{iVWhYRUR5�iVUh:xyhYjvRUTHV

P
b

� gih&Vpji\Jq�xygvVUhYh jih>nYhYRWRy\JVW� h�64�p\|xUQ`THjvR:n>TH}~h � VWTH} 4]gi} � R q`\Gt:k tOgvQ`nog6NvhYRUn>VUQ:9ehYR xygih
hYqShYn xyVUQSn^\|qm{iVUTJ{ehYVWxUQ`h>R.TJ� xUgih]{iq \|RU}�\vb C j<Q xyRf}~THRWx.�JhYjih>Vy\JqSQ  >hYN � THVU}�k04]gv} � R.q`\Gt Q`RfVU\|xygih>V
Np\��vj xyQSji�ik,9��vxOtfh:n^\Jj�TJ� xUhYj�jvhY�HqShYn x�RUh PHhYVy\|q�xyhYVW}�RO\JjiN<tOVWQSxyh

E + v × B = ηJ
? � b D � L

tOgih>VUh�xygih~xyh>VU}~R2THj�xUgih�q`h>� xcVUhY{vVUhYRWhYjCx xygih�hYqShYn xyVUTJRWxo\ xyQ`n � THVUn>h�\|jiN�xygih "�THVUh>j x  �� TJVUnYh|k
\JjiN

η
QSRfxUgih]{iq \|RU}�\wVWhYRUQSRWxUQSP_QSx �Hb C j ��� � 

� � � � kEt h }�\��Jh]TJjih]}�THVWh]\J{i{vVUT	�EQS} \|xUQSTHj \JjiN

\JRWR=�i}~h xygp\|x xygvh:{iq \JRW} \ QSR {mh>VW� h>n>xUqS��n>THjiN��in xyQSji�ikpRWT

E + v × B = 0
? � b DuKHL

� 64�p\|xyQSTHjiR � b � k � b Sik � b �vk � b F k � b D�J kv\JjiN � b DuK x��iVWj�TQ�vxfxyT&9eh]hL�_xUVUhY}~hYq � �iRWh>�/�iqm� THV(�ijiNih>VR�
RWxy\JjiNiQSji� q \JVW�Hh]RUn^\|q`h:{vq \JRW} \*9eh>gp\GP_Q`TJVYb



� � D �
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Mzj�Q`jCxyh>VUhYR xyQSji�wnYTJjiRUh�6��vhYjinYh:TJ��xygihzQSNih^\Jq l�azZ&\JRWR=�i}~{vxyQSTHjiR Q`R[xygi\|x.}�\J�Hjvh>xyQSn#VphYqSN
q`QSjihYRO\|VUh � � VWT! Yh>j�! QSj xyT xUgih:{iq \JRW} \Eki}~h^\|jiQ`jv� xygp\ xOxygvh>�<}~TuPJh:THjiq ��\Jq`THjv� tOQ xyg<xUgih 9��vq��
{iq`\JRU}�\ �pTGt {p\ xUxyh>VUjiR>b � gih~� VUT  YhYj�� Q`j �
���6xygih>THVUh>}�k THVcM�qS� P��>j�� Rcxygih>THVUh>}�k RWxy\|xyh>Rcxygp\|x
xygvh��
�!� xygiVWTQ�i�Hg \�R5�iVW�A\|nYh~xygi\|x2}~TuPHh>RctOQ xyg6xUgih�{iq`\JRU}�\�Q`R:nYTHjiR xo\JjCxwQSj6xyQS}~hJb@� T RWhYh
tOg �Jk[tfh�� THq`qSTGt ? @ � L \|jiN ? DHDGL \JjiN R5��9iR xyQSx=�vxyh<M�}�{eh>VUh � R q`\Gt ? h�64�p\|xUQ`THj � b S L QSj xUT xygih
VUh>RUQSRWxyQ PHh 4]gi} � R]q`\Gt ? h�6��i\|xyQSTHj � b D � L b1� gih NiQ`RW{iq \|nYhY}~h>j x]n��vVUVUh>j x ∂E

∂t

n^\|j 9eh jihY�Jq`hYn xyh>N
Q`j6l azZ 9ehYn^\��iRUh xygih xyQ`}~h RWn^\JqSh � TJV NiQ�# �iRWQ`THj QSR }*�inog6q`TJji�HhYVzxUgp\Jj xUgih xyQS}�hwRUnY\Jq`h � THV
q`QS�HgCx.xUT~{iVWTH{eTH�C\ xyh Q`j�xUgih:{iq \|RU}�\ ?AFCL kpRWT tfhc�Jh>x

E = −v × B +
η

µ0

∇× B
? � b D � L

\JRWR=�i}~Q`ji��xygp\ x]xUgih VUh>RUQSRWxyQ P_QSx ��QSRznYTJjiRWxy\Jj x]xygvVUTQ�i�JgiTQ�vxzxygvh {iq \|RU}�\vb ��\�� QSji� xygih n��iVUq�T|�
9eTJxUg�RUQSNihYR

∇× E = −∇× v × B + ∇× η

µ0

∇× B
? � b D^FCL

��TGt tfhcnY\Jj �iRUh�� \|Vy\JNp\^� � R q \Gt ? h�64�p\|xUQ`THj � b � L xyT hYqSQ`}~QSjp\ xyh
E
kiq`hY\GP_Q`jv�M�iR tOQSxUg

∂B

∂t
= ∇× v × B +

η

µ0

∇2B
? � b � ICL

� giQSR�QSR � jiTGtOj \JR0xygvhO}�\J�Hjih xyQ`nfQ`jvN��in>xUQ`THj h�64�p\|xyQSTHj�b0rOhYnY\Jq`qSQSji�zxygvh�\JRWR=�i}~{vxyQSTHjiR T|�mQ`NihY\Jq
l a�Zwkptfh:n^\Jj�RWh>xOxygih:VUh>RUQSRWxyQ P_QSx ��h�64�p\Jq�xUT  >hYVWTikpRUT

∂B

∂t
= ∇× v × B

? � b � DuL

��TGt n>THjiRWQ`Nih>V \On��vVWPHh
C
9eTQ�ijiNiQSji��\OR5�iVW�A\Jn>h

S
tOgvQ`nog2QSR�}�TGP_Q`ji�.xygvVUTQ�i�Jg:xygvh[{vq \JRW} \

? RWhYh ��Q`���iVUh KHL b C j�\�xyQS}�h
dt
\|j6h>q`hY}~h>j x

dl
TJ�

C
RWt hYh>{iR2TQ�vxc\Jj6\JVWh^\

dS = v × dldt
b

� gih>VUh>� TJVUhJk
9 ��xygvhc{vVUT_N��in x�V=�iqShJkvxygvh:Vy\|xyh TJ� n gi\Jji�Hh:TJ��}�\J�Jjih>xUQ`n �
�!��xygvVUTQ�i�Jg
C
Q`R

dΦ

dt
=

d

dt

∫

S

B · dS =

∫

S

∂B

∂t
· dS +

∫

C

B · v × dl
? � b �H� L



� �H� �

 

Plasma motion 
C1 C2 

t1 t2 

��QS�ib K b � l \J�Jjih>xUQ`n �
�!� nYTJjiRUh>VWP|\|xUQ`THj�QSj Q`NihY\Jq l a�Zwb C � \2n��vVWPHh
C1

Q`R NiQSRWxUTHVWxUhYN�QSj xUT
C29 �<{iq`\JRU}�\ }�TJxUQ`TJj�kvxygih>j�xygvh �
����xygvVUTQ�i�Jg

C1

\|x
t1
\JjiN�xygvh �
����xygvVUTQ�i�Jg

C2

\ x
t2
tOQSq`q

9eh:h�64�p\Jq 9ehYnY\��iRWh2} \|�Hjih xyQ`n Vph>q`N<q`Q`jvhYRO\|VUh � � VUT! >hYj!� Q`j�b !

� giQSRwh$�E{iVUh>RURUQSTHj�QSRw\|jp\JqSTH�HTQ�iR xyT�xygih�nYTJj PHhYn xyQ PHh�Nih>VUQ P|\|xUQSPHh~NihYRWnYVUQ:9ehYN h^\JVWq`QShYVYb�MzR
C
}�TGPHhYR>k�xygvh �
��� xUgiVUTQ�v�Hg xygih qST_TH{ n^\|j6nogp\Jjv�Hh h>QSxygvhYV19eh>n^\��vRUh xUgih }�\J�Jjih>xUQ`nKVphYqSN Q`R

nogp\Jji�JQ`ji��Q`j�xyQ`}~h ? xygvhKVpVWRWx�xyhYVW}�TJj�xygihwVWQ`�Jg x L THV 9eh>n^\��vRUhwxygihK9eTQ�ijiNi\JVW��Q`R�}�TGPEQSji�~Q`j
RU{i\JnYh ? xUgih�RWhYn>THjiN�xUhYVU}�TJj~xUgihOVUQ`�Jg x L b 0 RUQSji�2\ PHh>n>xUTHV[Q`NvhYj xUQSx �Hk

B ·v×dl = −v×B ·dl
k

RUT
dΦ

dt
=

∫

S

∂B

∂t
· dS −

∫

C

v × B · dl
? � b � @CL

��QSjp\JqSq �Jki\J{v{iqS�_Q`jv� � xUTQ�JhYR �pxygih>THVWhY} xyT xygih:RWhYnYTJjiN�xUhYVW}

dΦ

dt
=

∫

S

[

∂B

∂t
−∇× (v × B)

]

· dS = 0
? � b � S L

� VUTJ} h�64�p\|xUQ`THj � b � D b � T xygih �
�!��xUgiVUTQ�v�Hg
C
Q`R n>THjiRWxy\Jj x�QSj�xyQS}�h|b
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MzR THjih }~Q`�HgCx]h$�E{mh>n>xYk VUhY\Jq0{iq`\JRU}�\JR]\JVUh jvTJx:{eh>VW� h>n>xyq � nYTJjiN��in xyQ`jv�ik�RUT<Q`Nvh^\Jq l a�Z
�A\JQSq`R�xyTz{iVWhYNiQSn>x�RUh PHhYVU\JqvQ`jCxyh>VUhYR xyQSji�z{iq`\JRU}�\�{vgihYjiTJ}�h>jp\vb C j {i\JVWxUQ`n��vq \JV>kutOgihYj VWh^\Jq_{vq \JRW} \
nYTJ}�{eTHjvhYjCxyR:n^\|VUVW�_Q`jv�<TH{i{eTHRWQSxUhYqS� NiQSVUh>n>xyh>N6} \|�Hjih>xUQ`n VihYq`NvR:V=�ij6QSj xUT<TJjih~\JjiT|xygih>VYk giQS�Hg
Vph>q`N �HVy\JNvQ`hYjCxyR n^\|j�n^\��iRWh Vph>q`N�qSQ`jvhYR[xUT NvQ # �iRUh�xUgiVUT��i�Hg xUgihz{iq`\JRU}�\vk n gi\Jji�Hh�xygih>Q`V[xUTH{eTHqO�
TH�J�JkE\JjvN VUh>nYTJjijihYn x^kEnYTHjCPHhYVWxUQ`ji�2R xyTHVWhYN }�\J�Hjih xyQSnOhYjvhYVU�|�~Q`jCxyT � Q`jih xyQSn�h>jihYVW�J�~THV[gvh^\|xYb C j
TJxUgihYV�tfTHVUNvRYk_xygvh�� VUT! >hYj!� Q`j!� �
�!� nYTHjiNvQSxyQSTHj~QSR�P_Q`THq`\|xyh>N�b � x��iNv�_QSji�w}�\J�Hjih xyQSnOVUhYn>THjijvhYn>xUQ`THj
Q`R.xUgih:{iVUQS} \|VW� �JTC\Jq�T|� �i��� b

"�h>xM�iR VUh x��iVWj xyT xygvh<Q`jiN,�in>xUQ`THj�h�64�p\ xyQSTHj ? � b � ICL k�xUgiQ`RwxyQ`}~h�\|q`qSTutOQSji� xUgih<{vq \JRW} \
VUh>RUQSRWxyQ P_QSx � xUTU9eh:jiTHj��" Yh>VUTib

∂B

∂t
= ∇× v × B +

η

µ0

∇2B
? � b � JHL

C � tfh]nYTHjvRUQ`NvhYV.THjiq �~xUgih VpVUR x xUhYVW} THj�xUgih]VUQS�Hg xfgp\|jiN�RUQ`NvhJkEtfh]�Hh>x.h�64�p\|xUQ`THj � b � D k_tOgiQSn g
Nih>RUnYVWQ�9eh>R n gi\Jji�Hh>R QSj:xygvh[} \|�Hjih xyQ`n�VphYqSNK9vVUTQ�i�Jg x \�9eTQ�Ex 9 � nYTHjCPHhYn xyQSPHh[}�TJxUQ`TJjiR�TJ�v{vq \JRW} \
tOQSxUg<� VWT! Yh>j!� QSj �
�!�mb dfTHjiRWQ`Nih>VUQ`jv�~TJjiqS��xygih:RUh>nYTHjvN�xUhYVU}�kvxUgih:h�64�p\|xUQ`THj 9ehYn>TH}�h>R

∂B

∂t
=

η

µ0

∇2B
? � b � � L

� giQSROgp\JR xygih:RWxy\JjiNp\|VUN<� THVU} TJ��\ NiQ�# �iRWQ`THj�h�64�p\|xUQ`THj kpRUT tfh:RUh>hcxUgp\|xOQ`j<VUh>RUQSRWxyQ PHh2l a�Zwk
}�\J�Hjih xyQSn VihYq`NvROn^\Jj�nogp\Jji�Jh:xUgiVUTQ�v�Hg�NiQ�# �vRUQ`TJj�\JR t hYqSq \JROn>THj PHh>n>xUQ`THj b

� h�n^\|j�nogp\JVy\|n>xyh>VUQ  YhOxUgih�QS}~{mTJVWxo\|jinYh.TJ� nYTHjCPHhYn xyQSTHj~PHhYVWR=�iR NiQ�# �vRUQ`TJj Q`j~\:{p\JVWxUQ`n��iq \|V
{iq`\JRU}�\ 9C�"xy\�� Q`ji� xygvh Vy\ xyQ`T TJ�cxUgih x tfT nYTH}~{eTHjvhYj xUR<TJ�cxUgih QSjiN��in xyQSTHj h�64�p\|xUQ`THj b C �
L
Q`R xygvh<n gi\JVy\Jn xyh>VUQ`R xyQSn�q`h>ji�Jxyg RWn^\|q`h<QSj�xygvh<{iq \|RU}�\vk xUgih<RU{p\ xyQ`\Jq.Nih>VUQ P|\|xUQSPHh

∇
n^\Jj>9eh

\J{i{vVUT	�EQS} \ xyhYN 9 �
1

L

b � gih>j
convection

diffusion
≈ (1/L)vB

ηB/µ0L2
=

µ0Lv

η
≡ RM

? � b � KHL

� gih 64�p\|j xyQ x �
RM

QSR3�_jvTutOj \JR xUgih:} \|�Hjih xyQ`n rOh>�_jiTJq`NiROj4�i}*9ehYVYb
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��TGt xygp\ x�tfh gp\GPJh6VWhYq`\B�EhYN T��iV<\JRUR5�i}~{vxyQSTHjiR�RUT�xygp\ x<} \|�Hjih>xUQ`n VihYqSN qSQ`jih>R�} \^�
NiQ�# �iRWh�xUgiVUTQ�v�Hg xUgih�{iq`\JRU}�\6\JjiN VUhYn>THjijih>n>xYk tfh�tfT��iq`N q`Q:�Jh�xyT�gp\GPHh \6}�T_NvhYq � THV xygih
jp\|x=�iVUh<TJ��xygiQSR {vVUT_nYh>RUR�\JjiN xygih<Vy\ xyh�\ x tOgiQSn g Q x tOQ`qSqfT_nYn��iVYb>� gih VpVURWx�\JjvN RWQ`}~{iq`h>RWx
}~T_NihYq TJ�[} \|�Hjih xyQ`n2VUh>nYTHjijvhYn xyQ`TJj t.\JR {iVWTH{eTHRUh>N 9 � � tfhYh x2\JjvN6��\JV5�JhYV ?A@H@HL Q`j xygih q \|xUh
DGF?J|I RYb � gih � THq`qSTGtOQSji� NiQ`RWn��iRWRUQ`TJj�NvVy\^tORO� VUTJ} ? S L k ? @ � L kp\JjiN ? DHDGL b

� gih � t hYh>xR� ��\JV5�JhYV~}�T_Nih>q \JRUR5�i}�h>R xygp\ x~VUh>nYTHjvjihYn xyQ`TJj T_nYn��iVUR~h>j xUQ`VUh>qS� Q`j�x t T6NiQ �
}~hYjiRWQ`THjiR>b ��Q`h>q`N q`QSjihYR \JVWh�\JRWR=�i}~hYN xUT 9eh�\J{i{iVWT	�EQ`}�\|xUhYq �2RWxUVy\JQS�Hg xYk?9,�vx�tOQ xyg A5�iR x[h>jiTQ�i�Hg
n��vVWP|\ x��iVUhfxUgp\|x�t h.n^\Jj Nih�VijihO\�VUhYn xo\Jjv�Q�iq \|V VUhYn>THjijih>n>xUQ`THj VUhY�JQ`THjwTJ� qShYji�|xyg � "�\|jiNwxygiQSn$�Q�
jih>RUR � q ? RUhYh���Q`�Q�vVUh�� L bO��q`\JRU}�\ nYTH}~{eTHjih>j xyR�n>THj xy\JQ`jiQSji�~TH{v{mTJRUQSji� }�\J�Jjih>xUQ`n1VphYqSNiR �pTGt
Q`j � VUTJ})xUgih

±y
NiQSVUhYn xyQSTHjiR tOQSxUg�PHhYqST_nYQ x �

vin

b C jiRWQ`Nihzxygih]VUh>nYTHjvjihYn xyQ`TJj<VUh>�HQ`TJj�kE} \J�Jjih>xUQ`n
Vph>q`N��JVy\JNiQShYjCxyR 9ehYn>TH}�hzgvQ`�Hg h>jiTQ�i�Jg�xygi\|x(VihYq`N q`QSjihYR[xUgp\|x tfh>VUh]{iVWh>P_Q`TQ�vRUqS� � VUT  Yh>j�QSj n^\Jj
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NiQ�# �iRWh \JjiN VUh>nYTHjvjihYn x<;[\|� xyh>V2VUh>nYTHjvjihYn xyQ`TJj Vph>q`N qSQ`jih>R2\JjiN {iq`\JRU}�\ �iTut#T��vxwQSj�xUgih

±x
NiQSVUhYn xyQSTHjiR tOQ xyg�PHh>q`T_n>QSx �

vout

b(� gih2}~T_Nih>q \|RUR=�v}�h>R�xygp\|x�VUh>nYTHjvjihYn xyQ`TJj QSR�\ RWxyhY\JNv�?� R xo\|xUh
{iVWT_nYhYRWRYkpRUT

vin

\JjiN
vout

NiT jvTJxOnogp\Jjv�Hh tOQ xyg�xyQS}�h|b C j<TJxygih>V.tfTHVWNiRYkp\JqSxUgiTQ�i�Jg�{iq`\JRU}�\wQ`R
nYTJjiRWxy\Jj xUqS� }~TuP_Q`ji��\JjiN6QSjiNiQ PEQSN��p\|q�VihYq`N qSQ`jih>R:\JVWh nogp\|ji�HQ`jv��xygih>Q`VzxyTH{eTHqSTH�J�Jk�QS��tfh xyT_TQ�
\�RUjp\J{vRUgiTJx TJ�.xygih VUh>nYTHjvjihYn xyQSTHj�VWhY�JQ`THj \ x \|j � xyQ`}~hJk Q x2t TQ�iqSN�\Jq t.\^�ER2q`T_TQ� xUgih Ry\J}~hJb
� QSxUg�xygiQSROQSj<}~Q`jiN�kEt hcnY\Jj�RUhYh:xUgp\|xO} \|RUROn>THj xUQ`j4�iQSx � Q`}~{iqSQSh>R

4ρLvin = 4ρlvout

? � b � � L

Lvin = lvout

? � b � FCL

QS� tfh2\|RUR=�v}�h xygi\|xOxUgih:{iq`\JRU}�\ Q`R Q`jvnYTH}~{iVUh>RURWQ�9iqShJb
4 �vxyRWQ`Nih xUgih VUh>nYTHjvjihYn xyQ`TJj�VUh>�HQ`TJj�k xygvh }�\J�Hjvh>xyQSn VphYqSN*q`QSjihYR \JVUh \|{i{iVUT<�EQ`}�\|xyh>qS�

RWxUVy\JQS�Hg xYk RUT
∇×B = 0

\JjiN M�}�{eh>VUh � R�q`\Gt ? h�64�p\|xUQ`THj � b S L xyh>q`q`RU�iR xygp\ x xygih>VUh QSR jiT
n��vVUVUh>j xYb'� gih  L� n>TH}~{eTHjihYjCx�T|� xygvh:VUhYRWQ`RWxUQSPHh 4 gv} � ROq`\Gt ? h�64�p\|xyQSTHj � b D � L xygvhYj 9mh>nYTJ}�h>R

Ez + vinBin = 0
? � b @JICL

C jiRWQ`Nih�xUgih VUh>�HQ`TJj�k xUgih jih x } \|�Hjih xyQ`nMVihYq`N Q`R  YhYVWTik0RUT�xygih  $� n>TH}�{eTJjihYjCx T|�&4]gi} � Rwq`\Gt
�HQ PHhYR

Ez = ηJz

? � b @EDuL
� hwnY\Jj nYTH}*9vQ`jih:xUgihYRWhwx tfT VWhYq`\|xyQSTHjiR#9 ��jvTJxyQSji�~xUgp\|x�xygih2RWxUh^\JNE�4� RWxo\ xyh \JRWR=�i}~{vxyQSTHj�Q`}&�
{iqSQ`hYR dB

dt
= 0

k�RWT 9 � � \JVy\|Np\G� � R2q \^t ? h�64�p\|xUQ`THj � b � L k ∇×E = 0
\JjiN�xUgih�hYq`h>n>xUVUQ`nMVph>q`NvR

Q`jvRUQ`Nvh:\JjiN�TQ�ExyRUQSNih xUgih:VUh>�HQ`TJj�\JVUh]xygih:RU\J}�h|b � T tfh:gp\GPHh

vinBin = ηJz

? � b @ � L

��TGt�t hf}�\G�:\J{i{iq �:Mz}~{ehYVWh�� R�q \^t xyT�xygih VWhYnYTJjijihYn xyQSTHj VWhY�JQ`THjw\|R�\�tOgiTJq`h|b � 64�p\ xyQ`jv�
xygvhzqSQ`jihOQ`jCxyhY�JVy\JqpTJ�

B
\JVWTQ�ijiN�xygvh 9eTHVWNihYV TJ��xUgih�VUhY�JQ`THj~xUT2xygih�hYjvnYq`TJRUhYN�n��iVUVWhYjCx.NihYjiRWQSx �Hk
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Bin(4L) = µ0Jz(2L)(2l)
? � b @H@CL

Bin = µ0Jzl
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� ��9vRWxyQ x��vxUQ`ji� xygiQSROh$�E{iVUh>RURUQSTHj�Q`jCxyT T��iVOVWhYR5�iqSx � VUTH} 4]gi} � ROq \^t

vin =
η

µ0l

? � b @QJHL
vinµ0l

η
= Rm = 1

? � b @ � L
� T<xygvh~}�\J�Hjih xyQ`n r�h �_jiTHq`NvRcj4�i}*9ehYV:Q`R D N��iVUQSji� � tfhYh x5� ��\JV=�Jh>V2VUhYn>THjijvhYn>xUQ`THj k QS}�{vqS�_QSji�
xygi\|x2xUgih QSj��pTGt�PHhYqST_nYQ x �6\JjvN xUgiQ`n7� jih>RUR T|�.xygih�VUh>nYTHjvjihYn xyQ`TJj VUh>�HQ`TJj \JNBA5�iR xwxUgihY}~RUh>qSPHh>R
�ijCxyQ`qm}�\J�Hjih xyQ`n ���!��Q`R29eh>Q`ji� \JjvjiQ`giQSq`\|xUhYN�\|x.xUgih Ry\|}�h]Vy\ xyhzxygp\|x {iq`\JRU}�\wQSR.hYRUnY\J{iQSji� TQ�vx
xygvhcRWQ`Nih>ROTJ� xUgih:VUh>�HQ`THj b

Z �iVWQ`ji��VWhYnYTJjijihYn xyQSTHj�k�}�\J�Hjih xyQSnwhYjih>VU�J� RWxUTHVUh>N Q`j xUgih Q`jvnYTH}~QSji�@VphYqSN QSR]nYTJj PHhYV xyh>N
Q`jCxyT � Q`jih xyQ`n�h>jih>VU�J��TJ��xUgih<TQ�vxU�HTHQSji� {iq`\JRU}�\vk�RWT tfh�nY\Jj nYTJjiRUh>VWPHh�h>jihYVW�J� xyT VpjiN xygih
TQ�vx �pTut PHh>q`T_nYQ x ��Q`j�xUgih:Q`NihY\Jq�nY\JRUh:tOQ xyg<jiT~{iq`\JRU}�\ gihY\|xyQSji�ib

B2
in

2µ0

=
ρv2

out

2

? � b @HKHL

vout =
Bin√
µ0ρ

? � b @ � L
� giQSR PHhYqST_nYQ x � VUhY{vVUhYRWhYjCxyRO\wRWTHVWxfTJ��RU{ehYh>N<qSQ`}~Q x[Q`j�xygvhz{iq \JRW} \!;_QSx Q`R � jiTGtOj<\JR xygvhzMzqS� P��>j
RU{eh>hYN ?

vA

L b
vA

gp\JR \|NiNiQSxUQ`THji\Jq Q`}~{eTHVWxy\Jjin>h~Q`j�l a�Z xygvhYTHV � \JR2xUgih {igp\|RUh�PHhYq`T_n>QSx �6T|�
q \|VU�Hh$� RUnY\JqShJkvqSTut2� � VWh�64�ih>jin>��THRWnYQ`qSq \ xyQ THjvR2�_jvTutOj \JROM�qS� P��>j<t.\GPHh>RYb

��TGt t hcnY\Jj�nYTH}*9iQSjih h�6��i\|xyQSTHjiR xyT VUh>q \ xyh
vin

\JjvN
vout

v2

in = (vin)(vin) = (
voutl

L
)(

η

µ0l
) = v2

out(
η

voutµ0L
)

? � b @JFCL

� gih VUh>nYTHjijvhYn xyQ`TJjwVy\|xUh ? l L Q`R TJ� xyh>jwh$�v{vVUhYRWRUhYN Q`j:xyh>VU}~R TJ�vxygih[Mzq � P��Yj2RU{ehYh>N Q`jcTHVUNih>V
xyT�\|q`qSTut � THVOR xyVy\JQS�HgCxU� THV t.\JVUN<n>TH}~{p\JVWQ`RUTJjiR#9eh x t hYh>j {iq`\JRU}�\JRYb[rOhYnY\JqSq`QSji� xUgp\|x

vout = vA
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tfh:gp\GPHh

M ≡ vin

vA

? � b S ICL

M =

√

vAµ0L

η
=

1√
S

? � b S DuL

tOgih>VUh � QSR \ RU{ehYn>Q \Jq n^\|RUh:T|� xUgih:rOh>�_jiTHqSN�� R.j��i}*9eh>V ? � jiTGtOj�\JRfxygih " �ijvN�64�iQ`R x�j4�i}*9ehYV L
xygi\|xOVUh>{iVUh>RUhYjCxyR�giTut tfh>q`q�}�\J�Hjvh>xyQSn Vph>q`N<q`QSjihYR \JVWh � VWT! Yh>j<xyT xUgih:{iq`\JRU}�\vb � �E{eh>VUQ`}~hYjCxo\Jq
VUh>R=�iq xyR0RUgiTGt xUgp\|x0xUgih
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VUhYn>THjijih>n>xUQ`THj VU\|xyh.{vVUhYNvQ`n xyhYNM9C� � tfhYh x5� ��\JV=�Jh>V�Q`R xyT_T]RUq`TGt:kC\JjiN
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�iV xygih>VU}~THVUh|k
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� gih2RU{eh>n>xyVU\Jq RUQS�Hjp\|x=�iVUh:TJ� 9iVWhY}~RURWxUVy\Jq:�iji�~Vy\JNiQ`\|xyQSTJj<Q`R�\ RU}~T_TJxyg�nYTHjCxyQSj����i}�kpRUQ`jvnYh
hYqShYn xyVUTJj \JjiN QSTHj PHh>q`T_n>QSxUQ`hYR�Q`j \ {iq`\J}�RU\ \JVUhwnYTHjCxyQSj��iTQ�vRUqS��NiQ`R xyVUQ:9��vxUhYN�b1� gvh xyTJxy\Jq � VWhYh$�
� VUh>h6h>}�QSRURWQ`THj \|x�\ �HQ PHhYj h>jihYVW�J� n^\|jH9eh6T�9vxo\|Q`jih>N 9 � Q`jCxyh>�HVy\|xUQ`ji� TuPHh>V<xygvh6h>q`hYn xyVWTHj
PHhYqST_nYQ x � NiQ`R xyVUQ:9��vxUQ`TJj�ki\|q`q {eTHRURWQ�9iqSh Q`}~{p\Jn x {p\JVU\J}�h xyh>VURYkp\JjiN<xUgih:{p\JV xyQ`n>q`h]NvQ`RWxUVUQ�9,�vxyQSTHj�Q`j
xygvhc{vq \JRW} \vb�MzRUR5�i}~Q`ji�~\�l�\B�_tfhYqSq`Q`\Jj�hYqShYn>xUVUTHj<PJhYq`T_n>QSx ��NiQSRWxyVWQ�9��ExyQSTHj�k_xygih:h>}�QSRURUQ P_QSx � QSR

ε =
25πe6

3mec3

√

2π

emekT
Z2nenie

−hν/kT gff

? � b S�S L
tOgih>VUh

Z
QSRzxUgih \|xUTH}~Q`n2j4�i}*9ehYV]TJ��xUgih n>THq`qSQSNiQSji��Q`THjiR>k

h
Q`R � q`\Jjin7� � R n>THjiRWxy\Jj xYk \JjiN

gffQ`R \ 64�p\|j x=�i}!}~hYnogp\JjvQ`n^\|q�nYTHVWVUhYn xyQSTHj � jiTGtOj�\JR]xygih�� 
 � 
�� � 
 ��� � 	 bK� gih NiQ`}~h>jiRUQSTHjiR]T|�



� � F �
xygvhchY}~Q`RWRUQ PEQ x ��\JVWh:{mTGtfh>V B �ijvQSxOPHTHq:�i}~h B �ijvQSx hYjih>VU�J�<VU\Jji�Hh|kpTHVOQ`j�xygih �ijiQ xyR xygi\|xOtOQ`qSq 9eh
�iRWhYN�q \|xUhYV.THj�kihYVU� B R B n>}

3
B h . b

� gih �i�4� {iq`\JRU}�\]Q`R }�\JNih TJ� gC�ENvVUTH�Hh>j�k_jihY\JVUq � DGIHI�� T|�mtOgiQSn g~Q`R Q`TJjiQ  >hYN�b�a�TGtfh>PJhYVYk
h>PHh>j QSj \|j h�64�iQ`qSQ�9iVWQ:�i} R xo\|xUh�TJ�fjih^\JVWqS� nYTJ}�{iqSh>xUh~QSTHjiQ  ^\|xUQSTJj�k h>q`h>n>xyVWTHjiR2\JVUh~n>THjiR xo\JjCxyqS�
VUh>nYTH}*9vQ`jiQSji� tOQSxUg {iVWTJxyTJjiR19eh>� TJVUh&9ehYQSji� � jiT_n7�JhYN�qST_THRUh \|�C\JQ`j%9C� n>THqSq`QSRUQSTJjiRYbK� jih>VU�J� Q`R
nYTJjiRUh>VWPHh>N QSj�xygiQSRO{vVUT_nYh>RUROxygiVWTQ�i�Hg�xygih:h>}�QSRURUQSTHj�TJ�0\ {igiTJxUTHj�TJ� hYjvhYVU�|�

E =
13.6 eV

n2
+ K

? � b S JHL

tOgih>VUh
n
Q`R2xUgih�gC�ENvVUTH�JhYj h>jih>VU�J� q`h PHhYq Q`jCxyT�tOgiQ`nog xUgih�h>q`hYn xyVWTHj�VWhYn>TH}*9iQ`jvhYR \JjiN

K
Q`R

xygvh Q`jiQ xyQ`\|q � Q`jvh>xyQSn�hYjvhYVU�|��TJ�.xygih h>q`h>n>xyVWTHj�b � Q`jvnYh
n
n^\|j Vy\Jjv�Hh~� VUTH} D xUT

∞
k0\JjiN�xygih

Vy\|ji�Hh TJ�O{eTHRWRUQ:9iq`h�hYqShYn>xUVUTHj � Q`jvh>xyQSn h>jihYVW�HQShYR QSRwn>THj xUQ`j4�iTQ�iR>k Vy\|NiQ \ xyQ PHh�VUh>nYTJ}&9vQ`jp\|xUQ`TJj�Q`R
\6nYTHjCxyQSj����i} {iVWT_nYh>RURYb � q`hYn xyVWTHjiR~tOQSxUg PHhYqST_nYQSxUQ`h>R�\ x�xUgih�qSTut�h>jiN"TJ�zxUgih�NiQSRWxyVWQ�9��vxUQ`TJj
\JVWh<xygih�}�THR x�qSQ��Jh>qS� xUT�nYTH}*9vQ`jih|kfRWT�xygvh�}�\�AWTHVUQ x � TJ�]{igvTJxyTHjvR�hY}~QSxWxyh>N�\|R \6VWhYR5�iqSx�T|�
VUh>nYTH}*9vQ`jp\|xUQ`TJjiR�Q`jCxyT�\Jj h>jihYVW�J� qSh>PHh>q

n
tOQ`q`q gp\^PHh h>jihYVW�HQ`h>R]n>q`THRWh2xyT

13.6 eV/n2
bzM�Rzt h

RUgi\Jq`q�RUh>h2Q`j�dfgp\J{ExyhYV)SvkpVy\JNiQ`\|xyQ PHh VWhYn>TH}*9iQ`ji\|xyQSTHj�Q`R Q`j��A\Jn>x�\ �A\|VO�HVWh^\|xUhYVOnYTJj xyVWQ�9��ExyTHV.xyT
xygvhch>}�QSRURWQ`THj�RU{eh>n>xUV=�i} Q`j �v��� xygp\Jj<Q`R39iVUh>}�RWRWxUVy\Jgiq:�iji� Vy\JNvQ \|xUQ`TJj�b

�pTHV0xygihOnYTHjvNiQSxUQ`THjiR {vVUhYRWhYjCxfQ`j �i��� kCxUgih�NiTJ}�QSjp\JjCx�RW{ehYn xyVy\|q � hY\|x��vVUhYR[n>TH}~hOjiTJx�� VWTH}
nYTJj xyQSj��,�i} {iVWT_nYh>RURUh>R�\|x�\JqSq49��Ex � VUTH}&qSQ`jih�Vy\|NiQ \|xUQ`TJjc{iVWT_N��inYh>N*9 �:xyVU\JjiRUQ xyQSTHjiR TJ�ph>q`h>n>xyVWTHjiR
9eTQ�ijvN xyT�Q`THjvRYb � gihYj�\Jj h>q`h>n>xyVWTHj VUh>RUQSNiQ`ji��Q`j \Jj h$�vn>QSxUhYN6RWxy\|xyh TJ� \Jj6\|xUTH}��A\Jq`qSR 9p\|n$�
xyT�\~q`TGtfh>V�R xo\|xUhJke\~{igiTJxUTHj�tOQSxUg�h>jihYVW�J��h�6��i\Jq xyT xygihcNiQ�# h>VUhYjvnYh2QSj�hYjih>VU�J� 9eh>x tfhYh>j xygih
x tfT�\|xUTH}�QSn]qSh>PHh>q`R Q`R RU{eTHjCxo\|jihYTQ�vRUqS��h>}�Q xUxyh>N�b


:Q PHhYj xUgp\|x �i��� � hY\|x��iVWhYR \cgvQ`�HgvqS� QSTHjiQ  YhYN g �_NiVWTH�Hh>j {iq`\JRU}�\vkCTHjvh�}~Q`�HgCx xUgiQ`j��2xygp\|x
xygvhOnYTJj xyVWQ�9��ExyQ`TJj TJ�mqSQ`jihfVy\JNiQ`\|xyQSTJj xUT xygih TQ9iRUh>VWPHh>N RW{ehYn xyV=�i}�tfTQ�iqSNM9ehOjih>�Hq`QS�HQ:9iq hJb a�Tut2�
h>PHh>VYk�Q �0xygihwg �_NiVWTH�HhYj \|xUTH}~R�� THVU}~hYN \JR]\ VUh>R=�iq x]TJ��VWhYnYTJ}*9iQ`jp\ xyQSTHjiR�Q`jCxyT hL�En>QSxUhYN RWxy\|xyh>R
\JVWh�jvTJx2Q`}~}~hYNiQ`\ xyh>q � VUhL� Q`TJjiQ  >hYN�k \JNiNiQ xyQ`TJjp\Jq0{vgiTJxyTJjiRctOQ`qSq 9eh�h>}�Q xUxUhYN�\JRcxUgih�h>q`h>n>xyVWTHjiR
n^\|RUn^\|Nih.NiTGtOjwxyT�xygvhf�HVWTQ�ijiNwRWxy\|xyh|b l�THVUh Q`}~{eTHVWxy\JjCxyq �Jk NihYRW{iQSxUh xygih 9ehYRWx0h #mTHV xyR�T|�phL�E{ehYV��
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� @vD �
tOgih>VUh

Nj

Q`RzxUgih {eTH{��vq \|xUQ`THj Nih>jiRUQ x � QSj n>}
−3
TJ�[Q`THjiR�tOQSxyg h>q`h>n>xyVWTHjiR QSj xygih*�i{i{ehYV qSQ`jih

q`h PHhYq
j
\JjiN

Aji

Q`R xUgih~{iVUT�9p\�9iQSq`Q x � Q`j R
−1
TJ�.\�xyVU\JjiRUQ xyQSTHj xyT<xUgih~q`TGtfhYV:qSh>PHh>q

i
xUgiVUTQ�v�Hg

RU{eTJj xo\|jihYTQ�vR hY}~Q`RURWQ`THj TJ� \ {igvTJxyTHj b � gih qSh>PHh>q {eTH{��iq`\|xyQSTHj Nih>jiRUQ xyQShYR.QSj�\ {iq`\JRU}�\2n^\Jj 9eh
� TQ�ijvN 9 ��RWTHqSP_Q`jv�~\ RUh>x�TJ� Vy\|xUh:h�64�p\ xyQ`TJjiROTJ� xygih � THVW}

dNj

dt
=
∑

h<j

NhneShj +
∑

k>j

Nk(Akj + neS
1

kj) + Nz+1neα
r
j + Nz−1neβ

II
j

− Nj

[

∑

h<j

(Ajh + neS
1

jh) +
∑

k>j

neSjk + neS
i
j

] ? � b S KHL

C j�xygiQSR VU\|xygvhYV QSj xyQS}~QSNi\|xyQ ji� h�64�p\|xUQ`THj�k
Shj

Q`Rwxygih�VU\|xyh�nYT_h �~n>Q`hYjCx � THV h>q`h>n>xyVWTHj QS}�{p\|n>x
Q`TJjiQ  Y\|xyQ THjc� VWTH} q`h PHhYq

h
xyTzq`h PHhYq

j
k
S1

kj

Q`R xygvh.VU\|xyh nYT_h ��n>Q`h>j x�� THV nYTHqSq`QSRWQSTHjp\|q NvhL� h$�EnYQ xo\|xUQ`THj�k
Nz

VWhY{iVWhYRUh>j xUROxUgih {eTJ{��iq \ xyQ`TJj NihYjiRWQSx � TJ� Q`TJjiR.T|� nogp\JVU�Jh
z
ki\JjiN

αr
j

\JjiN
βII

j

\JVUhzxUgih]Vy\|xUh
nYT_h �~nYQShYj xUR[� TJV�VUh>nYTJ}&9vQ`jp\|xUQ`TJj \JjiN~nYTHqSq`QSRWQSTHjp\|qvQ`jvjihYV�� RUgih>q`qiQSTHjiQ  Y\|xUQSTHj�kHVWhYRW{ehYn>xUQSPHh>qS�Jb C � t h
\JRWR=�i}~hz\cR xyh^\|Nv�?� RWxy\|xyh ?

dNj/dt = 0
L k_h�64�p\|xyQSTHj � b S K VUhYN,�inYh>RfxUTw\cRUh xfTJ��q`QSjihY\JV�\Jq`�Hh�9iVy\|Q`n

h�64�p\ xyQ`TJjiROxygp\ x�nY\Jj 9mhcRUTJqSPHh>N�� THV xUgihcq`h PHhYq {eTH{��iq`\|xUQ`THjiR>b'� gih2RWxUh^\JNv�?� RWxo\ xyhw\JRWR=�i}~{vxyQSTHj
Q`R0TJ� xUhYj~\JnYn��iVy\ xyhOh PHhYj�QSj~\]n gi\Jji�HQSji�:{vq \JRW} \vk�9ehYnY\��iRWh�hL�EnYQ xyhYN~qSh>PHh>qp{eTJ{��iq \ xyQSTHjiR��iR=�p\|q`qS�
nYTJ}�h Q`jCxyT h�64�iQ`qSQ�9vVUQ:�i})hL�_xyVWhY}~hYq � 64�iQ`n7� qS�Jb

� ��� ��� � � � 	 ��
 

������� ��� ��� 	 � ��� � ��� ���

� 64�p\|xyQSTHjiR � b S K \JVUh \ nYTJ}�{vq`hL� }~hYRUR�T|�:P \JVUQ`\�9iqShYR \JjiN"R=��9iRWnYVUQS{vxyR tOgiQSn g VWh�64�iQSVUh
� jiTut q`hYNv�Hh�TJ��\cq`\JVU�Jh j��i}*9ehYV�TJ��\|xUTH}�QSn.{p\JVy\|}�h xyhYVWR xyTcRUTHq PHhJb �pTHV x��iji\|xyh>qS�Jk_\|x[VWhYq`\|xyQ PHhYq �
q`TGt Nih>jiRUQ xyQShYRYkEtfh nY\Jj<TJ� xUhYj�RUQS}�{iqSQ � � xUgiQ`jv�HR29C��\JRWR=�i}~Q`jv� xUgp\|x.xygvh {iq`\JRU}�\wQSR.QSj ��� 	 ��
 

�

�	��� ��� ��� 	�� � � bH� gvQ`R }~T_NihYq kftOgiQSn g \Jn�64�iQ`VWhYN"QSxUR�jp\J}~h 9ehYnY\��iRUh QSx~t.\JR@VpVUR x�\J{i{iqSQ`h>N xyT
xygvh:RWTHq \JVfnYTJVUTHjp\Ekp\JRUR5�i}~hYR xygi\|x�\|q`q �i{ tf\JVUN�\ xyTH}~Q`n�xyVy\JjvRUQSxUQ`TJjiR \|VUh nY\��iRUh>N 9C��n>THq`qSQSRUQSTJjiR
9eh>x tfh>hYj<h>q`h>n>xyVWTHjiR.\JjvN�Q`THjiR>kv\|jiN�\JqSqeNvTutOjCt.\JVUN xyVy\|jiRUQ xyQ`TJjiR[T_nYn��iV xygiVUT��i�Hg RU{eTHjCxo\Jjih>TQ�iR
hY}~Q`RWRUQSTHj�b C �.tfh�\JRUR5�i}~h��/�iV xygih>V2xUgp\|xwh$�EnYQSxUhYN RWxy\|xyh�q`Q � h>xUQS}~h>R2\JVWh�q`TGt hYjvTQ�i�Hg xUgp\|xw\Jq`q
hL�En>QSxo\ xyQ`TJjiR�T_nYn��vV TQ�vx TJ� xUgih �JVUTQ�ijvN R xo\|xUhO\JjvN h>q`hYn xyVWTHj n^\JRWn^\JNih>R � VUTH} q`h PHhYqSR \�9eTuPHh.q`h>PHh>q



� @ � �

j
n^\|j 9eh:jih>�Hq`h>n>xUhYN�kph�64�p\|xUQ`THj � b S K VUh>N��inYh>R�xUT

0 = NgneSgj − Nj

∑

h<j

Ajh

? � b S!� L

tOgih>VUh
Ng

Q`R�xygih {eTH{��iq`\|xyQSTHj Nih>jiRUQ x � TJ��xUgih �HVUTQ�vjiN RWxo\ xyhJb � giQ`R]h�6��i\|xyQSTHj Q`R]\�R5�iQSxy\�9iqSh
\J{i{vVUT	�EQS} \ xyQSTHj � TJV:}�\Jj � nYTJVUTHjp\|q {iq \|RU}�\JRYk 9��vxcQSx:nY\Jj 9eh~VWhYjiNvhYVUh>N Q`jp\|nYn��vVy\|xUhM9 � xygih
{iVWhYRUh>jinYh2TJ� }~h>xo\|RWxo\�9iq`h \|xyTH}~QSn]RWxy\|xyh>R�THV39C��giQ`�Hg<h>jiTQ�v�Hg�NvhYjiRWQSxyQShYR>b

MzR {iq \|RU}�\ NihYjiRWQSx � Q`jin>VUhY\JRUh>R~\JjiN n>THq`qSQSRUQSTJjiR 9eh>x tfhYh>j hYq`h>n>xUVUTHjvR~\|jiN Q`THjiR*9eh>nYTH}~h
}~THVUhw� VUh�64�ihYjCx^k xUgih n>THVUTHji\Jq0h�6��vQ`q`Q:9iVUQ:�v}�}�T_NvhYq 9eh>�HQSjiR xUT 9iVWh^\�� NiTutOj b~dfTHqSq`QSRUQSTJjiRzn^\Jj
hL�En>QSxyhzTHVfQ`TJjiQ  >h�hYqShYn xyVUTJjiR.TQ�Ex T|� hL�EnYQ xyh>N<R xo\|xUhYRYki\JjiN�nYTHqSq`QSRWQSTHjp\|q Nih$� hL�En>QSxo\ xyQ`TJj ? Q`j�tOgiQSn g
xygvh h$�EnYhYRWR h>jihYVW�J�6� VWTH}�\Jj \ xyTH}~QSn xyVU\JjiRUQ xyQSTHj6Q`Rcn>THj PHh>VWxUhYN�QSj xUT � Q`jvh>xyQSn~hYjih>VU�J�6TJ�fxygih
nYTJq`qSQSNiQSji��hYqShYn>xUVUTHj L \JqSRUT 9eh>nYTH}~hYRcQS}�{eTJVWxo\|j xYb M.x:PHhYV � giQ`�Jg NihYjiRWQSxUQ`hYR>k�xygih RWxy\|xyh TJ�[xygih
{iq`\JRU}�\ QSR Nih>RUn>VUQ�9eh>N>9C� � �	� 

� ����� 	 � � � ��
 

� ��� � ������� ��� 	 � � � � � ����� k�\ RWxy\|xyh�Q`j tOgiQSn g
h>PHh>VW� \|xyTH}~QSn�{iVWT_nYh>RUR.Q`R \JR � VWh�64�ih>j xO\|RfQ xyR QSj PHh>VURUhz{iVWT_nYh>RURYb-�pTHV[hL�v\J}~{iqShJk_nYTHqSq`QSRWQSTHjp\|qphL�4�
nYQ xo\|xUQ`TJj \JjiN Nih$� hL�En>QSxo\ xyQ`TJj \JVUhfQ`j PHh>VURWh {iVUT_n>hYRWRUhYRYk_\JR \JVUhfRU{eTHjCxo\Jjih>TQ�iR hY}~Q`RWRUQSTHj \|jiN {igiT��
xyT_h$�EnYQSxy\|xyQSTHj�b�� giQSR n>THjiNiQ xyQ`TJj�Q`R(�_jvTutOj�\JR.xUgih � 	 � 
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 � � � ����� b
M.x�QSj xUhYVW}�h>NiQ \|xUh�NvhYjiRWQSxyQShYR>kf{vq \JRW} \ nYTHjiNvQSxyQSTHjiR qSQ`h�RUTH}~h>tOgvhYVUh 9eh>x tfhYh>j�xUgih�RWQ`}~{iq`QOVphYN
nYTJVUTHjp\|q \JjiN "!�#�&RWxo\ xyhYR>k�\|jiN h>}�QSRURWQ`THj�qSQ`jih RWxyVWhYji�|xygiRw}*�iRWx 9eh nY\Jq`n��iq \ xyhYN 9C��RUTJqSP_Q`ji�
xygvh:�/�vq`q Vy\|xUh:h�6��i\|xyQSTHjiR � THV.xUgihc\|xyTJ}�QSn]qSh>PHhYq�{mTJ{��iq`\|xyQSTHjiR \JjiN�QSTHjiQ  ^\|xUQSTHj�9p\Jq`\JjinYh>RYb
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l�hY\JR=�iVWhY}~hYjCxyR�TJ��Q`}~{��iVUQ x � h>}�QSRURUQSTHj qSQ`jih�RU{eh>n>xyVU\ �EQShYqSN \ tfh^\|qSxyg TJ�zQ`jE� THVU}�\|xUQSTJj
\�9eTQ�Exz{vq \JRW} \ {vVUTH{eh>VWxyQShYR�R=�inog \JROxyhY}~{ehYVU\|x��vVUhJk NihYjiRWQSx �HkenYTJ}�{eTHRWQSxUQ`TJj�k \JjvN �pTGt&PHh>q`T_n>Q �
xyQShYR>b 4]jihw{p\JVy\|}�h xyhYV�TJ� {p\JV xyQ`n��iq \|V�Q`jCxyh>VUhYR x]Q`j �i��� QSR�xUgih h>q`h>n>xUVUTHj xUhY}~{ehYVy\ x��iVWh

Te

bzM
�iRWh>�/�iq NiQ`\J�HjiTJRWxyQSncT|��h>q`h>n>xUVUTHj�xyh>}�{eh>Vy\|x=�iVUh2Q`ROxygih2q`QSjihcQSj xUhYjiRWQSx ��VU\|xyQST�TJ��x tfT q`QSjihYRO� VWTH}
NiQ�# h>VUhYjCx QSTHjiRzTJ� xygih Ry\|}�hwhYqShY}~hYjCx^bcdfTH}*9iQ`jvQ`ji��h�64�p\|xUQ`THjvR � b S!��\|jiN � b S��vkmtfh RUh>h xygp\|x
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hY}~Q`RWRUQ PEQ x ��\JjiN<xUhY}~{ehYVy\ x��iVWhc\JVUh VUh>q \|xUhYN 9 �

Pji = NjAji = NgneSgjBRji

? � b S FCL

tOgih>VUh
BRji = Aji/

∑

h<J Ajh

QSR�xygih VU\JNiQ`\|xyQ PHh(9iVy\|jinogiQ`ji� Vy\ xyQSTztOQSxUg VWhYRU{eh>n>x�xyT:\JqSqEq`Tut hYV
q`h PHhYqSRYb�Zzh�VijiQ`ji�

Az = Nz/NH

? xygvh<\�9��vjiNp\Jjin>h<TJ��h>q`hY}~hYjCx
Z
VUhYq`\|xyQ PHh�xyT gC�ENvVUTH�Hh>j L k

ηZ,z = NZ,z/NZ ≈ Ng/NZ

? xUgihz� Vy\Jn xyQSTHj�TJ� Q`THjiR � VWTH})hYqShY}~hYj x
Z
QSj�Q`THjiQ  ^\|xUQSTJj RWxo\|�Hh

z
L k

\JjiN
Gji(T ) = ηZ,z(T )Sgj(T )

kvxygiQSR n^\Jj 9eh:VUh>t VUQSxWxyhYj

Pji = neNHAZBRjiGji(T )
? � b JJICL

� gihO�/�ijin xyQ`TJj
Gji(T )

VUh>{iVUh>RUhYjCxyR xUgih�h>q`h>n>xyVWTHj xyhY}~{ehYVU\|x��vVUhONihY{eh>jiNih>jinYhzN��ihOxyT:xUgih�n>TH}&�
9iQSjp\|xyQSTHj�T|��QSTHjiQ  Y\|xyQ THj<\|jiN�hL�En>QSxo\ xyQ`TJj�b

C j<xUgih:n>THVUTHji\Jq�\J{v{iVUT<�vQS}�\|xyQSTJj�kEnYTJq`q`QSRWQSTHjp\|qmQSTHjiQ  Y\|xyQ THj�\JjiN<Vy\|NiQ \|xUQ PHh]VUh>nYTH}*9iQSjp\|xUQ`TJj
9eTJxUg�RUnY\JqSh:tOQ xyg<xygvhcR=64�p\|VUh2T|��xUgihc{iq`\JRU}�\ NvhYjiRWQSx �Hk RUT xygih:TuPHh>Vy\JqSq�QSTHjiQ  Y\|xyQ THj 9p\Jq`\Jjin>h:Q`R
Nih>jiRUQ x � Q`jvNihY{eh>jiNihYjCxc\JjiN

Gji(T )
NihY{eh>jiNiR:THjiq ��THj

T
b � gih>VUh>� TJVUh QSx]QSR]R xyVU\JQ`�HgCxU� TJVWt.\JVWN

xyTK�vRUh�h�64�p\|xUQ`THj � b JJI xUT2n^\|q`n��vq \|xUhOhYq`h>n>xUVUTHj~xyh>}�{eh>Vy\|x=�iVUh>R[� VUTH}�q`QSjihOVy\ xyQ`TJRYb�M.x giQ`�Jg�Nih>j!�
RUQ xyQShYRYk_giTut h>PHh>VYkiTJxUgihYV.\|xUTH}~Q`n�{iVWT_nYh>RURUh>R#9eh>nYTH}~hzQ`}~{eTHVWxy\Jj xYk_\JjiN

Pji

jiT q`TJji�HhYV[NihY{eh>jiNiR
RUTJq`hYq � THj

T
b �pTJVWx��vjp\|xyh>qS�Jk.tfh nY\Jj TJ� xUhYj"RWxUQ`q`qOnY\Jq`n��iq \ xyh�xUgih {iq`\JRU}�\6xUhY}~{ehYVU\|x��iVWh 9 �

nYTJjiRUQSNihYVWQ`ji�~xygih2Vy\|xUQ`T�T|�0x t T�qSQ`jih>R�� VWTH}�xygihwRU\J}~h2Q`THjvQ  ^\ xyQSTJj�RWxo\|�Hh2tOQ xyg NiQ�# h>VUh>j x�xyh>}&�
{ehYVU\|x��vVUh2Nih>{ehYjiNih>jinYhYRYb�M�qSxyh>VUjp\ xyhYq �HkpQS� tfh2gp\^PHh \|nYn��iVy\|xUh2}�hY\JR=�vVUhY}~hYjCxyR�T|�0xUgih2{vq \JRW} \
Nih>jiRUQ x �JkCtfhO}�\G�K9eh�\�9vq`hfxyT NihYVWQSPHh hYqShYn xyVUTJj xUhY}~{ehYVU\|x��iVWhYR0� VUTH}*qSQ`jihfVy\|xUQ`TJR0Q`jCPHTHqSP_QSji�zx tfT
NiQ�# h>VUhYjCx�QSjiTHQ  ^\|xUQSTHj�RWxo\|�HhYROh>PHh>j Q � xygvhc{vq \JRW} \ QSROjvTJx�QSj<nYTJVUTHjp\|q�h�6��vQ`qSQ�9iVWQ:�i}�b
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� gih {iVUT<�vQS}�Q x �cTJ�eq \�9eTJVy\|xyTJVW�c{iq \|RU}�\JR�} \��|hYR0xygvhY}�hY\JRUQShYV�xyT RWx=�iNv�wxygp\|j~\JR xyVUTJ{ig �_RR�
Q`nY\Jq {iq`\JRU}�\JR>k,9��vx xygvh:gvQ`�Hg�hYjvhYVU�JQ`h>RYkpqSTut NihYjvRUQSxUQ`h>RYkp\JjiN<RWgiTHVWx xUQ`}~h]RWn^\JqShYR Q`jCPHTHqSPHh>N<R xyQ`qSq
{iVWTuP_Q`Nih~\ �ijiQ�64�ih RUh x2TJ�fnogp\Jq`qShYjv�HhYR � TJV:h$�v{eh>VUQS}�h>j xy\Jq`QSRWxyR>b 4]jih NiQ \|�HjiTHR xyQ`n \J{i{vVUTC\Jnog6Q`R
xyT2Q`jiRWhYVWxf{vVUTQ9eh>RfQ`j xUTcxygvhz{iq`\JRU}�\:xUTwNiQSVUhYn xyq � }�hY\JR=�vVUh 6��i\Jj xUQSxyQShYR[R=�vn g�\JR } \J�Jjih>xUQ`n3VphYqSN
RWxUVUh>ji�JxygvRf\JjvN@9,�iq�� �pTut PHhYqSTEn>QSxUQ`h>RYb�� gihYRWhzQSj xUhYVUji\Jqi}�hY\JR=�vVUhY}~hYjCxyR�n^\Jj~{iVUTGP_Q`Nih P \Jq��i\�9iq`h
Q`jE� THVU}�\|xUQSTJj�\�9eTQ�vx2q`T_n^\|q�{iq`\JRU}�\�{iVWTH{ehYV xyQShYRYk�9,�vxwxUgih>�6Q`jih P_QSxo\�9iqS� {eh>VWx��vV=9 xUgih {vq \JRW} \
Q`j�xygih {iVUT_n>hYRUR>b �
�iVWxUgihYVW}�THVWhJkv{iVUT�9mh>ROn^\Jj�TJjiqS��xo\��Jh:Np\|xy\ Q`j<\ RW} \|q`qmj��i}*9ehYV TJ� VWhY�HQSTHjiR
\JjiN xygih>VUh>� TJVUh VUQSR=�2}~Q`RUVWhY{iVWhYRWhYj xUQ`ji�]xUgih q \|VU�Hh$� RUnY\Jq`h RWxUV=�in x��iVUh Q`j QSjigiTH}~TH�Hh>jiTQ�iR�{iq`\JRU}�\JRYb

M RWhYnYTJjiN \|{i{iVUTH\Jnog xyT RWx��vNv�_Q`ji� {iq`\JRU}�\JR:xo\��Jh>R \JNEP|\JjCxo\J�Hh�TJ� xUgih hY}~Q`RWRUQSTHj�RU{ehYn$�
xyVU\�{iVWT_N��in>hYN 9C� Q`}~{��iVUQ x � QSTHjiRYb�MzR2TQ�Exyq`QSjih>N6Q`j dfgp\J{ExyhYV � k xUgih � h^\|x=�iVUh>Rw\J{i{p\|VUhYjCx2Q`j
xygvhYRUh�RU{ehYn xyVy\ \JVUh�Nih xyh>VU}~Q`jih>N 9C� \6j��i}*9eh>V�TJ�]Q`}~{eTHV xo\JjCx {iq \|RU}�\ {iVUTH{eh xyQShYR�R5�inog \JR
xyh>}�{eh>Vy\|x=�iVUh|k[Nih>jiRUQ x �Jk QS}�{,�iVUQ x ��nYTJjinYh>j xUVy\|xyQSTHjiR>k \JjiN �pTGt PHhYqST_nYQ xyQ`h>RYb 0 jvq`Q��Jh�QSj xUhYVUji\Jq
NiQ`\J�HjiTJRWxyQSnYR�q`Q:�Jh�} \|�Hjih>xUQ`n�{vVUTQ9eh>RYk�RU{eh>n>xyVWTH}~h>xyh>VUR�\JjiN T|xygih>V�h$�ExUhYVWjp\JqzNiQ \|�HjiTHR xyQ`n>R�NiT
jiTJxz\|qSxyh>V xygihc{iq \|RU}�\ {iVUTJ{ehYVWxUQ`h>R 9eh>Q`ji��}~h^\|R=�iVWhYN Q`j�\JjC�<tf\G�JbOa�Tut h>PHh>VYkexygih ��n^\|j THjiq �
xo\��JhcNp\ xo\ \GPHhYVU\J�Hh>N \JqSTHji� \ q`QSjih]TJ��RWQ`�HgCx^kp\JjvN�h PHhYj�xygih:hL�_xUVy\Jn xyQ`TJj�TJ� PHTHq��i}~hL� \GPHh>Vy\J�JhYN
{iq`\JRU}�\�{iVUTJ{ehYVWxUQ`h>R�� VUTH} RW{ehYn xyVy\|qiNp\|xy\]VWh�64�iQSVUhYR0RUQS�HjiQ:Vin^\JjCx0n>TH}~{��vxo\ xyQ`TJjp\Jq_\Jjp\Jq �ERWQ`R>b�� gih
nYTJ}�{��Exo\|xUQ`THji\JqmxUhYnogijiQ:6��vhYR)�iRUh>N QSj�xygiQSR RWx��iNE��tOQ`qSq 9eh xygih:R=�,9!AWh>n>x�TJ�0dfgp\J{vxUhYV#Sib

C j�{iVU\Jn>xUQ`nYh|kpVUhYRWh^\JVWnog \|x �i��� �vxyQSq`Q  >hYR39eTJxyg�Q`jCxyhYVWjp\Jq�\JjiN�hL�_xyh>VUjp\Jq {iq`\JRU}�\ NiQ`\J�HjvTHRR�
xyQSnYR xyT�{vVUT_N��in>h \�nYTJ}�{iqSh>xUh {iQ`n x��iVWh~TJ�.}�\J�Hjvh>xyQSn VWhYn>THjijih>n>xUQ`THj�Nv�_jp\J}~Q`nYR>b � giQ`R:xUgihYRWQ`R
� T_n��vRUhYR.THj�Np\|xo\2xy\��Jh>j �vRUQ`jv�wx t T NiQ`\J�HjiTJRWxyQSnYR>X \2P \Jn��,�i} �iqSxUVy\GP_QSTHqSh x ? .10#.:L }�TJjiT_n gvVUT��
}�\|xyTHV>kH\JjiN \ qSTut2� VUh>RUTHq:�vxyQSTHjwRWTJ� x���� Vy\^�wNih>xUhYn>xUTHV ? ��� r L bHsfTJxUg TH{eh>Vy\|xUh TQ�ExyRUQSNihfxygih.} \JQSj
P|\|n����i}*n gi\J}*9ehYV ? RUh>h ��QS�Q�iVUh JHL kHnYTJq`qShYn>xUQ`ji��hY}~Q xUxyh>N {igvTJxyTHjvR0tOQ xyg hL�_xUVUhY}~h>qS�2giQ`�Hg2xyQ`}~hL�
VUh>RUTHq:�vxyQSTHj ? D^I jiR � THV.xUgih .10#. }~THjiT_nogiVUTJ} \|xUTHV.\JjiN J jiR � THV ��� r L b
� gvhc{iVWQ`}�\JVW���HTH\Jq
TJ� xUgihYRWh2}�hY\JR5�iVUh>}�h>j xyROQ`R xUT~Nih>PHh>q`TH{�\~}~h>xUgiT_N<� THV n^\JqSn��iq`\|xyQSji� \|nYn��iVy\|xUhchYqShYn>xUVUTHj<xyh>}&�
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{ehYVU\|x��vVUh�{vVUT�VpqShYR2� TJV �i��� RUgiTJxURYb � QS}*�iq xo\JjvhYTQ�vR2VUh>RUhY\JVUnog \|x �i��� � T_n��vRUhYN�THj QSj xUhYVUji\Jq
}~h^\JR5�iVUh>}�h>j xUR TJ� }�\J�Hjih xyQSn3VihYqSN�RWxUV=�in x��iVWhYRf\JjiN@9��iq:� �pTutOR�;EVUhYR5�iqSxUR[TJ�mxygih>RUh�RWx=�iNiQ`h>R[n^\Jj
9eh � TQ�ijiN�QSj ? DuKJL b
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� gih . 0). }�TJjiT_n gvVUTH}�\|xyTJVwt.\|RU�iRUh>N xUT6TQ9vRUhYV PHh�QSjiNiQSP_QSN��p\Jqfh>}~Q`RURWQ`THj�q`QSjihYR � VWTH}
n^\|V=9eTHj�k T	�_�_�HhYj k�\JjiN6jiQSxUVUTH�Hh>j Q`THjiR>b~s � n>TH}~{p\JVWQ`ji�<\GPHh>Vy\J�Jh~q`QSjih QSj xUhYjiRWQSx � Vy\|xyQSTHR TGPHhYV
\�j4�i}*9ehYV]T|�[RUgvTJxyR]xUT�xUgihYTHVWh>xUQ`n^\|q P \Jq��vhYRz� VUTH}�n>TH}~{��vxyh>V]RUQS}*�iq \ xyQ THjiR>ketfh tfh>VUh \�9vq`h2xyT
Nih xyhYVW}�QSjih~x �_{iQSn^\Jq�P|\Jq:�ihYR2� THVcxygvh�h>q`h>n>xyVWTHj xyh>}�{eh>Vy\|x=�iVUh N��vVUQ`jv� RWQ`ji�Jq`hL� RU{igvhYVUTJ} \��ek nYT��
gih>q`Q`n>QSx � }�h>VU�HQSji�ik[\JjiN nYT��ij xUhYVR� gihYqSQ`n>QSx � }~hYVW�HQ`jv� RWgiTJxyR>b C jv� THVU}�\|xUQ`TJj QSj xUgih<� THqSqSTutOQSji�
RUh>n>xUQ`THjiR t.\|R�NiVU\GtOj<� VUTH} ? � � L b
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� gih P \Jn����v} �iqSxUVy\^PEQSTHqSh x2}~THjiT_nogiVUTJ} \|xUTHV �iRUh>N \ x �v��� gp\JR \�� T_nY\Jq[q`hYjv�Jxyg TJ� I b �
}�b � giTJxyTJjiR.hYjCxyh>VfxygihzNih>P_QSnYhzxygiVWTQ�i�Hg�\wRWq`QSx TJ� \|NBA5�iRWxy\�9iqSh�tOQ`NvxUg�\JjiN�RWxUVUQ��Jh]\wVWh �ph>n>xyQ PHh
NiQ�# VU\Jn>xUQ`THj]�HVU\|xyQSji�ik^tOgiQSnogcRUh>q`h>n>xyR \JjiN:VUh>� T_n��iRUh>R \Oji\JVUVWTut 9i\JjiNvtOQSNvxygc\JVUT��ijiN:xUgih�NvhYRUQSVUh>N
nYh>j xUVy\Jq�tf\GPHh>q`hYjv�Jxyg�bK� gih t.\^PHhYq`h>ji�JxUg!� RWhYq`h>n>xUQ`THj NiQ`\Jq n^\Jj 9eh }�\Jj4�p\JqSq ��\JNBA5�iR xyhYN tOQSxUg \
{iVWhYnYQSRUQSTHj6TJ�.\�9eTQ�vx I b � ji}'TJV1Vpjih$� x��vjihYN }~hYnogp\JjvQ`nY\Jq`q � QS� �HVUhY\|xyh>Vc{vVUhYn>Q`RWQ`THj6QSR:NihYRWQ`VWhYN�b
"�Q`�HgCxz� VUTH}�xUgih NiQ�# VU\Jn>xUQ`THj �HVy\ xyQ`jv��Q`R]VWhYNiQSVUh>n>xyh>N xUgiVUTQ�v�Hg6\|j hL�EQ x:RWq`QSx]\JjiN QSj xyT�\Jj � IHI
. {igvTJxyTJ}&�vqSxyQ {iqSQSh>Vfx=��9eh ? �[l � L b

M NBA5�iRWxUQ`ji�2xUgih�t Q`NvxUg�T|��xygih�hL�EQSxfRWq`Q x nogp\Jjv�HhYR xygih�RU{eh>n>xyVU\JqmVUh>RUTHq:�vxyQSTHj�kCtOQSxUg�\ D }~}
hL�EQ x2RWq`QSx]tOQ`NvxUg�nYTJVUVUh>RU{eTHjvNiQ`ji��xUT S�ji}'QSj t.\GPJhYq`h>ji�JxUg RU{i\JnYh|b�M NBA5�iRWxUQ`ji�<xygih~h>j xUVy\Jjin>h
RUqSQSxztOQ`NvxUg�k�THj xUgih TJxUgihYV gp\JjvN�k Q`jvnYVUhY\JRUh>R:xUgih xUTJxo\Jq�j��v}&9eh>V:T|� {igiTJxUTHjiR xUgp\|x:hYjCxyh>V xygih
}~THjiT_nogiVUTJ} \|xUTHVYb � h hL�E{ehYVWQ`}~hYjCxyhYN tOQSxUg P|\|VUQ`T��iR2nYTH}*9iQSjp\|xUQ`TJjiRcTJ� hYjCxyVy\|jinYh�\|jiN hL�EQSx
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��QS�ib D^I b�� � giT|xyT�TJ�fxUgih �i��� .10). }~THjiT_nogiVUTJ} \ xyTHV>bU� gih�} \|Q`j P|\Jn����i}�nogp\J}*9eh>VcQ`R
xygvhcTJVy\Jji�Jh:T�9!AWh>n>x�Q`j�xUgih 9p\Jn7� �HVUT��ijiN�b

RUqSQSx�tOQSNvxygvR�\JjiN h PHhYj x=�p\JqSqS� RUh xUxUq`hYN TJj \ D }~} hYjCxyVU\JjinYh6RUq`Q x�tOQ`NExyg \|jiN \ JJIHI
µ
}

hL�EQ x�RWq`Q x tOQSNvxyg�b>� giQSR~hL�EQ x~RUq`Q x tOQSNvxyg nYTHVWVUh>RU{eTHjiNvR�xUT�\6RW{ehYn xyVy\|q�VWhYRUTJq��vxUQ`THj T|� � ji}�k
tOgiQSn g tfh�TQ9iRWhYV PHhYN�xUT 9eh�Q`Nvh^\Jq.� TJV n^\J{vx=�iVUQSji�6hYRWRUh>j xyQ`\Jq`q ��\Jq`q.TJ��xygih�h>}�QSRURUQSTHj�� VUTH} \
RUQSji�HqSh 9iVWTC\JNih>jihYN Q`}~{��iVWQ x � q`Q`jvh tOQ xygiTQ�Ex�n>THj xy\J}~Q`jp\|xUQSji� xUgihcRUQ`�Jjp\Jq�tOQSxUg�hY}~QSRURUQSTHj<� VWTH}
\JNiNvQSxyQSTHjp\|q qSQ`jih>RYb

� QS�Hjp\JqSR � VWTH}�xygih��[l � {p\JRWR[xygiVWTQ�i�Hg \ � xo\JjE� THVUN rOhYRWh^\JVWn g � �_RWxUhY}~R � r JHK|I n��iVUVWhYjCx
\J}~{iq`QOVphYVf\JjiN<\JVUh]VWhY�HQSRWxyh>VUh>N�\|x DGI jiR Q`jCxyh>VWP|\|q`R(9 ��\Jj�THRUn>Q`q`qSTHRWnYTH{eh]\JjvN�xUVy\JjiR � hYVWVUhYN�xyT \
nYTJ}�{��ExyhYV �iRWQ`ji��" \�9 . Q`h t:b ��qShYn xyVUQSn^\|q � h>hYN�9p\|n$� 9eh x t hYh>j xygihw}�\JQSj�n^\|{p\Jn>QSxyTJV�NiQSRUnogp\JVW�Hh
\JjiN xygihO\J}~{iqSQ VphYV q`h>N xUTc\]RUQS�HjiQ Vpn^\|j x 9p\Jn7� �HVUTQ�vjiN~RUQS�Hjp\|q b � giQ`R�t.\JR }~h^\JR5�iVUh>NU9C�wxo\�� QSji�



� @CK �

��QS�ib DHD b�� .10). }~THjvTEnogiVWTH}�\|xyTHV�t.\^PHhYqShYji�|xyg6n^\JqSQ�9iVU\|xyQ THj n��iVWPHh|b�Z]\|xy\<{eTHQSj xUR � TJV]xygih
4 I � @ b I jv}�k d DGDFD FHK b K ji}�k a D D � D b ��ji}�k � I D � @ b F jv}�k d D�I D�JQJ ji}�k�\JjiN�d DGDFD
�H� F b K ji}�q`QSjihYRO\JVWh:RUgiTGtOj�b � gihcVUhYq`\|xUQ`THjiRWgiQS{ 9eh x t hYh>j \Jn x��p\|q qSQ`jihzt.\^PHhYqShYji�JxUgiR�\JjiN<xygih
}~THjiT_nogiVUTJ} \|xUTHV�RWh>xUxUQ`ji�JR]jvhYnYh>RURy\|VW� xyT�TQ9vRUhYV PHh xygvhY} \|{i{eh^\|VURzxyT�9ehwq`QSjih^\JVOxUgiVUTQ�v�HgiTQ�vx
xygvh JJI � � JJI ji} t.\GPHh>q`h>ji�Jxyg�VU\Jji�Hh|b � gvhcq`\JVU�Hh>RWx Nih>P_Q`\|xyQSTHj�� VUTH})xygih q`QSjih^\JV VixOT_nYn��iVUR � THV
xygvh~{eTHQSj x:\|x2\|j�\Jn>x=�p\Jq0tf\GPHhYqShYjv�Jxyg�T|� D � @ b F ji}�X QSxUR:{vVUhYNvQ`n>xUhYN .10). }~THjiT_nogiVWTH} \ xyTHV
RUh xUxUQ`ji� ? D � D b D ji} L NiQ #mhYVWR � VUTJ} xygih:TH{ExyQ`}�\JqmRUh xUxUQ`ji� tfh � TQ�ijiN ? D � D b S ji} L 9 � I b @ ji}�b

RUh PHhYVU\Jq RUgiT|xyR tOQSxyg�xygvh:}�TJjiT_n gvVUTH}�\|xyTJVfhYj xUVy\JjvnYhcRWq`QSx.nYqSTHRUh>N \|jiN<xygvhYj�R=��9vxUVy\Jn xyh>N�� VWTH}
xygvhcNi\|xo\vb

Mzj�QS}~{mTJVWxo\|j x {iVU\Jn>xUQ`nY\JqmQSRUR=�vhz� THV xUgihYRWh hL�E{ehYVWQ`}~hYjCxyR.QSR xygihztf\GPHh>q`h>ji�Jxyg�nY\Jq`Q:9iVy\|xUQSTJj
TJ�vxygih }~THjvT_n giVWTH}�\|xyTHV>b � QSjinYh�xygih }~THjiT_nogiVUTJ} \ xyTHV�QSR �iRUh>N xUT�TQ9iRUh>VWPHhfhY}~Q`RWRUQSTHjcq`QSjihYR THjih
\|x \wxyQS}~hJk_xUgiQ`Rfn^\|q`Q:9iVy\|xUQSTJj Q`R P_QSxo\|qe� THV xygihzP|\|q`QSNiQSx � TJ� TQ�vV.VUh>R=�iq xyRYb M {iVWTH{ehYV.nY\Jq`Q:9iVy\|xUQSTJj
nYT��iq`N 9eh�\|n giQSh>PHh>NH9 � }~h^\JR5�iVUQSji��xygvh6RW{ehYn xyV=�i} TJ�w\+� jiTut j {iq`\JRU}�\ RUTQ�vVUnYh6qST_n^\|xUhYN
hYQ xygih>VcQ`j6xygvh~P|\Jn����i} nogp\J}*9eh>V2THV 9ehYgvQ`jiN \<tOQ`jvNiTut THj6xygih�TH{v{eTHRUQ xyh~RUQSNihJb<a�TGtfh>PJhYVYk
xygvh�6��i\JVWx  tOQ`jiNiTGtOR Q`j �i��� THjvqS��{i\JRUR {igiT|xyTHjiRwtOQ xyg t.\^PHhYqShYji�|xygiR \�9eTuPHh D � I ji}�k0RUT



� @ � �
R=�vn g�\2n^\JqSQ�9iVU\|xyQ THj~nY\JjijiTJx(9ehznY\JVUVWQ`h>N TQ�vx � TJV }*�inog TJ��xygvh�t.\^PHhYqShYji�JxUg�Vy\|ji�Hh�nYTJj xo\|Q`jiQSji�
xygvh<h>}�QSRURUQSTHj q`Q`jvhYR TJ��Q`j xUhYVWhYRWx ?

∼
JJI � � JJI ji} L b ZzhYRW{iQSxUh�xygih�QS}�{eTHRWRUQ:9iQSqSQ x �6TJ�z\ � TJVU}�\Jq

n^\|q`Q:9iVy\|xUQSTJj�k�t h~tfhYVWh�\�9iq`h xyT�nYTHjvRWxyV5�in>x \ �vRUh>�/�vq[n^\JqSQ�9iVU\|xyQ THj n��iVWPHh ? RUh>h ��Q`���iVUh DJDuL 9 �
VpjiNvQ`ji� xygih:tf\GPHhYqShYjv�Jxyg�TJ�0{ehY\���Q`j xUhYjiRWQSx ��� THV�\ j��i}*9eh>V�TJ�0QS}~{��iVUQ x ��qSQ`jih>R#� jiTGtOj xUT@9eh
P_Q`RWQ�9iqSh[Q`j2xygvh �i��� {iq \|RU}�\ ? � THV h$�v\J}�{vq`h|kJq`QSjihYR xygp\|x�gp\JN*9eh>hYj T�9iRUh>VWPHhYN tOQSxygwQ`TJj ZzTH{v{iq`h>V
RU{eh>n>xUVUTHRWnYTH{C� L b

M 9vRUTHq:�vxyh�Q`jCxyhYjvRUQSx � nY\Jq`Q:9iVy\ xyQSTJj~T|��xUgih . 0). }~THjiT_nogiVUTJ} \ xyTHV�\JqSRUTc{eTHRUh>R.\c{iVUTQ9vq`h>}�k
\JR hL�En>hYRURUQ PHh�n>THRWxUR {iVUTJgiQ�9iQ x2xygih��iRWh<T|��\JjC��\|nYn��iVy\|xUh�n^\|q`Q:9iVy\|xUQSTJj }~h xygiT_NiR>b � QSjinYh�TQ�iV
VUh>R=�iq xyR Nih>{ehYjiN6THj q`QSjihwRWxyVWhYji�|xyg Vy\|xUQ`THR>k xUgih Q`jCxyh>jiRUQ x � nY\JqSQ�9iVU\|xyQ THj QSR]THjiq � \|j Q`RWR=�ih Q �[QSx
Q`R�t.\^PHhYqShYji�|xyg!� NihY{eh>jiNihYjCx^b a�Tut h>PHh>VYk�xUgiQ`RzQ`RznYh>VWxy\JQ`jiq � \�{eTJRURUQ:9iQ`qSQ x �Hk \JjvN t h }*�iRWx �JhYhY{
Q`j�}~Q`jiN xygp\ x xygih q \|n$� TJ�:\Jj"Q`j xUhYjiRWQSx � n^\JqSQ�9iVU\|xyQ THj {iVWTuP_QSNihYR�\Jj \JNiNiQ xyQSTHjp\Jq RUTQ�vVUnYh T|�
�ijin>hYV xo\JQSj x ��QSj<TQ�iVO}~hY\JR=�iVWhY}~hYjCxyROTJ��h>q`h>n>xyVWTHj<xUhY}~{ehYVU\|x��iVWhJb

� ������� � � 	 � � ��� � ��� ���	� 	 ��

� ����
�� ��������� � � 

� �

d.\JqSn��iq`\|xyQSTHjvR:T|�.hYqShYn xyVUTJj6xyhY}~{ehYVU\|x��vVUh�\JjiN�Nih>jiRUQ x � QSj �i��� tfhYVWhUVpVUR xwnY\JVUVWQ`h>N�TQ�vx
9 � . b � b," ��� QSj�\JjvN<l�bvr:bEsfVUTGtOj ? � � L Q`j DGFHFHF � � IHIJI b�� Q`}~h$� VUh>RUTHq PHhYN T�9iRUh>VWP|\|xUQ`THjvR tfh>VUh
}�\JNih.T|� � TQ�iV0nY\JV=9eTHj q`QSjihYR>X�d>DGDFD FCK b K ji}�k d>DFDFD D � Svb K ji}�k d>DGDFD �H� F b K ji}�kC\JjiN~d>D�I D�JQJ
ji} � \Jn x��p\|q`qS� \�NiT���9iqSh>x�� b � tfT {ehY\�� R2tfh>VUh �Hh>jihYVU\Jq`q � TQ9iRWhYVWPHh>N�QSj6xygih�qSQ`jih QSj xyh>jiRUQ xyQShYR�;
THjih�\|x

t ≈ 33 µ
R ? @?J

µ
Rc� TJV:xUgih�d D�I q`QSjih L \JjiN�THjih�\|x

t ≈ 49 µ
RYb � gvh NvhYq \^� QSj6xUgih

xyQS}�Q ji�zT|� xygvh2VpVWRWx {eh^\��wTJ�pxygihOd C . q`QSjih RUhYV PHhYN�\JR0h P_Q`Nih>jinYh.xygp\ x0xUgih.q`Q`jvhYR t hYVUh n>THVUVWhYn xyqS�
Q`NvhYjCxyQ:VihYN�kpRUQSjinYhcQSx xo\��Jh>R�q`TJji�Hh>V xyT~RWxyVWQ`{�\Jj \|xUTH}�TJ� xygiVWhYhchYq`h>n>xUVUTHjiR�\JjvN�{iVUT_N��vnYh d D�I
xygi\Jj�QSx NiT_hYR xyT RWxUVUQ`{<T
# x tfT~h>q`h>n>xyVWTHjiR�\JjiN�}�\��JhcdEDFDGD b

M I � Z xUQ`}~hL� NihY{eh>jiNih>j x nYTHVWTHjp\Jq[h�64�iQSq`Q:9iVUQ:�i}'RWQ`}*�iq`\|xUQSTJj�nYT_Nih tf\JR*�iRWhYN�xUT \JQSN Q`j
\Jjp\|qS�_RUQSR~T|�zxygih�Np\|xo\Eb � I � Z !�}~h^\JjvR~xUgp\|x~xUgih�n>T_Nih \JRWR=�i}~hYN"\Jj QSRUTJxyVWTH{iQSn<{iq`\JRW} \ � jiT
P|\|VUQ \ xyQ`TJj:Q`jc{iq \|RU}�\O{p\JVU\J}~h>xyh>VUR t.\|R�\JqSq`TGtfhYNcQSjw\|j �:NiQSVUhYn xyQSTHj�b�"�Q`jvh[QSj xyh>jiRUQ xyQShYR Vy\ xyQ`TJR�� THV
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\~P|\|VUQ`h x �<TJ� nYTJ}*9iQ`jp\ xyQSTHjiROTJ� h>q`h>n>xyVWTHj�xyhY}~{ehYVU\|x��vVUhw\JjiN NihYjvRUQSx �<tfhYVWh nY\Jq`n��iq \ xyh>N �iRWQ`ji�
xygvh�}~T_NihYq \JjvN n>TH}~{p\JVUh>N xyT hL�E{ehYVWQ`}~hYj xy\JqSqS� }~h^\JR5�iVUh>N Vy\ xyQ`TJR Q`j TJVUNih>V xUT6Nih xyh>VU}~Q`jih
9ehYR x5�GVix�P|\Jq:�ih>R � THV

Te

\JjvN
ne

b l�T_NihYqSQ`ji�]xUhYnogijiQ:64�ihYR \JjvN xygvhYQ`V0VUh>q`h P|\Jjin>h xyT:n��vVUVUh>j x�tfTJV=�
\|x �i��� tOQSq`q 9eh:NiQ`RWn��iRWRUh>N��/�iVWxUgihYVOQSj�dfgp\J{vxUhYV#Sib

M nYnYTJVUNiQSji�cxUTw\|jp\Jq �ERWQ`R 9C�U" ��� Q`j�\JjiN sfVWTutOj�k xygih�\J{v{eh^\JVU\Jjin>h�TJ�mx t T2NiQSRWxyQSjin>x�{eh^\�� R
Q`j�dNDFDFDmq`QSjih hY}~Q`RWRUQSTHj t.\JR[q`Q:�JhYq � h$�E{iq \|Q`jih>N@9C� xygvh�h>PHTHq:�vxyQSTHj TJ�mxygih�{vq \JRW} \]xUhY}~{ehYVU\|x��iVWh
N��iVWQ`ji� \�x �_{iQ`nY\Jq]RUgiT|x^b � gih VpVURWx�{ehY\�� \J{v{eh^\JVWhYN \|jiN xygvhYj NihYnY\G�Hh>N \JR�xygih {vq \JRW} \
��9,�iVUjih>N xygiVUT��i�Hg�!:xygih d DGDFD0QSTHjiQ  Y\|xyQ THj�q`h PHhYq ? RWxyVWQ`{i{vQ`ji��}~THVUhchYq`h>n>xUVUTHjiRzT$#6xygih \ xyTH}~R L k
tOgiQSq`h�xygih]RWhYn>THjiN<{eh^\�� \J{i{ehY\JVUh>N�\JR xygihz{iq \JRW} \ 9ehY�C\Jj xyT nYT_THqmNiTGtOj<\JjiN�hYq`h>n>xUVUTHjiR.\JjiN
\|xUTH}�R�VUh>nYTH}*9iQSjihYN b1� gih NihYnY\G� TJ� xygih VpVWRWx {ehY\���TJ� xygih d D�I q`Q`jvhJkmTHj xygihwTJxygih>V]gp\|jiN�k
t.\|Rw{iVWTQ9p\�9vqS� N��ih~xyT�xUgih�giTJxWxyhYR xw{p\JV x2TJ�.xUgih�{iq`\JRU}�\<qSh^\^PEQSji�<xygih~q`Q`jvh TJ�.RUQS�Hg xcTJ�fxygih
}~THjiT_nogiVUTJ} \|xUTHVYb

dfTH}~{p\JVWQ`RUTJj~TJ��h$�v{eh>VUQS}�h>j xo\|qe\JjiN�RWQ`}*�iq \ xyQ THj VWhYR5�iqSxUR }�\JNihOQSx�{eTHRURUQ:9iqShOxyTcnYTHjvRWxyVU\JQ`j
xygvhw{eTHRWRUQ:9iq`h:P|\Jq:�ihYR�TJ��xygih �i��� hYqShYn xyVUTJj�xyhY}~{ehYVU\|x��vVUhw\JjiN Nih>jiRUQ x �<xyT \Jj \JqS}�TJRWx�qSQ`jihY\JV
VUh>q \|xUQ`TJjiRUgiQS{2QSjw{p\JVy\|}�h xyhYV RW{p\Jn>hJb a�TGtfh PHhYV>k n>THjin>q��iRWQSPHhfVUh>R=�iq xyR � THV xUgihfhYq`h>n>xUVUTHjwxUhY}~{ehYVU\B�
x��vVUh.{iVUT�Viq`hft hYVUh jiT|x�\JnogiQ`h PHhYN�b � QS}*�iq`\|xUQSTJj VWhYR5�iqSxUR R=�v�H�HhYR xyh>N�\ �H� F b K ji} B]FCK b K ji}*qSQ`jih
Vy\ xyQ`T TJ�0\J{i{iVWT	�EQS} \|xUhYq � DuB S I � THVO\Jq`q�{iq`\��iRWQ�9iqSh h>q`h>n>xUVUTHj�NihYjiRWQSxUQ`hYR>k 9,�vx�xygvhchL�E{eh>VUQ`}~hYjCxo\|q
Np\|xy\ R5�i�H�Hh>RWxUhYN \ Vy\ xyQ`T n>q`THRWhYV.xyT DuB Sib

# � ��� � � �F����� ��
�� , �4� �!���2� ���

l�hY\JR=�iVWhY}~hYjCxyR]T|� 0). q`Q`jvhcR xyVWhYji�JxUg Vy\ xyQSTHROt hYVUh2nYTH}~{iq`h>}~hYj xUhYN 9 ��Ni\|xo\ xo\��Jh>j%�iR��
Q`jv��\ RUTJ� x&�4� Vy\^��Nih>xUhYn>xUTHV ? ��� r L nYTH}~{eTHRWhYN TJ�z{igiTJxUT_NiQ`T_Nih>RMViqSxyh>VUh>N�9 ��xUgiQ`j+Viq`}~R T|�
\Jq:�i}�Q j��i} ? M�q L k � QSxo\|jiQ��i} ? � Q L k � Q`j ? � j L k \JjiN�� QSVUnYTJjiQ��i} ? � V L b � � TJ� x#�4� Vy\^��!2VUh � hYVUR�xyT
hL�_xUVUhY}~hU�iq xyVy\^P_Q`THqSh x q`Q`�Jg x�; �4� r�Q`R:NvhYRUQS�Hjih>N�xUT�Nih>xUhYn xw{igiT|xyTHjiR tOQSxyg6h>jihYVW�HQ`h>R 9eh>x tfh>hYj
DGI \JjiN D	JJI h . b,��\Jnog �4� rPVpqSxUhYV gp\JR.\2NiQ #mhYVWhYjCx.VWhYRU{eTJjiRUh]�/�vjin>xUQ`THj QSj�xygiQSRfh>jih>VU�J��Vy\Jji�Jh
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��QS�ib D � b � �4� rEVpq xyh>VOVUh>RU{eTHjvRUQSP_Q xyQ`h>RYb'� gvh2n>THq`TJVUhYN<q`Q`jvhYR RUgvTut xUgihcVWhYRW{eTHjiRUhc�/�ijvn>xyQSTHj�T|�
xygvh3Vpq xyhYVWhYN NiQ`T_Nih>R Q`j xUgih DGI h . xyT D	JJI h . Vy\Jjv�HhJk \JjiN xygih#9vq \Jn7�wqSQ`jihfRUgiTGtOR�xygih VUh>RU{eTHjiRWh
�/�ijin xyQSTHj<TJ� xUgih �ij,Vpq xyh>VUhYN�NiQST_NihJb

? RWhYh � Q`�Q�vVUh D � L k RUT�xUgih~Vy\ xyQ`TJR:T|�.RWQ`�Hji\Jq R xyVUh>ji�JxygvR2VUh>�HQ`R xyhYVWhYN 9C� h^\Jnog�{igiTJxUT_NiQ`T_Nih n^\Jj
�_Q`h>q`N<QSjv� THVU}�\|xUQSTJj<\�9eT��vxOxUgih:TuPHh>Vy\JqSq�{iVWTH{ehYV xyQ`h>ROTJ� xygih:h>}�QSRURUQSTHj�RU{ehYn xyV5�i}�b

M#RUQS�HjiQ Vpn^\JjCxc\JNEP|\JjCxo\J�Hh TJ� ��� r�TuPHh>V:xygvh . 0). }�TJjiT_n gvVUTH}�\|xUTHV]QSR xUgp\|x xygih �
�!�
xygvVUTQ�i�Jg \Jq`q�� TQ�iV#Vpq xyh>VUR�nY\Jj 9mh2}~h^\JR5�iVUh>N RWQ`}*�iqSxy\JjvhYTQ�iRWqS�Jb3� gvhYVUh � THVUh|kmt hwn^\|j%�iRWh ��� r
Np\|xy\�xyT n^\|q`n��iq \|xUh�\Jj hYq`h>n>xUVUTHj�xyh>}�{eh>Vy\|x��vVUh�{iVUT�Viq`h~� TJVw\�{p\JV xyQ`n��iq \|VcRWgiTJxYk0Vy\|xUgihYVcxygi\Jj
gp\^PEQSji�cxyTw\GPHh>Vy\J�Hh�TGPHhYV }�\Jj � h$�E{ehYVUQS}�h>j xy\JqeV5�ijiRYb � gvhzTQ9 P_QSTQ�iR NvQ`Ry\|NvP|\JjCxo\J�Jh�TJ� xygih�Nih$�
P_Q`n>h�Q`R[Q xyR[qSTut"RW{ehYn>xUVy\JqeVUh>RUTHq:�vxyQSTHj � tOQ xyg THjiqS� � TQ�iV ViqSxyh>VUR>k_t hznY\JjijiT|xfTQ9vxy\JQ`j~Q`jE� THVU}�\|xUQSTJj
\�9eTQ�Ex�QSjiNiQ P_Q`N��p\|q�h>}�QSRURWQ`THj<qSQ`jih>RYb[a�TGtfh>PHh>VYkeQ`jvRWxo\|q`qSQSjv� \ xUV=�ih ��� Vy\^��RU{ehYn xyVWTH}�h xyh>V�QSROjiTJx
\Jj TH{vxUQ`THj \|x �i�4� N��ih xyT<{iVWTHgiQ:9iQSxUQ PHh nYTJRWxyR>k RUT�tfh }&�vRWx:RUh xUxyqSh � THV:\�VUh>q \|xUQSPHh>qS��RUQS}�{iqSh



� S D �

��QS�ib DG@ b � "�T_n^\|xUQ`THj TJ� ��� r*THj xygih �i��� } \JnogiQSjihJb � gvh � T��iV]tOQSVUhYR:\|x]xygih xyTH{ TJ��xygih
Q`}�\J�Jh[n^\|VUVW�cn��iVWVUh>j x�� VUTH}&xUgih ��� r {igvTJxyT_NiQST_NihYR>b dfqST_n$�CtOQSRUh � VUTH} �i{i{ehYV�q`h � x^k xygihfNvQ`T_Nih>R
\JVWh1Vpq xyhYVWhYN 9 ��� THQSqSR.} \|Nih TJ� Mzq k � VYk � j�k \JjvN � Q b � gih .10#. }�THjvT_n giVWTH}�\|xyTJVfP_QSh>tOR xygih
{iq`\JRU}�\w� VUTH} xUgih:TH{i{eTHRWQSxUh:RWQ`Nih TJ� xUgih:} \|Q`j�P|\|n����v} n gi\J}*9ehYV>b

{iQSn>x��vVUh<T|��xygvh�gvQ`�Hg!� hYjih>VU�J� h>}�QSRURWQ`THj�RU{ehYn xyV5�i}�b �pTHVWx=�ijp\|xUhYq �Hk�t h�nY\Jj R xyQSq`qfNih xyh>VU}~Q`jih
{iq`\JRU}�\w{iVWTH{ehYV xyQ`h>R R5�inog�\JRfxygih h>q`h>n>xUVUTHj�xyh>}�{eh>Vy\|x=�iVUhztOQSxyg xygih:\|Q`N�TJ� nYTH}~{��vxUhYV.}~T_NihYqSR
? RWhYh2dfgp\J{vxUhYV#S L kp\|qSxygvTQ�i�Hg�xygvh:n^\JqSn��vq \|xUQ`TJjiR \JVWh:jvhYn>hYRURy\|VUQ`q ��}�THVWh n>TH}~{iq`h$� ? \|jiN�{eT|xyhYj��
xyQ`\JqSq �<q`h>RUR \Jn>n��iVU\|xyh L xUgp\Jj xUgiTHRWh&�iRWhYN xyT�QSj xyh>VU{iVWh>x]}~THjiT_nogiVUTH}�\|xUTHV�Np\|xy\vb 4 �iV]gvTH{eh Q`R
TQ9vxy\JQ`jwQ`jiNvhY{ehYjvNihYjCx[}~hY\JR=�iVWhY}~hYjCxyR0TJ�

Te

tOQ xygwxygih .10#. }�THjvT_n gvVUTH}�\|xyTJV�\JjvN ��� r xygp\|x
n^\|j�xUgihYj 9eh:nYTH}~{p\JVWhYN<� TJV nYTHVWVUTQ9eTHVU\|xyQSTHj�b�� gih:� THqSq`TGtOQSji� RUh>n>xUQ`THjiRONiVU\Gt � VUTH} ?AFCL b
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��QS�ib D Svb�� % �p\JjCx��i}�h �~nYQShYjin � TJ� xUgih M � 0). {vgiTJxyT_NvQ`T_Nih>RYb C j xygih RWTJ� x �4� Vy\^��{eTHVWxUQ`THj
TJ� xUgihcRW{ehYn xyV=�v} ? D^I h . 8 � 8�D�JJI h .:L kpxUgih 64�p\|j x��v} h �~nYQShYjin ��QSROgvQ`�Hgiq � q`QSjih^\JV>kEtOQSxyg
Electrons ≈ Ephoton/3.63

b ��Q`���iVUhzxo\��Jh>j�� VUTJ} C r�Z q`Q xyh>Vy\|x=�iVUh|b
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� gihU9p\JRWQ`n nYTHjin>hY{Ex2� THV ��� r�gp\JR 9ehYh>j�Q`}~{iqShY}~hYjCxyh>N R=�in>nYh>RURW�/�iq`q �6\ xcRUh PHhYVU\Jq�TJxygih>V
{iq`\JRU}�\ Nih PEQSnYh>R ? � THV�hL�v\J}~{iq`h|kz\|x�xygih6d.Z � � 0 RU{igih>VUQSn^\JqzxyTHV5�iR�\|x�� VWQ`jin>h>xyTJj � q \JRW} \
� g �_RUQSnYR2" \�9eTHVU\|xyTHV � ? S IHL \JjvN�xygih]l \JNvQ`RUTJj RW�_}~}�h xyVWQ`nOxUTHV=�vR VUh PHhYVURWhYN!�GVphYqSN�{vQ`jinog ? D	JJLUL b
� giTJxUTHjiRfhYj xUhYV xygihzNih xyhYn xyTHV.\JjiN�R xyVUQ:�JhzTHjihzT|��xygvhz� T��iV ViqSxyh>VUh>N�{igiTJxUT_NiQ`T_NvhYR�;_xygiTJRUh�xygp\|x
{p\JRWR[xygiVWTQ�i�Hg~xygvh)VpqSxUhYVWR[RWxyVWQ��JhOxygih�NiQ`T_Nih�\JjiN�n^\��vRUhzh>q`h>n>xUVUTHjiR�xyTK9eh�VUh>q`hY\JRUh>N�kE{vVUT_N��in>Q`ji�
\~{igiTJxUT_n��iVWVUh>j x^b3� gvQ`R�n��iVWVUhYjCxz�HT_hYR�QSj xUT \|j h>q`h>n>xyVWQ`nY\Jq`q ��QSRUTHq`\|xyh>N�RUn>VUh>hYj VUT_TH}�kitOgihYVWhwQSx
}~h^\JR5�iVUh>N 9C�<\Jj�THRWnYQSq`qSTHRUn>TH{ehJb
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� gih ��� rP�iRWhYR C j xUhYVWjp\|xyQSTHjp\|qer�\JNiQ`\|xyQSTJj�Z�h>xyh>n>xUTHVUR � ? C r�Z L M � 0). RUQ`qSQ`n>THj {!� j1A5�ijin$�

xyQSTHj�{igiTJxUT_NiQ`T_NvhYRYb � gih�}~T_NihYq�n��iVWVUhYjCxyq ��QSj �iRUh Q`RcxUgih M � 0). � a � J k�tOgvQ`nog gp\JR \�n>THq �
q`h>n>xUQ`THj"\JVWh^\ TJ� D }~}

2
\JjiN \ VWQ`RWh�xyQ`}~h�T|� K|IHI {iR tOgih>j �/�iqSqS�+9iQ \|RUhYN \|x JJI . b � gih

{igiT|xyT_NiQST_NihYR2jih>hYN�jvTJx 9eh 9iQ`\JRUh>N xUT��/�ijin xyQ`TJj {iVUTJ{ehYVUq �Hk�giTGtfh PHhYVYk�\|jiN�\ x �i��� t h n^\Jj
\JnogiQSh>PHh xygvh Nih>RUQ`VWhYN"xUQ`}~h�VUh>RUTHq:�vxyQSTHj ? 9eh>xUxUhYV xUgp\Jj D

µ
R L tOQSxUgiTQ�vx 9iQ \|R�xyh>hYR�Q`j�{iq \|nYhJb

� gih>j�{igiT|xyTHjiR TJ�mhYjih>VU�J� D b D � h . THV �HVUhY\|xUhYV RWxyVWQ��Jh.xygihO{vgiTJxyT_NvQ`T_Nih>RYkChYq`h>n>xUVUTHj�� giTHqSh.{p\JQSVUR
\JVWh�nYVWh^\|xUhYN�bT� gvh�j��i}*9eh>V TJ��nY\JVUVWQ`h>VURw{iVUT_N��vnYhYN {eh>V {igvTJxyTHj�QSjin>VUh^\|RUhYR \|{i{iVUT<�EQ`}�\|xyh>qS�
q`QSjih^\|VUq � \JRw{igiT|xyTHj h>jihYVW�J� QSjin>VUh^\|RUhYR>b C j TJxygvhYV2tfTJVUNiR>k0xygih ����
�
�� ����� � ����� 

� � TJ�.xygih
NiQST_NihYROQSR q`QSjih^\|V ? RWhYh���QS�Q�iVWh D S L b

C j THVUNvhYV]xUT<nY\J{vx=�iVUh xygvh NvhYRUQSVUh>N6QSjv� THVW} \ xyQ THj \�9eTQ�vx]xygih RUTJ� x ��� Vy\^� {eTJVWxyQSTHj TJ��xygih
{iq`\JRU}�\2h>}�QSRURWQ`THj�RU{ehYn xyV=�v}�kExygvh]{igvTJxyT_NiQST_NihYR.\|VUh Vpq xyhYVWhYN�9C��xUgiQ`j }�h xo\Jq � THQSqSR T|� Mzq ? D^IHI
ji} xygiQSn$� L k � V ? DGIHI ji}!xUgiQ`n7� L k � j ? DGIHI jv}!xygvQ`n7� L k \JjiNT� Q ?GJJI ji} xygvQ`n7� L b ��QSqSxUhYV]VUhL�
RU{eTJjiRUhO�/�ijin>xUQ`TJjiR tfh>VUh�n^\|q`n��iq \|xUhYN � THV�\ j��i}*9ehYV TJ� {eTHRWRUQ�9vq`h } \ xyhYVWQ \Jq R �iRUQSji�2\ n^\JqSn��iq`\|xyTJV
{iVWTuP_Q`Nih>N 9C� xygvhM" \GtOVWhYjin>h~sfhYV5�JhYqSh>� " \�9eTHVy\ xyTHV � ? DGIHL b � gih � TQ�iVz� THQSqSRznogiTHRWhYj6gp\^PHh VUhL�
RU{eTJjiRUh �/�ijin xyQ`TJjiR xygi\|xcTGPHhYVWq \J{6\JR:q`Q xUxUqSh \JR:{eTJRURUQ:9iq`h|k�xygvhYVUh � THVUh TH{vxUQ`}~Q  YQ ji��xUgih RU{ehYn xyVy\|q
VUh>RUTHq:�vxyQSTHj�xUgp\|x]nY\Jj 9eh \JnogiQSh>PHh>N tOQ xyg R5�in g \JR]RW} \|q`q j��i}*9eh>V]T|� VpqSxUhYVUR ? RUhYh ��QS�Q�iVWh D � L
? S DuL b%� gih VpqSxUhYVURwRWnYVWh>t THj xUT xygih {igiTJxUT_NiQ`T_Nih>R \JjiN n^\Jj 9eh hL�Enogp\Jji�Hh>N TJVwVUh>{iq \Jn>hYN�\JR
jih>hYNih>N�b

� VUh PEQSTQ�iRzhL�E{eh>VUQ`}~hYjCxyR�tOQ xyg ��� r �iRUh>N \Jj \JVUVU\G��TJ� ��h>T_Nv�_}~Q��i}&� C VWTHj!� sfTHVWTHj�} \J�B�
jih xyR xUT)ViqSxyh>V TQ�vx nogp\JVU�JhYN2{p\JVWxUQ`n>q`h>R \JjiN2}�\��Jh�R=�vVUh TJjiqS�]{igiTJxUTHjiR RWxUV=�in7� xUgih[{igiTJxUT_NiQ`T_NvhYRYb
� giQSq`h NihYRWQ`VU\�9iq`h � TJV�\JnogiQ`h PEQSji�U�ijin>THjCxo\J}~Q`jp\ xyhYN<RUQ`�Jjp\Jq`R>kixUgiQ`R�\J{v{iVUTC\|n g�qShYN<xyT xyh>n gvjiQ`nY\Jq
NiQ ��n��iqSxUQ`h>RYk \JR xygih�}�\J�Hjvh>xyR nYV5�i}*9iqShYN TuPHh>V~xUQ`}~h ? {eTHRWRUQ:9iqS� N��ih�xUT�gvhYqSQ��i} hY}*9iVWQSxWxyqShL�
}~hYjCx�R5�iRWxy\JQ`jvhYN�N��iVWQ`ji�~�Jq`TGt2� NiQSRUnogp\JVW�Hh nYqSh^\JjvQ`ji� TJ� xygih P|\Jn����i} n gp\|}&9eh>V L \JjiN 9iq`T_n7�JhYN
xygvh2{p\JRURU\J�Hh t.\G�_Rz� TJV�{igiTJxUTHjiR�xyT�VWh^\Jnog xUgih2Nih xyh>n>xyTJVYbOMzRz\~VUh>R=�iq x^k xUgih2nogp\JVU�JhYN {p\JVWxUQ`n>q`h
Vpq xyhYV gi\JR 9ehYhYj \�9i\JjiNiTHjvhYN�b�dfTH}~{p\JVWQ`RUTJjiR TJ� VWhYR=�vqSxyR tOQ xyg~\JjiN tOQSxUgiTQ�vx xUgih3VpqSxUhYV R=�i�J�HhYR x
xygi\|x0xUgih.{igiTJxUT_n��iVWVUh>j xyR {iVWT_N��in>hYNM9 �wnogp\JVW�HhYN {p\JV xyQ`n>q`h>R0\JVWh.}�QSjiQS}�\|q b a�TGtfh>PJhYVYkCt h }*�iRWx
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��� r tf\JR0NihYRWQ`�HjvhYN \JjiN&9,�iQ`q x�QSj � IJI � 9C�wM2b!� \Jq:� kCl�bJrcbJsfVWTutOj�kC\JjvN~dzbHZwbHdfTJxygiVU\Jj
? FHL b C jiQSxUQ \Jq RWx��vNiQ`h>R �iRWhYN�\Jj QSjiNiQ:�i} ? C j L Vpq xyh>V]Q`jiR xyh^\|N TJ�[xUgih xyQ`j ? � j L Vpq xyh>V]n��iVWVUhYjCxyq �
Q`j �iRWhJbT� gih�{iVUQS} \|VW�6�HTH\Jq[t.\JRwxyT Nih xyh>VU}~Q`jih�xygih�{iq`\JRU}�\ h>q`h>n>xUVUTHj xyh>}�{eh>Vy\|x=�iVUh � VWTH}
��� rHVpqSxUhYV.RUQS�Hjp\Jq Vy\ xyQ`TJRYb � VUQSTHVfxyT xy\�� Q`ji� Np\ xo\vkp\ n^\J}~hYVU\ � \JRWg<xyh>RWxOtf\JR#�iRUh>N�xUT hYjiR5�iVUh
xygi\|xOxygih ViqSxyh>VUR tfh>VUh2jvTJx�{p\JRURWQ`ji�~RUQS�HjiQ Vpn^\|j x�\J}~TQ�ij xUROTJ� P_Q`RWQ�9iqSh q`QS�Hg xYb � gihcMzq k C j�k \JjiN
� VR�GVpqSxUhYVWhYN NiQ`T_NvhYRc\Jq`q��HhYjih>Vy\ xyhYN \<n��iVWVUh>j xw\|xcqSh^\JR x:xygiVWhYh~TJVUNih>VURcTJ�f}�\J�HjiQ x��iNvh tfhY\��JhYV
xygi\Jj2xygih n��iVWVUh>j x�� VUTJ}&xUgih �ij,Vpq xyhYVWhYNwNiQ`T_Nih|k�9��vx xygih n��iVWVUh>j x0{iVWT_N��inYh>N&9C�:xygih � Q �GVpqSxUhYVUh>N
NiQST_Nih2t.\JR]THjiq ��x tfT�TJVUNih>VUR]TJ��} \|�HjiQSx=�iNih2qShYRUR�xygp\Jj xygih*�ij!VpqSxUhYVUh>N n��iVWVUh>j x ? RUh>h ��QS�Q�iVUh
D�JHL b2� gvQ`R�q \JR x�VWhYR=�vqSx�t.\|Rz}~QSqSNiq � xyVWTQ��9iqSQ`ji�vk�9��vx�xUgih2giQS�Hgih>VOP_Q`RWQ�9iqSh xyVU\JjiRW}�QSRURUQSTHj�T|��xygih
� Q�VpqSxUhYVz} \^��gp\GPHh&9eh>hYj RUQ`}~{iq ��\Jj \JVWxUQS�A\Jn xzTJ�[QSxURzxUgiQ`jijvhYRUR ?FJJI jv}�PHhYVUR5�iR DGIHI ji}�� THV
xygvhcT|xygih>V xygiVWhYh1VpqSxUhYVWR L b

� gih�n��iVUVUh>j xUR[� VWTH}�\Jq`qE� TQ�iV NiQST_NihYR��Hh>jihYVU\JqSqS�wRUgiTGtfhYN~xygiVWhYh�}�\JQSj {mhY\�� RYkE\|x[\J{i{iVWT	�EQ �
}�\|xyh>qS� @ �

µ
R>k JJ@

µ
RYk_\JjiN � J

µ
RYb � Q`�Hjp\|qiQ`jCxyh>jiRUQ xyQ`h>R0tfh>VUh�RUh>hYj~xyTcQSjinYVWh^\JRWh�TGPHhYV[\:j��v}*9mh>V

TJ��RWgiTJxUR�\|� xyh>V xUgih:P \Jn��,�i} n gi\J}*9ehYV t.\|ROPHhYjCxyh>N \JjiN�VUh$� RWh^\JqShYN�kpQS}�{vqS�_QSji�wxygp\ xOxygih:giQS�Hg
nYTJjinYh>j xUVy\|xUQ`THj TJ� Q`}~{��iVWQSxUQSh>RcQ`j \ � NiQ`V x ��! {iq \JRW} \<Q`jigiQ:9iQ xyR:gih^\|xUQ`ji� \JjiN�\|n>xyQ P_QSx � Q`j6xygih
{iq`\JRU}�\vb � gih Q`jCxyh>VU{iVUh xo\ xyQ`TJj TJ� ��� r�Np\ xo\�t.\JRc\JQSNihYN 9C� nYTJ}�{i\JVUQSRUTHjiRztOQSxUg Np\|xo\�� VWTH}
}�\J�Hjih xyQSn:{iVUT�9ehYRYb3� gih VpVWRWxz{ehY\���tf\JR�� TQ�ijiN�xyT�n>THVUVWhYRW{eTHjiN xUT~xygih:xyQ`}~h]tOgihYj {eTJq`THQSNp\Jq
}�\J�Hjih xyQSn VUh>nYTHjijvhYn>xUQ`THj�{ehY\��JhYN k_tOgiQ`qSh.xygih�RWhYn>THjiN {eh^\�� T_nYn��iVUh>N�\JR xygih&��r d xyQSqSxUhYN � VWTH}
xygvh�}�� I }~T_Nih xUT:xygvh�qSTutfh>V�h>jihYVW�J� }�� D }~T_NihJb�� gih�nY\��iRUh�TJ�exygih xygiQSVUN {eh^\�� VUh>}�\JQ`jih>N
\ }w�_RWxUhYV �Hb

� gih�n>TH}~}�h>VUnYQ`\Jq RUTJ� x t.\JVWh�{i\Jn7� \J�Hh � {ehYn x @ Z2k�9 � � VUQSRU} dfTH}�{,�vxo\|xUQ`THji\Jq � n>Q`h>jinYh>RYk
C jin|b ? @HKJL k tf\JR1�vRUhYN xyT�{iVUT_N,�inYh }~T_Nih>q RU{ehYn xyVy\�� TJV]\ P|\JVWQ`h x ��TJ��{iq \|RU}�\ RWQ  >hYRYk xyh>}�{eh>VR�
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��QS�ib D�J b�� ��� r ��q \|RUg&� h>RWx r�h>R=�iq xyR ? FHL b ��TJxUh xUgp\|x xUgih#�vjiQSxUR THj xygih �?� \B�EQ`R�\JVWh NiQ #mhYVWhYjCx
� THV.xUgih1VpqSxUhYVUh>N�\JjiN �ij,Vpq xyhYVWhYN�NiQ`T_NvhYRYb

\|x=�iVUh>RYk�Nih>jiRUQ xyQ`h>RYk�\JjiN Q`}~{��iVUQ x ��nYTJjinYh>j xyVU\|xyQSTHjiR>b l�T_Nih>q`R \JRUR5�i}�h>N6\�RU{p\|xUQ \JqSq � �ijiQ � THVU}
{iq`\JRU}�\ Q`j<tOgiQSnog�xUgihcnYTJVUTHjp\|q \|{i{iVUT<�EQ`}�\|xyQSTJj�t.\JROP|\|q`Q`N b sfh>� TJVUh:xygvhchL�E{ehYVWQ`}~hYj xy\Jq�Np\|xo\
t.\|R VixfxUT2xygih�}�T_NvhYq`R>k xygvhz}�hY\JR5�iVUh>N ��� r RWQ`�Hjp\|q`R�tfh>VUhzNiQSP_QSNihYN 9C�~xUgih�xUQ`}~hL� NihY{eh>jiNihYjCx
Nih>jiRUQ x ��T|� xUgih:{iq \|RU}�\ R564�p\JVUh>N�ke\JRO}~hY\JR=�iVWhYN 9 ��xUgihca�h$� ��h:QSj xUhYVW� h>VUTH}~h>xUhYV.Q`jiR xo\JqSqShYN<\|x
�i��� b � giQ`R VUhY}~TuPJhYN�xygih�h�# h>n>x~T|��P|\|VUQ \ xyQ`TJjiRwQSj�NihYjvRUQSx �Hk[RWQ`jin>h�xygih�QSj xyh>jiRUQ xyQShYRwTJ� 9eT|xyg
xygvh�9vVUhY}~RUR xyVy\|giq��ijv� n>THj xUQ`j��,�i} \JjvN Q`jiNiQ P_Q`N��p\|q�hY}~Q`RWRUQSTHj qSQ`jih>R2Nih>{ehYjiN TJj

n2
b l�T_NihYq

RU{eh>n>xUVy\�tfhYVWh RU}~T_TJxygvhYN �iRWQ`ji� � {ehYn x @ Z2k \|jiN xygih Vpq xyhYVzRWQ`�Hjp\|q`R�xygp\|x]h^\|n g }~T_Nih>q t TQ�iq`N
gp\^PHh {iVUT_N��vnYh>N6tfh>VUh n^\JqSn��iq`\|xyh>N�b l�T_Nih>q VpqSxUhYV]Vy\|xUQ`THRzt hYVUh&Vix xyT�hL�E{ehYVWQ`}~hYj xy\Jq0Np\ xo\�xyT
Nih xyhYVW}�QSjih]xygih 9eh>RWx5�GVix�hYqShYn xyVUTHj�xyh>}�{eh>Vy\|x��vVUhc\JRO\ �/�ijin xyQSTHj<TJ� xUQ`}~hJb

� hY}~{ehYVy\ x��iVWh@VixURctfhYVWh n^\|q`n��vq \|xUhYN �iRWQ`ji��� TQ�vV2nY\|xyh>�HTHVWQ`h>R2TJ�.}�T_NvhYq�RU{eh>n>xUVy\ \JRcg �?�
{eTJxUgihYRWhYRYX 9iVUh>}�RWRWxyVU\Jgiq:�iji� Vy\JNiQ`\|xyQSTJj�THjiq �HkOVWhYn>TH}*9iQ`jp\ xyQSTHj�qSQ`jih>R�\JjiN n>THjCxyQ`j4���i} {iq��vR
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9iVWhY}~RURWxUVy\Jgvq��iji� 9��vx0jiT]Q`}~{��iVUQ xUQSh>RYk I b J
%
d�\|jiN 4"Q`}~{��iVWQSxUQSh>RYkJ\JjiN � b I

%
d�\|jiN 4 QS}�{����

VUQ xyQShYRYb 0 RWQ`ji�wxUgih]{��iVWh19vVUhY}~RUR xyVU\Jgiq��vji� }�T_Nih>q k_QSx t.\|R Nvh>xyh>VU}~Q`jih>N�xUgp\|x.nYT��ij xUhYVR� gihYqSQ`n>QSx �
}~hYVU�JQ`ji�]RWgiTJxyR gp\JN giQS�Hgih>V0xUhY}~{ehYVU\|x��iVWhYR0xygp\Jj nYT�� gihYqSQ`n>QSx �2RWgiTJxyR 9ehYnY\��iRUhOTJ�m�JVUh^\ xyhYV0} \J�B�
jih xyQ`ncVUhYn>THjijvhYn>xUQ`THj \JjiN \JqSRUT�gp\JN q`TJji�Hh>V�q`QS� xUQ }~hYR>k {iVUh>R=�i}�\�9iq � 9eh>n^\��vRUh �0r dfRz\JVWh2}�THVWh
RWxy\�9iqSh�xygi\Jj�RU{vgihYVWTH} \��_R>b � hY}~{ehYVU\|x��iVWh VixUR �vRUQ`jv� }~T_NihYqSR tOQSxUg�QS}�{��vVUQ xyQ hYR tfh>VUh q`h>RUR
R=�vnYnYh>RURW�/�iq kf\|R xUgih 9ehYRWxR� Vix xyhY}~{ehYVU\|x��vVUh�{iVWT�Vpq`h>R RUgiTGtfh>N�\ RWxUVUTHji� Nih>{ehYjiNvhYjinYh�TJj�xygih
{iVWhYnYQSRUh:Q`}~{��iVWQSx ��nYTHjvnYhYjCxyVU\|xyQSTHjiR#�iRWhYN�b

� \��JhYj \JR \6tOgiTHqShJkfxygih�n^\JqSn��iq`\|xyQSTJjiRU9C� � \|q�� h>x�\Jq b R=�i�J�HhYR xyhYN \�}�hY\Jj�h>q`hYn xyVWTHj
xyh>}�{eh>Vy\|x=�iVUh QSj �v��� T|�

30 ± 10
h . b a�Tut h>PHhYV>k xygvh {iVWTQ9iq`h>} TJ� Nih xyhYVW}�QSjiQ`jv�

Te

x=�iVUjih>N
TQ�vx�xyT 9eh R5�iVU{iVWQ`RUQSji�Hq � nYTH}~{iqShL�mkO\JjiN"}~THVUh<tfTHV=� QSR jvhYh>NihYN�b l�T_NihYqSR�QSj tOgiQ`nog"THjiq �
9iVWhY}~RURWxUVy\Jgvq��iji� VU\JNiQ \ xyQSTHj�Q`R Q`jin>q��iNvhYN�\JVUhzTQ9CPEQSTQ�iRWqS�~jiTJx.VUhY\Jq`QSRWxUQ`nO� THV �i��� kERUQ`jvnYh]RU\Gt Q`j
dfgp\J{ExyhYV � xUgp\|x xygih NiQSRUn>VUh>xUh~qSQ`jih RW{ehYn>xUV=�i}'TJ�f\<{vq \JRW} \�NiTJ}�QSjp\|xyh>R]xUgih nYTHjCxyQSj����i}!\|x
T < 500

h . b � gvh~nYTJj xyQSj��p\ xyQ`TJj TJ�fh>q`h>n>xUVUTHj xUhY}~{ehYVU\|x��iVWh RWx=�iNiQ`h>R:xUgiVUT��i�Hg�\|NvP|\JjvnYhYRcQ`j
}~T_NihYqSQ`ji�wxyh>nogijiQ�64�ih>Rz\|jiN�\Jjp\Jq �_RUQ`R.TJ��jih t Np\|xo\ \JVWh xygvh:R=��9�AWhYn xzT|� xUgiQ`R.xygvhYRUQSRYb
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��QS�ib D �Eb�� � \J}~{iq`h ��VWQ`RU} � � �[d(� RU{eh>n>xUVy\vb<sfTJxyg�RU{eh>n>xyVU\�t hYVUh�{iVUT_N��vnYh>N 9 �6\ S I nY}
xygvQ`n7��{iq \|RU}�\ nYTJ}�{eTHRWhYN T|� FJF�� gC�ENvVUTH�Hh>j�k D � n^\JV59eTHj tOQ xyg \Jj Q`TJj NvhYjiRWQSx � TJ�

5 ×
1014 cm−3

b
Te

t.\JR � I h . � THV.xUgih:RW{ehYn>xUV=�i}�THj�xygih:qSh>� xO\JjiN S I h . � THV.xUgih:RW{mh>n>xUV=�i}�THj
xygvhcVWQ`�HgCx^b

3 � � �
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Mzji\JqS�_RUQSRwT|�OTQ�iV2hL�E{ehYVWQ`}~hYjCxo\Jq[VUhYR5�iqSxURwtf\JR \|Q`Nih>N 9C��xUgih �iRUh�TJ�.xygih jiTHj���"��#� hL�4�
nYQ xo\|xUQ`TJj � Q`jvhY}�\|xyQSnYRwnYT_Nih<� VUQSRU} � � � d � ? @ � L k[\ RUnY\JqShYN!� NiTutOj�PHh>VURWQ`THj TJ�Oxygvh � {ehYn x @ Z
{p\Jn7� \|�Hh �vxyQSq`Q  >hYN 9 � �e\|q�� h x \Jq b ?AFCL b � VUQSRU} � � � d � � h^\|x=�iVUh>R \�VWhYq \ xyQSPHh>qS� xyVU\JjiRW{p\JVUh>j x
�HVU\J{igiQSn^\Jq'�iRUh>V QSj xUhYVW�A\|nYh�\|jiN \ tOQSNih P|\|VUQ`h x ��TJ��n��vRWxyTJ}�Q  ^\�9vq`h TJ{vxyQSTHjiRYb6� q`\JRU}�\ {iVWTH{!�
hYV xyQShYRcR=�vn g \JR:xyh>}�{eh>Vy\|x=�iVUh|k NihYjvRUQSx �Jk0\JjvN n>TH}~{eTHRUQ xyQSTHj6\JVWh~RU{eh>nYQ:VihYN 9C� xygihU�iRUh>VYk�\JjiN
xygvhzn>T_Nih�n^\JqSn��iq`\|xyh>R \2Nih xo\JQSq`h>N�}�T_NvhYq RU{eh>n>xUV=�i}#xygp\ xfnY\Jj 9ehzn>TH}~{p\JVUh>N�xyT2hL�E{eh>VUQ`}~hYjCxo\|q
VUh>R=�iq xyR>b�M RWh>x�TJ���vRUh>�/�vq�{mTJRWx�{vVUT_nYh>RURWQ`ji� xUT_THq`R \|VUh:\Jq`RWT \GP|\|Q`q \�9iqShJX xUgih xyQS}~h]h>PHTJq��vxUQ`THj�T|�
xygvh]Q`TJjiQ  Y\|xyQSTJj@9p\Jq`\JjinYh�� THV.\JqSqe{iq`\JRU}�\2n>TH}~{eTHjihYjCxyR.nY\Jj 9ehz}�THjvQSxyh>VUh>N�\|jiN�NvQ`RU{vq \G�Hh>N�kv\JR
n^\|j�xUgih:Q`jCxyh>jiRUQ xyQ`h>R TJ� Q`jvNiQSP_Q`N,�p\Jq h>}~Q`RURWQ`THj�q`QSjih>RYb

� VUQSRU} � � � d(��NiT_h>RcjiTJxc\JRUR5�i}�hU"��#� TJV:n>THVUTHji\Jq h�64�iQ`qSQ�9iVWQ:�i} ? RUhYh~nogp\J{ExyhYV � L k�Q`j!�
RWxUh^\JN QSx nYTJjiRUQSNihYVWR<\��/�iq`q�Vy\Jjv�Hh TJ�:{eTHRWRUQ�9vq`h {iVUT_n>hYRWRUhYR<q`hY\JNiQSji��xyT�\|xUTH}�QSn�xUVy\JjvRUQSxUQ`THjvRYb
� gih>RUhfQ`jin>q��iNvh[nYTJq`q`Q RUQSTHji\JqHh$�vn>QSxy\|xyQSTHj2\JjiNwNvhL� h$�EnYQ xo\|xyQSTHj�k RW{eTHj xy\Jjih>TQ�iR�h>}�QSRURUQSTHj�ku{igiTJxUT_hL�4�
nYQ xo\|xUQ`TJj2\JjiN2{igiTJxUTHQ`TJjiQ  Y\|xyQ THj�kuRWxUQ`}*�iq`\|xUhYNchY}~Q`RWRUQSTHj�k VU\JNiQ \ xyQ PHh�VUh>nYTH}*9iQSjp\|xyQSTHj k n>THq`qSQSRUQSTJjp\Jq
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Q`TJjiQ  Y\|xyQ THj \JjiN�VWhYnYTJ}&9vQ`jp\ xyQ`TJj�kE\��vxyTHQSTHjiQ  ^\ xyQ THj�k NiQ`h>q`hYn xyVWTHjiQ`n�VUhYn>TH}*9iQSjp\|xyQSTHj kE\JjiN�R xyQS}*�!�
q \ xyhYN VWhYn>TH}*9iQ`ji\|xyQSTHj�b�l �iq xyQ`{vq`Q hYVWR nY\JjU9eh�RWh>x�xyT2\|qSxUhYV0xUgihOVUhYq`\|xUQSPHh QS}~{eTHVWxo\|jinYh.TJ�mh^\Jnog�T|�
xygvhYRUhc{iVUT_n>hYRURWhYR�;e� THV TQ�iVORUQS}*�iq \ xyQ THjiRftfhcq`h xOxygih>RUh2h�64�p\Jq THjih|k RUQSjin>h:xygihcNvh>�A\��vqSx�RWh>xWxyQ`jv�HR
RUgvTQ�iq`NM9eh>RWx[Nih>RUnYVWQ�9ehOVUhY\Jq`Q x �Jb�� VUQSRU} � � �[d(��n>TH}�{,�vxyh>R[\|xyTJ}�QSnfq`h PHhYqi{eTH{��iq`\|xyQSTHjiR0\|x�hY\Jnog
xyQS}�h~R xyhY{ 9C� RWTHqSP_QSji� h�64�p\ xyQ`TJj � b S K k0\JjiN xygih n^\|q`n��vq \|xUhYN�xyVU\JjiRWQSxyQSTHj�Vy\ xyhYR \JVWh �iRUh>N�xyT
{iVWT_N��inYhc\ }~T_NihYq�RW{ehYn>xUV=�i}�b

���v\J}�{vq`hYR�TJ�2}~T_NihYqzRW{ehYn>xUVy\ \JVWh RUgiTGtOj Q`j ��QS�Q�iVWh D �vb C x<QSR<\|{i{p\JVWhYj x�xUgp\|x�xygih
RU{eh>n>xUVy\ \JVUhzNvTH}~Q`jp\|xUhYN@9 ��n^\JV59eTHj�q`QSjih�h>}�QSRURWQ`THj�b ��TJxyQSnYhz\Jq`RWT2xygihzRUgi\JVU{�VUQ`RWhzQSj xUgihznYTHj!�
xyQSj����v} \JVWTQ�ijiN FHIHI Mzji�HR xyVUTJ}�R>b � giQ`R.RUh>VWPHh>R�\JR.nYq`hY\JV.h P_Q`Nih>jinYh xUgp\|x Vy\|NiQ \ xyQ PHhzVUh>nYTH}*9iQO�
jp\|xUQ`THj�QSR�xUgihwNvTH}�QSjp\JjCx�n>THjCxyQ`j4���i} {vVUT_nYh>RUR \|x�tfTHV5�eX VWhYnYTJ}*9iQ`jp\ xyQ`TJjiR xyT�xUgihwgC�ENvVUTH�Hh>j
�HVWTQ�ijiN R xo\|xUh {vVUT_N��in>h {igiT|xyTHjiRztOQSxUg \ }�QSjiQS}*�v} hYjvhYVU�|� TJ� DG@ b ��h . k nYTHVWVUh>RU{eTHjiNvQ`ji��xyT
\~t.\^PHhYqShYji�|xyg TJ� FEDHD M�ji�HR xyVUTJ}�R>b�M.xzq`TGtfhYV�hYjih>VU�HQShYR>kmxUgihYVWhwQ`R�NihYn>VUhY\JRUh>N h>}�QSRURUQSTHj�� VWTH}
VUh>nYTH}*9vQ`jp\|xUQ`TJj�k RWQ`jin>hfTHjiq �:VUhYn>TH}*9iQSjp\|xyQSTHjiR�xyT�xUgih

n = 2
q`h PHhYqE\JjiN \�9eTuPJh tOQ`qSq n>THj xUVUQ�9,�vxyh|b

3 � ��� � 
0* ��� � � � � � ��� 	 �

� gih>jP�iRWQ`ji� \�giQ`�JgiqS��n��vRWxyTJ}�Q  ^\�9vq`h�RWTJ� x t.\JVUh�{p\Jn7� \|�Hh R=�inog \JR ��VWQ`RW} � � �[d(� k QSx
Q`ROQ`}~{eTHV xo\JjCx xyT�}�\��Jh:R=�iVUhcxUgih2nogiTJRUhYj RUQ`}*�iq`\|xUQSTJj<{p\JVy\|}�h xyhYVWR�{iVUT_N,�inYh2RWhYqS� � nYTHjvRUQ`R xyh>j x^k
{igC�ERWQ`nY\Jq`q � VUhY\JRUTJjp\�9iqSh�VUh>R=�iq xyRYb � giVWTQ�i�Hg \ RUhYVWQ`h>R TJ��xyh>RWx~RWQ`}*�iq`\|xUQSTHjvRYk0tfh<Nih xyh>VU}~Q`jih>N
xygvh�TH{vxUQ`}�\JqiRWh>xWxyQ`jv�HR[� TJV \Jn>n��vVy\|xUhYqS� }~T_Nih>q`QSji� xygvh�Q`}~{eTHV xo\JjCx�{ig �_RWQ`nY\Jqe{iVWT_nYh>RURUh>R.Q`j �i���
tOgiQSq`h:\^PHTHQSNiQ`ji� hL�EnYh>RURUQSPHh2n>TH}~{��vxo\ xyQ`TJj�xyQ`}~h|b

� ����������� � ��� ��� � � � ��� �

� VUQSRU} � � � d(� nY\Jj Q`j�{iVWQ`jin>Q`{iqShO}~T_NihYq VU\JNiQ`\|xyQ PHhO{iVUT_n>hYRURWhYR.Q`j \c{iq \|RU}�\:TJ� \|V=9iQ xyVy\|VW�
nYTJ}�{eTHRWQSxUQ`TJj�b6M n>TH}�{i\JjiQ`TJj�{iVWTH�HVU\J} � jiTutOj \JR M.xyTJ}�QSn�l�T_NihYq s(�iQSq`Nih>V ?A@ S L Q`R*�iRWhYN
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��QS�ib DuK b � � h>}~{mh>Vy\ x��iVUh�NihY{eh>jiNihYjvn^h�TJ��d DFDGD FCK b K ji} B d D�I D	JQJ jv} qSQ`jih Vy\|xUQ`T<� THV
xygvVUhYh�NiQ #mhYVWhYj x2n^\JV59eTHj�\ xyTH}~QSn }�T_Nih>q`R>b C jin>VUh^\|RUQ`jv� xUgih j4�i}*9ehYV2TJ�.hYjih>VU�J��qSh>PHh>q`Rc� VWTH}
@HI S xyT D^I � D<? � IJI � TJV]hY\Jn g QSTHj L RWQ`�HjiQ VpnY\Jj xUqS��\Jq xyhYVWRzxUgih qSQ`jih2Vy\|xUQ`T�\|x:\JqSq xUhY}~{ehYVy\ x��iVWhYRYk
9��vx:\ �/�iV xygih>V QSjinYVWh^\JRWh xUT DGF?JJK qSh>PHh>q`R ? S IHI � THVzh^\Jnog Q`TJj L gp\JR]THjiq � \�jihY�HqSQ`�JQ:9iqSh2QS}�{p\|n>x
THj�RWQ`}*�iq`\|xUQSTJj�VUh>R=�iq xyRYb

xyT�}~T_NiQS� � \|xUTH}�QSn }�T_Nih>q`R19p\JRWhYN THj xygih~M �OsfM � � Np\|xy\�9p\JRWh ? @?JJL b@� gih~�/�vq`q0M �OsfM � �
\|xUTH}�QSnw}~T_NihYqSR \JVUh QSjinYVWhYNiQ:9iqS��n>TH}�{vq`hL�mk�RUT<RUTH}~h Nih>�HVUh>h TJ� RUQS}�{vq`Q Vin^\|xUQSTHj QSR jih>nYh>RURy\JV �
Q`j�THVUNvhYVOxyT�V=�ij�RUQ`}*�iq`\|xUQSTJjiROTHj \ � h^\JRWQ�9iqSh xyQ`}~hYRWn^\JqShJb �pTHVOTQ�iV�\J{v{iq`QSn^\|xUQSTHjiR>kpn^\JqSn��iq`\|xyQSji�
hL�v\Jn x {eTH{��vq \|xUQ`THjvR�� TJV�xygih \|xyTJ}�QSncqSh>PHhYqSR�xUgp\|x�� hYh>N Q`}~{eTHVWxy\JjCx�xyVU\JjiRWQSxyQSTHjiROt.\JR�P_QSxo\|q k RUT
tfh&�iRWhYN6}~T_Nih>q`R�tOQSxUg%Vpjih RWxUV=�in x��iVWh Q`jvnYq:�iNihYN b2a�TGtfh>PHh>VYk }�\Jj ��TJ��xygvh giQS�HgihYVzhYjih>VU�HQShYR
q`h PHhYqSR TJ��Q`}~{��iVWQSx �6Q`THjiR {vVUT_N��in>hYN jiT R xyVUTJji� RU{eh>n>xyVU\Jq.� hY\|x��vVUhYR \JjiN n>TQ�iq`N 9eh�Q`�HjiTJVUhYN b
� gih>j h>jihYVW�J� qSh>PHh>q`Rc\|VUh q`h � x:TQ�vx:TJ�.\Jj�\|xUTH}~Q`n }~T_NihYq k � VUQSRU} � � � d(��NiT_h>RcjiTJx:RUQ`}~{iq �
Q`�JjiTHVUhOxygvhzhYq`h>n>xUVUTHjvRfxUgp\|x tfTQ�vq`N gp\GPHhz{eTH{��vq \|xUhYN�xygiTHRWhzq`h>PHh>q`R�;vVU\|xygvhYVYkEQ x.\|q`q`TGtOR�xygvhY}#xyT
{eTH{��vq \|xUh:xygvh2giQS�Hgih>RWxz\GP \JQ`q`\�9iqSh qSh>PHhYqSRYke\JjvN�xygvhYj RUTJqSPHhYR�xUgih2R xo\JjvNp\JVUN�Vy\|xUhch�64�p\|xUQ`THjiROxyT
Nih xyhYVW}�QSjih]tOgih>VUh:xygih �<�JT � VWTH} xygvhYVUh|b

a��_NiVWTH�Hh>j6Q`j xygvh �v��� {vq \JRW} \ Q`R]jihY\JVWqS� DGIHI � Q`THjiQ  Yh>N�k�RUT�� THV]T��iV RUQS}*�iq \ xyQ THjvRzt h



� JJI �
�iRWhYN \Jj�\|xUTH}~Q`n~}~T_NihYq[t QSxyg TJjiqS� x tfT h>jihYVW�J� q`h PHhYqSR � xUgih �HVUTQ�vjiN�R xo\|xUh�TJ� xUgih�jih��vxyVU\Jq
\|xUTH}�k \|jiN�xygih�RUQSji�Hq � QSTHjiQ  Yh>N�RWxo\ xyhJb�l�TJRWxwTJ�.xUgih�q`Q`jvh~h>}�QSRURWQ`THj6Q`j6xUgih�{iq \|RU}�\�n>TH}~hYR
� VUTJ}�QS}�{,�iVUQ x �<Q`THjvRYkm{iVUQS} \|VUQSq �<nY\JV=9eTHj \JjiN T	�_�_�Hh>j�b � h Vy\|j \�RUhYVWQ`h>R]TJ��RWQ`}*�iq \ xyQ THjiROxyT
Nih xyhYVW}�QSjihfxygih j��v}&9eh>V TJ�mh>jih>VU�J� qSh>PHh>q`R�tfhORUgvTQ�iqSN Q`jin>q��iNvh QSj xygih>RUh�\|xyTJ}�QSnf}~T_NihYqSRYb � h>�
RU{eh>n>xUVy\Jqe� h^\ x��iVWhYR ? QSj�{p\JVWxUQ`n��iq \JV>kCxUgih dPDFDGD FCK b K jv} B dPD�I D�JQJ ji}#q`Q`jvh�Vy\ xyQ`T L tfhYVWh]RWhYhYj
xyT�nogp\|ji�Hh \JR�xygihwj��v}&9eh>VzTJ��hYjih>VU�J� qSh>PHh>q`RzQSj xygvh n^\|V=9eTHj \|xyTJ}�QSnc}�T_Nih>q tf\JR]Q`jin>VUhY\JRUh>N
� VUTJ} @HI S xyT DGI � D~? � IHI qSh>PHh>q`R.� TJVOdHD�xUgiVUT��i�Hg�d I[k0� I � TJV�dPI D ki\JjiN<THjih]� THVOdPI DFD kvxygih
Q`TJjiQ  >hYN R xo\|xUh L ;[giTGtfh PHhYVYk0�/�iV xygih>VwQ`jin>VUhY\JRUh>R Q`j�xUgih j��i}*9eh>VwTJ� q`h PHhYqSRw{eh>V QSTHj {vVUT_N��in>hYN
THjiq �~jih>�Hq`QS�HQ:9iq h�nogp\Jji�Hh>R.Q`j�xUgihz}�T_Nih>qeRU{ehYn xyVU\ ? RUh>h ��Q`���iVUh DuKHL b � h�xUgihYVWh>� THVWh]n>THjinYq:�iNih>N
xygi\|x � IHI hYjih>VU�J�:q`h PHhYqSR {ehYV nY\JV=9eTHj2QSTHj:t.\|R R=� ��n>Q`h>j x � TJV n^\J{Ex��iVUQSji�Oxygvh QS}�{eTJVWxo\|j x \|xyTH}~QSn
{iVWT_nYhYRWRUh>RYb�M)RUQ`}~QSq`\JV \Jjp\Jq �_RUQ`R:VUh PHh^\|q`hYN�xUgp\|x JJI q`h>PHh>q`R:� THV�4 DFDGD[xygiVWTQ�i�Hg 4 I DFDf\JjiN D
q`h PHhYq�� TJV]xUgih TJxygvhYV QSTHjiRzt.\JR:\Jj QSNih^\Jq0\|}�T��ij x]TJ� Nih xo\JQSq � THVzxUgih T	�_�_�HhYj�\|xUTH}~Q`nw}~T_Nih>q b
�ph>t hYV]q`h>PJhYq`R�tfh>VUh jih>hYNih>N � THVzT<�_�E�JhYj 9ehYnY\��iRWh QSx�t.\JR]THjiq � �iRWhYN � THV ��� r*nY\Jq`n��iq`\|xyQSTHjvR�;
RUQSjinYhOhY\Jn gMVpqSxUhYV {p\JRWRUh>R }�\Jj � NiQ�# h>VUh>j x[h>}�QSRURWQ`THj q`QSjihYR>kCn^\JqSn��iq`\|xUQ`jv�]xygvh�h$�v\Jn>x {eTJ{��iq \ xyQ`TJj
TJ�fh^\Jnog�hYjih>VU�J� q`h PHhYq�QSR:q`h>RURcQ`}~{eTHV xo\JjCx � TJV ��� r�xygi\Jj6� THV:nY\Jq`n��iq`\|xyQSTHjvR TJ�fxUhY}~{ehYVU\|x��iVWh
� VUTJ} Q`jiNvQSP_Q`N��i\Jq qSQ`jih]VU\|xyQSTHRYb

� ������� ����� � ��	 ��� � � ��
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M 9vRUTHq:�vxyh~QS}�{��vVUQ x � nYTHjvnYhYjCxyVU\|xyQSTHjiRcQ`j �i��� VUh>} \|Q`j VUhYq`\|xyQ PHhYq �%�ij�� jiTGtOj�k0\JqSxUgiTQ�i�Jg
VUh>nYh>j xzVUhYR5�iqSxUR ? RWhYh dfgp\J{vxUhYV JHL R5�i�H�Hh>RWxUR�xygp\|x�nY\JV=9eTJj Q`R#9 �<�A\|VOxygvh2NiTH}~Q`ji\Jj xOQ`}~{��iVWQSx �Jk
tOQSxUg~T<�E�_�Hh>j�{iVUh>RUhYjCxfQSj~RW} \|q`qShYV \|}�TQ�vj xURYb �pTHVWx=�ijp\|xUhYqS�Jk 0). qSQ`jih.Q`jCxyh>jiRUQ x � VU\|xyQSTHR0� THV0x tfT
q`QSjihYR {iVWT_N��inYh>N�9C� \ RUQ`jv�Hq`h�h>q`h>}�h>j x RWgiTQ�iqSN gp\^PHh<q`Q xUxyq h NihY{eh>jiNihYjvnYh�THj xUgih<hYqShY}~hYjCx � R
nYTJjinYh>j xUVy\|xUQ`THj6QSj xygih {iq`\JRU}�\vb �
�iVWxUgihYVW}�TJVUhJk � tOQSRUgih>V ? � IHI � L RUgiTGtfh>N�xygp\ x ��� r�RWQ`�Hjp\|q
Vy\ xyQ`TJR~\JVUh�jiTJx�h #mh>n>xyh>NP9C� nogp\Jji�JhYR QSj xUgih \�9iRWTHq��Exyh�nYTJjinYh>j xyVU\|xyQSTHjiR~TJ�]Q`}~{��iVWQSxUQSh>RYkf\JR
q`TJji� \JRcxygih>Q`V2VWhYq`\|xyQ PHh~nYTJjinYh>j xyVU\|xyQSTHjiR2VUhY}�\JQSj�nYTJjiRWxy\Jj x ? S DGL b � gih>VUh � THVUh|k Q xwR5���~nYh>R xyT



� JED �
Nih xyhYVW}�QSjihJki� THVOhL�v\J}~{iq`h|kpxygi\|x�nY\JV=9eTHj�Q`R xyh>j�xUQ`}~hYRO}~THVUhc\�9,�ijiNp\JjCx�xUgp\Jj�T<�E�_�Hh>j QSj<xygih
�i��� {iq \|RU}�\vb � �vn g Q`jE� THVU}�\|xUQSTJj2nY\Jj*9eh hYR xyQ`}�\|xUhYN 9C�2n>TH}~{p\JVWQ`ji��hY}~Q`RWRUQSTHj2q`QSjih[R xyVWhYji�JxUgiR
}~h^\JR5�iVUh>NctOQSxyg xygih . 0). }�THjvT_n gvVUTH}�\|xyTJV xyT�}~T_NihYqHRU{eh>n>xyVU\�{iVWT_N��in>hYN 9C�c� VUQSRU} � � �[d(� b

� QS}&�vq \ xyQ THjiRf� THVOQ`jCxyh>VU{iVWh>xyQSji� xygih .10). }�THjvT_n gvVUTH}�\|xyTJV.Np\|xo\M�vRUhYN \ {iq`\JRU}�\ nYTJ}M�
{eTHRWhYN TJ� FHF � gC�ENvVUTH�Hh>j�\JjiN D � nY\JV59mTJj�b � gih {iVWQ`}�\JVW� xyhY}~{ehYVU\|x��vVUh�NiQ \|�HjiTHR xyQSnU�iRWhYN
t.\|Rzxygih d DFDGD FCK b K ji} B d D�I D	JQJ ji}�q`QSjih2VU\|xyQSTikeRWT�xUgih QSjinYq:�iRUQSTHj�TJ��TJxUgihYVzQS}�{,�iVUQ xyQ hYR
t.\|RU�ijijvhYnYh>RURy\JV �Hb �pTHV ��� r RUQS}&�vq \|xUQSTJjiRYk THj xygvh�T|xygih>V gp\JjvN�k q`hY\GP_Q`jv� T��vx~QS}�{,�iVUQ xyQ hYR
t.\|RzjiT|xz\Jj TH{ExyQ`TJj�b sf\JRUh>N THj�VUh>R=�iq xyR�TQ�Exyq`QSjihYN�QSj dfgp\|{vxyh>V J kptfhw\JRWR=�i}~hYN \~n^\JV59eTHj�xyT
T	�_�_�Hh>j \�9��ijiNi\JjinYhwVU\|xyQST~TJ� DGIJIHICBED tOQSxUg jvhY�HqSQ`�HQ:9vqSh:n>THjinYh>j xUVy\|xUQ`THjiR�T|� TJxUgihYV�QS}�{,�iVUQ xyQ hYR
R=�vn g \JR�jiQ xyVWTH�HhYj \JjiN~}�h xo\|q`RYb � hOxUgihYVWh>� THVWh#�iRUh>N�\ {iq \|RU}�\]tOQ xyg F �vb FHFHF�� g �_NiVWTH�Hh>j�k D �
n^\|V=9eTHj�kp\JjiN I b IHIvD � T	�_�_�Hh>j 9 ��j��v}*9ehYVYb
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� VUQSRU} � � � d(� n^\Jj {eh>VW� THVW} h>QSxUgihYVzR xyh^\|Nv�?� RWxy\|xyh|k�h�64�iQ`qSQ�9iVWQ:�i} RUQS}&�vq \|xUQSTJjiR�TJV�xyQ`}~hL�
Nih>{ehYjiNih>j x RUQS}&�vq \|xUQSTJjiR:QSj6tOgvQ`nog�xygih�\|xyTH}~QSn VU\|xyh~h�64�p\|xyQSTHjiR2\JVUh~RUTJqSPHhYN \|x2h>PHh>VW� xyQ`}~h
RWxUhY{�b'� gvh �i��� {iq \|RU}�\ QSR3�ijiNiTQ�,9vxyh>NiqS��jiTJxOQ`j�\ RWxyhY\JNv��RWxo\|xUh:N��iVUQSji�~\ RWgiTJxYb[M�� xyhYV.xygih
g �_NiVWTH�Hh>j �C\JRcQSR:Q`THjvQ  Yh>N�k�xygih~{iq`\JRU}�\�RU{ehYjvNiR \�9eTQ�Ex DGI

µ
R2QSj xygih~�Q�ij k tOQ xyg \<NihYjvRUQSx �

TJ� \J{i{vVUT	�EQS} \ xyhYq �
8 × 1015

QSTHjiR B nY}
3
b MzR�Q x�Q`R�h AWhYn>xUhYN QSj xyT xygvh2} \|Q`j<P \Jn��,�i}�nogp\J}*9eh>V

QSx�h$�v{i\JjiNiR \JjiN nYT_THqSRYkeh>PHh>j x��i\Jq`q � Vpq`qSQSji� xygih2hYj xUQ`VWh2PJTHq��i}~h:tOQSxyg \|j \GPHh>Vy\|�HhwNihYjvRUQSx ��T|�
\JVWTQ�ijiN

5× 1014
QSTHjiR B nY}

3
b0M NiNiQSxUQ`THji\Jqigih^\|xUQ`ji�c} \^� T_nYn��vV q \|xUhYV�Q`j xygih�RWgiTJx QS� } \J�Jjih>xUQ`n

VUh>nYTHjvjihYn xyQSTHj<xo\��Jh>R�{vq \Jn>hJb C NihY\Jq`q �HkEtfh tfT��iq`N�xy\��Jhc\JNvP \Jj xy\J�Hh TJ��� VUQSRU} � � � d(� � R�\�9vQ`q`Q x �
xyT�}�T_NiQ � �]{iq \|RU}�\O{p\|Vy\J}~h>xUhYVUR TJj!� xUgihL� �i�:N��vVUQ`jv��xUQ`}~hL� NvhY{ehYjvNihYjCx RUQ`}*�iq`\|xUQSTJjiRYb a�TGtfh>PJhYVYk
xygvhYRUh[RUQ`}*�vq \|xUQSTJjiR�VWh�64�iQSVUh[h$�_xyhYjvRUQSPHh n>TH}~{��vxo\ xyQ`TJjp\Jq|xyQS}�h|kuRUTO� VUTH} \O{iVy\Jn xyQSn^\JqHRWxy\JjiNi{eTHQSj x
QSx t TQ�iq`N 9eh2\|NvP|\JjCxo\J�JhYTQ�iR�Q � t h2n>TQ�iqSN�VUhYq ��THj<xygvhcRUQS}�{iqShYV.RWxUh^\JNv�?� RWxo\ xyh2RWQ`}*�iq`\|xUQSTJjiR.xyT
{iVWTuP_Q`Nih�VWh^\JRWTHjp\�9iq ��\Jn>n��iVU\|xyh VWhYR=�vqSxyR>b � gihYVWh>� THVWhJk0t h�VU\Jj \�j��i}*9ehYV2TJ�.xyh>RWxURwxyT \JRWRUh>RUR



� J � �

��QS�ib D �vb � " h � x^X�l�T_Nih>q�RW{ehYn xyV=�v} � VUTH})\ R xyh^\|Nv�?� RWxy\|xyh]RUQS}&�vq \|xUQSTJj�t QSxyg�� � @HI h . \JjiN
j �

5× 1014
Q`TJjiR B n>}

3
b rOQ`�Jg x^X0l�T_NihYqeRW{ehYn xyV=�i})\|x[x � J|I

µ
R[N��iVUQSji�w\:xUQ`}~hL� NihY{eh>jiNihYjCx

RUQS}*�iq \ xyQ THj tOQSxUg � � @HI h . k RWxy\JVWxUQ`ji� \|xUTH}�QSn q`h PHhYqSRw{eTJ{��iq \ xyQ`TJjiRcnY\Jq`n��iq \ xyhYN 9p\JRWhYN THj
"��#� \|x I b I � J h . ? VUT_TH}�xyh>}�{eh>Vy\|x=�iVUh L \JjiN j �

8 × 1015
Q`THjvR B n>}

3
N��iVUQSji�~xygih VpVUR x DGI

µ
R TJ�Oxygih�V=�ij k[NihYn>VUhY\JRUQSji�6qSQ`jihY\JVUq � xyT

5 × 1014
QSTHjiR B nY}

3
TuPHhYV xygvh<jih$�_x � I

µ
R ? RUT6\|x

JJI
µ
R 9eTJxyg�{iq`\JRU}�\JR:gp\^PHh~xygvh�Ry\|}�h xUhY}~{ehYVU\|x��iVWh�\JjiN�NihYjvRUQSx � L b�� gih~x tfT RW{ehYn xyVy\ \JVWh

hYRWRUh>j xyQ`\JqSqS� Q`jiNiQSRWxUQ`ji�Q�vQSRUgp\�9iqShJb

xygvhcNvQ #mhYVUh>jinYh>R)9eh>x tfh>hYj RWxUh^\JNE�4� RWxy\|xyh2\JjvN<xyQS}�h$� Nih>{ehYjiNih>j x�RWQ`}*�iq`\|xUQSTJjiRYb
Mzq xygiT��i�Hg \~R xyhY\JNv�?� R xo\|xyh2RUQS}*�iq \ xyQ THj<n^\|jijiTJx�{eTHRURWQ�9iq �<nY\J{vx��vVUhcxygvhK9ehYgp\^P_Q`THV�T|��xygih

�i��� {iq`\JRU}�\~\|R�Q x�Q`TJjiQ  >hYROQ`j<xygvh2�Q�ij \JjvN QSR�h AWhYn xyhYN Q`j xUT xygih �
�!��nYTHjvRUhYV PHhYV>k T��iV�RUQS}*�!�
q \ xyQSTHjiR�jihYh>N6THjiq � VUh>{iq`QSn^\ xyh2xygih {vq \JRW} \ n>THjiNiQ xyQSTHjiRzRUh>hYjT9 � xUgih . 0). }~THjiT_nogiVWTH} \ xyTHV
\JjiN ��� rcb
� gvQ`ROQ`RO\ RUTH}~h tOgp\|x�h^\JRWQ`h>V xo\JR5�ekpRUQSjinYh 9eTJxyg�NiQ`\J�HjiTJRWxyQSnYR TQ9vRUhYV PHhcxUgihc{vq \JRW} \
xygvVUTQ�i�Jg xygih nYhYjCxyh>VcT|�[xygih P|\Jn����i}!nogp\J}*9ehYV ? RUhYh ��QS�Q�iVWh JHL b s � xygvh xUQ`}~hwxUgih {vq \JRW} \
VUhY\JnogihYRcxygih~n>hYjCxyhYV2\JjiN�n^\|j 9eh~RUh>hYj�k�Q xyR:QSjiQSxUQ`\Jq xyVU\JjiRWQSxyQ PHh {iVWTH{ehYV xyQShYRc}�\G� gp\GPHh~RWxo\�9iQ �
q`Q  Yh>N�b . 0). }~THjiT_nogiVWTH} \ xyTHV�\JjiN ��� r RUQ`�Jjp\JqSR�x �_{iQ`nY\Jq`q ��\|VUh� >hYVWT�� TJV�VUTQ�i�JgiqS��xygihKVpVWRWx
@HI

µ
R:TJ�f\<RUgiT|x2\JjiN6{eh^\�� \JVWTQ�ijiN x � J|I � � I

µ
RYbM� gihYVWh>� THVWhJk xUgih VUh>q`h>P \Jj xcn>TH}~{p\JVWQ`RUTJj

� THV TQ�vV:{��iVW{eTHRUh>R2QSR 9eh x t hYh>j RWxyhY\JNv�?� R xo\|xUh�\JjiN xyQS}�h$� Nih>{ehYjiNvhYjCxcRUQ`}*�vq \|xUQSTJjiR \|x x � JJI
µ
RYb MzR:RUgiTGtOj�Q`j ��QS�Q�iVWh D �Ek�xygvh~}~T_Nih>q0RU{ehYn xyVU\<� THV]xyQ`}~h$� Nih>{ehYjiNih>j x2\|jiN6RWxyhY\JNv�?� RWxo\ xyh
RUQS}*�iq \ xyQ THjiR \|VUh 64�p\JqSQSxy\|xyQ PJhYqS��jihY\JVUq ��Q`Nih>j xUQ`n^\|q b



� JJ@ �

��QS�ib DGF b � � PHTJq��vxUQ`THj�TJ�]d DGDFD ? q`h � x L \JjiN�d D�I ? VWQ`�Jg x L � VU\Jn>xUQ`TJjiR QSj RUQS}*�iq \ xyQ THjiR2tOQSxyg
� � @HI h . k jiTH}~Q`jp\|q �i��� NihYjvRUQSx � ?

8 × 1015
Q`TJjiR B n>}

3
Q`j xUgih ���ij�k�Nih>nYVUhY\JRUQSji�<qSQ`jihY\JVUq �

xyT
5 × 1014

QSTHjiR B nY}
3
\|xzx � @HI

µ
R L \JjiN RWxo\JV xyQSji��\|xyTH}~QSn2qSh>PHh>q�{eTH{��vq \|xUQ`THjiR�n^\JqSn��iq`\|xyh>N

9p\JRWhYN~THjU"��#� \|x0xygiVWhYhONvQ #mhYVUh>j x�R xo\JV xyQ`jv�]xyhY}~{eh>Vy\|x��vVUhYR>b � gih xygiVWhYhORWQ`}*�iq`\|xUQSTJjiR 9eh>nYTH}~h
jihY\JVUq ��Q`Nih>j xUQ`n^\|q tOQ xygiQSj<qShYRUR xUgp\Jj DGI

µ
RYb

� T Nih>xUhYVW}�QSjih�xygih�xUQ`}~h�jihYh>NihYN�� THVf\2{iq \JRW} \cqSQ��JhOxygi\|xfQ`j �i�4� xUTwVUh^\|n g�\wVWhYq`\|xyQ PHhYq �
RWxUh^\JNE� RWxo\|xUhJkEt h]Vy\Jj xyQS}�h$� NvhY{ehYjvNihYjCx RWQ`}*�iq`\|xUQSTJjiR[tOQ xyg x �_{iQ`nY\Jq �i�4� Nih>jiRUQ xyQ`h>R ?

8× 1015

Q`TJjiR B n>}
3
Q`j�xUgih �Q�ij k�Nih>nYVWh^\JRWQ`ji��qSQ`jihY\JVUq ��xyT

5 × 1014
Q`THjiR B nY}

3
\|x x � @HI

µ
R L \JjiN

xyh>}�{eh>Vy\|x=�iVUh>R ?A@HI h .:L \|jiN P|\JVWQ \�9vq`h�Q`jiQ xyQ`\|qpnYTHjvNiQSxUQ`THjiR>b � Q`�Q�iVWh D^F RWgiTutORfxUgp\|x xygihzQSjiQSxUQ`\Jq
\|xUTH}�QSn q`h PHhYq {eTH{,�iq \|xUQ`THjvR�gp\^PHh�jiT2}~h^\JR5�iVy\�9iq`hOh #mhYn xfTHj~xygih�{iq`\JRU}�\:n>THjiNiQ xyQSTHjiR[\|x�xyQS}�h>R
q \ xyhYV2xUgp\Jj DGI

µ
RYb � gvh<QSjiRUh>jiRUQ xyQSP_Q x � xyT QSjiQSxUQ`\Jq�nYTHjvNiQSxUQ`THjiRwQSR \JqSRUT h>P_Q`NvhYjCx Q`j ��\�9vq`h D k

tOgiQSn g {vVUhYRWhYjCxyR xUgih�nY\JV=9eTHj�hY}~Q`RURWQ`TJj�qSQ`jih�RWxyVWhYji�|xyg Vy\|xUQ`THR \|x x � JJI
µ
R � THV2xygih�RU\J}~h

RUh x~T|��RWQ`}*�iq \ xyQ THjvRYbT� gih�RUgiTHV x xyQS}�h�jihYh>NihYN xyT VUh^\|n g h�64�iQSq`Q:9iVUQ:�i}�Nih>}�THjvRWxyVU\|xyh>R xygp\|x
RWxUh^\JNE�4� RWxy\|xyhcRWQ`}*�iq`\|xyQ THjvR \JVUh R=���~nYQShYjCx�xyT~\JnogiQ`h PHhc\JnYn��iVy\|xUhcVWhYR5�iqSxUR�\|x �i��� NihYjvRUQSxUQ`h>RYb

M 64�iQ`n7��\Jjp\Jq �_xUQ`nY\Jq�n^\JqSn��iq`\|xyQSTJj�TJ� xygvh�}~h^\Jj hL�EnYQ xo\|xUQ`THj�xUQ`}~h�QSj xUgih �v��� {vq \JRW} \
nYTJj,VpVU}~R�xUgp\|xzxUgihwh�64�iQSq`Q:9iVy\|xUQSTJj�xyQS}�h:tOQSq`q 9ehwRU}�\Jq`q n>TH}~{p\JVUh>N xyT�xygvh qShYji�|xyg TJ�[\�RUgiTJxYb
dfTHjiRWQ`Nih>V~\Jj h>q`h>n>xyVWTHj }~TuP_QSji� xygiVWTQ�i�Hg�xygih<{iq`\JRU}�\ tOQSxUg PHh>q`T_n>QSx �

ve

b C �
n
QSR xygih<QSTHj

Nih>jiRUQ x �2\|jiN
σ
QSR xygvh hYqShYn>xUVUTHj
� R QSj xyh>Vy\Jn xyQSTHjcnYVWTHRUR RUhYn xyQSTHj2tOQ xygcxygih QSTHjiR>k xygih>j2xygih h>q`hYn xyVWTHj



� J S �

� \�9iqSh D X � QS}*�iq \ xyh>N�n^\JV59eTHj�hY}~Q`RWRUQSTHj<qSQ`jih]VU\|xyQSTHR \|x x � JJI
µs� QS}*�iq`\|xUQSTJj �[�_{eh dEDFDFD FCK b K ji} B dHD�I D	JQJ ji} dEDFDGD �J� F b K ji} B dED�I D�JQJ ji}

� xUh^\JNE� � xy\|xyh
3.765 × 10−3 1.686 × 10−4

I b I � J h . RWxo\|VWx
3.766 × 10−3 1.686 × 10−4

D h . RWxo\|VWx
3.766 × 10−3 1.686 × 10−4

J h . RWxo\|VWx
3.766 × 10−3 1.686 × 10−4

tOQ`qSq�h #mhYn xyQ PHhYqS� {p\JRUR xygiVWTQ�i�Hg PJTHq��i}~h \ x2\�Vy\|xUh h�64�p\|q xyT
veσ

k RWT<xygih xyQS}�h \ � xyhYV]tOgiQSn g
tfh:n^\Jj�h$�v{eh>n>x�xygih:hYqShYn xyVUTJj<xyT Q`jCxyhYVU\Jn>x tOQ xyg<THjih:QSTHj<QSR �HQSPHh>j 9 �eX

veσt =
1

n

? Sib DuL

� gihch>q`h>n>xUVUTHj�� R PHhYqSTEn>QSx ��nY\Jj 9ehcnY\Jq`n��iq`\|xyh>N<QS� tfh � jiTGt xygih:h>q`hYn xyVWTHj<xyh>}�{eh>Vy\|x=�iVUh|X

1

2
mev

2

e =
3

2
kT

ve =

√

3kT

me

� T�xygih2{iVUT�9iq`h>} 9eh>nYTH}~hYRzTJjihwT|� �_jvTutOQ`jv��xygihwn>THVWVUhYn x]Q`jCxyh>Vy\Jn xyQ`TJj�nYVWTHRURzRWhYn>xUQ`TJj xyT
�iRWhJb 4]RWxUhYV59iVUT_n7� ? @vDGL �JQSPHhYR:xUgih�h$�vn>QSxy\|xyQSTHj6nYVWTHRUR2RWhYn>xUQ`TJj�� THV:hYqShYn xyVUTJj6PHhYq`T_n>QSxUQ`h>Rc\�9eTuPHh
xygvh:xUgiVUh>RUgiTJq`N<� THV h$�EnYQSxy\|xyQSTHj�xUTU9eh|X

σ12(ve) =
π~

2Ω(1, 2)

m2
ev

2
eω1

? Sib � L

tOgih>VUh
Ω(1, 2)

Q`R xygih�n>THqSq`QSRUQSTJj R xyVWhYji�JxUg�k tOgiQSn g P \JVUQShYR � THV NiQ�# h>VUh>j x~Q`TJjiRM9��vx~Q`R T|�zTHVR�
Nih>V �vjiQSx �Hk�\JjvN

ω1

Q`R:xygih�R xo\|xUQ`R xyQ`nY\Jq0tfh>Q`�HgCxwT|�.xUgih�q`TGtfhYVch>jihYVW�J��qSh>PHh>q�� THV2\�{p\JVWxUQ`n��iq \|V



� JQJ �

xyVU\JjiRWQSxyQSTHj ? \Jq`RWT TJ� THVUNih>V#�ijvQSx � L b C �JjiTHVUQSji� xygih>RUh:�A\Jn xyTHVWRYkit h2\JVWh:qSh>� x tOQ xyg�X

σ12(ve) ≈
π~

2

m2
ev

2
e
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I (erg/cm2/ster/s/eV ) × (1 × 10−7 W ·s/erg) = I (W/cm2/ster/eV )
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I (W/cm2/ster/eV ) × (Ω ster) = I (W/cm2/eV )
? Sib D � L

��TGt
I
gp\JR@�ijiQ xyR~TJ� �
�!�mb � T n>THj PHh>VWx�xyT�{eTutfh>VYk.t h }*�iq xyQS{iq � 9C� xygih \JVWh^\

S
TJ�zxygih

Nih xyhYn xyTHV � R�qSQ`�HgCx5� nYTJqSqSh>n>xUQ`jv� R5�iVW�A\Jn>hJX

I (W/cm2/eV ) × (S cm2) = I (W/eV )
? Sib DG@CL



� J � �

��QS�ib � I b � ��� r " QSjihYROTJ� � Q`�HgCx^b�M�R�RUgvTutOj�Q`j�xygih:q`h � x3Vp�Q�iVWhJkpxUgihcRWTHqSQ`N�\|ji�Hq`h]xUgp\|x�hY\Jnog
{igiT|xyT_NiQST_NihORWhYh>R Q`R�qSQ`}~Q xyh>NM9C� xUgih�RW} \JqSqi�H\J{~TJ� VU\JNiQ��vR I b I � � J QSjinogihYR�xUgp\|x[{igvTJxyTHjvR[}*�iRWx
{p\JRWR2xygiVWTQ�i�Hg THj�xygih>Q`V:t.\^�6� VUTH}!xygvh {iq`\JRU}�\<xUT�xygih�Nih>xUhYn>xUTHVYb s h>�HTHjiN xygiQSR2RUh>�H}~hYjCx^k
xygvh�q`QSjihOT|��RUQS�Hg x[TJ��h^\|n g {igvTJxyT_NiQST_NihOQ`R�xUV=�ijvn^\|xUhYN RUqSQ`�HgCxyq �*9C� xUgih�h>Ni�Hh�QSj~xUgih��C\|{�Q`j xygih
�
�!� nYTHjvRUhYV PHhYV>b*� gvh&Vi�Q�iVUh THj xygih VUQS�Hg x]RWgiTGtOR xygp\ x]xygih } \|�HjiQSx=�iNih2TJ��xygih RUTHqSQ`N \Jji�HqSh
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∫ ∞
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(Power inW/eV )(Responsivity inA/W )d(eV )
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TQ�iV ��� r�xUhY}~{ehYVy\ x��iVWh~Nih>VUQ P|\|xUQ`THjiR>k�tfh gp\GPHh~QS�HjiTHVWhYN QSx � THV]xygvh xyQS}�h*9ehYQSji�ib~a�TGtfh>PJhYVYk
\�}~THVUhcNih xo\JQSq`hYN�VU\G�?� xUVy\Jn>Q`ji��\Jjp\Jq �ERWQ`R�RUgiT��iq`N 9ehwnY\JVUVWQ`h>N TQ�vx�xyT�hYjiR5�iVUhwxUgih \Jn>n��vVy\Jn � T|�
��� r VUh>R=�iq xyR>b
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��QS�ib � D b�� � \J}�{vq`h . 0). }~THjiT_nogiVUTH}�\|xUTHVfNi\|xo\ � TJVO\|j�T�9iRUh>VWP|\ xyQ`TJj<TJ� xygvh2dHD�I D	JQJ ji}
q`QSjih2N��iVUQSji��\Jj �i��� RUgiT|x tOQ xyg n>TQ�ijCxyh>VR� gvhYq`QSnYQ x ��RW{igihYVWTH}�\���}~hYVU�JQ`ji�ib1"�h>� x^Xzr�\Gt Np\ xo\vb
rOQ`�HgCx^X Z]\|xy\ tOQ xyg 9p\JRUh>q`QSjih RUQS�Hjp\Jq R=��9vxUVy\Jn xyh>N TQ�Ex^kiRU}~T_TJxygih>N�TGPHhYV D

µ
ROQ`jCxyhYV P|\JqSRYb
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dfTH}~{p\JVWQ`RUTJjiR]TJ�f� VUQSRU} � � �[d(��RWQ`}*�iq`\|xyQ TJjiR�tOQSxyg Np\|xy\�xo\��JhYj tOQ xyg xUgih }�TJjiT_n gvVUT��
}�\|xyTHV {iVUT_N,�inYh>N�RUh PHhYVy\|q�jiTJxy\�9iqSh]VUh>R=�iq xyR>b 0 RUQ`jv� RUQ`}*�vq \|xUQSTJjiR tOQ xyg�h�6��i\Jq�nYTHjvnYhYjCxyVU\|xyQSTHjiR
TJ�]n^\JV59eTHj�k.jiQ xyVUTJ�HhYj�k.\JjvN�T	�_�_�HhYj"QS}�{,�iVUQ xyQ hYR~\JR�T��iV����iQ`Nih|kftfh�q`T_T��JhYN � THV xygih dzk �ck
\JjiN 4�hY}~Q`RWRUQ`TJj qSQ`jih>R�hL�E{ehYn xyhYN xyT�9ehwRWxyVWTHji�Hh>RWx QSj \Jj �i��� RU{ehYn xyV5�i}�b � gih VWhYR=�vqSxyR]\JVWh
R=�v}�}�\JVUQ  Yh>N Q`j � \�9vq`h � b ��Q PHh hY}~QSRURUQSTHj q`QSjihYR]{iVWT_N��in>hYN�RWQ`�Hjp\|q`Rzxygi\|x:nYT��iq`N 9eh VWhYqSQ \�9iq �
NiQSRWxyQSji�Q�iQSRUgih>N � VUTH} 9p\|n$� �HVWTQ�ijiN�jiTJQ`RUh|X2d DGDFD FCK b K jv}�k d D�I D�JQJ ji}�k d DFDGD �H� F b K ji}�k
� D�I D � S�ji}�k�\|jiN 4 I � @ b I ji}�b�� gvh RWxUVUTHjv�HhYR x qSQ`jih TQ9iRUh>VWPHh>N t.\|R d D�I D�JQJ ji} ;�QSx
nYTJjiRUQSRWxyh>j xUqS� {iVWT_N��in>hYN��[l � n��iVWVUh>j xyR TJ��TGPHhYV D }�M2b�M x&VpVWRWx �Hq \JjvnYh xygiQSR �A\Jn x }�QS�HgCx
RUh>hY}-�ij4�iR=�p\|q � d I"Q`R]xygih NiTH}~Q`ji\Jj x n^\|V=9eTHj6Q`THjvQ  Y\|xyQSTJj RWxy\J�Hh Q`j �i��� ? RUh>h � Q`�Q�vVUh �H� L k
RUT tfh:}~Q`�HgCx.jp\JQ PHhYq � hL�E{ehYn xz\~d I qSQ`jih�xyTM9eh RWxyVWTHji�ib�a�TGtfh PHhYVYkixygih VUhYRWTHjp\JjvnYhcqSQ`jvhYRf� THV
dNI ? q`QSjihYR[{iVUT_N��vnYhYN 9C� \2xUVy\JjiRWQSxyQSTHj~xUTwxUgihz�HVUT��ijiN�R xo\|xUh L \JVWhzQ`j�xUgih @ � Swji})VU\Jji�Hh ? RUh>h
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Mz{v{ehYjiNiQO��M L kEtfh>q`q 9ehYqSTut xUgihzt.\^PHhYqShYji�JxUg<VU\Jji�Hh�xygih . 0). }~THjiT_nogiVWTH} \ xyTHV[nY\Jj�Nih>xUhYn>xYb
� Vy\JjvRUQSxUQ`THjvR 9eh>x tfhYh>j�hL�EnYQ xyhYN RWxo\ xyhYR:\JVUh �A\JV]qShYRWR � VWh�64�ihYjCx^k RUT<TQ�iV]jiTHj!� Nih xyhYn xyQSTHj TJ��xygih
d I �H� K b S�jv} q`QSjih2Q`RzjiTJx]R=�iVU{vVUQ`RWQ`ji�vb1� gih~d D�I D�JQJ ji} qSQ`jih|kmTHj xygvh T|xygih>V]gp\JjiN�k�QSR]\
VUh>RUTHji\JjinYhcqSQ`jih|ki\JROQ`R.xUgih2dEDFDGD FHK b K ji} q`QSjihJb

� \�9iqSh � X C }~{��iVUQ x � � }~Q`RURWQ`TJj "�QSjihYR&4 9iRWhYV PHhYN�tOQ xyg�xygih .10#. }�TJjiT_nogiVUTH}�\|xUTHV
����� ���	��
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������� ������������������� ���! ���"	���$#!�����%���
&(')'*' +-,/.0, ��1

1s22s12p1 1P1 → 1s22s2 1S0 2	3 µ 4
&5'76 2	8�8 ��1 1s22p1 2P1/2 & 2P3/2 → 1s22s1 2S1/2 2:9�; 1 4
&<6 ;�; ,/. = ��1 1s12p1 3P0 & 3P1 & 3P2 → 1s12s1 3S1

�����?>�

�@
A"
�@
A>
&(')'*' ;�; +B.0, ��1 1s22p2 1D2 → 1s22s12p1 1P1 2	3 µ 4
C '�6 ,�DB. 8 ��1 1s22s12p1 1P1 → 1s22s2 1S0

�����?>�

�@
A"
�@
A>
C 6 2	; = ��1 1s22p1 2P1/2 & 2P3/2 → 1s22s1 2S1/2 2	3�3 µ 4
EF'76 8�8 . = ��1 1s22s12p2 2P1/2 & 2P3/2 → 1s22s22p1 2P1/2 & 2P3/2
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�@
A"
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A>
EG6 D�HB. 3 ��1 1s22s12p1 1P1 → 1s22s2 1S0 8I9�2	3 µ 4
EJ6$' ,�+ ��1

1s22s12p2 2D3/2 & 2D5/2 → 1s22s22p1 2P3/2

�����?>�
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A"
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EJ6$' 2	3 HB. 8 ��1 1s22p1 2P1/2 & 2P3/2 → 1s22s1 2S1/2
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� gihwT<�_�E�JhYj qSQ`jih>RO� h^\ x��iVWhYN Q`j � \�9iqSh � \JVWhw\JqSRUT�VWhYRWTHjp\Jjin>hwq`QSjihYR>b M�jp\JqSTH�HQShYROn^\Jj 9eh
NiVU\GtOj@9mh x tfhYh>j xygih 4HI � @ b I ji}�q`QSjih�\|jiN~xygihzd DGDFD FCK b K jv} q`QSjihJk \JjiN \|q`RUT 9eh>x tfhYh>j xygih
4 I D DGIH@ b J ji} q`QSjih \|jiN xUgih~d D�I D�JQJ ji} q`QSjihJk \JR]h^\Jnog {p\JQSVznYTJVUVUh>RU{eTHjiNvR xyT�QSNihYjCxyQSn^\Jq
hYqShYn xyVUTJj�xyVU\JjiRUQ xyQSTHjiR.tOQSxUgiQ`j<Q`TJjiR xygp\|x�RUgi\JVUh2\~n>TH}~}�THj<R xyV=�in x��iVWhJb 4 �_�_�Hh>j�� R�Q`THjvQ  ^\ xyQSTJj
9p\Jq`\Jjin>h \|x �i��� xUhY}~{ehYVU\|x��iVWhYR QSR }~THVWh[h PHhYjvqS�cNiQSRWxUVUQ�9,�vxyh>Ncxygi\Jj2n^\JV59eTHj�� R�;C\JqSxUgiTQ�i�Jg�4 I�DGD
Q`R[xygihzNiTH}~Q`jp\JjCxfQSTHj�\|x2� � @JI h . k04 D�I k04 I[ki\|jiN 4 I�D�\|VUh]\Jq`qe{vVUhYRWhYjCxOQ`j�\J{i{iVWhYn>Q \�9iqSh
� Vy\|n>xyQSTHjiR>b

� gih nYTJ}�{p\|Vy\|xUQSPHh R xyVWhYji�JxUgiR<TJ�2T<�E�_�Hh>j \|jiN n^\JV59eTHj qSQ`jvhYR�n^\|j �_Q`h>q`N Q`jE� THVU}�\|xUQSTJj
\�9eTQ�Ex[xUgih�VUh>q \ xyQSPHh.� VU\Jn>xUQ`THjiR TJ�mxygih>RUh�QS}�{,�iVUQ xyQ hYR {iVWhYRWhYj xfQSj �i�4� bEd.\JV59eTHj~xyTcT<�E�_�Hh>j qSQ`jih
Vy\ xyQ`TJR NihY{eh>jiN THj xUhY}~{ehYVU\|x��iVWhJkJxUgihfPHhYV �wP \JVUQ`\�9iqSh[xygiQSR�VUh>RUhY\JVUnog Q`R xUVW�_Q`jv�zxyT]n>THjiR xyVy\JQSj�kJRUT
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��QS�ib �J� b � d.\JV=9eTHj QSTHjiQ  Y\|xyQ THj 9p\|q \JjvnYh<QSj h�64�iQSq`Q�9vVUQ:�i}�� THV ��VWQ`RW} � � �[d(� RUQS}&�vq \|xUQSTJjiR
tOQSxUg

n = 5 × 1014 ions/cm3
? \�x �_{iQ`nY\Jq �i��� NvhYjiRWQSx � L b d I QSRcxygvh NiTH}~Q`jp\|j xcQ`THj6� THV

xyh>}�{eh>Vy\|x=�iVUh>R'9eh x t hYh>j D^I \|jiN � I h . ;HxUgih�d DFDGDm\JjvN d D�I \�9��ijiNp\|jinYh>Rf\JVWhORUh PHhYVU\Jq THVUNvhYVUR
TJ� } \|�HjiQSx=�iNih]q`TGtfh>VYb

\ {iVWhYnYQSRUh:Nih xyh>VU}~Q`jp\ xyQ`TJj�TJ� Q`}~{��iVWQSx ��n>THjinYh>j xUVy\|xUQ`THjiR.tOQSq`q qSQ��Jh>qS��jih PHhYV#9eh:VUhY\Jq`Q  Yh>N �iRWQ`ji�
xygvQ`R }~h>xUgiT_N�b ��h PHhYV xygih>q`h>RURYk nYTH}~{p\JVWQ`RUTJjiR T|� hL�E{ehYVWQ`}~hYjCxo\Jq�Np\|xy\ xyT~� VUQSRU} � � �[d(� RUQS}*�!�
q \ xyQSTHjiR�nY\Jj nYh>VWxo\|Q`jiq ��gvhYqS{ �iR]Q`}~{iVUTGPHh2TQ�iV]h>RWxUQ`}�\|xyh>RzTJ��xUgihYRWh nYTHjin>hYjCxyVU\|xyQSTHjiRYkmxygih>VUh�9C�
Q`jvnYVUhY\JRUQSji� xUgih�\Jn>n��iVU\Jn>� \JjiN�VWhYqSh>P|\|jinYh�TJ� �/�vx��iVWh�RUQS}*�iq \|xUQSTJjiR ? Nih>xUhYVU}~QSjp\|xyQSTHj�TJ�OVUhYq`\B�
xyQ PHhzQS}�{��vVUQ x � nYTHjvnYhYjCxyVU\|xyQSTHjiRfQ`R TJ� �HVWh^\|xfQ`}~{eTHVWxy\Jj x�xyT ��� r }~T_NihYqSQ`jv�ik RUQSjinYh ��� rPVpqSxUhYV
Vy\ xyQ`TJR.NihY{eh>jiN�THj<q \JVW�HhL� RUnY\Jq`hzRU{eh>n>xyVU\Jq�� h^\|x=�iVUh>ROVy\|xUgihYV.xygi\Jj�QSjiNiQ PEQSN��p\JqmqSQ`jihzQ`jCxyhYjvRUQSxUQ`h>R L b

� gih R xyVUTJji�HhYR x T<�E�_�JhYj q`QSjihcQ`j TQ�iVz� VUQSRU} � � � d(� RWQ`}*�iq \ xyQ THjvR�QSR 4 I � @ b I ji}�b�MzR
RUgvTutOj Q`j ��Q`���iVUh � @ k�tfh t TQ�iqSN hL�E{ehYn x�xygiQSR�qSQ`jih � R�Q`jCxyh>jiRUQ x � xUT+9eh RUh PHhYVU\Jq:TJVUNih>VUR<T|�
}�\J�HjiQ x��iNih��HVUhY\|xyh>V xUgp\Jj xygp\ x~TJ��xygih�d DFDFD FCK b K ji} qSQ`jih�Q �znY\JV59mTJj�\JjiN T	�_�_�HhYj tfh>VUh
{iVWhYRUh>j x Q`j h�64�p\JqmnYTHjin>hYjCxyVy\ xyQ`TJjiRfQ`j �i��� b C jiR xyh^\|N�kvtfh]RWhYh]RUQS�Hjp\JqSR THj xygvh]THVWNihYVfT|� DGI

µ
M

� THV 9eTJxyg�q`QSjihYR>b � gih]TJxUgihYVfT	�_�_�Hh>j<qSQ`jih>RfqSQ`R xyhYN QSj�� \�9iqSh � \Jq`RWT \J{i{ehY\JV.R xyVUTJji�Hh>Vfxygi\Jj xygih
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��QS�ib � @ b�� "�QSjih VU\|xyQSTHR]nY\Jq`n��iq \ xyhYN � VWTH} ��VWQ`RW} � � �[d(�*RUQ`}*�vq \|xUQSTJjiR�tOQSxyg I b D � nY\JV=9eTJj�k
jiQ xyVUTJ�HhYj�k \|jiN T<�_�_�HhYj Q`}~{��iVUQ xUQSh>RYb � gvh � D�I K �Eb J ji} qSQ`jvh2Q`R�{iVUh>NiQ`n xyh>N xyT�9eh TGPHhYV DGIHI
xyQS}�h>R]R xyVWTHji�Hh>V]xygp\Jj xygih~d DGDFD FCK b K ji} q`QSjih2� THV]{iq`\��iRWQ�9iqSh �i��� xUhY}~{ehYVy\ x��iVWhYRYk \JjiN xygih
4 I � @ b I ji} qSQ`jih Q`R�{vVUhYNvQ`n>xUhYN�xyT@9eh2TGPHhYV DGIJIHI xUQ`}~hYRORWxUVUTHjv�HhYV>bOa�TGtfh>PHh>VYkmQ`j�xUgih . 0).
}~THjiT_nogiVUTJ} \|xUTHV�Np\|xo\Ek�xygvh FCK b K ji} \|jiN � @ b I ji} q`Q`jvh R xyVUh>ji�JxUgiR�\JVUh \|{i{iVUT<�EQ`}�\|xyh>qS�
h�64�p\|q ki\JjiN�xygih K �vb J jv} qSQ`jih�Q`RfjiTJx Nih xyh>n>xyh>N�b'� gih>RUh:VUh>R=�iq xyRO\|q`qSTutP�iR.xyT {vq \Jn>h \Jj �i{i{eh>V
q`QS}~Q x THj xygvh�nYTHjin>hYjCxyVy\ xyQ`TJjiR�TJ�]jiQSxUVUTH�JhYj�\|jiN�T	�_�_�HhYj"VWhYq`\|xyQ PHh<xUT�n^\JV59eTHj�Q`j xUgih �i���
{iq`\JRU}�\vb

d DFDFD FCK b K ji}!q`QSjih Q`j6� VWQ`RU} � � �[d(��RUQS}&�vq \|xUQSTJjiRYk 9��vx:t h �A\JQSqShYN xyT<Nih>xUhYn xcxygih>}'\|xc\Jq`q
tOQSxUg�xUgihz}~THjvT_n giVWTH}�\|xyTHV>b�� gih>RUh]VUh>R=�iq xyR Q`}~{iq � xUgp\|x[xygih>VUh�Q`R[RUQ`�JjiQ:VpnY\JjCxyqS� }�THVWh�n^\|V=9eTHj
xygi\Jj T<�_�E�JhYj QSj6xUgih �i��� {iq \JRW} \Eb � h�gp\^PHh�\|Np\J{vxUhYN \ d B 4 j4�i}*9ehYVcNihYjvRUQSx � Vy\|xyQST�T|�
DGIHIJICBED � THV ��� r RWQ`}*�iq \ xyQ THjvRYb

M RWQ`}~Q`qS\JV�\Jji\JqS�_RUQSR[nY\Jj 9ehz\J{i{iqSQ`h>N~xUT2xUgih�jiQ xyVUTJ�HhYj�QS}~{��iVUQ x � nYTHjin>hYjCxyVy\ xyQSTHj�b ��QS�Q�iVUh
� @ RUgvTutOR.xygi\|x.xUgih � D�I K �vb J ji} B d DFDGD FHK b K jv} q`QSjih�Vy\|xUQ`TwQSR.\J{i{iVWT	�EQ`}�\|xUhYq � D^IHICBED � THV
xyh>}�{eh>Vy\|x=�iVUh>R 9eh x t hYh>j D�J \JjiN S J h . b � gih � D�I K �vb J ji}�qSQ`jih n>TQ�iqSN jvTJx 9eh�Nih xyh>n>xyh>N
�iRWQ`ji�~xygih . 0). }~THjiT_nogiVWTH} \ xyTHV>kpRWT�xygih2jiQ xyVWTH�HhYj�nYTHjvnYhYjCxyVU\|xyQSTHj QSj�xygvh �v��� {iq \|RU}�\ Q`R
{iVWTQ9p\�9iq �:hL�_xUVUhY}~h>qS�cqSTut:b � hf}*�iR x�64�ih>RWxyQSTHjwxUgiQ`R VWhYR=�vqSx�RWTH}�h tOgp\|x�9eh>n^\��vRUh.TJ�vxygvhfR xyVUTJji�
RUQS�Hjp\Jq TQ9iRUh>VWPHh>N�� VUTH} xUgih��HI D � @ b F ji}#q`Q`jvh ? RUh>h ��\�9iq`h � L b a�Tutfh PHhYV>kiNp\|xy\2� THV[xUgiQ`R qSQ`jih
}�\G� 9ehwR=�iRW{ehYn x 9ehYn^\��iRUh T|��QSxUR�{iVUT<�vQS}~QSx ��xUT xUgihwg �_NiVUTJ�HhYj VWhYnYTJ}*9iQ`jp\ xyQSTHj�qSQ`jihK"��_} \Jj
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��QS�ib � Svb�� ��\|VWxyQ`\Jq n^\|V=9eTHj DFDGD h>jihYVW�J�<qSh>PHh>q�NiQ \|�HVy\|}�b

α
\|x D � D b �~jv}�b.M.xUxUhY}~{vxyROxyT�QSRUTHq`\|xyh]xygvh D � @ b F ji} qSQ`jih:\JjiN%"��_}�\Jj

α
RWhY{p\JVU\|xyh>qS��tfh>VUh

{iVWTH}�QSRUQSji� 9��vx jiTJxwhYjCxyQ`VWhYq �6nYTJjinYq:�iRUQ PHhJk0RUT tfh�}*�iR x n>THjiRUQSNih>VwxUgih {eTHRURWQ�9iQSq`Q x � xUgp\|x2xygih
D � @ b F ji}�}~h^\JR5�iVUh>}�h>j xOt.\JROnYTHjCxo\J}~Q`jp\ xyh>N�b � giQSROnYTHjin>q��iRWQ`THj<RUh>hY}~R�VU\|xygvhYVOq`Q:�JhYq � �HQSPHh>j
xygvh�NiQ`RU\J�HVWhYhY}~hYjCxU9eh>x tfh>hYj�xUgih K �Eb J jv} \JjvN D � @ b F ji} qSQ`jih�}�hY\JR=�iVWhY}~hYjCxyR>b �
�iV xygih>V
TQ9iRWhYV P|\|xyQSTHjiR�T|�0jiQ xyVUTJ�HhYj�qSQ`jih>R tOQSq`q 9ehcVUh�6��vQ`VUh>N�xUT�RWh>xWxyq`h xygihcQSRUR=�vhJk 9,�vx�� THVOjiTGt t hw\JVWh
\JRWR=�i}~Q`ji� \ jiQ xyVUTJ�HhYj!� � VUh>h {iq`\JRU}�\w� THV ��� r nY\Jq`n��iq \ xyQSTHjiR>b
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� gih<d DGDFD �H� F b K ji} q`QSjih�Q`R2{iVUT_N,�inYh>N+9 � \ xUVy\JjvRUQSxUQ`THj 9eh>x tfh>hYj hL�EnYQ xyhYN�RWxy\|xyh>R Q`j
xygvh~d DFDGD�\|xyTJ} � \JRzRWgiTutOj Q`j ��QS�Q�iVUh � Sikmxygih q`Tut hYVzq`h>PJhYq�TJ��xygvh xyVU\JjiRWQSxyQSTHj Q`R�xygih*�i{i{eh>V
q`h PHhYq TJ� xUgih FCK b K ji} xUVy\JjiRWQSxUQ`THj b � gih>VUh>� TJVUhJk t h }�QS�HgCx�hL�E{ehYn x xygih �H� F b K ji}�q`QSjih:xyT�9eh
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��QS�ib � J b�� � QS}&�vq \ xyh>N�q`QSjih�VU\|xyQSTHR�Q`jCPHTHqSP_QSji� d DFDFD �H� F b K bE� gih FCK b K ji} B �H� F b K ji}
Vy\ xyQ`T:QSR \J{v{iVUT<�vQS} \ xyhYq � n>THjiR xo\JjCx.\|x �H� � TJV�xUhY}~{ehYVy\ x��iVWhYR 9eh x tfh>hYj � I \JjiN DGIHI h . b4� gih>VUh
\JVWh jiT xyh>}�{eh>Vy\|x=�iVUh>R*9eh>x tfh>hYj J \JjiN DGIHI h . � THVctOgiQ`nog xUgih RUQ`}*�iq`\|xUQSTJj�VUhY{vq`QSn^\|xUhYRcxygih
hL�E{eh>VUQ`}~hYjCxo\|q VpjiNiQSji� TJ� \Jj \J{i{iVWT	�EQ`}�\|xUhYq � D X D Vy\ xyQ`T 9eh>x tfh>hYj xygih FCK b K jv} \|jiN �H� F b K
ji}�qSQ`jih>RYb

VUh>q \|xUQSPHh>qS��tfh^\�� Q`j:xygvh �v��� {vq \JRW} \Eb � VWQ`RU} � � �[d(� RUQ`}*�iq`\|xUQSTJjiR�R=�i{i{eTJVWx xygiQSR gC�E{eT|xygih>RUQ`R�;
\JR RWgiTGtOj~Q`j � Q`�Q�iVWh � J kJxygih FHK b K ji} B �H� F b K ji}�qSQ`jihfVU\|xyQST]Q`R \ x q`h^\|RWx � IHBED � THV0\Jq`qE{vq \JRW} \
xyh>}�{eh>Vy\|x=�iVUh>R39eh x t hYhYj J \JjiN DGIJI h . bia�TGtfh PHhYVYk .10#. }�THjvT_n giVWTH}�\|xyTJV Np\ xo\ ? RUh>h1� \�9iq`h
� L R=�i�J�HhYR x�xygp\ xOxUgih �J� F b K ji} \JjvN FCK b K jv}�q`QSjihYR gi\GPHhcRWQ`}~Q`qS\JVfQ`jCxyh>jiRUQ xyQ`h>R QSj �i��� b
� giQSR
\JjiTJ} \|qS��RWxo\|jiNiR�\JR THjih:TJ� xygih �ijiRWTHq PHhYN�}w�_RWxUhYVWQ`hYR#�vjih^\JV xygih>N 9 ��TQ�vVOVWhYRUhY\JVUnog�b

� h PHhYVy\|q_�A\Jn>xUTHVUR V5�iq`h[TQ�Ex�h>VUVUTHVWR Q`j2}~h^\JR5�iVUh>}�h>j x�THV Np\|xy\�QSj xUhYVU{vVUh>xy\|xyQSTHj2\JR�\�{eTHRWRUQ:9iq`h
n^\��iRUh�TJ�mxUgih�NiQSRUn>VUh>{mh>jin �U9eh>x tfhYh>j�RWQ`}*�iq`\|xUQSTJj~\|jiN~hL�E{ehYVUQS}~hYj xYb � gihzd DFDGD �H� F b K ji}�qSQ`jih
gp\JR'9ehYh>j �_jvTutOj�xyTK9eh�RWxUVUTHji�2QSj �i��� � THV�RUTH}~hOxUQ`}~h � }~hY\JR=�vVUhY}~hYjCxyR�TJ� Q`THj xUhY}~{ehYVU\|x��iVWh
\JjiN 9,�iq�� �pTGtOR(�iRWQ`ji�2Q`THj Z�TH{i{iqShYV RW{ehYn xyVUTJRUnYTJ{ � ? C Z � L gi\GPHh�� T_n��iRWhYN�hL�EnYq:�iRUQ PHhYq �~THj�xUgiQ`R
q`QSjihJk VWhYq �EQSji��THj xUgih QSj xyh>jiRUQ x ��TJ��xygih RW{ehYn xyVy\|q0� h^\ x��iVWh xyT�}�\��Jh Nih>xy\JQ`qShYN }�hY\JR=�vVUhY}~hYjCxyR
TJ� 9iQ � NiQ`VWhYn xyQSTHji\Jq�AWh>xURz{vVUT_N��in>hYN%9C��} \|�Hjih xyQ`n:VWhYn>THjijih>n>xyQSTHj ?GJJL b �
�iV xygih>VU}~THVUh|ke\JR�jiT|xyhYN



� �!� �

��QS�ib � �vb � � {eh>n>xyVU\Jq Np\|xo\�� VWTH} � �iVUjvhYVch x2\Jq b ? DGF � @CL b&"�h � x^X:r�hY\JNiQSji�HR]� VUTH}�xygih . 0).
RU{eh>n>xUV=�i}'xo\��Jh>j�tOQSxUg \ D }'�HVU\  YQSji��QSjinYQSNihYjvnYh~RU{eh>n>xUVUTH�HVU\J{ig�b�rOQ`�Jg x^X2d DFDFD �J� F b K ji}
\JjiN�d D�I D�JQJ jv} q`Q`jvh h>}~Q`RURWQ`THj PHhYVWR=�iR:xUQ`}~hJk }�hY\JR5�iVUh>N tOQSxUg6\ .10). }~THjiT_nogiVWTH} \ xyTHV
? S @CL b

Q`j�dfgp\J{vxUhYV @ k�" �,�_QSj ? � IHIHIHLO? � � L � T��ijiN~xygi\|x�xygih �H� F b K ji} B:FCK b K ji} VU\|xyQST t.\JR \J{v{iVUT<���
Q`}�\|xUhYq � DGI xyQS}�h>Rfq`\JVU�Hh>V[xygp\|j�hL�E{ehYn xyh>N�bfl�THRWx Q`}~{eTHV xo\JjCxyq �HkE\wRWxyVWTHji� �H� F b K ji})q`Q`jvh�gp\JR
9ehYh>j�Q`jiNvhY{ehYjvNihYjCxyqS��TQ9vRUhYV PHhYN QSj�\|xOq`hY\JRWx x tfT~TJxUgihYVORW{igih>VUTH}�\�� RYb

� �iVUjih>V:h xc\Jq b ? DGF � @CLw? S @HL NihYRWnYVWQ�9eh xygih VUh>R=�iq xyR T|� RW{igihYVWTH}�\�� h$�E{ehYVUQS}�h>j xURc\ x]xygih
sfh xo\ C5C �A\JnYQSq`Q x � \|x[xygih " \^tOVUhYjvnYh "�QSPHh>VU}~THVUh �z\|xUQ`THji\Jq " \�9eTHVU\|xyTHV � ? " " � " L b��pTHV \Jj�hYq`h>nL�
xyVWTHj xUhY}~{ehYVU\|x��iVWh TJ� \J{i{iVWT	�EQ`}�\|xUhYq � DGI h . k xygih R xyVUTJji�HhYR xcQS}�{,�iVUQ x ��h>}�QSRURUQSTHj q`QSjihYRzTQ9!�
RUh>VWPHh>N tfhYVWh]dNDGDFD DHDuK b J ji}�kEdND�I D	JQJ ji}�k_\|jiN�dNDFDGD �H� F b K ji}�b 4z��{p\JV xyQ`n��iq \|V VUh>q`h P|\Jjin>h
xyT�xygvhw{iVUh>RUhYjCx NiQ`RWn��iRWRUQ`TJj Q`R�xygih2�A\|n>x�xygp\ xzxygvh �H� F b K ji} q`QSjih:t.\JRzRWxUVUTHji�JhYV�xygi\Jj xygvh d
DFDGD FCK b K ji}#q`QSjihJb � h>PHhYVU\Jq T<�_�E�JhYj<\JjiN jiQSxUVUTH�Hh>j qSQ`jih>R[tfh>VUh \|q`RUT2TQ9iRWhYVWPHh>N�k�9��vx.qSQ`jih>R[� VWTH}
}~h>xo\|qfQSTHjiR R5�inog \JR ��Q3DGD k-�ph DFD k \|jiN d(��DGD.xUgp\|x }~Q`�HgCx gi\GPHh 9ehYh>j VUh>q`hY\JRUh>N�� VUTH}�xygih



� � K �

��QS�ib � K b � Zzh>jiRUQ xyTH}~h>xUhYVzxyVy\|nYh TJ� VpqS} RW{ehYn>xUVUTH�JVy\J{igvR:Q`j xUgih .10#. � VUTH} d(�ijijiQSji�Hgp\|}
? D^FHFCKHL ? � L b MzR:Q`j xUgih n^\JRWh~TJ�[xygihM� �iVUjvhYVcRW{ehYn>xUV=�i}�k QSj xyh>jiRUQ x � n^\JqSQ�9iVU\|xyQ THj }�\^�%9eh~\Jj
Q`RWR=�ih tOgih>j�nYTH}~{p\JVWQ`ji� qSQ`jih]R xyVUh>ji�JxUgiRYb

�Q�ij THV �
��� nYTHjvRUhYV PHhYV]t.\JqSq`R�tfh>VUh \�9iRWhYj xYb . 0). }�THjvT_n giVWTH}�\|xyTJV�Np\|xo\ ? RUh>h ��QS�Q�iVWh � � L
R=�v�H�HhYR xyRwxUgp\|x2xUgih�d D�I D�J�J ji}�q`QSjih tf\JRwq`h>RUR2xUgp\Jj DGI xUQ`}~hYRcRWxUVUTHji�JhYVcxygp\Jj�xygvh�d DGDFD
�H� F b K ji} q`QSjihJkv\JqSxUgiTQ�i�Jg�xygih:\��vxygvTHVUR RWxyTJ{�RUgvTHVWxOTJ� hYR xyQS} \|xUQ`jv� \ q`QSjih]VU\|xyQST&9ehYnY\��iRWh:xygih
}~THjiT_nogiVUTJ} \|xUTHVft.\|R�jiTJx�\�9iRWTHq��ExyhYq ��n^\JqSQ�9iVU\|xyh>N ? jvhYQSxUgihYVOQSROTQ�iVOQSjiRWxUV=�i}~hYjCx�\|x �i��� � RUhYh
dfgp\J{ExyhYV @CL b

rOhYR=�vqSxyR�� VUTH} xygih � �[a � � RU{vgihYVWTH} \���{iVWhYRWhYj xUhYNT9C� d(�ijvjiQ`ji�Jgp\J} ? DGFJFCKHL2? � L \Jq`RWT
Nih>}�THjvRWxyVU\|xyh6\ R xyVUTJji�"d DGDFD �H� F b K jv} q`QSjih|b d.\Jq`n��iq \ xyhYN hYq`h>n>xUVUTHj xyhY}~{ehYVU\|x��vVUhYR�\JVWh
giTJxWxyh>V � \JVWTQ�ijiN JJI � DGIHI h . � 9��vx xygih VWhYR=�vqSxyR�\|VUh[xUgih Ry\J}~hJX \JR RUgvTutOj Q`j�� Q`�Q�iVWh � K k xygih FCK b K
ji})\JjiN �J� F b K ji}#q`Q`jvhYRf\|{i{eh^\|V xyTwgp\^PHh]RWQ`}~Q`qS\JV�QSj xUhYjiRWQSxyQShYR>b�d(�ijvjiQ`ji�Jgp\J}#n^\��ExyQ`TJjiR[xygp\|x
giQSR[RU{eh>n>xyV5�i})RWgiTQ�iqSN@9eh�VUh>�C\JVWNihYN�\|R {��vVUhYq �M64�p\Jq`Q xo\ xyQ PHh|k RUQSjin>h�xygvh .10#. VpqS}�{iVUT_n>hYRWRUQ`jv�
VUh>�HQ`}~hzt.\JROjiTJx tfh>q`q�nYTHjCxyVUTJq`qShYN�b

��h>QSxUgihYVO{p\J{ehYV�\|NiNiVUh>RURUh>R�xygihcQSRUR=�vh2T|� \Jj�\JjiTH}�\JqSTQ�iRWq ��R xyVUTHjv��d DFDFD �H� F b K ji}�q`Q`jvhJk
\Jq xygiTQ�v�Hg6Q`j6q`Q`�Jg x:TJ� ��QS�Q�iVWh � Sik�\�qSQ`jih Q`j xUhYjiRWQSx � h�64�p\Jq�xyT�TJVc�HVUhY\|xyh>VcxUgp\Jj6xygp\|x2T|�fxygih



� �!� �

FCK b K ji}�q`QSjihw\|x \JjC��xUhY}~{ehYVy\ x��iVWh Q`R�nYq`hY\JVWqS� �ij4�iR=�p\|q b � �vn g6\ {igvhYjiTH}~hYjvTHj nYTQ�vq`N THjiq �
T_nYn��iV[QS�mhYqShYn xyVUTJjiR�tfh>VUh�nYTHqSq`QSRUQSTJjp\Jq q �wh$�vn>QSxUhYN�TQ�vx[TJ�mxygvh � {~q`h>PJhYq 9eh � THVUh xygih � gp\JN~xUQ`}~h.xyT
}�\��Jh2xUgih2xyVU\JjiRWQSxyQSTHj 9p\|n$�<xUT xUgihw�HVUTQ�vjiN R xo\|xyh|b � gih2�A\Jn>x�xygp\ x:d DGDFD0Q`Rz\�R=��9eNvTH}�QSjp\JjCx
Q`TJjiQ  Y\|xyQ THj RWxy\J�Hh�QSj~xUgih�{iq`\JRU}�\JR�n>THjiRWQ`Nih>VUhYN }�\G�&9eh�Q`}~{eTHV xo\JjCx^b C ��nYTHqSq`QSRWQSTHjp\|qihL�En>QSxo\ xyQ`TJj
� VUTJ})xygih]�HVUTQ�vjiN<RWxy\|xyhztfhYVWh xygih]{iVUQS} \JV ��}~hYnogp\|jiQ`RW} {eTJ{��iq \ xyQ`jv�wxUgih1�i{i{eh>VOqSh>PHh>q`R.TJ��d
DFDGD k_xUgihYj�tfh�tfT��iq`N�h$�E{ehYn>xfxygvh FCK b K jv}#qSQ`jih.xyTK9eh�}~THVUhOQSj xyh>jiRUhOxygp\Jj~xygih �H� F b K ji} q`Q`jvhJb
C � kETHj�xygihzT|xygih>Vfgp\JjvN�kEVUhYn>TH}*9iQSjp\|xyQSTHj tfh>VUhzxUgihzNiTH}~Q`ji\Jj x[{eTH{��iq`\|xyQSji�c}�h>n gi\JjiQ`RW}�kCxygih>j
tfh<}~Q`�Jg x hL�E{eh>n>x \ x �_{iQSn^\JqfhYqShYn>xUVUTHj�xyT n^\JRWn^\JNih<NiTGtOj xyT xygvh<�HVUT��ijiN RWxy\|xyh<\JjiN hY}~QSx
{igiT|xyTHjiRc\|x 9eTJxyg �H� F b K jv}�\JjvN FCK b K ji}�k \Jq`qSTut Q`jv��xUgih x tfT�qSQ`jih>R]xyT�gp\GPHh~n>TH}�{i\JVy\�9iq`h
RWxUVUh>ji�JxygvRYb 4z�0nYT��iVURUh|kexUgiQ`R�\JVU���i}~hYj x�jih>�Hq`h>n>xUR�xygvhc�A\Jn x�xygi\|x�xygvhYVUh2\JVUh:xUgiVUh>h2NiTGtOj t.\|VUN
hYqShYn xyVUTJj xUVy\JjvRUQSxUQ`THjvR xygi\|x n^\|j {eTH{��iq`\|xyh xygvh � { q`h PHhYqvQ`j d>DGDFD k \JjiN THjiqS�2THjvh TJ� xUgihYRWhOqSh^\JNvR
xyT h>}�QSRURUQSTHj \|x �H� F b K jv}�b&�
�iVWxUgihYVW}�TJVUhJkm\|x

Te ≈ 10
h . k \JR�Q`j�xygvh*" " � "�hL�E{ehYVWQ`}~hYjCxyRYk

dEDFDFD Q`j��A\Jn x�}�\��Jh>R#�i{�\|x�qSh^\|RWx DGI�� TJ� xygih xUTJxo\|q�n^\JV59eTHj ? RWhYh���QS�Q�iVWh �H� L b
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:Q PHhYj:xygih \JjiTJ} \JqSTQ�vR R xyVUh>ji�JxUgwTJ�vxUgih.d DFDFD �J� F b K jv}&q`Q`jvh[\JjvN2xUgih[q \Jn7�]TJ�iNih xyh>n>xo\�9iq`h
T	�_�_�Hh>j�THV jiQSxUVUTH�Hh>j q`QSjihYR>k_xUgih d DFDGD FHK b K ji} B d D�I D�JQJ ji}#q`QSjih�Vy\|xUQ`T2{iVWTuP_Q`NvhYN��iR tOQSxyg
TQ�iV:}�TJRWxcVUh>q`Q \�9iqSh NiQ`\J�HjiTHR xyQSn T|�.hYqShYn xyVUTJj6xyhY}~{ehYVU\|x��vVUhJb � gih~xyh>}~{mh>Vy\ x��iVUh~NvhY{ehYjvNihYjinYh
TJ�0xUgiQ`R�q`QSjih:Vy\|xUQ`T�\JR�nY\Jq`n��iq \|xUhYN 9C� � VWQ`RU} � � �[d(�&RUQ`}*�iq`\|xUQSTJjiR#�iRUQSji��xUgiVUh>hwNiQ�# h>VUhYjCxzQSTHj
Nih>jiRUQ xyQ`h>RcQ`R:RWgiTutOj Q`j � Q`�Q�iVWh � �Eb��pTHVc\<{iq \|RU}�\<QSj6nYTHVWTHjp\Jq h�64�iQSq`Q:9iVUQ:�i}<k�hY}~Q`RURWQ`TJj6qSQ`jih
Vy\ xyQ`TJRzRWgiTQ�iqSN jiTJx]Nih>{ehYjiN THj Nih>jiRUQ x �Jbca�TGtfh>PHh>VYk � VUQ`RW} � �'�[d(� RWQ`}*�iq`\|xyQ THjvR�RUgiTGt xygp\|x
xygvh FCK b K jv} B D�J�J ji} q`QSjih�VU\|xyQST NiT_h>R NihY{eh>jiN THj NihYjvRUQSx � \ x xygih�xyh>}�{eh>Vy\|x��vVUhYR \JjiN
Nih>jiRUQ xyQ`h>R:{iVWhYRWhYj x2QSj �i��� b � giQ`R:NvhYjiRWQSx � NihY{eh>jiNih>jinYh n>TQ�iqSNT9eh~\�RUQ`�Jj xygp\|x xygvh nYTHVWTHjp\Jq
\J{i{vVUT	�EQS} \ xyQSTHj 9eh>�HQ`jiR�xyT 9vVUh^\���NiTGtOj \ xzNihYjvRUQSxUQ`h>R]\JR�q`TGt \JR

1014
QSTHjiR B nY}

3
kmTHV�Q x�} \^�

9eh \��/�vjin>xUQ`THj TJ�0xUgih2�A\Jn>x�xygi\|x d DFDGD0\JjiN d D�I�\|VUh2R=��9eNiTH}~QSjp\Jj x�Q`TJj RWxy\J�Hh>R \|x � � DGI



� � F �

��QS�ib � �vb�� � QS}&�vq \ xyh>N�d DFDGD FHK b K jv} B d D�I D�JQJ ji}!q`QSjih RWxyVWhYji�|xyg�Vy\|xUQ`T<{iqSTJxUxUhYN�\JRc\
�/�ijin xyQSTHj<TJ� xUhY}~{ehYVU\|x��iVWh � THV.xygvVUhYh:NiQ�# h>VUhYjCx�{vq \JRW} \ Nih>jiRUQ xyQShYRYb

h . ? RUh>h�� Q`�Q�iVWh �H� L kpRWT�RU}�\JqSq�\�9iRUTHq:�vxyh n gp\|ji�HhYR�Q`j�xygvhYQ`VO\�9��vjiNp\Jjin>hYR�nY\Jj�n>THVUVWhYRU{eTJjiN�xyT
q \|VU�Hh]VUh>q \|xUQSPHh]n gi\Jji�Hh>ROxygp\ x�RWQ`�HjiQ VpnY\Jj xUqS��\|qSxyh>V.xUgih:q`QSjih]Vy\|xUQ`T TJ� Q`jCxyhYVWhYR x^b

��QS�Q�iVUh � F RUgiTGtOR xygih]hYqShYn>xUVUTHj�xyh>}�{eh>Vy\|x=�iVUh>R.tfh NihYVWQSPHh>N�� THV.n>TQ�ij xUhYV�� gih>q`QSnYQSx �~}�h>VU���
Q`jv� RUgvTJxyRM9 ��n>TH}�{i\JVUQSji� xygih�\^PHhYVU\J�Hh<}~h^\JR5�iVUh>N FCK b K ji} B�D�J�J ji} qSQ`jih�VU\|xyQST xyT xygih
RUQS}*�iq \ xyh>N q`QSjih VU\|xyQSTHR]n^\JqSn��vq \|xUhYN 9 � � VWQ`RU} � � �[d(� b�MzRUR5�i}~Q`ji��\�qSTut*QSTHj NihYjiRWQSx � qSh^\JNvR
xyT<\�gvQ`�Hg xyh>}�{eh>Vy\|x=�iVUh hYR xyQ`}�\|xUh \JjiN PEQSnYhwPHhYVWRy\vk \JRztfh tfTQ�iqSN hL�E{eh>n>x:� VUTH} ��QS�Q�iVUh � �vb
a�h ��hzQSj xyh>VW� h>VUTH}~h>xUhYV[}~h^\JR5�iVUh>}�h>j xURfR=�i�J�HhYR xfxygp\|x[xygih�x �_{iQSn^\|qeNihYjvRUQSx �~Q`j �i��� Q`R \JVUTQ�vjiN
4−5×1014

Q`THjiR B nY}
3
kCRUT xygvh#�i{v{ehYV�{iqSTJx QSj xygih2Vp�Q�vVUh {iVUT�9p\�9iq �w�HQSPHh>R0xygih }~THRWx�\Jn>n��iVU\|xyh

\GPJhYVy\|�Hh�xUhY}~{ehYVU\|x��iVWh�{iVUT�Vpq`h|b " \JVW�Hh�RWgiTJx5� xyT�� RUgiT|x�P|\JVWQ \|xUQ`THj }~hY\JjiR�xygi\|x TQ�vV'�ijin>hYV xo\JQSj x �
Vy\|ji�Hh ? nY\Jq`n��iq \ xyhYNM9C�&VpjvNiQ`jv�:xygihORWxo\|jiNp\JVWN�Nih>P_Q`\|xyQSTHj TJ�mxUgih�RWQ`�Hjp\|q \ x[h^\|n g~xyQS}�h.RWxUhY{~� THV
h^\|n g6q`QSjih \JjvN xygih>j6{iVUTH{eTJ�C\|xyQSji��h>VUVUTJV L Q`Rz�A\JQ`VWqS��q`\JVU�Jh � tfh n^\Jj6Nvh>xyh>VU}~Q`jih Te

xyT�tOQ xygiQSj
THjiq ��\�9eT��vx J THV DGI h . b C jin>VUhY\JRUQSji� xygih:Ry\|}�{iqSh RWQ  Yh19 ��xo\��_QSji� }~THVUh Ni\|xo\ tOQ`qSq 9eh �vRUh>�/�vq
� THV39iVWQ`ji�JQ`ji�wxygiQSR#�vjinYh>VWxo\|Q`j x ��NvTutOj�b



� KJI �

��QS�ib � F b � �i��� hYqShYn xyVWTHj xUhY}~{ehYVy\ x��iVWh N��iVWQ`ji��nYTQ�vj xyh>V:gihYqSQ`nYQ x � }~hYVW�HQ`jv�ib ZzTJxWxyh>N�qSQ`jih>R
�HQ PHh�xUgih��vjinYh>VWxo\|Q`jCx ��VU\Jji�Hh|b � h>}�{eh>Vy\|x=�iVUh {iVUT�Vpq`h>R2tfhYVWh�NihYVWQSPHh>N � VUTH}'xUgih FCK b K ji} B
D�JQJ jv} q`QSjih Vy\|xUQ`T~\^PHhYVU\J�Hh>N TuPHh>V � J RUgiTJxUR�� THVOhY\Jnog q`QSjih|k \JRWR=�i}~Q`jv��\~{vq \JRW} \ Nih>jiRUQ x �<T|�
5× 1014

Q`THjvR B n>}
3
? xyTH{ L k

1× 1014
QSTHjiR B nY}

3
? qSTut hYV.q`h � x L ki\JjvN

2× 1015
QSTHjiR B nY}

3
? qSTut hYV

VUQS�Hg x L b�� gih�\|n>x=�p\JqpQSTHj Nih>jiRUQ x � QSj �i��� gp\JR 9eh>hYj�{iVUh P_Q`TQ�iRWqS� }�hY\JR5�iVUh>N~xyT 9eh
4−5×1014Q`TJjiR B n>}

3
b



� KED �

��QS�ib @JI b � �i��� hYqShYn>xUVUTHj xUhY}~{ehYVU\|x��iVWh�N��iVWQ`ji� RUQSji�HqSh RU{vgihYVWTH}�\���RUgiT|xyRYb�Z�TJxUxyh>N qSQ`jih>R
�HQ PHh�xUgih��vjinYh>VWxo\|Q`jCx ��VU\Jji�Hh|b � h>}�{eh>Vy\|x=�iVUh {iVUT�Vpq`h>R2tfhYVWh�NihYVWQSPHh>N � VUTH}'xUgih FCK b K ji} B
D�JQJ jv} q`QSjih Vy\|xUQ`T~\^PHhYVU\J�Hh>N TuPHh>V � J RUgiTJxUR�� THVOhY\Jnog q`QSjih|k \JRWR=�i}~Q`jv��\~{vq \JRW} \ Nih>jiRUQ x �<T|�
5 × 1014

Q`THjiR B nY}
3
? xyTH{ L k

1 × 1014
Q`TJjiR B n>}

3
? qSTutfh>VOqSh>� x L \JjiN

2 × 1015
QSTHjiR B nY}

3
? qSTut hYV

VUQS�Hg x L b



� K � �

��QS�ib @vD b�� .10#. }~THjiT_nogiVUTH}�\|xUTHV:}~h^\JR5�iVUh>}�h>j xURwTJ�.xygih�d D�I D�JQJ ji}�q`Q`jvh � VUTH}!� TQ�iV
nYTJjiRUh>n��vxUQSPHh n>TQ�ij xUhYV�� gih>q`Q`n>QSx �<}�h>VU�HQSji� RWgiTJxUR]THj M �i�Q�iR x � k � IHI �vb � gih>VUh QSR]\ n>THjiRUQSRWxUhYj x
{eh^\�� \|x�\JVWTQ�ijiN x � JJI

µ
RYk 9,�vx<xUgih TJxUgihYV 64�p\JqSQSxo\ xyQ PHh � hY\|x��vVUhYR<T|�2xUgih RWQ`�Hjp\|q]NvQ #mhYV

R=�,9iRWxy\Jj xUQ \JqSqS� � VUTH}�RUgiT|x�xyT�RUgvTJx^b3� gvhYRUhwNiQ�# h>VUhYjvnYhYR�{iVUTQ9i\�9iqS��nYTJVUVUh>RU{eTHjvN xyT~P|\|VUQ \ xyQ`TJjiR
Q`j xygvh xyQS}~QSji�<\JjvN�QSj xyh>jiRUQ x � TJ�f}�\J�Jjih>xUQ`n VUhYn>THjijih>n>xUQ`THj�bU� gih>VUh � THVUh|k QSx:QSR:{eTHRWRUQ:9iq`h xygp\|x
9 �<\^PHhYVU\J�HQSji� xygvhcNi\|xo\ TuPHh>V�}�\JjC��RUgiTJxURYkitfhc}�\G� gp\GPHh:RU}~T_TJxygvhYN�TQ�ExOxygvh:xUhY}~{ehYVU\|x��iVWh
{iVWT�Vpq`h:\|jiN�q`THR xOh PEQSNihYjvnYhcTJ�0\ RWxUVUTHjv� xyhY}~{eh>Vy\|x��vVUh:{ehY\���\JRURWT_nYQ`\|xyh>N<tOQSxyg<VUh>nYTHjvjihYn xyQ`TJj�b



� KJ@ �
�pTHV RUgvTJxyR�Q`j tOgiQSn g x t TcnYTQ�vj xyh>VR� gihYqSQ`nYQ x �wRU{igih>VUTH}�\�� R[}~hYVW�HhJkHtfhOt TQ�iq`N hL�E{ehYn xfgihY\|x

xyT 9eh�VWhYq`hY\JRUh>N \JjiN~xUhY}~{ehYVy\ x��iVWhYR�xyTcVUQSRUhON��iVWQ`ji�:} \|�Hjih xyQ`n VWhYn>THjijih>n>xyQSTHj�b C jiNih>hYN�k_t h�RWhYh
Q`j)��Q`�Q�vVUh � F xygp\|x2xUgih�\GPHh>Vy\J�Jh hYq`h>n>xUVUTHj xUhY}~{ehYVU\|x��iVWh �HVU\JN��p\|q`q � n>q`QS}*9iR:� VUTH}�\J{i{iVWT	�EQ �
}�\|xyh>qS� � I h . hY\JVUq � Q`j6xUgih�RWgiTJxcxyT @HI � @?J h . \|xcx � � I � KJI

µ
R>b<a�TGtfh PHhYVYk�QSxcQSR2\|xcxUgiQ`R

{eTHQSj x QSj~xygihz\Jji\JqS�_RUQSR�xygp\ x xUgih�jihYh>N�xUT \^PHhYVU\J�Hh�TuPHh>V } \JjC� RUgvTJxyR t gihYj�n^\JqSn��vq \|xUQ`jv�:xyh>}&�
{ehYVU\|x��vVUhYR �iRWQ`ji� xUgih .10). }~THjiT_nogiVUTJ} \|xUTHV=9eh>nYTH}~h>R�{iVUT�9iq`h>} \ xyQSnJb�M�R]RWgiTutOj Q`j ��QS�Q�iVUh
@vD k xygvh�xyQS}�QSjv�cTJ� VWhYn>THjijih>n>xUQ`THj P|\|VUQ`h>RfRWTH}~h>tOgp\|x � VUTH} RUgiT|xfxyTwRUgvTJx.N��vhzxUT2xygihzn>TH}~{iq`h$�
{iq`\JRU}�\ Nv�_jp\J}~Q`n>R]Q`j �i�4� b � gih>VUh>� TJVUh|k Q ��xUgihYVWh t hYVUh \�}~THVWh NiVU\JRWxyQSnwxyh>}�{eh>Vy\|x=�iVUh {eh^\��
\JRWRUT_nYQ`\|xyh>N6tOQSxUg�VWhYn>THjihYn xyQSTHj�k Q xc}�\G� gp\GPJh@9ehYh>j RU}~T_TJxygvhYN�TGPHhYVcQ`j6T��iV Vijp\Jq xUhY}~{ehYVU\B�
x��vVUh {iVWT�VpqShYRYb ��� r }�hY\JR=�vVUhY}~hYjCxyR RWgiTQ�iqSN<gih>q`{�xyT VUh>RUTHq PHh]xygvh Q`RWR=�ih�;pTHjvnYh]xygih]RW�_RWxyh>}�Q`R
TH{vxUQ`}~Q  >hYN�kEtfh tOQ`q`q 9ehc\�9vq`h]xUT~nY\Jq`n��iq \ xyh h>q`h>n>xUVUTHj<xUhY}~{ehYVU\|x��iVWhYR � THV Q`jvNiQSP_Q`N,�p\JqmRUgiTJxURYb

� h�\Jq`RWT�nY\Jq`n��iq`\|xyh>N xygvh�\GPHh>Vy\J�Jh xyh>}�{eh>Vy\|x=�iVUh � THV:RWQ`ji�Jq`h RU{vgihYVWTH}�\�� RWgiTJxUR�; xygiQSR:Q`R
RUgvTutOj Q`j ��Q`���iVUh @HI b C ��xUgihcVUQSRUh:Q`j<xUhY}~{ehYVU\|x��iVWhcN��iVWQ`ji�~n>TQ�ijCxyh>V�gih>q`QSnYQ x � RUgiTJxUR�t hYVUhcQ`j!�
Nih>hYN2N,�ih xyT xUgih�VWhYq`hY\JRWh�TJ�E}�\J�Hjvh>xyQSn0h>jihYVW�J�Hk t h tfTQ�iqSN:hL�E{ehYn x R=�inogw\.� hY\|x��iVWh xUT#9eh[\�9iRWhYjCx
Q`j xygvh<RUQSji�HqSh�RU{igvhYVUTJ} \�� xUhY}~{ehYVU\|x��iVWh�{iVUT�Viq`hJk�RUQSjinYh�jiT }�\J�Hjih xyQ`n VUh>nYTHjijvhYn xyQ`TJj xo\��Jh>R
{iq`\JnYh�N��iVUQSji�6xygih>RUh RWgiTJxyR>b 0 jv� THVWx=�ijp\|xUhYq �Hkfxygvh �ijin>hYV xo\JQSj x � THj xygih�RUQSji�Hq`h$� RW{igihYVWTH}�\��
xyh>}�{eh>Vy\|x=�iVUh�{iVUT�Viq`h�Q`R[h>jiTHVU}~TQ�iR>kERWTwQSx[Q`R[NiQ ��n��iqSx�xyT2NiVy\^t \JjC�~R xyVUTJji�wnYTHjvnYq:�iRUQSTHjiR[� VWTH}
xygvh�Np\ xo\vb C x2NiT_h>Rw\J{i{ehY\JV:xygp\ xcxygvh~xUhY}~{ehYVy\ x��iVWh~Q`R:VUhYq`\|xyQ PHhYq � nYTJjiRWxy\Jj xw\|x

T ≈ 20
h .

9eh>x tfh>hYj�x � @?J
µ
R�\JjiN<x � JQJ

µ
R>b

� gih q \JVW�HhK�ijvnYhYV xo\JQSj x ��Q`j�xygihwRUQ`jv�Hq`h2RW{igihYVWTH}�\���}�hY\JR=�vVUhY}~hYjCx]} \^� 9eh \ VUhYR5�iqSx]T|�
q \|VU�Hh�RUgiTJxR� xUT�� RWgiTJxfP|\JVWQ \|xUQ`TJjiRfnY\��iRWhYN 9C��{eh>VWx=�iV=9p\ xyQ`TJjiRf� VUTJ} \ l�\Jnog<{iVUTQ9eh]hL�E{eh>VUQ`}~hYjCx
V=�vjijiQ`jv� THj�xygih2Ry\J}~h2Np\^�HkmQ`j�tOgiQSn g n^\JRWhwxy\�� Q`ji��}~THVUhcNp\|xy\�RUgiT��iq`N RUTJqSPHhcxygih2{iVUTQ9vq`h>}�b
a�TGtfh PHhYVYk�� \Jq�� ? FHL {eTHQSj xUR TQ�Ex xygp\ x0\Jj �0r dzkuxUgihfn>THj,Vp���iVy\|xUQ`THjc� TJVU}~hYNctOgihYjwx t T]RW{igihYVWT��
}�\�� R]}~hYVU�JhJk Q`R]\�}~THVWhwRWxo\�9iq`hwnYTHj!Vp�Q�iVU\|xyQSTHj xygi\Jj \�RW{igihYVWTH}�\�� k�RWT�QSxzQ`Rz{eTHRURWQ�9iqSh2xygp\|x
xygvh�RWQ`ji�Jq`h RU{igih>VUTH}�\�� QSRc\Jq`VWh^\JNE� 9ehY�HQSjijiQSji�<xUT�Nih>n^\^��\|x:x � J�J

µ
RYb ��T|xyQ`n>h Q`j ��QS�Q�iVUh

� F xygp\|xwxygih xyhY}~{ehYVU\|x��vVUh��ijin>hYVWxy\JQ`jCx ��� TJV n>TQ�ij xUhYV�� gih>q`QSnYQSx �6RUgiT|xyR R=�C�_VUT_n7�Jh>xyR~\JVUTQ�vjiN x



� K S �

��QS�ib @ � b � "�h � x^X � \|}�{vq`h ��� r�Vy\^t Ni\|xo\ xo\��Jh>j�N��iVWQ`ji��\ RUgiT|x~tOQSxyg nYT��ij xUhYVR� gihYqSQ`n>QSx �
}~hYVU�JQ`ji�vb rOQ`�HgCx^X ��� rEVpq xyhYV VWhYRW{eTHjiRUh:�/�ijin xyQ`TJjiRYb

� � J
µ
Rz\|R�xUgih .10). }~THjiT_nogiVUTJ} \|xUTHV.RUQ`�Jjp\Jq 9ehYn>TH}~hYR�tfhY\�� ;m{ehYVWgp\J{iR�xUgiQ`RO{igih>jiTH}~hYjp\

9ehYn>TH}~hYR�QS}�{eTJVWxo\|j x \J{i{iVWT	�EQ`}�\|xUhYq � @HI
µs
h^\JVWq`Q`h>V.Q`j�xUgih:RUQSji�Hq`h]RU{vgihYVWTH} \���n^\JRWhJb C � xUgiQ`R

g �_{eTJxUgihYRWQ`R�QSR0nYTJVUVUh>n>xYkCxygvh .10). }~THjvT_n giVWTH}�\|xyTHV }�\^�wjiTJx 9ehO\]PJhYVW�*�iRUh �/�iqixUhY}~{ehYVU\|x��iVWh
NiQ`\J�HjiTJRWxyQSnc� THVzRUQ`jv�Hq`h2RU{igih>VUTJ} \���RUgiTJxURYk�RWQ`jin>h QSx]TJjiqS��RWhYh>R xygih {iq`\JRU}�\~� THV]\�9eTQ�vx � I

µ
R

9eh>� TJVUh xygih:RWQ`�Hjp\|q 9ehYn>TH}~hYROxUT_T tfh^\�� xyTM9eh �vRUh>�/�vq b�M jvh>t n��iVWVUh>j xz\|}�{iqSQ Vph>V.nYTQ�vq`N<gihYqS{
xyT~\JqSq`h PEQ`\|xUhzxygvQ`R {iVUT�9iq`h>}�b

� � ��� ����� 
�*/��� � �2��( � � �

Mzji\JqS�_RUQSR T|� ��� r�Np\|xy\�gp\|R:qShYN xyT<{vVUTH�HVWhYRWR:Q`j RWh>PHhYVU\Jq Q`}~{eTHVWxy\Jj x]\JVWh^\JR>k 9,�vx:}�THVWh
tfTJV=�wVWhY}�\JQ`jvR�xUT19eh NiTHjih|b0MzR }~h>j xyQSTHjih>N {iVWh>P_Q`TQ�vRUqS�Jk ��� r nYTQ�vq`N {eTJxUhYj xUQ \JqSq �2\JqSq`TGt+�iR0xyT
}~h^\JR5�iVUhfxygvh h>q`h>n>xyVWTHj xyh>}�{eh>Vy\|x=�iVUhf� TJV0QSjiNiQ PEQSN��p\Jq RUgiT|xyRYkHtOgiQSq`h.\|q`RUT]{vVUTuP_QSNiQ`jv� \ 9i\JRUQSR�� THV
nYTJ}�{p\|VUQSRUTHj tOQ xyg xUgih�\^PHhYVU\J�Hh xyhY}~{ehYVU\|x��vVUhO{iVUT�Vpq`h>R�NihYVWQSPHhYN � VUTH} .10#. }~THjiT_nogiVWTH} \ xyTHV
Np\|xy\vb � gihzjih t Vpq xyh>VUR Q`jvRWxo\|q`qShYN~q \JR x[�Hh^\JV ? Mzq k�� Q k � j�kv\JjiN � V L \Jq`qp{iVUT_N��vnYhYN�}�hY\JR5�iVy\�9vq`h
RUQS�Hjp\JqSR � \|j�Q`}~{iVUTGPHhY}~hYjCx3�v{eTHj<{iVUh PEQSTQ�iR Q`jvn^\JVWjp\|xUQ`THjiRfTJ� ��� r � THVftOgvQ`nog�Ni\|xo\w� VUTJ} THjih
THV }~THVUh ViqSxyh>VUR gp\JN<xyTM9eh xygiVWTutOj�TQ�vxON��ih xyT q`TGt RWQ`�Hji\Jq � xyTB� jiTHQ RUh]Vy\ xyQ`TJR ?AFCL k ? S DGL b



� KQJ �

��QS�ib @H@ b � ��� r � q`THqSq QS{eTJ{�![Nih P_Q`n>hJb � gih.q \JVW�Hh[tOQ`jiNiTGt Q`R�}�\JNihfTJ� 0). � �/�iRWhYN RWQ`qSQ`nY\ ? xyVy\|jiRR�
}~Q`RURWQ`THj n��vxUR T
#~\�9iV5�i{vxUqS�:\�9eTGPHh K b @ h . k|\|jiNcxygih[RW} \|q`qJtOQ`jvNiTut QSR RU\J{i{igvQ`VUh ? xyVU\JjiRW}�QSRURUQSTHj
n��ExyR T$#�\�9eTuPHh��vb @ h .:L b 4]jinYh�xygih Nih P_Q`n>h t.\|R QSjiRWxo\|q`qSh>N QSj�xygvh } \JnogiQSjihJk xygih�tOQ`jvNiTutOR
tfh>VUh TJVUQ`h>j xUhYN \|x FHI Nih>�HVUh>hYR2tOQSxUg�VUhYRW{ehYn x xUT TJjih \JjvTJxygih>VYb<rOTJxo\ xyQ`jv�<xygvh�Nih>P_QSnYh~xygih>j
\JqSq`TGtfh>N �iR xyT {eTHRUQ xyQ`TJj�hYQ xygih>V tOQ`jvNiTut QSj�xygih ��� r qSQ`jih]TJ� RUQS�Hg xYb

����� ����� � 

��� 

��� ��� � � 
 � ��� � � 	 ��� ��
 

� �

� hY}~{ehYVy\ x��iVWhL� VvxUxyQSji� nY\Jq`n��iq \ xyQSTHjiR�t hYVUh gvQ`jiNih>VUh>N 9C� Q`jih$�E{iq`QSn^\�9vqS�"RWxyVWTHji��RWQ`�Hji\Jq`R
� VUTJ} xygih<xUQ`j!�GVpq xyhYVWhYN NiQST_Nih<Q`j jvh^\JVWqS� \|q`q.hL�E{eh>VUQ`}~hYjCxo\Jq V5�ijiRYb �.gih�q`h � x~{i\Jjih>qOTJ� � Q`���
�iVWh @ � RUgvTutOR ��� r Ni\|xo\2� VUTH} \wx �_{iQ`nY\Jq RWgiTJxYb�M�R.t.\|R3�iR5�p\Jq`q �~xUgih nY\JRUh|kvxygih]RUQS�Hjp\Jqe� VWTH}
xygvh]xyQ`j ? � j L � Vpq xyh>VUhYN�NiQST_Nihz� THVfxUgiQ`R.RUgvTJx t.\|RORWQ`�HjiQ Vpn^\|j xUqS��R xyVWTHji�Hh>V.xygp\|j�xygih:\|q��i}~QSj��v}
? M�q L RUQS�Hjp\Jq \|jiN \|x�q`hY\JRWx#ViPHh:xyQ`}~hYRO\JR�RWxUVUTHjv� \JROxygvhcxUQSxy\JjiQ:�i} ? � Q L \|jiN  YQSVUnYTJjiQ��i} ? � V L
RUQS�Hjp\JqSRYb � h NvT jiTJxwjih>hYN � VUQSRU} � � �[d(� xyT�xyh>q`q �iR2xygp\|x2xUgiQ`R2VWhYR=�vqSxwQ`R2R xyVy\|ji�Hh � RUQS}�{iq �
q`T_T���\|xOxygvhcVUQS�Hg xO{p\|jihYq�TJ� ��Q`�Q�vVUh @ � b'� gvh � j ViqSxyh>VONiT_h>R�jvTJx�gp\GPHh:xUgihcgiQS�HgihYR x�VUhYRW{eTHj!�
RUQ P_QSx � \|xw\JjC� hYjih>VU�J� 9eh>x tfhYh>j D^I h . \JjiN D�JJI h . ; QSxcQSRcNvTH}~Q`jp\|xUhYNT9C� xygih~Mzq Vpq xyhYVc\|x
q`TGt hYjih>VU�HQShYR \JjiN 9 ��xUgih � Q�\JjiN � V VpqSxUhYVWR \|x.giQ`�Jg�hYjih>VU�HQShYRYb C xO\J{i{ehY\JVUR.Q`}~{eTHRWRUQ�9vq`hOxygp\|x
xygvh � j!� ViqSxyh>VUh>N�NiQ`T_Nvh nYTQ�iqSN�RWgiTGt)xygih�RWxUVUTHjv�HhYR x RUQS�Hjp\|q QS�O\Jq`q�xUgih VpqSxUhYVUR2tfh>VUh�tfTJV=� Q`ji�



� K � �

��QS�ib @ Sib � "�h>� xYX � Vy\|jiRU}~Q`RWRUQ`TJj��/�vjin>xUQ`THj � THV D }~}&� xUgiQSn7� �vjinYTH\|xyh>N RU\J{i{igvQ`VUh|b�rOQ`�HgCx^X
� Vy\JjvRU}~Q`RURWQ`THj �/�ijin>xUQ`THj � TJV 0). � �HVy\|Nih�RW�_j xUgih>xUQ`n �/�vRUhYN&RWQ`qSQ`nY\ ? 0). 
 � � � L b C �JjiTHVUh6xygih
4 %:� � � \JjiN�s �cK n��iV PHhYRYb ��TJxUhJX

1 eV = 1239.8 nm·eV
λ nm

b-��QS�Q�iVUh>R.� VUTJ} ? � KJL \|jiN ? � � L b

nYTJVUVUh>n>xUqS�Jb
4]jih[{eTHRWRUQ:9iq`h�h$�E{iq \|jp\|xyQSTHj � THV�xygih \|jiTH}�\JqS�zQSR�xygi\|x xygih � j Vpq xyhYV�t.\JR {p\|RURUQSji��{igiTJxUTHjiR

\|x~hYjih>VU�HQShYR�\�9eTuPHh D�JJI h . TJVU9ehYqSTut DGI h . b 
:Q PHhYj xygp\|x xygih�hYqShYn>xUVUTHj xUhY}~{ehYVU\|x��iVWh�Q`j
�i��� QSR�{iVWTQ9p\�9vqS��9mh>q`TGt JJI h . kftfh NiT�jiTJx�h$�v{eh>n>x<xyT�RUh>h6\ RUQS�HjiQ Vpn^\JjCx	�
�!� TJ�cgp\|VUN
�4� VU\G� {igiT|xyTHjiR>b a�QS�Hg6h>jih>VU�J� 9eh^\|}�R:n^\JjT9eh~{iVUT_N,�inYh>N N��iVUQSji�<} \J�Jjih>xUQ`n VWhYnYTJjijihYn xyQSTHj�k
9��vxchL�ETJxUQ`n VWhYnYTJjijihYn xyQSTHj�Nv�_jp\J}~Q`n>R:n^\|jijiTJxchL�E{iq`\JQ`j xygvh~RWxUVUTHjv� � j�RUQS�Hjp\JqSR19ehYnY\��iRWh~xygih
\JjiTJ} \|qS� t.\JR {iVUh>RUhYjCx Q`j 9eTJxUg�RUQSji�Hq`h$� RW{igih>VUTH}�\��6\JjiN�n>TQ�ijCxyh>VR� gvhYq`QSnYQ x � }�h>VU�HQSji� RUgiT|xyRYb
���EnYhYRWR xyVU\JjiRU}~Q`RWRUQSTHj QSj xygih 0). t.\JR \ }�THVWh q`Q��Jh>qS�w{eTJRURUQ:9iQ`qSQ x �Hb M�q`qv� TQ�vV Vpq xyhYVWR�jiTH}~Q`ji\JqSq �
gp\^PHh  >hYVWT xUVy\JjvRU}~Q`RURWQ`THj 9eh>q`TGt DGI h . k�9��vx h PHhYj \ RW} \|q`q�xUVy\JjvRU}~Q`RURWQ`THj VU\|xyh 9 ��xUgih � j
Vpq xyhYVzQ`j xygih 0#. TJVzP_Q`RUQ:9iq`h2}�QS�Hg xzR=�|h>t�xUgih Np\ xo\vk�RWQ`jin>h xygih>VUh \JVWh \�{vq`h>xUgiTHVU\�TJ�[R xyVUTJji�
hY}~Q`RWRUQSTHj�q`Q`jvhYR.� VWTH} 9eTJxUg�g �_NiVUTJ�HhYj�\JjiN�Q`}~{��iVWQ x ��hYqShY}~hYjCxyR�\ xOxUgihYRWh:t.\GPHh>q`h>ji�JxygvRYb

C j THVWNihYVOxyT~xyh>RWx�xygvh2g �_{eTJxygvhYRUQSR�xUgp\|x�xygih � j VpqSxUhYVOtf\JR�{p\JRWRUQ`jv� {igvTJxyTHjvR�tOQSxUg%� 8
DGI h . k tfh nYTJjiRWxUV=�in xyhYN \�Nih>P_Q`n>h�xygp\|xwnY\J}~h�xUT 9eh �_jvTutOj \|R2xygih � qSTHqSqSQ {eTH{�! ? RWgiTutOj Q`j
��QS�Q�iVUh @H@CL b C xyR�{��vVU{eTHRWhOtf\JR xyT 9vq`T_n7� �4� VU\G� {igvTJxyTJjiR tOgiQSq`h.RWxUQ`qSqi\|q`q`TGtOQSji� 0). \JjiN P_QSRUQ:9iq`h
{igiT|xyTHjiR�xyT�VWh^\Jnog ��� r:b � giQSRzt.\|R \JnYn>TH}~{iq`QSRUgih>N%9C� �iRWQ`ji� tOQSjiNiTGtOR]}�\JNihwTJ� 0#. � �/�iRUh>N



� KHK �

��QS�ib @?J b � � giT|xyT�TJ�vxUgih � q`THqSq QS{eTJ{�!0Nvh>P_Q`n>h QSjiRWxy\Jq`qSh>N:Q`j:xUgih[}�\JnogiQ`jih�; xygih[RU\J{i{igvQ`VUh tOQ`jiNvTut
Q`R.P_Q`RWQ�9iqSh]xygvVUTQ�i�Jg<xygih:�Hq \|RURYb ��� r Q`R nYTJjijihYn xyh>N xUT xygvh � \|ji�Hh(A5�iRWxOP_Q`RWQ�9iqSh:\|x xygih xyTH{�T|�
xygvhzQ`}�\J�Hh � QSj~THVUNvhYV xUT 9iq`T_n7� QSx[tOQ xyg�xygih�Ry\J{i{vgiQ`VWhzq`h>jiRYkv\|q`qptfhzgp\JN�xyTwNiT2t.\JRfVUT|xo\|xyhOxygihRUgi\|� x�nYT��ij xUhYVUn>q`T_n7�CtOQ`RWhJb

RUQSq`QSn^\ ? 0). � � L \|jiN RU\J{i{igvQ`VUh|b � gih xUVy\JjvRU}~QSxUxy\Jjin>hYRzTJ��xygvhYRUh }�\|xyh>VUQ \|qSR�n��Ex:T
# \�9iV5��9vxyq �
A5�iR xK9eh>q`TGt DGI h .!? RUh>h ��Q`�Q�vVUh @ S L k�RUT<xygvh>� t hYVWh~Q`NihY\Jq�� THV Q`NvhYj xUQS� �_Q`jv�<\ 0#. THV P_QSRUQ:9iq`h
q`hY\���QSj�xygih � j Vpq xyh>VYb 4]jihctOQSjiNiTut&}~Q`�Jg x�gi\GPHhK9ehYhYj R5���~nYQShYj xYk 9��vx 9C� �iRUQSji�~x t T�tOQSxyg
RUqSQ`�HgCxyq ��NvQ #mhYVUh>j x xUVy\JjiRW}�QSRURWQ`THj �/�ijin xyQ`TJjiR ?F0#. � � n��ExyROT
# \�9eTuPHh K b @ h . kvtOgiQ`qSh]Ry\J{v{igiQ`VWh
n��ExyR]T
# \�9eTuPHh �vb @ h .:L kmt h giTH{eh>N xyT��C\|VUjih>V]\JNiNiQ xyQSTHjp\Jq�Q`jv� TJVU}�\|xUQSTHj \�9eTQ�vxzxUgih {iVWhYn>Q`RUh
hYjvhYVU�JQ`h>R�TJ� xygih:{vgiTJxyTJjiR xygp\|x tfh>VUhc{p\|RURUQSji� xUgiVUTQ�v�Hg<xUgih1VpqSxUhYVUR>b

� gih Nih PEQSnYh�t.\|RwQ`jiRWhYV xyhYN Q`jCxyT �i��� xygiVWTQ�i�Hg�xUgih {eTHV xwNiQSVUh>n>xyq � 9ehYqSTut ��� rcb 4]jin>h
QSxct.\|R QSjiRUQSNih~xUgih }�\Jn gvQ`jih|k tfh q`T_TJRUhYjvhYN THjih�TJ�.xygih RWnYVUh tOR \JjiN VUTJxy\|xyh>N xUgih Ry\J{v{igiQ`VWh
tOQ`jvNiTut FHI NihY�HVWhYh>RYb � h n>TQ�iqSN xygvhYj6{eTHRWQSxUQ`THj hYQ xygih>V]tOQSjiNiTut*Q`j xUgih �4� r�qSQ`jihwTJ� RWQ`�HgCx
9 ��VWTJxo\ xyQ`jv� xygih:RWgp\|� x�T|� xygvhcqSTHqSqSQ {eTH{�b

� \�9iqSh @ {iVUh>RUhYjCxyR�xUgih VUh>R=�iq xyR TJ� xygih q`TJq`q QS{eTH{2xyhYR x^b � Q`�Hjp\|q`R � VUTJ}�\Jq`q_� TQ�vV {vgiTJxyT_NvQ`T_Nih>R
tOQSxUg hYQSxUgihYV0TJ� xygih.tOQSjiNiTGtOR�QSj {iq \|nYhftfh>VUhOq`h>RUR0xUgp\Jj � � TJ� xygvhYQ`V �vjiTQ9iRWn��iVWhYN~P|\|q��ih>RYb�� gih



� K � �

� \�9iqSh @ X l�hY\Jj ViqSxyh>V RUQS�Hjp\JqSR.� VWTH} ��� r qSTHq`q QS{eTH{ xyh>RWx
� QSjiNiTGt 0 RUh>N M�q � QS�Hjp\Jq ?

µ
M L � j � QS�Hjp\Jq ?

µ
M L � Q � Q`�Hjp\|q ?

µ
M L � V � Q`�Hji\Jq ?

µ
M L

��T � Q`jiNvTut
210 ± 60 280 ± 70 40 ± 10 38 ± 9

0#. � �
0.7 ± 0.1 3.2 ± 0.9 0.5 ± 0.1 0.3 ± 0.1

� \|{i{igiQSVUh
0.7 ± 0.2 4 ± 1 0.4 ± 0.2 0.4 ± 0.2

xyQSj ViqSxyh>V xUVy\JjvRU}~QSxyR }~THVWh:qSTut2� hYjih>VU�J��{igiTJxUTHjiROxUgp\Jj�\Jj ��TJ� xUgihcT|xygih>VURYk
9��vx�xUgihcqSTHqSqSQS{eTJ{
VUh>R=�iq xyR�RUgiTGt&xygp\|x�xygih2nYTJj xyVWQ�9��ExyQ`TJj�xUT�xygvhwTGPHhYVU\Jq`q�xyQSj�RUQS�Hjp\Jq 9C��{igiTJxUTHjiR�tOQSxyg � 8 �vb @
h . Q`R�jihY�HqSQ`�JQ:9iqSh|b � gih RUQ`�Jjp\Jq`R TQ9vxy\JQ`jih>N tOgvhYjU�vRUQ`jv�]xygih 0). � � \JjiN Ry\J{i{vgiQ`VWh.q`hYjvRUhYR NvQ #mhYV
9 � q`h>RUR.xUgp\Jj�xygih]hL�E{ehYVWQ`}~hYj xy\Jq �ijin>hYV xo\JQSj x � � TJV \JqSq Vpq xyhYVWRYkvRUT Q x.Q`R.\Jq`RWT&�ijvq`Q��|hYqS� xygp\ x.xygih
xyVU\JjiRW}�QSRURUQSTHj 9 ��xUgih xyQSj VpqSxUhYV QSjinYVWh^\JRWhYR�VU\J{iQ`NvqS��\|R)�"\J{i{vVUTC\Jnogih>R DGI h . b

MzjvTJxygih>VO{eTJRURUQ:9iq`h]nY\��iRUh:T|� xygih:\JjvTH}�\Jq`T��iRUq �~giQ`�Hg � j�RWQ`�Hjp\|q`R t.\JRO\ xyQSj � {iQSjigiTJq`hzQ`j
xygvh�Vpq xyh>VYb � �vn g \ Nvh>� hYn x gp\JR*9ehYh>j {iVWh>P_Q`T��iRUq � TQ9iRWhYV PHhYN Q`j ��� r ; QSxwtfT��iq`N n^\��iRWh�xygih
Vpq xyhYV[xUT QSjiNiQSRUnYVWQ`}~Q jp\|xUhYq � {p\JRWR.{igiTJxUTHjiRfTJ� \Jq`qptf\GPHhYqShYjv�JxygiR \|jiN xygih>VUh � THVUhzhL�EgiQ:9iQSx giQ`�HgvhYV
RUQS�Hjp\JqSR xygi\Jj<h$�E{ehYn>xUhYN�b a�TGtfh>PHh>VYkixygvh jihY�H\|xyQ PHh]VUhYR5�iqSxUR TJ� xUgih qSTHq`q QS{eTJ{ xUhYRWxOV5�iq`hzTQ�vx.xUgiQ`R
{eTHRWRUQ�9vQ`q`Q x �Jb � hw\JVWhcxygih>VUh � THVUh2qSh>� x�tOQ xyg \~} �_R xyhYV �<xygp\|x�QSRz\ x�{iVUh>RUhYjCx �ijiRUTJqSPHh>N�b)� #mTHV xyR
xyT �ijiNih>VURWxy\JjiN�xygih�TQ9iRWhYVWPHh>N � j ViqSxyh>V~RUQ`�Jjp\Jq`R tOQ`qSq nYTHjCxyQ`j4�ih � \��HT_T_N>VpVUR x�R xyhY{�t TQ�iq`N
9eh:xUT~hL�Enogp\Jji�Jhcxygih1VpqSxUhYV n��iVWVUhYjCxyq ��Q`j�xygih:} \JnogiQSjih]� THV�\|jiTJxUgihYV � {iVUh>R=�i}�\�9iq � � QSNihYjCxyQSn^\Jq
THjih � 9��vx2� THV2jiTGt#t h tOQSq`q�{iVWT_nYh>hYN tOQSxUg hYq`h>n>xUVUTHj�xyhY}~{ehYVU\|x��vVUh@VixWxyQSji� �vRUQ`jv� THjvqS� Np\|xo\
� VUTJ} xygih:M�q k�� Q kp\JjiN � V�� Vpq xyhYVWhYN�NiQ`T_Nih>RYb

����� ����� ��������� 	���
 � ��� ��� 	 

� ��	�� � ��� � 	 � � 
 

� ����


� gih[h>q`h>n>xyVWTHj:xyh>}�{eh>Vy\|x=�iVUh>R Nih>VUQ PHhYN:� VUTH}HVixWxyQ`jv�ORUQS}*�iq \ xyhYN Vpq xyh>V�Vy\|xyQSTHR xyT ��� r Np\|xo\
\JVWh:RWgiTutOj�� TJV RUh PHhYVU\Jq VUh>{iVUh>RUhYjCxo\ xyQSPHhcRWgiTJxUR�QSj ��QS�Q�iVWh @ �vb � gih xyhY}~{ehYVU\|x��vVUh:{vVUT�VpqShYR.� THV
Q`jvNiQSP_Q`N,�p\Jq RWgiTJxyR~� h^\|x=�iVUh�jiT NiQSRUnYh>VUjp\�9iq`h�{i\|xUxyh>VUj�Q`j xygih �
�in xo\|xUQ`THjvR�TJ�

Te

b a�TGtfh>PHh>VYk



� KJF �
tOgih>j6t h~\GPHh>Vy\J�Jh TGPHhYV:\�j4�i}*9ehYV TJ�[nYTQ�vj xyh>VR� gihYqSQ`nYQ x ��RUgiTJxUR ? RWhYh ��QS�Q�iVWh @CKJL k xygih>VUh QSR \
nYqSh^\|V {eh^\�� \JVUTQ�vjiN x � S I

µ
R>b � gih<xUQ`}~QSji� TJ��xUgiQ`R {ehY\�� Q`R Q`j �JT_T_N \J�HVWhYhY}~hYjCx tOQSxyg

hYR xyQS} \|xUhYR TJ��xygihzVUh>nYTHjvjihYn xyQ`TJj�xyQS}~h 9i\JRUh>N�THj xyQS}�h$� T|� � �pQS�Jg x[n^\JqSn��iq`\|xyQSTJjiRYb �
�iV xygih>VU}~THVUh|k
l \Jnog {iVWTQ9ehw}�hY\JR=�vVUhY}~hYjCxyR 9 � a�TJVWtOQSx  ? DuKJL Nih>}�TJjiRWxUVy\|xUh \ RWxUVUQ�� QSji�HqS��RUQS}�QSq`\|VO� hY\|x��vVUh
Q`j~xygihz\  YQS}*�vxygp\|q 9��vq�� �iTut {p\|xWxyh>VUj�b � giQ`R nYTHVWVUTQ9eTJVy\|xUQ`ji�ch>P_Q`NvhYjin>h]R=�i�J�HhYR xyRfxygi\|x tfh]\JVWh
Q`jvNihYh>N�T�9iRUh>VWP_Q`ji�~gvh^\|xUQ`ji� � VWTH} VUh>nYTHjvjihYn xyQ`TJj�QSj�xygih ��� r Np\ xo\vb

� gih�}�\J�HjiQ x��iNvhYR TJ��xygih�xyh>}�{eh>Vy\|x=�iVUh>R~n^\|q`n��iq \|xUhYN+�iRWQ`ji� ��� r�\JVUh�\|{i{iVUT<�EQ`}�\|xyh>qS�
DGI h . giQS�Hgih>Vzxygp\|j xygiTJRUh n^\JqSn��iq`\|xyh>N � VWTH} 0#. q`QSjihYRzVy\|xUQ`THR>k tOQ xyg nYT��ij xUhYVR� gihYqSQ`n>QSx ��xyh>}&�
{ehYVU\|x��vVUhYR.{eh^\��_QSji� \|x(S I � S J h . \JjiN�RUQ`jv�Hq`h�RW{igih>VUTH}�\�� xyh>}�{eh>Vy\|x=�iVUh>R \GPHh>Vy\J�JQ`ji� \J{v{iVUT<���
Q`}�\|xUhYq � @HI � @?J h . b C x�QSR�\|{i{p\JVWhYjCx~xygp\|x xygvh�RWQ`ji�Jq`h�RU{igih>VUTH}�\�� xyhY}~{ehYVU\|x��vVUhYR�\JVUh<THjiq �
VUh>q`Q`\�9iqSh QSj xygih�QSj xUhYVWP \Jq x � @?J � � J

µ
R�;.\|x q \|xUhYVwxUQ`}~hYR2xygih�Vpq xyh>V RUQ`�Jjp\JqSR*9eh>nYTH}~h 64�iQSxUh

tfhY\�� ki\JjiN xUgihzVUh>R=�iq xyQSji�wq`\JVU�Jh �
�in x��p\|xUQ`THjvRfQSj�xygih)VpqSxUhYV VU\|xyQSTHR[{iVWTHgiQ�9vQSx \Jj �U�iRUh �/�iq \Jjp\JqO�
�_RUQSRYb ��� r'gp\|R�TQ�vxy{eh>VW� THVW}�h>N xygih .10#. }~THjiT_nogiVUTH}�\|xUTHV�Q`j xUgiQ`R<VUh>�C\JVWN ;2tOgiQSq`h xygih
}~THjiT_nogiVUTJ} \|xUTHV0RWQ`�Hji\Jq`R 9ehYnYTJ}�h#�iRUh>q`h>RURf\|R[hY\JVUq � \JR x � J�J

µ
R ? RWhYh&��Q`���iVUh @JICL kHxygih ��� r

Vpq xyhYV VU\|xyQSTHR.VUhY}�\JQSj�nYTHjiRWQ`R xyhYjCx�� TJVO\Jj�\JNiNvQSxyQSTHjp\|q D^I
µ
RYb � gih:h^\JVWqS��NvhYn^\^�<T|� xygvhcRWQ`�Hji\Jq`R

� VUTJ} 9eT|xyg<NiQ`\J�HjiTHR xyQSnYR.QSR.�/�vVWxygih>V h>P_Q`NvhYjin>hcTJ� xygih]�A\Jn x xygp\ x �0r dfR gp\^PHh:q`THjv�HhYVfq`QS� h xyQS} hYR
xygi\Jj�RU{vgihYVWTH} \��_R>b

% �p\JqSQSxo\ xyQ PHhfNvQ #mhYVUh>jin>hYR Q`jwxygih .10#. }�THjvT_n giVWTH}�\|xyTJV ? � Q`�Q�iVWh � FCL \|jiN ��� r ? ��QS�Q�iVUh
@CKHL xUhY}~{ehYVU\|x��iVWh.{iVUT�Vpq`h>R 9ehY�]xygvh364�ih>RWxUQ`THj�X tOgvQ`nog }~hY\JR=�iVWhY}~hYjCx Q`R�}~THVUh.\|nYn��vVy\|xUh�� � gih
VUh>q \|xUQSPHh~RUQS}�{iqSQSn>Q x � TJ�.xygih q`QSjih~Vy\|xUQ`T�}~h^\|R=�iVUh>}~hYj xUR }�\��Jh>R2xygih }~THjiT_nogiVUTJ} \|xUTHV:VUh>R=�iq x
\J{i{ehY\Jq`QSji��;mgiTGtfh>PHh>VYk�xygvh ��� r VWhYR=�vqSx]Q`RzQSj%9eh>xWxyhYV \|�HVUh>hY}~hYjCx]tOQ xyg �pTut }~h^\|R=�iVUh>}~hYj xURYb
� gih~xyhY}~{ehYVU\|x��vVUhYR2RWgiTutOj QSj 9eTJxyg)��Q`���iVUh>R � F \JjiN @HK \JVUh�\GPHh>Vy\J�Hh>N TuPHhYV2}�\JjC� RUgiT|xyRYk
RUT xygvh�RW}�T_TJxUgiQ`jv� h�# h>n>xUR NiQSRUn��iRURUh>N Q`j RUh>n>xUQ`THj J b D b @ nYT��iq`N 9eh�VWhYq`h P|\JjCx Q`j 9eTJxUg�nY\JRUh>RYb
C x�RUgiTQ�vq`N 9ehcjiTJxUhYN�xUgp\|xOxygvh2\J{i{ehY\JVy\|jinYhcTJ�0\ {eh^\���Q`j

Te

N��vVUQ`jv�~nYT��ij xUhYVR� gihYqSQ`n>QSx ��RWgiTJxUR
Q`R�jvTJx]\�� THVWhY�HTJjihwn>THjin>q��iRWQ`THj b]l \J�Jjih>xUQ`n2VUhYn>THjijih>n>xUQ`THj }�\G�<jiTJx 9ehwnYTHj,VijihYN xyT�\�RUgiTJVWx
Q`jCxyh>VWP|\|qeQSj~xygvhz}~Q`NvNiq`h TJ��h^\Jnog�RWgiTJx<;EQ � xygvhzRW{igih>VUTH}�\�� }~hYVW�HQSji�c{iVUT_n>hYRWRftfh>VUhzNvVy\GtOj TQ�vx



� � I �

��QS�ib @ �vb � � hY}~{ehYVU\|x��iVWhYRcNihYVWQSPHh>N6� VUTH} ��� r VpqSxUhYV Vy\ xyQ`TJR]� THV]x tfT�QSjiNiQSP_QSN��p\Jq�n>TQ�ijCxyh>VR�
gih>q`Q`n>QSx ��RUgiT|xyR ? xyTJ{ L \JjiN�x t T RUQSji�HqShcRW{igih>VUTH}�\���RUgiT|xyR ? 9eTJxWxyTH} L b(� gih Vpq xyhYVOVy\|xUQ`THR#�iRWhYN
tfh>VUh Mzq B � Q k Mzq B � VYk�\JjiN � Q B � VYk�\JjvN�\�NvhYjiRWQSx � T|�

5 × 1014
Q`THjvR B n>}

3
t.\JR:\JRUR=�v}�h>N � THV

nYTJ}�{p\|VUQSRUTHj�tOQSxUg�� VUQSRU} � � �[d(� RWQ`}*�iq`\|xUQSTJjiRYb



� � D �

��QS�ib @CK b�� M PHh>Vy\J�Hhwxyh>}�{eh>Vy\|x=�iVUhw{iVUT�Viq`hYR�� VUTH} � @ nYTQ�ijCxyh>VR� gvhYqSQ`nYQ x �<RUgiTJxUR ? q`h � x L \JjiN � @
RUQSji�HqSh RW{igihYVWTH}�\���RWgiTJxyR ? VWQ`�HgCx L b

\JjiNwq`h>RUR THVU�H\JjiQ  YhYN k|xUgihf{vVUhYRWhYjin>h TJ�iVUhYn>THjijih>n>xUQ`THj2tfTQ�iqSN 9ehf}�\JjiQ � hYRWxUhYNK9 �cgiQ`�JgihYV TuPHh>Vy\JqSq
xyh>}�{eh>Vy\|x=�iVUh>R N,�iVUQSji� nYTQ�vj xyh>VR� gihYqSQ`n>QSx �~RUgiT|xyR VU\|xygvhYVfxUgp\Jj 9C��\ {ehY\���Q`j xygvh]xUhY}~{ehYVU\|x��iVWh
{iVWT�Vpq`h|b

� gih NiQSRUn>VUhY{eh>jinYQShYRwQ`j6xUgih�VUh>R=�iq xyRctOQ`qSq 9ehYR x*9eh�VUhYRWTHqSPHh>N xUgiVUTQ�v�Hg�xygvh n>THqSq`hYn xyQSTHj6T|�
giQS�HgihYV'64�p\|q`QSx � Np\|xy\ctOQ xyg@9eTJxyg�NiQ \J�JjiTHRWxUQ`n>RYb ��� r tOQ`qSq
9eh�}�TJRWx �iRUh �/�iqetOgvhYj�QSx[Q`R \�9vq`hOxyT
{iVWT_N��inYh�VUh>q`Q \�9iqSh.xUhY}~{ehYVU\|x��iVWh�{iVWT�Vpq`h>R�� TJV�Q`jiNvQSP_Q`N,�p\JqvRUgiTJxURYkE\JR�xUgiQ`R�QSR tOgihYVWh�QSxUR��HVUhY\|xyh>RWx
\JNvP \Jj xy\J�Hh�TGPHhYV�xUgih .10#. }�TJjiT_n gvVUTH}�\|xyTJV0q`QShYRYb�� gih�xUhY}~{ehYVy\ x��iVWh#VixUxUQ`ji�:{iVUT_n>hYRWR t TQ�iq`N
9eh�}~THVUh xUQ`�HgCxyq � n>THjiR xyVy\|Q`jih>N QS� tfh n>TQ�iqSN �ExyQ`qSQ  >h�\<� TQ�vVWxygTVpqSxUhYVcRWQ`�Hji\JqG;��ijiNih>VUR xo\JjiNvQ`ji�
xygvhzxyQ`j@VpqSxUhYV.\JjvTH} \|qS� xygih>VUh � THVUh]VWhY}�\JQ`jiRf\2xyTH{�{iVUQSTHVUQ x �Jb �
�iV xygih>VftfTHV5�~tOQ`qSqm\JqSRUT QSj PHTHq PHh
\ jvh>t�RUh x�TJ�:� VUQ`RW} � �'�[d(� RWQ`}*�iq \ xyQ THjiR � hY\|x��vVUQ`jv� jiTHj�� l \B�_tfh>q`qSQ \Jj hYq`h>n>xUVUTHj�PHh>q`T_n>QSx �
NiQSRWxyVWQ�9��ExyQ`TJjiRYb � h&9ehYqSQ`h PHhwxygih>VUh }�\G� 9eh \�RWQ`�HjvQ:VpnY\Jj x]gvQ`�Hg!� hYjih>VU�|��xo\|Q`q QSj xUgih PHh>q`T_n>QSx �
NiQSRWxyVWQ�9��ExyQ`TJj�Q`j �i��� kfRUT�R=�inog \ nY\Jq`n��iq \ xyQSTHj�}�\G� gih>q`{ TQ�iV�RWQ`}*�iq`\|xUhYN"RW{ehYn xyVy\ 9eh>xWxyhYV
}�\|xynog�xygihc\Jn x��p\|q�hY}~Q`RWRUQSTHj 9 ��xygvhc{vq \JRW} \Eb



� � � �
� � ��
�( ( 
����>
+��� ����� ��* 
 � �����

� gih .10#. }~THjiT_nogiVUTJ} \ xyTHVOgi\JR 9eh>hYj%�iRUh>N Q`j�nYTHj�A5�in>xUQ`THj�tOQ xyg � VWQ`RU} � � �[d(� RWQ`}&�
�iq`\|xyQSTHjiR xUT {vVUT_N��in>h�\�j��i}*9ehYV�TJ�2jih>t!VUh>R=�iq xyR>b �pTQ�iV�QS}�{,�iVUQ x ��h>}�QSRURWQ`THj q`QSjihYR tfh>VUh
nYTJjinYq:�iRUQ PHhYq �~T�9iRUh>VWPHhYN X dPDFDFD FCK b K jv}�kEdPD�I D	JQJ ji}�kvdPDFDFD �H� F b K ji}�kE\JjiN 4EI � @ b I ji}�b
Mz}~THji��xygih>RUh|k xUgih D�JQJ ji} q`QSjihwt.\JR 9C� �A\JV]xygvh~R xyVWTHji�Hh>RWx^k \JjiN xUgih �H� F b K jv}!q`QSjihwt.\JR
\JjiTJ} \|q`T��iRUq � RWxyVWTHji�wQ`j�hL�E{ehYVWQ`}~hYj xURfnYTH}~{p\JVWhYN�xyTwRWQ`}*�iq \ xyQ THjvR \JjiN xUgihYTJVUh xyQ`nY\Jqeh$�v{eh>n>xy\B�
xyQSTHjiR>b � Q`}~QSq`\|V�VUhYR5�iqSxUR�gp\GPHh#9mh>hYj�TQ9vRUhYV PHhYN {iVWh>P_Q`T��iRUq � QSj �i��� \JjiN~Q`j T|xygih>V�RU{igvhYVUTJ} \�� R>b
� gih:n^\��vRUhcTJ� xUgiQ`R {igvhYjiTH}~h>jiTHj�VUh>} \|Q`jiRfxyTM9eh:Nih xyhYVW}�QSjih>N�b �.gihcjiTJj!� Nih xyh>n>xyQSTHjiR TJ� ViPHh
TJxUgihYV~qSQ`jih>R tfh>VUh&A5�iR x�\|R P|\Jq:�p\�9iqSh<QSj TQ�iV�\|jp\JqS�_RWQ`R TJ�z{iq \|RU}�\ n>TH}~{eTHRUQ xyQ`TJj�b � h�gp\^PHh
Nih xyhYVW}�QSjihYN�xygp\|x.xygih {iVUQS} \|VW��Q`}~{��vVUQ x �~Q`j �i��� Q`R.n^\JV59eTHj�kvtOQSxUg<T<�E�_�Hh>j \|q`RUT {vVUhYRWhYjCxz\|x
\J{i{vVUT	�EQS} \ xyhYq � DuBEDGIHIJI T|� xUgih:n^\JV59eTHj�nYTHjvnYhYjCxyVU\|xyQSTHj�b

� QS�HjiQ:Vin^\JjCxz{iVUTJ�HVUh>RUR]gp\JR 9ehYh>j }�\JNihwQSj xygih \Jjp\Jq �ERWQ`R�TJ� xygih �i�4� hYqShYn>xUVUTHj xyh>}�{eh>VR�
\|x=�iVUh�xygiVWTQ�i�Hg xygih��vRUh�T|�OxUgih FCK b K ji} B D	JQJ ji} q`Q`jvh�Vy\|xUQ`Tib 4 �iVwq \ xyhYR x n^\JqSn��vq \|xUQ`TJjiR
Q`jvNiQ`nY\|xyh:\|j�\GPHh>Vy\J�Hh:hYqShYn xyVUTJj�xUhY}~{ehYVy\ x��iVWhcT|� � I h . h^\|VUqS��QSj�n>TQ�ijCxyhYV�� gih>q`QSnYQ x � RUgiT|xyRYkpQ`j!�
nYVWh^\JRWQ`ji�wxyT @JI � @?J h . 9 ��x � � I � K|I

µ
RYb � gih:\^PHhYVy\|�HhzxyhY}~{ehYVU\|x��vVUhz� THVfRUQSji�HqShzRW{igihYVWTH}�\��

RUgvTJxyR�t.\|R \J{i{vVUT	�EQS} \ xyhYq � � I h . bHl�THVWh.Np\ xo\zQSR�jih>hYNih>N � THV�9eTJxyg nYT��ij xUhYVR� gihYqSQ`n>QSx �:}�h>VU�HQSji�
\JjiN RWQ`ji�Jq`hORU{igih>VUTH}�\�� RWgiTJxUR�;i\cxUgiQ`VWN�n^\|xUhY�HTJVW�~TJ��RUgiT|x^kEn>T�� gvhYq`QSnYQ x � }~hYVU�JQ`ji�vk RUgvTQ�iq`N \Jq`RWT
9eh:Q`jCPHhYRWxUQ`�C\ xyhYN b

� hY}~{ehYVy\ x��iVWhL� VvxUxyQSji� n^\JqSn��iq`\|xyQSTJjiRf� VWTH} �4� r Np\|xy\ \JjiN<RUQS}*�iq \ xyQ THjiRfgp\GPHh:{vVUT_N��in>hYN
}~Q �EhYN VWhYR=�vqSxyR>b)� q \|�Q�ih>N tOQ xyg �ijiVUhY\JRUTJjp\�9iqSh RUQS�Hjp\JqSR � VUTH} xUgih xyQSj!� ViqSxUhYVUh>N NvQ`T_Nih|k�t h
gp\^PHh<{vVUT_nYh>hYNih>N tOQ xyg�n^\|q`n��vq \|xUQ`TJjiR �vRUQ`jv� TJjiqS�6xygih�T|xygih>V xygvVUhYh�Vpq xyh>V RUQS�Hjp\JqSRYb �[�_{iQ`nY\Jq
hYqShYn xyVUTJj xyhY}~{ehYVU\|x��vVUhYR�tfhYVWh \|VUTQ�vjiN%S I � S J h . � THV�nYTQ�vj xyh>V]gih>q`Q`n>QSx �<RUgvTJxyR \|jiN @JI � @QJ h .
� THV�RUQSji�HqSh RU{vgihYVWTH}�\��"RUgiT|xyRYb � gvhYRUh P|\Jq��vhYR�tfh>VUh�\J{i{iVWT	�EQS} \|xUhYq � DGI h . giQ`�JgihYV�xygi\Jj
xygvh:xUhY}~{ehYVy\ x��iVWhYR�NvhYVUQ PHhYN�� VWTH} .10#. }�THjvT_n giVWTH}�\|xyTHVfNp\|xy\vkp\JqSxUgiTQ�i�Jg�xygih �ijin>hYV xo\JQSj x �
Vy\|ji�HhYROTGPHhYVWq \J{�\|x xyQS}�h>RYb
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� gih ��� r)xyh>}�{eh>Vy\|x=�iVUh�{iVUT�Vpq`h � TJV nYT��ij xUhYVR� gihYqSQ`n>QSx ��}~hYVU�JQ`ji� {eh^\�� R~\|x x

≈
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µ
R

\JjiN�xUgihYj<NihYnY\G�_R�\|� xUhYVWtf\JVUNvR�;pn>TH}~{p\JVUQSRUTHjvR.TJ� xUgiQ`R.VUh>R=�iq x tOQSxUg �pTGt }~h^\|R=�iVUh>}~hYj xUR � VWTH}
? DGKHL R=�v�H�HhYR x.xUgp\|x xygih�xUQ`}~QSji�cTJ��xUgihz{eh^\���n>THQSjinYQSNihYR[tOQSxUg�}�\J�Hjvh>xyQSn�VUh>nYTHjijvhYn>xUQ`THj b�a�Tut2�
h>PHh>VYk ��� r"}~h^\JR5�iVUh>}�h>j xUR[n^\JjijvTJx 9eh�n>THjiRUQSNih>VUhYN~xyV5�iqS� VUh>q`Q \�9iqSh3�vj xyQSqit h�nY\Jj�QSNihYjCxyQS� �2xygih
RUQS�Hjp\|x=�iVUh<T|�]VWhYn>THjijih>n>xyQSTHj Q`j xUgih<xyh>}~{mh>Vy\|x=�iVUh<{iVUT�Vpq`h>R~T|�]QSjiNiQSP_QSN��p\JqfnYT��ij xUhYVR� gihYqSQ`n>QSx �
RUgvTJxyR>b .10#. }~THjiT_nogiVWTH}�\|xyTHV0VUh>R=�iq xyR[RUgvTut \cq`\|xyh>V[\JjiN�}~THVWhO�HVy\JN,�p\JqpVUQSRUhOQ`j xygvh�{vq \JRW} \
xyh>}�{eh>Vy\|x=�iVUh N��vVUQ`jv� n>TQ�ijCxyhYV�� gih>q`QSnYQ x � }~hYVW�HQ`ji�vbH� giQSR VUhYR5�iqSx nYTQ�iqSNN9eh \JnYn��iVy\|xUh Q � VUhL�
nYTJjijihYn xyQSTHj�Q`RwT_n>n��vVUVUQSji� gp\J{igi\  ^\JVWNiqS��QSj RU{i\JnYh<\|jiN xUQ`}~hJk�VUh>R=�iq xyQ`jv� QSj VUh>q \|xUQSPHhYq �6RWq`TGt
gihY\|xyQSji� TJ�0xUgihw{iq`\JRU}�\~Vy\ xygih>V�xUgp\Jj \ VU\J{iQ`N�Q`jvnYVUhY\JRUh2Q`j

Te

b&�
�iVWxUgihYV�tfTHV5��QSR�jihYh>NihYN xyT
\JnogiQSh>PHhc\J�HVUh>hY}~hYjCx)9eh x t hYhYj�xUgih x t T~NiQ \|�HjiTHR xyQ`n>RYb

C xzRWgiTQ�iqSN 9eh2jiTJxUhYN�xygp\|x�QSj�TQ�iVOxyhY}~{ehYVU\|x��vVUh2nY\Jq`n��iq \ xyQSTHjiR t hwgp\^PHhwTJjiqS��RUnYVU\|xynogih>N
xygvh:R=�vVW�A\Jn>h:TJ� xygvh:{iVWTQ9iqShY} � RfxyV5�ih nYTH}~{iqShL�EQSx �Hb �pTHV.h$�i\|}�{iqShJkEtfh:gp\^PHh 9ehYh>j \|RUR=�i}~QSji� \
RU{i\|xyQ`\Jq`q ���ijiQ � THVU} xyhY}~{ehYVU\|x��vVUh2Q`j�xygvhw{iq`\JRU}�\vk
9��vx�xygiQSR�QSRz\|q`}~THRWx�n>hYV xo\JQSjiqS��Q`jp\|nYn��vVy\|xUh
? t h }~Q`�Jg x hL�E{ehYn x�Q xfxUT&9eh]giT|xUxyh>V.Q`j�xygih]n>hYjCxyhYV>kv� THVfQ`jiR xo\JjvnYh L b � gih qSQ`jih$� TJ��� RUQS�HgCx jp\|x��vVUh
TJ�.hL�_xyh>VUjp\Jq[}�hY\JR=�iVWhY}~hYjCxyR2} \��JhYR2Nih>xUhYVW}�QSjiQ`ji��R5�inog�R xyV=�vn>x��vVUh NiQ ��n��iqSxYk�9��Ex Q x2RWgiTQ�iqSN
9eh {eTHRWRUQ�9vq`hzxyT xUVW� RUh PHhYVy\|q�RU{p\ xyQ \|q`q � P|\JV �_Q`ji� }~T_NihYqSR2�vRUQ`jv� � {ehYn>x @ Z ? @HKHL \JjvN<RUh>h tOgiQSn g
THjih 9eh>RWx�}�\|xUn gvhYR .10#. }�TJjiT_nogiVUTH}�\|xUTHVfTHV �4� r TQ9iRUh>VWP|\ xyQ`TJjiRYb

l�hY\JR=�iVWhY}~hYjCxyR TJ� xygih h>q`h>n>xUVUTHj xyhY}~{ehYVU\|x��vVUh \|jiN QS}�{��vVUQ x �<n>THjin>hYj xUVy\|xUQ`THjvR]Q`j �i���
\JVWhwP_QSxy\Jq � THVzTQ�iV �ijiNvhYVUR xo\JjvNiQ`ji��T|�[}�\J�Hjvh>xyQSn2VUh>nYTHjvjihYn xyQ`TJj6\|jiN TJxUgihYVz{iVUT_n>hYRURWhYR:Q`j�xygih
{iq`\JRU}�\vb.MzR�TQ�iV)�_jvTutOqShYNi�Hh2TJ�0xUgihYRWhwP \JVUQ`\�9iqShYR�QS}�{vVUTuPHh|k RUT�tOQ`qSq�TQ�iV�\�9iQ`qSQ x ��xUT �iRWh �i���
\JRc\�xUT_THq�xyT<�C\JQSj Q`jvRUQ`�Jg x Q`jCxyT<jp\ x��iVU\Jq {vgihYjiTJ}�h>jp\�TJj xygih R=�vj�k Q`j xygih h^\|VWxyg
� R:} \J�JjihL�
xyTJRU{igih>VUh|k \JjvN�hYq`RWh>tOgih>VUh2Q`j<xygvhK�ijvQSPHh>VURUh|b 
:Q PHhYj<xygihcNiQ ��n��iqSxUQ`h>ROQ`jCPHTHq PHhYN�QSj�}�hY\JR5�iVUQSji�
\ RUh>hY}~Q`ji�JqS�T9i\JRUQSn {iVUTH{eh>VWx � R5�in g \JRwxUhY}~{ehYVU\|x��iVWhJk Q xwQ`R2jiT tfTHjiNih>Vwxygp\|xw} \JjC��T|� xygih
Nih xo\JQSq`R0T|�m{iq \JRW} \ 9ehYgi\GP_Q`THV0VUhY}�\JQSj&�ij�� jiTGtOj�b�a�Tutfh PHhYV>k xygih Q`ji�Hh>j��vQSx �wVUh�6��vQ`VUh>N xyT]xo\J}~h
xygvQ`R�}~THRWx�hYjih>VU�Hh xyQ`ncRWxy\|xyh2T|� }�\|xWxyhYV�\JjiN�xygih2{eT|xyhYjCxyQ`\Jq�� THV�jih t NiQ`RWnYTGPHhYV � \|VUhc{iVUh>nYQ`RWhYq �
tOgp\|x }�\��Jh�{iq \|RU}�\ {igC�ERWQ`n>R~R5�in g \Jj hL�EnYQ xyQ`jv� Vph>q`N b � gih �i��� xUh^\J} tOQSq`q nYTHjCxyQSj��ih�xyT
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tfTJV=� xyT&VpqSq xygih PHTJQ`NiR Q`j<TQ�iV3�ijiNvhYVUR xo\JjvNiQ`ji�~TJ� xygiQSR Q`}~{eTHVWxy\Jj xfxyTJ{iQ`n|b
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C � N q`Q:�JhOxyT2xUgp\Jj�� }w�~\JNvP_Q`RWTHVUR>kil�QSn gp\|hYqmsfVWTutOj�kvZ]\^P_Q`N�dfTHgih>j�ki\JjvN<dfgvVUQ`R.dfTJxUgiVy\|j�k
� THV �HQ P_Q`ji� }~h xUgih TH{i{eTHV x��ijiQ x � xUT tfTJV=� THj"xUgiQ`R hL�En>QSxyQSji� {iVUTBAWh>n>x<\JjiN"� THV {iVWTuP_Q`NvQ`ji�
Q`jCP|\Jq:�p\�9iqSh �Q�vQ`Np\|jinYh|k�R=�i{v{eTHVWxYk \JjvN QSjiRUQS�Hg x:xUgiVUTQ�v�HgiTQ�vxcxygvh VWhYRUhY\JVUnog {iVUT_n>hYRUR>b � {ehYn>Q \|q
xygi\Jj�� R]\JqSRUT��HT�TQ�vx�xyT � T_h l \Jn � \|VUq \|jih2\|xz� VUQ`RW} dfTJ}�{,�vxo\|xUQ`THji\Jq � n>Q`h>jinYh>Rz� THV�gvQ`R��HhYj!�
hYVWTQ�iRw\JRURWQ`RWxy\Jjin>h�tOQSxUg j4�i}�h>VUTQ�vR \|RU{ehYn xyRwTJ�.xUgih�nYTH}~{��vxUhYV2RWQ`}*�iq`\|xyQ THjvRYb C � }�QSjiNih�9ExyhYN
xyT�\|q`q�xUgihwRWx=�iNih>j xyRztOgiT�gi\GPHh 9ehYh>j {p\JV xzTJ�0xygih �i��� xyhY\J} 9eh>� THVWhw}~h�;exygvhYQ`V�gp\JVWN tfTJV=�
\JjiN%9vVUh^\�� xUgiVUT��i�HgiR]}�\JNih2}w��{iVWT�AWh>n>x]{eTJRURUQ:9iq`h|b C gi\GPHh �iRUh>N6\�j��i}*9eh>VzTJ� Vp�Q�iVWhYRz� VWTH}
{iVWh>P_Q`TQ�vR �i��� xUgihYRWhYR�; giTGtfh>PJhYVYk \Jq`q�xUgiTHRWh2xUgp\|xz\JVWh2jvTJx�nYQSxUhYN \JVUhc}w�<TGtOj�b C � PHhw�JVy\|xUh>�/�iq
xyT�xygvh���VWTuPHTJRWx � R T �~nYh�\|x � tf\JVWxUgi}�TJVUh�dfTHq`qShY�Jh~� TJVc�/�ijiNiQSji� }w�6VUh>RUhY\JVUnog xygiVUT��i�Hg�xygih
� \JV=9vq`h � �i}~}�h>VOrOhYRUhY\JVUnog �phYqSq`TGtORUgiQS{�b
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� giQSR \J{i{ehYjvNiQ �cn>THj xy\JQ`jvR RUQS}�{vq`QOVphYN 
:VWTJxyVWQ \Jj NiQ \J�JVy\J}~R�� THV RWh>PHhYVU\Jq_n^\JV59eTHj�k|jiQ xyVWTH�HhYj k
\JjiN6T<�E�_�Hh>j�Q`THjvRYb M�q`q�tf\GPHh>q`hYjv�JxygiR2\|VUh �HQ PHhYj6QSj6ji\JjiTH}~h>xUhYVWRYb �pTJV q`Q`jvhYR]tOQ xyg6}*�iq xyQS{iq h
nYTJ}�{eTHjvhYjCxyRYk xygih \^PHhYVy\|�Hh�tf\GPHh>q`h>ji�Jxyg TJ�.xygvh n>TH}~{mTJjihYjCxyR2Q`Rc�HQSPJhYj�b "�Q`jih>RctOQSxUg�t.\^PHhL�
q`h>ji�JxUgiR gvQ`�HgiqSQS�HgCxyh>N�Q`j 9eTHqSN�tfh>VUh:qST_TQ�JhYN�� THVftOQ xyg�xygih . 0). }~THjiT_nogiVWTH}�\|xyTHVf\|R {p\JVWx T|�
xygvQ`R.xygih>RUQSR�{vVUTBAWhYn x^b � gihcNvQ \J�JVy\J}~Rftfh>VUhcn>TH}~{iQ`qShYN �iRWQ`ji� ? � L \|jiN ? � JJL b
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