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JLKNMPORQPSUTWVYXNZP[\ZP]_^a`b^a`dcfehgiZPjlkRmYnpoqZRr*sUtu^um*vYmY^a`Ntu^ajwjxsRtu^yZP`0eFzN{}|~c*Vac��������U�P�R�*�he����%gBe}�R���\�q�R�U�Y�f�bQP�.M��
� M\�bQ~�F�~SUQ��b�Y�bQ\�b� ��� T��F�BT��~K~�¡ UQR���YSPM\�bQP P�NTY�~�~�# R�B��QPSR�bQP¢_QW�~KbQR£¤�.�b¥¦S � KbO � �NTY�~SR�bQR�YSR�� UT���QP R�BT£ � �~�~§~�~� � M\ R�b�¨¥.S:�©QPS:�bQ\�NQ_ªHTY�~�~¥¬«a§bTY�~SRKNM��b�R�bQP©®~�b�~�~�¯ UQ\�b�~� λ0 ° �±QPS:²:�~K~�~�~��« ∆λ

�bQ\�NQR�Y�KbT_M\�~§~�~��®NTYSUTY�~SUQPKNMW³µ´·¶~¶¸�5��T��YSUT��YSR UTY�~�bQ~�¹QPS�KNMP�Y�~KbT<®NT<�NTY�~�~¥¡º��bTYK~¢��~�	 W�Y�bTY�~SRKbT©� � � � �bTY�~�~¥�  UT � ®b���»�b�YSUQP�~�~�~��M.¼2J#®4M\�~�bQP½KNMPORQPSUT¾KNMP������QPSRKbTY�bQ% P�b�~¥.�~�bT¾�bT�QP�~KbT<®NT<�NTY�~�bQR�YSR�µ�Y�bTY�~SRKNM��b�R�bQP¢_Q��QR�YS\M\ pM*� � � � �bTY�~�~¥¿�.�bQP�NM�®4M\ÀÂÁ:TY¢_QI�NMH®NTYSUTY�~SUQPK��©�~K~�~�~�~�~�¤�~ R� � �i pM\ÀÂÁH�bT·º�SR���bT�QP�~KbT<®NT<�NTY�~�bQ\��YSR�5¼pJ"��QP�~§bTÃ R�B�Y�.M � M\�~�#�bQ�ªHT<�4M\�~�~¥¿����QPSUQPK~�BTÄ�bQ �  UQ\�b¥�S � ��TY�~�R²:�~SR�H�Y�b�YSUT��¹M\SR�~�bT��Y�~�bT·QP²:�bOP�~�QP�~KbT<®NT<�NTY�~�~¥¡�~KbQR£¾�.�NTY�S � KbO � �NTY�~SR�bQR�YSR�	 WO � ® � ÁIT������Y��QPK~KbTY�~SR�~KbQP pM\SR�¸®4M\�~�~�BTR� � ªHT±�bQ\� � ��bTY�~�~�BT¾�NMIKNMPORQPSPM\ÀÄÁ:�.Å��~K~�bORQPKNM�Å2¼
Æ Ç�È:GHÉ:GHEIÊ ËDÌ¾ÍÎA�ËDÏÐ@iÌ¾Ñ�ÍÒA�Ó=ÔÎÕ¦EIÔBÓDÔBÔÃÖiÈ:×BØ=GHÙ
Ú �bTY�~SRKNM��b�R�NM\¥�� �  U�YSR R�~SUT<�b�R�bQR�YSR�"®NTYSUTY�~SUQPKNM¬³µ´·¶~¶"ÛÝÜ*Þ�ß�àÂá�âpãRãWä½OP�~ÁIT<�NQP�~�~�B����M\SUQ�®NQR��~K~�~ UT<®NTY�NM"�NM¦å��b�R¼xæR¼ÃçÄ�NM.�Ð U��T��YSUTµ��Q��Y�bTY�~SRKNM��b�R�~�B���~KbQP� � �Y�.M\�~�bT���QP�~SR�~�~�è�~K~�bORQPKNM.�iQP�~KbT<�®NT<�b¥~TYS	QROPÁ � Àé�Y�bTY�~SRKNM��b�R� � À�� �  U�YSR R�~SUT<�b�R�bQR�YSR�#��M\�NM��4M¡³µ´·¶~¶0¼ëêHQP�bQ\�b�~�~SUT<�b�R�~�B�ÎM\¢_TY�~SUQR�¥. P�b¥~TYSU�ì¥�� � T��F�NM\¥�M\SU��QR��£¤TYKNM.¼�í¤M\�bQR�F�~�b�i�F�~SUQµ ��~K~�bORQPKbT©�NMd� � SR�¡�Y UTYSPM.�F�bQP�NM�®4M\ÀÄÁITY¢_Q��NM®NTYSUTY�~SUQPK5�bKNMP�Y�bQ\�NQ�ªHTY�~���<�NT<® � ÀÂÁ:�bT¤QP�~SR�~�bT��Y�~�bT¤ºY�NT���TY�~SR�¤î

•
�~�~SPM\ÀÄÁ:�~8SUT<�NT��Y��QP�½Û�ï��F�.®bSP�ñð¤MP����TY¢�KbTY�d�.�b�8�~�b�YSR�idð¤MP����TY¢�KbTY�"«uòióµò¯�~KbQP¢�KNMP���¹M ° �

•
�b�~� � M%ÜIMPOPK~�8Û�Q_®b�~�½�.�b��®b pMôM�Å.KbQR�¹M\S\M.�4�· R� ��� M��b�R�~�B�	�~KbQR�Y UTYS��NTY�~�bT��i�

•
��TY¢_��TY�~SPM\SUQPK8Û�M��bÀÂ�F�~�~�bTY R�iµ�<�NQP8� � M\Á:�~SR�~�B�	�bQP�~K~�iSR�bT��i�

•
�bTYKbT�OPKNMP�Y�i pM\ÀÂÁ:T�T � TYK~�.M��NQ½Ûõ�F�bQP¢_QR�<�NQP~�bQRTö®b�~ºY�NTY�~SRK~�~�bT��Y��QRT � TYK~�.M��NQ8�.�b��M��bÀÂ�F�~�~�bT<� R�id�<�NQP8� � M\ÁH�~SR�~�B���bQP�~K~�iSR�bT��i¼

÷¾Q\�NQR�_MdQPK~�~¢��~�NM��b�R�bQP¢_Q��~K~�bORQPKNM8³µ´¾¶~¶�£¤QPKb�F�~KbQP pM��4MP�Y�bîF�*®~�b�~�~�bQP UQ\�b�bQP UQP	�YSUQPKbQP�~��®b�.�Å.KbQP�~�~�~�B�	®NT<�b�~SUT<�NT��i�0�NM\�~KNM\ P�b¥.ÀÄÁ:�b�ø�~KNMP�Y�bQRTf� � � � �bTY�~�bT: %�bQ_®N����QPSRK5�2M%�¤��QPKbQPSR��QP UQ\�b�bQP UQP�YSUQPKbQP�~��ªHT<�bSR�B��§~ UTYSR�~�B���YSUTY�.�NQR��SR�~�NMW¶�ä¨ùbúPûüûöý¤ýÂâpþRã.¼ Ú TY¢_��TY�~S\M\SUQPK#�¦�bTYKbT�OPKNMP�Y�i pM\ÀÂÁH�bT
� TYK~��M��4MöOP���b�8�bQP�~K~�iSR��M��bÀ·�F�~�~�bT��#� � M\Á:�~SR�~�B�#�bQP�~K~�iSR�bT��i¼2çÂ��QRORTY�~�bQR�YSR�µ�~KbQP� � �Y��M\�~�~¥�QP�.�SR�~�bT��Y�~�.Å�ºY�NT���TY�~SUQP % %�Y�~�bTYdQRO\�4MP�YSR�8�Y�bTY�~SRKNM8«

λ < 420 ÿ�� ° � �NM��bTY�~�~¥½�bT¤�b��TYÀÄS\¼J��bTYK~ R��Å¦�~K~�bORQPKNM�Å¡³d´¾¶~¶������ ³µ³ «Ä³��Iæ	�¸³��Iæ_ã ° ®~�b¥¦�bQP R�i²ITY�~�~¥¡QROPÁ:TY¢_Qµ�~KbQP� � �Y��M���~�~¥¬�bTYKbT�OPKNMP�Y�i pM\ÀÂÁH�bT � TYK~�.M��4M8OP���b�¦�bQP�~K~�iSR���F�bQP¢_QR�<�NQP~�~�B��®b�~ºY�NTY�~SRK~�~�bT��Y�~�b� � TYK~��M��NQR�i�QP�~SR�b�F� � �~KbQP pM\�~�~�B�	�NM¤®b�NM\�NM � QP��âpþRã
�	�RãRã ÿ�� ¼.÷·K~�©� � ¢_QPSUQP P�NTY�~�~�5�~Q�®b�NM\��Q~�b��QPKbQPSR��QP UQ\�b�bQP pM\¥¢�KNM\�~�~§NMWº�SUQP¢_Q � TYK~��M��4M¦QP��M � M��4MP�Y�¦QP��Q\�NQ¬â�Rã ÿ�� ¼�çÂOPKbT � M\ÀÄÁ:�~�£¾�.�b��SRK#OP����� � ¢_QPSUQP P�NTY�#� ��YSUTY�.�4M.�NQP�.M � M\ R²:TY¢_QR�¨¥d�bQR�<�NTf� � ��TYKbTY�~�~µM\�NM��NQP¢_QR�èý¤ýÂâ���.¼bòhM\��QP�£¾�.�b��SRKd�~K~�~ UT<�d�½SUQR� � �N�~SUQ
æ



� � ���¹M\K~�bQRTë�~KbQP� � �Y�.M\�~�bT}�~K~�bORQPKNMÄQP��M � M��NQR�Y�·�bT<®NQR�YSPM\SUQP�~�~�B�i�\ÅpQPS�¥f�bQ\�NQR�_MÃQP��M � M��4MP�Y�Â®NQR�YS\M\SUQP�.��bQ·O\�b� � ��QP*�I�YS\M\�.®4M\K~SR�bQP±£¤QPSUQR��TYSRK~�~�bT��Y��QP*�bQ\�NQR��T V
¼��Ã�b��SUTYK~�NM\SR�~ pMÄÛ��b��TYSR�¤��TY�~�R²:T��Y UTYS\M.��bQ � M\ UT<®NQR��QIQP�~KbT<®NT<�NTY�~� � ÀL��QPKbQPSR��QP UQ\�b�bQP  � À ¢�KNM\�~�~§ � �.�b�±�b��TYSR�:ORQ\�b�R²ITÂ�Y UTYS\M±«aS�¼ TR¼p� � �~² � À�YS\M\SR�b�YSR�~�bT��Y� � À SUQP�~�bQR�YSR� ° ���bQf�bTÄ��QP U��T��"QP�~KbT<®NT<�NTY�~� � À ¢�KNM\�~�~§ � ��KbTY²H�.�4MP�Y�: f�bQ\�b� ���  RSUQPKbQP¢_Q R�BORQPKNM.¼5Þ}SUQ©T��YSUT��YSR UTY�~�bQ~�2�bQR�Y��Q\�b�R� � �bQ\�NQR� � �~KbQP� � �Y��M\�~�~¥W��Q_ª*�bQ � SUQP�~�~�~SR�© R�bQR�<�NT<®N�YSR R�~�5�5M®4M\�~�~�BT¤�¤ORQ\�b�R²IQP8�<� � �NM\~�bQP8QP²:�bOP��QP � � � �~²H�~SR� � ªHT¾�bT<�b� � ¥¿¼åhT_M��b� � M\§~�~¥*º�SUQP¢_Q· R�BORQPKNM � M\�.�bÀÄ�NM��4MP�Y�¾  � ®4M��NTY�~�~�*� � QP�~SR�~�bT��Y��QP¢_Q¾SRKNM\�~SPMÂ�~K~�bORQPKNM¾³d´¾¶~¶QROPKbT � M\ÀÂÁH�.ÅH�Y UTYSUQR£¤�.�b��SRKbQP b¼P÷·K~�Hº�SUQR�8®NTYb�YSR R�~SUT<�b�R�bQ·�Y�~¢��NM��: UQ � KbQR�Ð�5�� Ã�bTY��QPSUQPK~��ÅI�<� � �NM\¥�Å¿�� �NM��~�~SUT<�b�R�bQ~¼5çÃ®b�NM\��Q%�dSUQR� �  RKbT���TY�~��OP���b�8� � ¢_QPSUQP P�NTY�bQ±TYÁIT¤�bT��Y��Q\�b�R��Q±�~K~�bORQPKbQP b�N�bQ � ªHTH��~�b�YSUQ%M��bÀ·�F�~�~�bTY R�B�F�8�bTYKbT�OPKNMP�Y�i pM\ÀÂÁH�b�F� � TYK~��M��4MP�F�5¼÷·K~�èQPSU� � SU�YSR R�~� �Y�bTY§~�NM��b�R�bQP¢_Q	QROPKbT � M\ÀÂÁ:TY¢_Q�£¾�.�b��SRKNM.����QPKbQPSR��QP UQ\�b�bQP pM\¥�¢�KNM\�~�~§NM��Y�bTY�.�SRKNM��b�R�bQP��bQ\�NQR�Y��� �  U�YSR R�~SUT<�b�R�bQR�YSR�W³d´¾¶~¶�£fQPKb�F�~K � TYSU�ì¥dQR��QRORTY�~�bQR�YS�¥~�F�W�~KbQP� � �Y��M\�~�~¥WQP�~SR�.��bT��Y�~�.Å�ºY�NT���TY�~SUQP % *ßÄÜ �NMP�YSR�d�Y�bTY�~SRKNM.¼

å��b�R¼ÄæRî}çÄSRKNM\ªHTY�~�bTµQPS¬�~KbT<�NQR�h�b¥.ÀÄÁITY��bQP UTYKpÅ��bQR�YSR�¯���~KbQR�Y UTYS��b¥�ÀÂÁ:�b���bQP�~K~�iSR�bT���«u�<�NTY pM ° ¼ð·KNMP�Y�NM\¥½�~K~�~ pM\¥©Û��<�NQP
MgF2

�NM*�YSUTY�.�NT����fá�� � T<�NTY�NM\¥��~K~�~ pM\¥�Û��<�NQP MgF2

�NM*�YSUTY�.�NTH¶����.�¢_Q\� � OUM\¥dÛ � � � �~²ITY�~�bQRT*�F�bQP¢_QR�<�NQP~�bQRT*�bQP�~K~�iSR�bTI®~�b¥� R� ��� M��b�R�bQP¢_Q©®b�NM\�NM � QP�NM.¼ Ú �~KNM\ pM±Û�QPSP�KNM\ªHTY�~�bTfQPS%M��bÀÂ�F�~�~�bTY UQP¢_Qô�<�NQ�¥½ORT � �~KbQR�Y UTYS_�b¥.ÀÄÁITY¢_Qô�bQP�~K~�iSR�~¥¸«u�Y�~�~¥.¥©�~K~�~ pM\¥ ° �½�Â�~KbQR�Y UTYSP��b¥.ÀÄÁ:�b�"®~�b¥� R� ��� M��b�R�bQP¢_Q*®b�NM\�NM � QP�NMd«a�~KNMP�Y�NM\¥ ° ¼
òhM\�*�NM\�~K~�b��TYK5�R ¾³d´¾¶~¶������ ³µ³�®~�b¥:� � ��TYKbTY�~�~¥:S � KbO � �NTY�~SR�bQR�YSR�ô�bQÂ�~KbQP¢�KNMP����T��}¶��ø�ÐSUT<�NT<��Y��QP�bQR����� �!�#"üû%$ìú ÿ æRæ¾�b��T�TYSU�ì¥dâ%QPSRKNM\ª:M\ÀÂÁH�.Å½�bQP�~K~�iSR�~¥d���I�~KbT<�NQR�h�b¥.ÀÂÁH�.Å½�bQP UTYKpÅ��bQR�YSUTY5¼'&QPSRKNM\ª:M\ÀÂÁ:�bTÃ�ö�~KbT<�NQR�h�b¥�ÀÂÁ:�bTÃ�bQP UTYKpÅ��bQR�YSR�©�~K~�~ UQ�®b¥.S:�%�bQP�~�~ª:TY�~�~À �~KbQP� � �Y��M\�~�~¥± fßÄÜ�®b�NM���NM � QP�bTR¼UJ�QR�Y�bQP R�bQR�i�U� � � � M¾�NM��b�~�~�~¥*�~KbQR�Y UTYS_�b¥.ÀÄÁ:�.Å*�bQP�~K~�iSR�~5�pQP�~SR�b�F� � �~KbQP pM\�~�~��Åô®~�b¥I R� ��� �M��b�R�bQP¢_QI®b�NM\�NM � QP�NMd« λ > 400 ÿ�� ¼~í¤M*å¹�b�R¼5æ·�~K~�~ UT<®NTY�~�LSR�~�~�~�~�~�BT � M\ R�b�Y�b��QR�YSR�5�N�bQR�YSRKbQRTY�~�~�BT�bQÄ®4M\�~�~�B�W£¾�~Kb�F�(�*) �,+~ÿ )-�/.~û%0 ä#"_�RQPSRKNM\ªHTY�~�~¥*�~KbQR�Y UTYS��b¥�ÀÂÁ:�.Å:�bQP�~K~�iSR�~*�NMÂ�~KbT<�NQR�h�b¥.ÀÂÁH�.Å«u�<�NTY pM ° �dQPSRKNM\ª:M\ÀÂÁH�.Å¦«u�Y�~KNM\ pM ° �bQP UTYKUÅ.�bQR�YS�¥�Å¿¼1&¾�Y�bQ\�b� ��� T��F�BTH *�b�~� � T:ÜIMPOPK~��M�Å�KbQR�¹M\SR���bQ\��~K~�iSR�L�<�NQRT��

MgF2

�.M: UQPSI��QPK~KbTY�~§~�bQP�~�NM\¥½�.�4MP�YSR�~�NMISUT<�NT��Y��QP�NM-�ÂæRæ*«a�5�. UTYKbQ_¥.SR�bQ~�~SUT<�NT��Y��QP�bQP ³2�435) ° Û �F�bQP¢_QR�<�NQP~�bQR���~KbQR�Y UTYS_�b¥.ÀÂÁH�b� �bQP�~K~�iSR�bT��i¼�ðõ��Q�ª:M��NTY�~�~ÀI�}®~�b¥�S\M\�~�.Å#�bQP�~K~�iSR�~SUQP�~�~�BT·®4M\�~�~�BTf I®b�NM\�NM � QP�bT¤��QPKbQP�bTfâpãRã ÿ�� �bT·®NQR�YS � �~�~�¤¼J�®b�NM\�NM � QP�bT
λ < 350

QR�Y�bQP R� � À�KbQ\�b�½�~¢�KNMPTYSd�YSUTY�.�NQd¶����.�2 PÅpQ�®b¥.Á:T�T% ½��QR�YS\M\ dM�Å.KbQR�¹M\SUQP b¼çÄ�bQ%O\�NQP�~�~K � TYS© U��Tf� � � � �bTY�~�bTH��QPKbQP�bT6�RþRã ÿ�� �N�bQô�NM λ = 360
®NQR�YSPM\SUQP�~�bQö�~KbQ � KNM_�~�bQ~¼7�Ã�NM��NQ\�¢��~�~�bQ* UT<®NTYS%��T�O�¥½QP�~SR�~�bT��Y�~�~d�.�NTY5¼ð¾QPº_£¤£¤�~§~�bTY�~SöQPSRKNM\ªHTY�~�~¥µQPS � TYK~�.M��b�R�bQPµ�bQP UTYKpÅ��bQR�YSR��� � M\Á:�~SR�~�B�	�bQP�~K~�iSR�bT���«u���i¼4å��b�R¼æR�D�<�NTY pM ° � ��TY�~�R²*MPTYSU�ì¥¦ ½®b�NM\�NM � QP�bT±QPS8âpãRã ÿ�� ®NQ��RãRã ÿ��  U��TY¢_Q8�NM

≈ 10 8 �:9ë�<�b�¦�bQP�~K~�iSR�bT�b��T�TYS¬QP�~SR�b�F� � �~KbQP pM\�~�bQRT½�NMd R� ��� M��b�R�~�i¡®b�NM\�NM � QP�#�F�bQP¢_QR�<�NQP~�bQRT��bQP�~K~�iSR�bTR��SUQµ�bQPSUTYK~�	��Q\��YS\M\ P�b¥.ÀÂS%®NQ
≈ 40 8 ¼N÷·K~�µ�bTYSR�iKbT<Å½�bQP UTYKUÅ.�bQR�YS�¥�Å"«w®b UTH� � ��QPSUQPK~��Å8�b��TYÀÄS±QP�~SR�b�F� � �~KbQP pM\�~�bQRT

þ



�bQP�~K~�iSR�bT ° �~KbQP� � �Y�.M\�~�bT8�Y�b�YSUT��F���NM λ = 300
��QR�YSPM\ P�b¥.TYS¦�~K~�b��TYK~�bQ¬ã.¼;��QPSW�~KbQP� � �Y��M\�~�~¥¡�NM

λ = 400
¼ò=QP�~�bQB R�i�~�b�<�b�~SR�Ã�~KbQP� � �Y�.M\�~�bTë U��TYHQP�~SR�~�~�H³µ´·¶~¶0�Y R�.�bÀÂ�NM\¥¾�~�~S\M\ÀÂÁH�~fSUT<�NT��Y��QP�5�� �®b�NM\�NM��� QP�bT

λ < 400 ÿ�� � M\SRK � ®b�~�~SUT<�b�R�bQ~�\�bQR�Y��Q\�b�R� �  Âº�SUQR� � �NMP�YSR  � TYS·�F�bQP¢_Q·£fM\�~SUQPKbQP ÂQ_®b�bQP RKbT���TY�~�bQ���bT�QP�~KbT<®NT<�NTY�~�bQR�YSR�©�bQ\� � �NMPT���QP¢_Q%KbT ��� �b��S\M\SPMô UT<�b�~�.M.¼& � ��TYKbTY�~�bTöªHTô�Y�bTY�~SRKNM��b�R�bQP¢_Qd�~KbQP� � �Y��M\�~�~¥¦ U��TY¦QP�~SR�~�bT��Y��QP"�Y�b�YSUT��F�� 8��ORQPKbT*�~KbT<®N�YS\M\ P��b¥.ÀÄS½��QRORQP¦ORQ\�b�R² � À QPS�®NT<�b�R� � À � M�®4M_� � �5SRKbT�O � ÀÄÁ � À � �NM��~�~SUT<�b�R�~��Å � �Y�.�b�~¬�W�bT�QRO_ÅpQ�®b�b��QPM\�~�NM\KNM\S � K~�¤¼
< = ×BÖBÔBÈÝËDÌ¾ÍÎA�ËDÏÐ@iÌ¾Ñ�Í�G?>A@HÈ:G:@ÃÊB>�ÈIA�×C@EDHG:GGF:ÈHGIÖBÔiÈI×
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å��b�R¼�âbî�JÐ�~� ��� î�QPSR�bQP²ITY�~�~¥¯ UT���QP R��Å¯£ � �~�~§~�~ø®~�b¥#�~K~�~ UQP KbT_M\�~§~�~��[]5T�O^HKJ�LLPO�QKR#HHø��HKJ�LYL�Y�.�b�R�bQ8QPS��b�~�NM\ÀÄÁ:�.Åp�ì¥¸²H�~K~�~�bQP¦�~K~�¸Q�®b�~�NM\��QP UQP
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¼¿JÐ UTYKUÅ � î=QPSR�bQP²:TY�~�~¥W UT���QP R��Å¬£ � �~�~§~�~®~�b¥½�~K~�~ UQPµKbT_M\�~§~�~�qS'RUTYVNW5XYTö�8®~�b¥{S1R^TV�W5XT�ONZ^XT4¼ f T<�NTY�~�BTf�~K~�~ R�BT:��QRQPSR UTYSU�YSR  � ÀÂS±�bQPKb�¹M��b�P��~�B���~�.®NTY���_MP�i��£¾�bQ\�NTYSUQP R�BT�Û ®b�b£f£¤TYKbTY�~§~�NM��b�R�~�B�i¼�ï�SRK~�.ÅpQP R�BTµ�~K~�~ R�BTRîë�~�.®NTY���d´��ø´/���QRQPSR UTYSU�YSR UTY�~�bQ~¼
�~KNM\ R�.�b�R�bQP�HMJNLLô� � M\ UT<®NQR��Q±�bTY�~KNM\ R�.�b�R�bQP�[Y]5TNO�HMJNLL�OPQMR4HH2¼1sÐ���4Mô R�BOPKNM\�NMö�bQP�~��þ�eöM\ R¢ � �YSPMþRãRã��¾¢<¼R� � ��TYKbTY�~�~±�NM¾¢Ãó�M\.®4M\�NM\�5�pQPS��b�~�NM\ÀÄÁ*M\¥~�ì¥ö��QPÁ:�bQP% R�B��QP��QPöS � KbO � �NTY�~SR�bQR�YSR�RÀ:�pS � KbO � ��NTY�~SR�bQR�YSR�: f�bQP¢�KNM\�~�~�~�bQR���<�NQRTB�bQ�¥� P�b¥��4MP�Y�:º��~� � Q�®b�~�bT��Y�~�5¼~÷·K~�ö�b�Y�bQ\�b� � QP pM\�~�~�±�bTY�~KNM\ R�.�b�R�bQP�bQ\�NQR�Y�¤�~� � QROPKNM\ª:TY�~�bTH� � �bTYSUQR�¡�bQP¢�KNM\�~�~�~�bQP¢_Q%�<�NQ�¥� ô�YKbT<®b�bT��¡�NMx� 8 ORQ\�b�R²ITR�bORT �¾� �bTYS\M:Û��NMþ 8 ORQ\�b�R²:TR¼ Ú KbT<®b�bTY�~ pM�®bKNM\SR�~�~�~�i±KNM � OPKbQR�iQPSR�bQP²ITY�~�~¥I��QR�YSPM\ P�b¥~TYSHã.¼ ã\â·�*ã.¼ ãRþ·��QRQPSR UTYSU�YSR UTY�~�bQ~¼
� � ÔiE:ÏëÈIÔ�hv��FI×iÈI×BÕ"AFÏëÈIÔB@�k�ÔiÏÐÔBÕ¦AFÏ}ÈHG:ÉIA�Ë:@¾ÔC�nF:Ô�h*ÔBËhÊ FHÈ:G:ÖÃÔiÈ:×
³µ´·¶~¶¤�~KbT<®N�YS\M\ P�b¥~TYS¤��QRORQP: R�B��QP��QPSUQP�~�~�i%£¤QPSUQR��TYSRK5��KNMPORQPS\M\ÀÂÁ:�~: Â�bTY��QPSUQPKbQPô£fQPSUQR��TYSRK~�~�bT<��Y��QPµ�bQ\�NQR��TR¼0÷·K~�½ÅpQPKbQP²:�.Å½�bQP¢_Q�®b�~��Å � �<�NQP R�~¥�Å½SUQP�~�bQR�YSR�±� � ��TYKp¥~T��F��Åd�b� �  UT � ®b�~��Åd UT<�b�~�~�~�QP�bTY�~�� R�B��QP��M¸«a�bQPKp¥�®b��M½�bT��Y��Q\�b�R�~�.Å¸ã m. ãRã.æ ° ¼¿÷·K~�~�~§~�~�¬�~KbQR�YSUTY~²ITY¢_Q���QP�~SRKbQ\�b¥¬£¤QPSUQR��TYSRK~�~�bT<��Y��QP*�bQ\�NQR�Y���~K~�bORQPKNM � M\�.�bÀÂ�NMPTYSU�ì¥I ¾�YKNM\ R�bTY�~�~� �  UT � ®b�~��Å: UT<�b�~�~�~�I ¾�Y�b�YSUT���T��~K~�bORQPKNM

mMASS�Ä��M\S\M��NQ�ª*�~�B�F� � �NM��bTY�~�~¥~�F�5�.�NM\�~K~�b��TYK5�� UT<�b�~�~�~�bQP V
¼Rê¤�b¥%KNM � �b�~�~�~��Å±�~K~�~ R��Å%KbT_M\�~§~�~�©KNM � ��bQR�YSR�

mMASS − V
O � ®NTYSW�bQWKNM � �bQR� �"� M\ R�b�Y�~SR�¦QPSW�.M\S\M��NQ_ª*�bQP¢_Q"§~ UTYSPM�� � ��TYKp¥~T���QP �  UT � ®b�¤¼ò=M\�µ��M\�d�~KbQRO\�NT��F���bT�QP�~KbT<®NT<�NTY�~�bQR�YSR�W�bQ\�NQR�Y� ³d´¾¶~¶��Y R¥ � M\�~� �fQRO\�4MP�YSR�RÀ���QPKbQP�bTHâpþRã ÿ�� �NSUQ U��T��YSUQ

mMASS − V
�~KbT<®b�bQP�~SR�~SUT<�b�R�bT�TH�b�Y�bQ\�b� � QP pM\SR� mMASS − B

¼í¤M*å¹�b�R¼1�I�~K~�~ UT<®NTY�~��S\M\�~�bT¤§~ UTYSUQP R�BT � M\ R�b�Y�b��QR�YSR�5�N�bQR�Y�~�~SPM\�~�~�BTH®~�b¥��NM\²:TY¢_Q*�NMPORQPKNMô�bQ\��NQR�R¼5J���T � M\ R�b�Y�b��QR�YSR�¦�bQPKb�F�~KbQP pM\�~���NM �  UT � ®b� �Y�bTY�~SRKNM��b�R�bQP¢_Q½�.�4MP���_M½´·ãcbI¼¿J}�.®b�bQ~�5�~SUQ��NM���.�NQP� � M\ R�b�Y�b��QR�YSUTY��Y�.�b�R�bQH��TY�~¥.TYSU�¨¥%  � M\ R�b�Y�b��QR�YSR�±QPSHKbT_M��b� � M\§~�~�±£¤QPSUQR��TYSRK~�~�bT��Y��QP©�bQ\�NQR�Y�
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å��b�R¼�.îRJ�TYKpÅ � îRí¤MPO\�bÀ�®NTY�~�~¥ô�iQPK~�~¢��~�NM��b�R�~�B�¸³µ´·¶~¶H�NM·ó�M\.®4M\�NM\��TÄþRãRã��.¼ ã�e.¼ þ��.¼pð¤M��bT��YSR UQf� � QRO\�KNM\ªHTY�~�~¥
βE

�
βM

�bQ· UQR���YSPM\�bQP P�NTY�~�bQR� � �~KbQR£¾�.�bÀøS � KbO � �NTY�~SR�bQR�YSR�ö�B�b�Y�bQ\�b� � QP pM\�~�bT��¸�~K~�~ R��ÅKbT_M\�~§~�~��[]5T�O^HKJ�LLPO�QKR#HH½«a�~K � ª*�~� ° �6HKJ�LLô«w�b�~�~�~¥ ° ¼�JÐ�~� ��� îUQPSR�bQP²ITY�~�bT βE

�
βM

¼P�¾TYK~�~�i±§~ UTYSÛ�� � �bTYSUQR�	�<�NQ�¥8ã.¼;�I�b�i�~�~KNMP�Y�~�i�Û�ORT �¤� �bTYS\M.¼
�~K~�bORQPKNM.¼~ò=M\�5��®~�b¥±�NM\²H�.Åö�~KNM\~�~�.Å±�<� � �NMPTY EHMJ�LYL�OPQMR#HYH%�{[NL�WYO^HNQI�NM\�.�NQP�½��TY�~¥~TYSU�¨¥±QPS:� ã.¼;�\â:®NQ� ã.¼xæ4d.¼bJ�T<�b�~�~�~�NM*�NM\�.�NQP�NM � M\ R�b�Y�~S% ôQR�Y�bQP R�bQR��QPS*�bQ\�NQ�ªHTY�~�~¥d�bQ\�NQR�Y� «u���i¼bòhMPO\�D¼5æ ° ¼ï��~K~�~�NMf£¤QPSUQR��TYSRK~�~�bT��Y��QP±�bQ\�NQR�Y�	 P�b�~¥~TYS¤�NM·§~ UTYSUQP  � À � M\ R�b�Y�b��QR�YSR�f�bTi�YSUQ\�b�:QP�bTY R�.®b�~�B�QROPKNM � QR�i�¿�:²H�~K~�~�bQPW�bQ\�NQR�Y���Y R¥ � M\�NM±�~K~�~ R� � �NM � M\ R�b�Y�b��QR�YSR�5¼5í¤M\�~K~�b��TYK5�¿�~K~�~ pM\¥d®~�b¥µKbT_M��b�.�� M\§~�~��[�L�WYO^H�Qf :QRO\�4MP�YSR�±ORT<�b��Å �  UT � ®¬« B−V < 0m. 0 ° QPSR�.�NQP�~¥.TYSU�¨¥ö�Y�.�b�R�bQH R�~� � �p�bQR�Y��Q\�b�R� � º�S\M�bQ\�NQR�_M.�b öQPS_�b�~�~�bTfQPSöORQ\�b�R²H�~�b�YSR pMô®bK � ¢��.Å¿� � M�Å. pM\SR�i pMPTYS � �NMP�YSUQP�8�Y�bTY�~SRKNM*�bTYKbT<®usiM��b�U��TYKbQP P��Y�~�b�è�Y��M_�~��QR�i¼�&¾��TY�~�bQ��bQ �  UT � ®4MP�L�Y�bTY�~SRKNM��b�R�~��ÅW�.�4MP����QP q�iãv�q��ã©��Q_ª*�bQ8QP§bTY�~�~SR��²H�~K~�~� �£¤QPSUQR��TYSRK~�~�bT��Y��QPd�bQ\�NQR�Y�L�~K~�bORQPKNM.¼

9¹�<�b�I�YKNM\ R�~�~SR�Â�bQP UT<®NTY�~�~�bT}§~ UTYSUQP R��Å � M\ R�b�Y�b��QR�YSUTYH®~�b¥fKbT_M��b� � M\§~�~x[Y]5T�O^HMJNLLPO�QMR4HH¤�
HKJ�LYL R�.®b�bQ~�2�~SUQ±º�SR� � M\ R�b�Y�b��QR�YSR�¬�~KNM\�~SR�~�bT��Y�~�¬��QP R�NM�®4M\ÀÄS� �QRO\�4MP�YSR� B − V > 0m. 0
�2�bQö®~�b¥ �  UT � ®�.�4MP���_M6�iã.�.§~ UTYS\M

mMASS −B
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f MP��TYSR�b�i�} Wº�SUQR����TYSUQ_®NTR�ë§~ UTYSUQP R�BT8�bQP�~KNM\ R�~�� R�i�~�b�<�b¥.ÀÄSU�¨¥��bQ¬�YSPM\�.®4M\K~SR�~�B� KNMP�Y�~KbT<®NT<��NTY�~�~¥~�øº��bTYK~¢��~�5�¿�<�NT<®NQP pM\SUT<�b�R�bQ~�¿QP²H�bOP�~���b�üÅpQ_®b�~��Åd®4M\�~�~��Åµ�~K~�~ UQ�®b¥.S���QP²H�bOP�.MP�¯�bQP�~KNM\ UQP�5¼÷¾QR�Y��Q\�b�R� � �_MP�F�I�bQP�~KNM\ R�~�* UT<�b�~�~�5�PSUQÂ�H�.ÅIQP²H�bOP�~� � �NM��~�~SUT<�b�R�~�¤�pQP�~�I��QP¢ � SÂ®NQR�YSR�~¢<M\SR�
∼
ã m. ã���½TYÁIT¤ORQ\�b�R²:T¾®~�b¥±�~KNMP�Y�~��Å �  UT � ®D¼
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å��b�R¼�.î Ú �NTY pM.îUKNMP���Y�~�~S\M\�~�NM\¥*®b  � Å�§~ UTYSR�NM\¥I®b�NM\¢�KNMP���¹M mMASS−B
QPS

B−V
®~�b¥: U��T<ÅIKbT_M��b� � M��§~�~�©�bQ\�NQR�Y�L³d´¾¶~¶0¼ Ú �~KNM\ pM.î.§~ UTYSUQP pM\¥ � M\ R�b�Y�b��QR�YSR�*®~�b¥ö�bQ\�NQR�Y��[Y]5T�O^HMJNLLPO�QMR4HH%�©KbT ��� �b��S\M\SR�� � ��TYKbTY�~�~d�·�~K~�bORQPKbQR�|�}¶��:¼

Ú �~S � M\§~�~¥©QR�<�NQ_ª*�~¥~TYSU�ì¥�SUT��i���~SUQ:�~K~�b��TYK~�bQv�Rã 8 �~KbQP¢�KNMP���F�~��Å �  UT � ®��bTYKbT���TY�~�~�BTR¼~ò=M\�5��� �æ_þ �  UT � ®D�D�NMPO\�bÀ�®4M\ R²H�.Åp�¨¥¦�NM8òDQ\�4M\KbTö dþRãRã\â{�¬þRãRã���¢�¢<��� �  UT � ®�� �  UT��YSR�~���.M\�¸�bTYKbT���TY�~�~�BTö�� M\�bQ�®NQ � KbTY�~�~�BTÂ�ÃMP�F�.�b�~S � ®NQPô� � ��TY�bTY�~�~¥%O\�NT��Y�.M¤QPSHã m. ã.æ�®NQ¤ã m. �.¼\ê:MÂ�*®~�b¥ISUT<Å �  UT � ®D�U��QPSUQPK~�BT�bTI�Y�~�~S\M\ÀÂSU�ì¥W�bTYKbT���TY�~�~�B�F�5�
B
 UT<�b�~�~�~�NM±� �  UT��YSR�NM©�H�bT�ORQ\�b�R²IQP�SUQP�~�bQR�YSR�RÀ�� � � � M±�~KbQRO\�NT��F�SUQP�~�~��Å�� � ��TYKbTY�~�~8¥.K~�~�.Å �  UT � ®D¼çÃ®b�NM\��Q~�ë�Y�~S � M\§~�~¥¡�bT��Y��Q\�b�R��Q¬�b�Y�~KNM\ P�b¥~TYSU�ì¥�SUT��i���~SUQ� ¬�Y�.� � �Y�bTY§~�b£¤�~�~�	£¤QPKb�F�~KbQP pM\�~�~¥�bQ\�NQR�Y�Î�~K~�bORQPKNM.�}²:�~K~�~�NM¸�bQ\�NQR�Y�Ò�#�bQ\�NQ_ªHTY�~�bT��bQ\�NQR�Y���Y�.�b�R�bQ"�Y R¥ � M\�~����TYªI® � ��QRORQP5¼Ðí¤Må��b�R¼�����Q�ª*�bQWº�SUQµ�NTY¢���Q � MP��TYSR�~SR�b¼ÐÞ}S\M��Y R¥ � �¬�bT��Y��Q\�b�R��Q¸�NM\K � ²*MPTYSU�ì¥¡�~K~�¡®NQP�bQ\�b�~�~SUT<�b�R�bQR�QROPKbT � M\�~�~�¯� �  U�YSR R�~SUT<�b�R�bQR�YSR�L�8�~KNMP�Y�bQPø�YSUQPKbQP�~�¤�Ð�.M\�# "�<� � �NMPT�HMJNLLW�#��TY�~�R²IT8 "�<� � �NM\¥�ÅS1R^TV�W5XT�ONZ^XT4¼~í¾Qô�b��TY�~�bQ* *º�SR�.Å½�<� � �NM\¥�Å©�~KbQRO\�NT��¹M*�bT¾�YSUQ\�b�öQR�YSRKNM.¼ò=T<Å��~�~�.M � SUQP�~�bTY�~�~¥½£¤QPSUQR��TYSRK~�~�bT��Y��QPµ�bQ\�NQR�Y� � � �NQ�ªHTY�NMôORQ\�NT�Tf�bQ�®bKbQROP�bQ% *�~K~�.�NQ_ªHTY�~�~�5¼
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÷¾TYK~ R�iöQP�~�iS:�Y�bTY§~�NM��b�R�~��Å%� � ��TYKbTY�~�~ö®~�b¥*��QP�~SRKbQ\�b¥ö£fQPSUQR��TYSRK~�~�bT��Y��QP©�bQ\�NQR�Y���~K~�bORQPKNMHOP����~KbQP UT<®NTY�½ó"¼ Ú M\KNM\§~�~�bQR�� UQH RKbT��F¥±SUT��YSR�~KbQP pM\�~�~¥©�~K~�bORQPKNMI³d´¾¶~¶������ ³µ³�®~�b¥±�~KbQP¢�KNMP���F���*����NM¾÷¤M\KNM\�NM��NTC�?�fM5�·�~KNM.¼pJ¦®b UTi�bQP�~�5î�þ·�	�¤M\ R¢ � �YS\M:þRãRã��¾OP���NQ¾� � ��TYKbTY�bQf�bQôæ_þ �  UT � ®D�p�~K~�b��TYK~�bQ�bQ��x�¸æ_ã©�F�~�5¼2��M\ªI®4M\¥¿¼ f MP��TYSR�b�i�¿�~SUQ��YKbT<®b�W� � ��TYKbTY�~�~��Å �  UT � ®#«yþRãöKNM � �~��Å �  UT � ®¬� � �Y�~�b�Y�.ML^T�J5����]�L�T ° á �  UT � ® � M\�bQ�®NQ � KbTY�~�  %�bTYKbT���TY�~�bQR�YSR�5¼÷¾Q·� � ��TYKbTY�~�~�B�¸�~�b�YSRK � ��TY�~SPM��b�R�~�B�¦ UT<�b�~�~�~�NMP�¸OP���b�ô R�i�~�b�<�NTY�~���~�b�YSRK � ��TY�~S\M��b�R�~�BTÄ§~ UT<�S\M
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