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 !"#$%&' (
)*+%,*- ! "#!  $%&'! %()&*')' ') +, -*+%( ∼ 4 × 10

11 '+&.'//!+0 1(%!+ -' '+&!+ +() -' &*2(3!+*4( 5 4*-! %(.&!0  ! 3!5(.#! -' /!+ '+&.'//!+ &*')') 4*-!+ -' 3*/'+ -' 3*//()'+ -'!6(+ -,.!)&' /(+ %,!/'+ 2'.3*&') '/ -'+!..(//( 5 '4(/,%*7) -' +*+&'3!+ 2/!)'&!.*(+0 8*/! &'(.#! '+&$)-!. -' 9(.3!%*7) '+&'/!. '+&$ ') /( %(..'%&(: ,) ;.!) 2(.%')&!<' -' /!+'+&.'//!+ &*')') 2/!)'&!+0 8' %.'' =,' /! 9.!%%*7) -' '+&.'//!+ =,' &*')') 2/!)'&!+ '+ ∼>?@: 2(. /( =,' '/ )A3'.( &(&!/ -' +*+&'3!+ 2/!)'&!.*(+ ') /! B!/!C*! '+ ∼ >0@ C 10
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"$#&%'# (*),+.-&/1032547698,)&6':�2;036=<>-@?BAC2
D
?'<FE�?G:�?$HI-&J�?�KL2;),+.-&/1012NM
476O+.?=)&6=<

PRQ�S@TIU&VWQYXZS\[]X^V`_aSbTdc�X^S&VWeZfgc S&hiX^jWQk_aclem_aS.noVWeZp.clU&qgrWQsS&hiX^S&TgcWe@tuS&TIhZqghiX^S&p$cvhZVWTgcleGwaxkS&_aSyhZS&e
wzS&QahZcl_aV
U&VWp.V�S&T|{kVlT}p$cWh=clTd~lxaQkVWh.�����^���.�&�^�������uqg~WxaeZc��]�����\�3PRhiX^V�_kS&�kqd_kV�c
��xkS$Tgc
p.clhZc
hZxkp.cW_kcy_aS@T�p$clX^S&eZqgcWT3_kS&T�hZqdhiXZS&p.cbhZVlTdcle@tzhZqdQ qgQaU&Tgxkqde5S@T}{]VWT�tzS&h�hZrWTgVy_kS&T>�k� �W�R��_kSmTgcbp.clhZc
X^VlX^clT1_kS&T1hZqghiX^S&p.c$wkTgcWQkS@X^cWeZqgVk�
��S&hZU&eiqd�kqgp.VWh�c�U&VlQYX^qgQ�xkcWU&qgrWQG�aeZS@�lS&p.S&QWX^S5TgcWh�U&cWeZclU@X^S&eZfghiX^qgU&cWhup.VleinoVWTgrW~lqdU@cWh1�'nofdhZqgU&clhup$jWh

qgp.wzVWeiX^cWQWX^S&hN_aS@T3hZqghiX^S&p$c$waTgclQaS@X^cleZqgV���xkS=U&VWQkV]U@S&p.VWh5p$S �ZVWe@¡kS&T3hiqdhiX^S@p.c$hZVlTdcle@�

¢;£i¤R£i¤|£ ¥
¦b§;¨R¦�©ª¦«¨R¬�­v¦«®R¯±°1²�®R¬
PRTk{]VWT]S&huxaQkc�S&hiX^eZS&TgTgc±_aSNhZS&U@xaS&QkU&qgc�waeZqgQkU&qgwacWTWX^qgw�V�³'��tlU&VlQYX^qgS&QkSNcWwkeZV�[kqgp.cl_aclp.S&QYX^S|S@T]´W´]� µl¶
wzVWe·U&qgS&QYXZVy_aS'Tdc.p.cWhZc$X^VlX^cWT>_kS&T>hZqdhiX^S@p.cbhZVlTdcle5��X^qgS&QkS'xaQkcyTgxkp.qgQaVWhZqg_kcW_

∼ 4 × 108
�WS@U&S&h

p.c��lVWe��YxaS$TgcyTdxkp.qgQaVlhZqg_acW_
X^VlX^clT5�oeZS@¸¹S �Zcl_ac�p.jWh�S&p$q�X^qd_kcY�5_kS.ºW»kwaq�X^S&e@t1S&TuhZS&~lxaQk_aV
VW�Y�ZS@X^V
p.jlhu�keZqgTdTgclQYX^S|S&Q$S@TkhZqghiX^S&p.c�hZVWTgcWe@����S&�aqg_kV�c�hZx�S&QkVWeZp.SNp$cWhZckt�S&T¹{]VWT]S&h}~WeZc��]q�X^cWU&qgVWQkcWTgp.S@QYX^S
S&T1U&xaS@eZw�V$_aVWp$qgQacWQWX^S�_aS=QYxaS@hiX^eZVbhZqghiX^S&p.c�waTgcWQkS@X^cWeiqdV]�
{kqgQ�S&pm�kcWeZ~lVktRTgVWh$wkTgcWQaS\X^cWh.QkVshZVlQ¼_aS&T5X^V�_aV½qgQahZqg~WQkq�¾¹U&clQYX^S&h@tRclTdeZS@_aS&_kVWe$_kS&T5´WµR�¿_aS&T

p.Vlp.S&QYXZV�cWQk~WxkTdcle�S&QÀS&TRhZqghiX^S&p.c
hZVWTgcWe=hZS.S&QaU&xkS&QWX^eZc`S&QsTgVWh=p.V��]qgp.qgS&QWX^V
VWeZ�kq�X^cWTgS&h=_kS.TgVWh
waTgclQaS@X^clh@�
Á3VWh5wkTdclQaS@X^clh5hZS'S&QkU&xaS&QWX^eZcWQ S&Q rleZ�aq�X^clh;_aS=pmx]�
�kc��Zc.S�[kU&S&QWX^eZqgU&qg_acW_
S'qgQaU&TgqgQkcWU&qgrWQ.�
hZS

´
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ÂYÃ¹Ä]Â�Å�Æ�Ç]ÃaÈ3É�Ä�Ç]ÊWÃ¹ËkÌkÂYÇ�Ã¹ÊYÉ�ÃaÈ ÉÎÍ«ÏgÐ�ÑiÒ^Ó^ÔoÔoÕ Ö Í|×aØoÍ^ØoÐgÙÛÚ

ÜkÝ�Þ]ÝgÜaß@à�ß&à$ákâdãlàaß\ä^ãWåuæWÝgæWãlàYä^ß&å;çéèWêkáaÝ�ä^ß&ë\ìWí±ëZãWàkî�ïmð±ß&á]ä^ñkàaîYò\ìWáaâgãlàaß@ä^ãlåuä^ß@ëZëZß&åiä^ëZß&å·çéó�ß&ëZô&ñkëZÝdî]ì
õ ß&àYñaå@ìzö;Ýgß&ëZëZã�ï�ó ãWë«ä^ß�òIï�ákâdãlàaß@ä^ãlå5ß&àaãlàaîlå'ç�÷Râdñ]ä^øWà�ì¹ùRëZÝgå@ì¹úkß&Ükàaã]ìzß\ä^ô&û@ä^ß&ëZãWò\ü

ýIþ ÿ ������� ü	��
 ÂWÑ
����Ñ Í^ØoÍ«ÏdØ��¹Ò^ØoÚlÈZÕ �gÏgØ��3Ù��^Ú ÙÛÍ^Ø ÏdÙÛÐgÕ Ñ���ØoÚlÈZÑ Ú �&Ú Ñ
�����^Ú ÙÛÍ^Ø Ï Ù��¹ÔoÚ ���gÕ Ô�Ñ
���}Ú Ñ
���^Ú ÙÛÍ^Ø ÏdÙ��¹Ø�Í^Ù ÍZÑ
����Å�Ú��gÕ �gÏgØ��
�3Ù>ÈZÑ Ú ÙÛÐzÔoÑ
���ZÚ Ø ÏgÑ}Ø���Ï��uÔoÑ �!�^Ó^Ø���ÏgÑRÙÛÒZØ������zÒ^Ø3Ú Ñ
��ØoÚ Ø��3ØoÍ«ÏgÑ
�"�3Ñ
��ÏgÐgÙ ÒZÑ
��ØoÍIØ���Ï Ù$#&% Ó^ÐgÙ'���\Ñ Ð¹ÑÛÏgÐgÑ
�
ÔoÓ^ØoÐ(�\Ñ
�
ÔoÑ
�1ÑuÚ Ó^Í�Ù����Ù���ÏgØoÐgÑ Õ Ò^Ø����&ÔoÑ
�1ØoÏdÙ����\Ñ
)�*�Ø ÏdÑ
�kÒ^ØoÚ�ÔoÕ Í«ÏdÓ^Ð�Ö Í}Ò^Ø"+aÓ^Õ �\ØoÐ��@Ñ
)�*�ØoÏgÑ
�kÒ^ØzÚ Ù1Í«Ó,)\Ø�Ò^ØzÃaÑ Ð Ï-�.��Ñ Ú /«Ñ1Õ Í«ÏgØoÐ(�^Ú ÙÛÍ^Ø ÏdÙÛÐ�Õ Ñ$�^Ð�Õ Í^ÔoÕ ��ÙÛÚ �1ØoÍ«ÏgØ
0 Ä21aÈ�1�3��

4 ß&åZáañkû&å±Üaß@â>ú]îWâ�ìaá�îlë5åiñ65.ãlåZãkì¹èWêkáaÝ�ä^ß&ë;Ükî75.ÝgàaãmæWëZã�Þ�Ý�ä^ãWô&ÝgîWàkãWâ	5.ß&àWä^ß±ß&â1åZÝgåiä^ß85.ã$ákâgãWàaß&9
ä^ãlëZÝgî.ô&îWàvñaàkã:5$ãWåZã<;Yñaß�åiñaázß&ëZã�ß&â>Ükî7=aâgßGÜkßmâgãyÜkßGä^î]ÜkîWå±âgîWå·î�ä^ëZîWå�ákâgãWàaß\ä^ãWå±ô&î�5>=aÝgàkãWÜaîlå@ì
ß@åiä^î�ß&å@ìWãlâgëZß&Üaß@ÜaîWë�Ükß@?7A7A

M⊕

ü7BNî75$î�ñaàkã�ãWákëZîDCkÝ	5.ãlô&ÝgøWà'ã�åZß&ælñaàkÜaî�îlëZÜaß@à
ìWß@â]åZÝgåiä^ß85$ã�úkîWâgãlë
ákñaß@Üaß=åZß&ëNÞ�Ýgåiä^î�ô&î75$î�ß&â3úkîlâéìkèWêkáaÝ�ä^ß&ëNïbãWâgæWñkàaîlå;ß@åZô&î75>=këZîWå@ü¹ùRâE5GFWåNæWëiãWàaÜkß�Üaß�âdîlå;ß&åZô&î75>9
=këZîWå�ß@å'úkã�ä^ñaëZàkî�ô&îlà½ñkàaãH5$ãWåZã�Ükß�ãlâdëZß@Üaß&ÜkîWë�ÜkßI�JA�A

M⊕

ü1ú]ãlä^ñaëZàkî
ãlâuÝgælñaãWâ$;Yñaß$èlêaákÝ�ä^ß&ë@ì
ß@åiä,FbáaëiÝdàkô&Ýgáaãlâ�5$ß&àYä^ß=ô@î75.ákñaß&å«ä^îyÜaßLKaÝgÜaëZølæWß&àkî$ïHKaß&âgÝgîkì¹ã75>=zîWå·ákâgãWàaß\ä^ãWå5ä^Ýgß&àkß&à ñkàvàYêaô&âgß&î
ÜkßGãWâgëZß&Ükß&ÜkîWë5ÜaßM�JA

M⊕

ü�ùRâ3ä^ß&ëZô&ß&ëiîbï�ô&ñkãWëiä^îbáaâgãWàkß@ä^ãlå·á�îWëN5$ãWåZã]ìzåZîlàví±ëZãWàkîbï�ð±ß&ákä^ñkàaî]ì
ô@îWà`ãláaëZî8CkÝ	5.ãWÜkã75$ß&àYä^ßG�JObïP�RQ

M⊕

ì3ëZß@åZá�ß&ô\ä^ÝgÞ�ã75.ß@àYä^ß�ü1ùRåiä^îWå�ákâgãWàaß\ä^ãWå�ázß&ëiä^ß&àkß&ô&ß&à½ã�ñkàaã
ô@âdãlåZß�ÜaÝ(Soß&ëZß@àYä^ß�ì1ô&îlà½åZñkå=ô&î75$á�îlåZÝdô@Ýdîlàaß&å�Ükî75$ÝdàkãWÜkãWå�ázîWë�ãWælñaã]ì3ã�5.îWàkÝgîkì"5.ß@ä^ãlàaî]ì1ï ëZî]ô&ãlå@ü
T îWå'ô&ñaã�ä^ëZî`ákâgãWàaß\ä^ãWåU5GFlåGæWëZãlàaÜkß&åmåZîlà�ô&îlàaî�ô&ÝgÜaîlåGô&îWâgß&ô@ä^Ý�Þ�ã75.ß&àWä^ß.ô&î�5.îvâgîlåGáaâgãWàkß@ä^ãWå'æWÝV9
ælãWàWä^ß&å@ü>èWêkáaÝ�ä^ß&ë�ï`úkãläZñaëZàkî
åZîWà½æWÝgæWãlàYä^ß&å�Üaß$ælãWå=ô&îlà½ëZãlÜaÝgîWå�Ükß$ãWákëZîDC]Ý�5$ãWÜkã75.ß&àWä^ß>W7A]ì A7A7A
ïXQ�A]ì A�A7A6Y25
ì�ëZß&åZázß&ô@ä^Ý�Þ�ã75.ß&àWä^ß�ìZ5.Ýgß&àWä^ëZãWåL;Yñaß�í±ëiãWàaî�ïÀð±ß@ákä^ñkàaîvåZîWàLæWÝgæWãlàYä^ß&åmÜkßIKkÝgß&âgîkì
ã�5>=zîWå'ô&îlà�ëZãlÜaÝgîWåGÜkß

∼ 25, 000
Y25
ü T îWåGákâgãWàkß@ä^ãWåmælÝdælãWàWä^ß&åGîWë�=kÝ�ä^ãWàsß&âIúkîlâIãvÜkÝdåiä^ãlàaô&Ýgãlå

Ükß�ãWákëZîDC]Ý�5$ãWÜaã�5.ß&àWä^ß[O]ìE�JA]ì � A�ïI?�A$í]\'üzùRà
âdãU^¹ælñaëZã � ü � åZß[5mñkß&åiä^ëZãWà
âgãWå;øWë�=kÝgäZãWåNÜaß=âgîlå
ákâgãWàkß@ä^ãWå;Ükß&â3åZÝgåiä^ß_5.ã$åZîlâdãlë@ü

�JA
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`2acb�`ed�f�g2a�h�iVb-g2jeackcl-`eg-acj2iVach inm o�p(q'r,s,t�t�u v
m@w�x�m,x�p	y�z

{@|�}�~��!���-� �-�R� p(�,u o�y���r,x7z q
�R�2�,z y�m,x�o�y���r,x�z'�	u �(o	x���ye�	q
z y�p��
u m,t�z s,u r&y2z y-v
p(�,u o�y-r,x�z'�,z y�m�x�o�y-x�m,y�m,q�f�z s�o	v
m_� d�z'�	u �	o	x���y2�	q
z y�p
u m
o�x�p(m,q��,y�z&�'s,x2��x2p(x��&x�p(x-z y-�&�
s,p	y"t�q
p(p(x��	��q
m,r�x�y�z q
���,z y�m,x�o�y��7o	x�p	p(x��(o	p	x����&�!u x�m o	p	y����'s,x2x�z,��u �(o�x���y��	q
z y�p�x��'o	x�p	m,q"t�q
p(p	x��	��q
m,r,x
y�z q
�e�,z y�m,x�o�y��-�
u � y�m o�x����

���2���8� �,�]�c���	�7���8���8���>�c�����$�_�7 c�'¡��'�,�������,�-���7���	�7�!�8¢c�8��£"�7�$��¤���¡	���7�!�8 U�8�e��¡�� �,�8�G¥N���7�	¥��_¦J§2¢��
¥[£"�8��¥7�����¨��¢<�c¡	�G¡	 e¢��,¥©�M¥7��¥�¦7�8�7 7�,¡	�8 c�_ <¢c �¥Lª7��¥� ¬«�¥���¡��_�c¥��G�c�¨���2­��_�,�����c�¨�8 ��7���G�¨¡	 7�,�8��®8�
�c¡	 �¯7�G¡	�8�-�.�� 7�,���°�	�7�¬���8�'�,�7�M�G¥7�¬ª7��¥7 ��c�_�G�8�'�,¯� ±�	�7�¬���	¥��G¥7���7�[² £���¥� c���,¥7�>�,�8�����_�'�,���8� ³,�@´��7�
£c�	¥� c�_�,¥��Z���8�����8�'�,���8�@�M¯7�Zª7��¥7 ��c�_�����7 G�	¥©µ¶¡	�8����¥[·>¸��8 e¢c�_¦2¥7�>�"�7���8�� G¢� G��¥7��¡	�[�c�¨¥������_�c�8���7�
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ì�í�î7ï�ðcñ8ò>ò�ó7ïÉô�ó�ò>õcô	î�ïcñ_ö,î�ò>ñ8ï�î7ïcó�ò_÷�ðcñIô�ó�ò>ø8ù�î7ô	ñ8ò¬ú�ô	ù�ö,û�ïÉñ_ò¬ñ8ôÐüGñ
ý�ó�í>ø8ó7ï�ó-ø8þ	ð�ó�÷.ø8ó�ïÓù�ïcî
ð�þ	ò'ö,î7ï�ø8þ	î¬ÿcñ_ô�þ	ó2ø��8ïeö,í�þ	ø8î��2ù�ñ[ó7ò�ø8þ	ô	î¬ñ8ï7ö,í�ñ����	��
���
����

� îGüMî��7ó�í���î>ðcñLô	ó7ò¶õ�ô	î7ï�ñ_ö,î7ò¶ð�ñ8ô�ò�þ�ò'ö,ñ_üGîMò�ó�ô�î�íÐö,þ�ñ_ïcñ8ïHò�î�ö��8ô	þ(ö,ñ8ò¨ï�î�ö,ù�í�î7ô	ñ8ò_÷cô�ó�ò¨õcô	î7ï�ñ_ö,î�ò
ì�þ	ì7î7ï7ö,ñ8ò�ö,þ	ñ8ïcñ_ïIì7í�î�ïcð�ñ8òÐò�þ	ò'ö,ñ8üGî7ò@ò�î�ö,ñ8ô	þ(ö,î7ô	ñ8ò_÷��2ù�ñ þ�ï�ø8ô	ù���ñ8ï:ò�î�ö��8ô	þ	ö,ñ_ò@ðcñ]ö,î�üGî���ó7ò���î�í�þ�î�ðcó�ò
�Áðcñ:î7ï�þ	ô�ô	ó7ò�� � îÌüGî��7ó�í��	î¼ð�ñHô	î7òMô	ù�ïcî�ò¬õ�ñ��2ù�ñ��cî�ò<ó7í���þ(ö,î7ïÁø8ñ8í�ø8îPðcñ_ô¨õcô	î7ï�ñ_ö,î��! �ó-ð�ó7òMô	ó�ò
ò�î�ö��8ô	þ(ö,ñ8òUüGî"�7ó7í�ñ_ò_÷Zñ$#�ø8ñ8õ-ö,ó% $í�þ(ö,û7ï�÷.ó7í���þ(ö,î7ïPî7ô@õcô	î7ï�ñ_ö,î°í�ñ8ò�õ"ñ8ø_ö,þ&�7óÀðcñ:üMî7ï�ñ8í�îÀõ�í�û7ì�í�î7ðcî-÷
ø_ñ8í�ø8îÀî7ô@õcô	î7ï�óÀñ_ø8ùcî�ö,ó7í�þ	î7ô�ð�ñ8ô@õcô	î7ï�ñ_ö,î�� � î' ¶þ	ñ8í�í�î(�Pú�ô	ù-ö,û7ïPö,þ�ñ_ïcñ8ïÁù�ïcîÌì7í�î7ïXô	ùcï�îÀø8î�ðcî
ù�ïcó-÷-ô	î � ùcï�îUð�ñ]ô�î) ¨þ	ñ8í�í'îLö,þ	ñ8ïcñ)*,+ ð�ñNô�îLüGî7ò�îLð�ñ]ô	î� ¶þ	ñ8í�í�î�÷2üGþ	ñ8ïeö,í'î7ò��2ù�ñ.-Ðî7í�ó7ï7ö,ñNö,þ	ñ8ïcñ
ñ_ô/*"�0+ ðcñ[ô	î¬üGî�ò�îMð�ñ8ô�õ�ô	î7ï�ñ_ö,îMñ8ï�î7ï�óGú�ô	ù�ö,û7ï1�
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� ó7ò¨î�ò'ö,ñ8í�ó7þ	ð�ñ8òNò�ó7ïHø8ùcñ_í�õ�ó�ò]üGñ8ï�ó7í�ñ8òQ�eùcñLó�í��cþ(ö,î7ïHñ8ôSR�ó�ô�îMðcþ	ò'ö,î7ï�ø8þ	î7ò¶ð�ñ8ò�ðcñUñ_ô�þ	ï7ö,ñ8í�þ	ó7í¶ðcñ
ô	î6û7í���þ	ö,î°ðcñ�T°ñ8í�ø_ùcí�þ	óÌÿ�î7ò'ö,î(U�ùcñ8í�îÀðcñIô	îÀû7í���þ(ö,î°ð�ñ�V]ñ8õ-ö,ùcï�ó���R-þ�ïXñ8ü���î7í�ì�ó�÷.ô	îÀüGî"�7ó7í��	î
ð�ñ<ô	ó7òLî�ò'ö,ñ8í�ó�þ�ð�ñ8òUø8ó�ïcó2ø8þ	ðcó7ò[ñ8ò'ö�W7ïXø8ó7ï�ø8ñ8ï7ö,í�î7ð�ó7ò>ñ8ïXñ8ô@ø8þ	ï7ö,ùcí�û�ïXð�ñ<î7ò'ö,ñ_í�ó7þ	ðcñ8ò�÷.ñ_ïeö,í�ñIô	î�ò
û�í��cþ(ö,î7òÐð�ñ)T°î�í'ö,ñX��Y�Zcõ�þ	ö�ñ8í��[R-ñ[ÿ�î7ïHø8î�ö,î7ô	ó7ì�î7ð�ó¬î7ô	í�ñ8ð�ñ8ðcó�íÐðcñ	*"��÷ �����>î7ò'ö,ñ8í�ó�þ	ðcñ8ò\�Iø8þ�ñ_ïeö,ó7ò
ü�W7òZò�ñNî7ì�í�ñ8ì7î�ïMø8î7ð�îLî���ó�� � ó�ò�î7ò'ö,ñ8í�ó�þ�ð�ñ8òZö,þ	ñ8ï�ñ8ïMö,î7üMî���ó7òZü>ù�����î7í�þ	î7ð�ó7ò_÷7ñ8ôcî7ò'ö,ñ8í�ó�þ�ð�ñ¨ü]W�ò
ì�í�î7ï�ðcñIñ_ò�*(-Ðñ_í�ñ8òMø8ó�ï_^�`��%a©ü ð�ñ:í�î7ð�þ	ó�� � ó7ò¬ò�þ	ì7ù�þ	ñ8ïeö,ñ8òUü]W7ò¬ì�í�î7ï�ðcñ8ò>ò�ó7ï_�Ìú$î7ô	ô	î7ò_÷b^
c ñ8ò'ö,î<�d*"��ef�-ì�þ	ñ8î�÷Eø8ó7ïÀí�î7ð�þ	ó7ò ñ8ïÌñ8ô.þ�ï7ö,ñ8í6��î�ô	ó<ðcñ	��
��Iî:����giheü:�O�]ùcï��2ù�ñ¬ô	ó7ò î7ò'ö,ñ_í�ó7þ	ðcñ_ò
ü�W7ò]õ"ñ��2ù�ñ��có�ò©ò�ó7ïÀü]W7ò]ïeùcüMñ8í�ó7ò�ó�ò_÷�ô	î<üGî��7ó�í��	î<ðcñUô�î<üGî7ò�î<ñ8ïÌñ_ô.ø_þ�ï7ö,ùcí�û�ïÌð�ñ>î7ò'ö,ñ_í�ó7þ	ðcñ_ò
ñ_ò'ö�WIø8ó�ïeö,ñ8ï�þ�ð�î:ð�ñ8ïeö�í�óIðcñUô�ó�ò]õ�ó2ø8ó7ò]ø_ùcñ8í�õ"ó7ò ì�í�î7ï�ðcñ8ò��kj�ô$ñ8ò'ö,ùcð�þ	óIð�ñ>î7ò'ö,ñ8í�ó�þ	ðcñ8ò_÷�ø8ó�üGñ_ö,î�ò
�ÀüGñ_ö,ñ_ó7í�þ(ö,ó7ò õ�í�ó7õ"ó7í�ø8þ	ó7ï�î:þ	ïDU�ó�í�üGî7ø_þ�û�ï'Z-ö,þ	ôZí�ñ_ò�õ�ñ8ø�ö,ó6î:ô�îiU�ó7í�üGî�ø8þ	û7ïÀð�ñMïeùcñ8ò'ö,í�ó6ò�þ	ò'ö,ñ8üGî
ò�ó�ô	î7í��

� îmlZþ	ì7ù�í�î(��� gÀü>ù�ñ8ò'ö,í�î°ùcï�îÀð�þ�ò'ö,í�þn��ùcø8þ	û�ïPð�ñ<ò�ñ8üGþ	ñ
ý�ñ8òLüGî��7ó�í�ñ8òUð�ñIô	î7òLû�í��cþ(ö,î7ò[ðcñ<ô	ó�ò
î�ò'ö,ñ8í�ó7þ	ð�ñ8ò�� � î[üMî��7ó�í���î©ñ_ò'ö�W7ïGô	ó2ø8î7ô	þno8î7ð�ó7ò�ñ8ïGñ8ôcø8þ	ïeö,ù�í�û7ï¬õcí�þ	ïcø_þ�õ�î7ô-ðcñ¨î�ò'ö,ñ8í�ó7þ	ð�ñ8ò_÷eî[ð�þ	ò'ö,î7ï�p
ø_þ�î�òNÿcñ8ô	þ	ó-ø��8ïeö,í�þ	ø8î�ò¨ñ8ïeö,í�ñ����&*��mgD� g]
���� � î<ñ_ïN�7ñ_í�ì7î7ð�ùcí�îIñ8ïÀñ$#�ø8ñ8ï7ö,í�þ	ø8þ	ðcî�ðcñ8ò]ð�ñ8ô�ø8þ	ïeö,ù�í�û7ï
õ�í�þ	ïcø8þ	õ�î7ô.ðcñGî7ò'ö,ñ8í�ó�þ�ð�ñ8òLñ8ò ö�W'��þ�ñ_ïPð�ñ8ò�ø8í�þ(ö,î°õ"ó7íLù�ïcî6ðcþ	ò'ö,í�þn��ùcø8þ	û7ï¼ðcñ�qNî��-ô	ñ8þ	ì�ÿsr�ò�þ	üGþ	ô	î7í]î
ù�ïcîLðcþ	ò'ö,í�þn�cù�ø8þ	û7ïMð�ñ�T°ît#Du@ñ8ô	ô�ñ_ïIùcï�îUð�þ�üMñ8ïcò�þ	û�ïwv�÷7ô�ó)�2ùcñNò�ùcì7þ	ñ8í�ñNî�ô	ì�Zcï¬ö,þ	õ�ó[ð�ñ]ñ��2ù�þ	ô�þn��í�þ	ó��
� îMþ	ï�ø8ô	þ�ï�î7ø8þ	û7ïGüGñ8ð�þ	îMðcñ[ô	î�ò¶û�í��cþ(ö,î�ò¶ðcñ[ô	ó7ò¶î�ò'ö,ñ8í�ó7þ	ð�ñ8ò¨í�ñ8ò�õ"ñ8ø_ö,óGîMô�î>ñ8ø8ôn�	õ�ö,þ	ø8î¬ñ8ò¨ð�ñ 15◦ �
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Â�Ã<ÄnÅ�Æ/ÇnÈ�É{Ê6Å��D  ¡�Ë�Ì�Å�Í�Ê�Ì�Î�ÇnÅ�Ã	Ï�Å�Ê�ÇnÐ�Ë�ÑNÉ{Ì�Î�Ð�Ë0Ò�Î�Ð�Ã{Î�Ì�ÃNÓ�Ê�Å�Î�Ç�Ð�Ã{Ì�ËBÔ�ÌfÅ�Ë6Ó�Ì�Ê6Ð�ÇnÔ{Ì�Ë0Å�ÄnÐ)ÄnÅ�Ê�È�Ð
Ô{Ì4ÄnÅ�Ë/Ô�ÇnË6Ó�Å�Ã�Î�Ç�Å�Ë/Ñ{Ì�ÄnÇnÐDÎ�Õ�ÃNÓ�Ê�ÇnÎ�Å�Ë� �Â�Ä{Í�Ê�ÇnÖ]Ì�Ê�Ð�Ì�Ã	Ã{Ð�Ó�Å�Ê/ÄnÐ�Ë/Ñ�É�Ì�Î�Ð�Ë/×�É{Ì4ØXÇ�Ê�Ù�ÚBÐDÐ�ÔkÛ�Í[Ð�Ê/ÄnÐ.Ü�É�Ì
Ë�Ì\ÄnÌ0Î�Ð�Ã�ÐDÎ�Ì�Ã�Î�Ð�Ö]ÐXÝDÞwß$à�á�âQã�ß0ä�å�æ�çtè\á"á"ã� tÂ0Ë6Ó�Ð�Ë/Ñ�É�Ì�Î�Ð�Ë!Î�Ð�Ç�Ã�Î�ÇnÔ{Ì�Ã�Î�Ð�Ã�Ä�Å�É�é{ÇnÎ�Å�Î�Çnê�Ã�Ô�ÌBÊ�Ì�Ë�Ð�ë
Ã{Å�Ã{Î�ÇnÅ�Ë!Î�Ð�Ã	Ì�Ä�Í{ÄnÅ�Ã{Ì�Ó�ÅXì�í{Í�ÇnÓ�Ì�Ê� NîDÇ{É�Ã�Å�Ë6Ó�Ì�Ê�Ð�ÇnÔ{Ì\Ð�Ê�é{Ç&Ó�Å�Å�Ä{î�Ð�Ä�Î�Ð�Ã	É{Ã	Í1Ì�Ê�Ç�Ð�Ô{Ð.Í�Ê�Ð�Í[Ð�Ê�Î�ÇnÐ�Ã{Å�Ä
Å�ÄOÔ{Ì)ì�í{Í�Ç&Ó�Ì�Ê�ÛwÄ�Å	ê�Ê�é�ÇnÓ�Å	Ô{Ì�ÄOÅ�Ë6Ó�Ì�Ê�Ð�ÇnÔ{ÌXË�Ì�Å�×�Ì�Î�Ó�Å	×­É�Ì�Ê6Ó�Ì�Ö�Ì�ÃNÓ�Ì)Í1Ð�Ê4ÄnÅ�ÇnÃDïwÉ�Ì�Ã{Î�Ç�Å�È�Ê�Å�Ï�Ç&Ó�Å�Î�ÇnÐ�ë
Ã{Å�Ä1Ô�ÌXì�í�Í{Ç&Ó�Ì�Ê� DðSÅ�Ë\Í[Ì�Ê6Ó�É{Ê�é�Å�Î�ÇnÐ�Ã{Ì�ËBÐ�Ê�Ç�È�Ç�Ã�Å�Ô�Å�Ë�Í[Ð�ÊBÄnÐ�ËBÍ{ÄnÅ�Ã{Ì�Ó�Å�ËBÈ�ÇnÈ�Å�Ã�Ó�Ì�ËBÍ{Ê�Ð�Ô{É�Î�Ì�Ãiñ�Ð�Ã�Å�Ë
Î�Å�ê�Ó�ÇnÎ�Å�Ë)Å�Ä�Ê6Ì�Ô{Ì�Ô�Ð�ÊXÔ�Ì]ÄnÅ�Ë)É�é{ÇnÎ�Å�Î�ÇnÐ�Ã�Ì�Ë)Ô{Ì�Ä�Å�Ë)Ê�Ì�Ë�Ð�Ã{Å�Ã�Î�ÇnÅ�Ë�Û,Ô�Ð�Ã{Ô�Ì]ÄnÅ�ËXÌ$ò�Î�Ì�Ã�Ó�Ê�ÇnÎ�ÇnÔ{Å�Ô{Ì�Ë�Ô�Ì
ÄnÅ�Ë.ê�Ê6é{Ç&Ó�Å�Ë�Í�É{Ì�Ô�Ì�ÃóÅ�ÄnÎ�Å�Ã�ñ�Å�ÊfÏtÅ�ÄnÐ�Ê�Ì�Ë.È�Ê�Å�Ã�Ô{Ì�Ë�ÛSÓ�Å�ÄnÌ�Ë.Ü�É�Ì�ÇnÃ{Î�ÄnÉ�Ë�ÐiÎ�Ê�É�ñ�Å�Ã>ÄnÅ�Ë.ê�Ê�é{Ç&Ó�Å�Ë�Ô�Ì�ÄnÅ
ô4ÇnÌ�Ê�Ê�Å.Ò�õmÅ�Ê6Ó�Ì� �Â�Ë6Ó�Ð�Ë�Å�Ë6Ó�Ì�Ê�Ð�ÇnÔ{Ì�Ë/Í�É{Ì�Ô�Ì�Ã]Ë�Ì�Ê�Ê6Ì�Ö]Ð�Ï�Ç�Ô�Ð�Ë/Í[Ð�Ê/ÇnÃNÓ�Ì�Ê�Å�Î�Î�ÇnÐ�Ã�Ì�Ë/È�Ê�Å�Ï�Ç&Ó�Å�Î�ÇnÐ�Ã�Å�ÄnÌ�Ë
Ò�ö�Ð�Î�Ð�Ä�ÇnË�ÇnÐ�Ã�Ì�Ë\Î�Ð�Ã:ÄnÐ�Ë4Í{ÄnÅ�Ã{Ì�Ó�Å�Ë� 

õ(Å�Ë�Ô{Ì<÷�ø�ømÅ�Ë6Ó�Ì�Ê�Ð�ÇnÔ{Ì�Ë�Ñ{Å�ÃùË�ÇnÔ{ÐmÔ{Ì�Ë�Î�É{é�ÇnÌ�Ê6Ó�Ð�Ë�Î�Ì�Ê�Î�Å'Ô{Ì<ÄnÐ�Ë�Í{É�ÃNÓ�Ð�Ë�ð,Å�È�Ê�Å�Ã�È�ÇnÅ�Ã�Ð�Ë)Ô�Ì
ì�í�Í{Ç&Ó�Ì�Ê� {Â�Ë6Ó�Ð�ËQÎ�É�Ì�Ê�Í[Ð�ËQË�Ð�Ã:Î�Ð�Ã{ÐDÎ�Ç�Ô�Ð�Ë4Î�Ð�Ö]Ð:ú�â�û�ß�æ�á�å­ãNß$â)û­æ�á�ü�ú�ýká"â4Ë�Ì)Ì�Ã�Î�É{Ì�Ã�Ó�Ê�Å�Ã:Å�Ô{ÇnË6Ó�Å�ÃDë
Î�ÇnÅ�ËXÖ�Å�Ò�Ð�Ê�Ì�Ë�Ü�É�Ì]ÄnÐ�ËXÔ�Ì�Ä�Î�ÇnÃNÓ�É�Ê�ê�Ã>Í{Ê�ÇnÃ�Î�ÇnÍ{Å�ÄbÔ�Ì]Å�Ë6Ó�Ì�Ê�Ð�ÇnÔ{Ì�ËXÒ%Í[Ð�Ë�Ì�Ì�ÃdÅ�Äné[Ì�Ô�Ð�Ë)é{Å�þ�Ð�Ë� SðSÐ�Ë
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5�4�,3<12c/�4�9�<?O@4�9�+�<14�2�9�/1,�2�03S�4�.�+-O�/1,XPV/19�2�03/1,&5�/����c��03+-5�2-,�|h�B=�9�<1+�9N/?.6+�OhG�A���������G x +c/���4@,�.�/19�<14�+
5�/&/1,�.�/M5�4�,3<12�PV[�,�+�O�O�[:5�/6O�2�,�F�O�+-9�/?.�+-,��!=�/&,3=��-/1034�5�+oFY2�0�W	+�034�2-,�+-=�.�2-03/1,?�	5�/6O@2-,�<1=�+-O@/?,�/1O�PV[-,
/K��4�,�.�2�,32N�h=�/Z��=�4�F{/10Z|h�;=�4�F{/?0cA8����A���G x +zJ�4�FYR-.�/1,34�,o5�/Z��=�4�FY/10��!=�/ZT�=�/Z+�O���=�9�2-,o/1,3<12�PyS�032-,
|hFY/1T�=�/1��2�,;<1=�/103FY2�,��B5�/1SY/103��+�9�/?,�.�+�0BPV[-,B+�O�O�[V5�/`O�2�,oF�O�+-9�/?.�+-,B��4���+-9�.�/1,?�{7IT�=�/Z,3/Z.�03+-.�+-S�+
5�/;=�9�+Q03/1�-4�R�9z5�2�9�5�/�O�+y�!2�03PQ+�<14�R�9NF�O�+�9�/?.�+-034@+y9�=�9�<1+Q,3/;<12�PVF�O�/?.�R�G��X,�.�/�03/1,3/10�W-2�034�2QJ�287z,3/
<?2�9�2�<1/�<12-PV2`<14�9�.�=�03R-9\5�/;��=�4�FY/10;|�D�/?�L4�.3.L7 x =�=�A8�-������G

�B/?,35�/`F�034�9�<14�F�4�2�,�5�/yO@2-,�+���2�,B���V,3/`J�+N5�/1,�<1=�S�4@/?0�.�2 =�9�+z�-03+�9IF{2-S�O�+�<14�R-9I5�/ZF{/?T�=�/?��2-,
2-S��3/?.�2-,6/19 R-03S�4�.�+�,&J�/1O�4@2�<1¡19�.�034�<1+�,&PV[-,6+�O�O@+;5�/B¢o/1F�.�=�9�2�G�£�/o<?03/1/BT�=�/;J�+�7V+�OYPV/19�2�,M¤-��� �����
2-S��3/?.�2-,;.�03+�9�,�¥$9�/?F�.�=�9�4�+�9�2�,;<12-9¦5�4�[�PV/?.�032-,BPV+87-2�03/1,�+�A8�-�>§�Pr/19]=�9�+ a12�9�+\03+-5�4�+�O�5�/1,35�/
O�+zR�03S�4�.�+N5�/Q¢o/?F�.�=�9�2>+>���z¨o�©J�+-,�.�+\�-�z¨o�cG x +-,;2�S�,3/10�W	+-<14�2�9�/?,�PZ=�/?,�.�03+�9�+�5�/1PV[�,;T�=�/
O�2-,o2�S���/�.�2�,B.�03+-9�,�¥$9�/?F�.�=�9�4�+�9�2�,B5�/1O�<14�9�.�=�03R�9�5�/`��=�4�F{/10�/1,�.�[�9�F�034�9�<14�F�+�O�PV/?9�.�/c<12-9���9�+-5�2�,
5�/19�.3032�5�/L=�9�+cS�+�9�5�+�5�/1O���+�5�+�,32�S�03/LO�+;/1<1O���F�.�4�<1+BT�=�/L�!2�0�PV+B=�9Q+�9�4@O�O�2o2�<14�9�.�=�03R�9Q+�O�03/15�/?5�2-0
5�/1O�£�2�OhG��&9cO@+�ª�4���=�03+o��G «o,3/6PZ=�/1,�.�03+�9y/?,3T�=�/1PV[-.�4�<1+-PV/19�.�/6O@+-,�R-03S�4�.�+-,�5�/&¢o/1F�.�=�9�2o7�¬&O�=�.�R�9
�3=�9�.�2Q+-O�<?4@9�.�=�03R-9>5�/���=�4�FY/10?G
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å3è1ìVï-â�è?â�ã�èLç�èLß�ï-ë�ô!ï-ë3è1ë&á@â�á�à1á�ï�ß�è1ë�ç�è:ï-à1å3è1à1á�æ�âQç�è1ß�ë3á�ë�ã�è1ìVï;ë3î-ß@ï-å?Ï�õ�ï�ëUê�ï�å�ã�è1ëXá�â�ã�è?å3â�ï-ë&ç�è1â�ë3ï�ë
ç�è?ßYç�á@ë�à1îcê�å3î	ã�î�ê�ß@ï-â�è?ã3ï�å3á�î�ë3è�à1î�â�ç�è?â�ë3ï-å3î�âzè1âVß�î�ëXê�ß�ï�â�è?ã�ï-ë&ö-á@ö-ï�â�ã�è1ë?ð�ê�å3î�ò�ï�ò�ß�è1ìVè1â�ã�èLè1âNä�â
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D�E(F�GHD/I

J�KMLONQP*RTS I U�VXW  �Y/'HY[Z�"�'HY[Z�'H&�'H9:)]\�^_4�`#4=aHb+@M2c4=`#2�3cAC08`�08@:dH2�7808; AC084=`!e*fC`#g=3�AC0858@:`/9:4=08469:; 584=`(hiAC`+2cAjACh84=3cA6k�&�AC0�2�4Q"�3�; `
9:4=ej4j$�B 7H2�<=0l`�4=0mdHB AC08@M2cAC`�@:0iAC084=`:k

n�o_p�q�rQs�p�rlq�tvuQw#xzy|{~}Xp�rQq��!}�ulw���rQ{��Ow#q
�����/�8�/� F �8���_�/���/���H�_�����=�H��� D���F�G�� ��������� ��� ���!�/���_�j� F ���c���(  F�¡ �_� � �_�_� G�¡ � D � D�G �8����¢��
�����8� G � D�� ���
���c���8� GH£ � � �¥¤��/���X� G�Il¦*D � D���F�GH§�D�� �¥� F � F�¨ �H��� F ��� F � F ��� �/F � � �_���_�����8� GH£ � � �
¤��/���X� G �H�z���(�_�/�_��� GHD �¥�_��� G �z��� �©U ����� ¡�D �(�/ª#�/�«��¬/���6�8��� D ��­��/� F � F � GHF � F�¨ �H��� F � ¡ ��� D � D��(F �
� ���H�X� G � F �zª#�/���8���_�(�����H�_���c�C�8���z� D���F�G �_� � ���_���_��� F � � ����� I!¦*D �_�6� G �/���8� GHD�� �_�j�_�����8� GH£ � � �
¤��/���X� G ���®� F ���/�c�C� D�¡ �H�©� F�G6¯:F � F ­ §�D«� �_�[�_� � � � ��� D ����°!�/�_�(��� D ­ GHD�± ��� D �_� F � D � � ��� F �O�(� D �/��� D �
­���­ D ���8�_� ¡ � G ���(���c� D �����_���8�����_���8�(� F/I

² F � ¨/D �H���_�³� D � £�GH¨ �+� D � � ��� F � F�¨ �H��� F � � �_�[�_�����8� GH£ � � ��¤��/�c�[� G � F � F ��� �/F ���H� E/D�E ��� E(F
�/� D �_� D �H�+�!� D �_� £ � F�GH¨ �+� D � � �
�_�6� F � F�¨ �8��� F � I[´ �6� D �_� D �H�+�(� D �_� £ �¥� F ��� G �_� � ��� G �_�z�H� ¨ ­ G �/� F � V
F�¨ �H��� F �z�_��¢��H��� F � ¡!F�¨ �H��� F � G �_� F � D ���8�_� �µF�¨ �H��� F � � ���H�X� G � F � I

D�¶z·�¸º¹ K:»*¼*NlPX½m»¿¾mÀÂÁ©NQKMÃ[À!P ¹�¸#ÄlÅ KMÆjÇ
¦*F � F�¨ �H��� F ���_��¢��H��� F � � �_�Q�_�����8� GH£ � � �
¤��(���X� G«G �_� G ���H�_��� D �º� D � DÈ��F�G6§cD�É�D � G6F ¬/��� D��(D ���_���8�
�/F ���8� G �_� F � ¶�� �_�®� F � D � � � F�¨ �H��� F �|� F � F ��� �/F � IQ¦*D � DÈ��F�G � D�G �H� � ��� F � F�¨ �H��� F �|���c¢��H��� F ���H�

Ê�Ë

Neevia docConverter 5.1



Ì#Í(Î/Ì�Ï�Ð%Ñ#Í!Ò*Ó]Î�Ñ#Ô�Í(Õ(Ö�Ì�Ñ�Í(Ô#Ó]Í(Ò Ó1×�ØcÙ+Ú6Û8Ü8Ý:Ý:Þ ß=×�à/á:×8á:Ù�âCã

ä_å/æ_ç(ä�å�è8éHê�åìë(ä�å�è8éHí³ë/ä|îHä_ï�ðcäCñ8ä�î«ï�ê�ò�í�éHä_î�ä_å�è8éHä|ó�ô�ò�õ�ô�ö�÷ùø~ú�ä�ûzð+èHè�ä�è�ê�ü~ý*þÈÿ�ÿ����
òµè8ð�ä_å(ä�å
� ä_éHð��(ä_ü�ð�í�îmï�ê�ò�í�éHä_î®ë/ä���õ�ö�÷
ý	�Qí�î®í�
�ñHä�è8í�î?æ_ü���îHð�æ_í�îOë(ä_ü(æ_ð�å�è8ç/é
��å�îHí�å�æ_ü���îHð�æ_í�î®ä_å�ä_ü(îHä_å�èHðcë/í
ä_å��#ç/ä�îHç/î���é

/ð+è8ê�î�è8ð�ä_å/ë(ä_å¿êìè8ä_å(ä�é � ä��#ç/ä��(ê�î�ä���æ_ä_å�è8éHð�æ_ð�ë/ê�ë/ä_î��#ç/ä�îHäµä�� � ü�ðcæ�ê�å�
(ê�ñHíÂü�ê
îHç � í�îHð�æ_ð���åµë(ä��#ç(ä���ç/ä_éHí�å��:í�éHï�ê�ë(í�î � í�é
ê���éHä���ê�æ_ð���å¥ä_å�ç/å�ë/ð�îHæ_í��:é
��í/ý��?åµü�ê! mð"��ç(éHê�#�ý $�îHä
ï�ç/ä_î6è8éHê�å%��é

/ð�è8ê�î
ë(ä�ü�í�îzí�
#ñHä�èHí�îzæ_ü���îHð�æ_í�î�ý

&('*),+.-0/ ##ý $�132 Ù548Þ ØMâ76#Û8á!ã Ú86�Ú84
9+áMØ�Ú86�Û8á:ãÈÝ:Þ ×�ØcÜHÙ�ß=×mÛ8á;:(Ü8Þ <�á:Ù*=�>�â76#ß=Ù548Þ ØMâ76�á?6+Ø*@C×lÝ:Ú=ã Ú=Ù+á�âCÛiâ76/Û8á[âCÝ:Ü8á:Ù+Û8ÚQâXã â ã á*A�á�×HÛiâCB
â7D:Ü8ã E/Ú84
9+áMØcÚ86#Ý:ã @76�Þ Ý:Ú86?F�Ù+Ú79+ÚGE(Ú84
9+áMØ�Ú86�á:×lã âXÙ+áH6�Ú=×iâC×8Ý:Þ âJICB KCFML�á:Ù+Û8áHE(Ú84
9+áMØ�Ú86/á:×lã âXÙ+áH6�Ú=×iâC×8Ý:Þ âJKCB N8F�Ù+Ú86câ8E(Ú84
9+áMØ�Ú86/Û8Þ 6"<iá�Ù56�Ú86?=

�®ü/ð�å�èHä_éCO%ê�ü�í�ë/ä
ðcå/æ_ü�ð�å(ê�æ_ð"��å�ë(ä
ü�ê�îP��é

(ð+è8ê�îlë/ä
ücí�îlí�
#ñHä�è8í�îOæ_ü���îHð�æ_í�îQéHä_î � ä_æ�è8í�ê�ücê�ä�æ_ü�� � è8ð�æ_ê
ê�ü�æ_ê�å3Q_êRO�ê�ü�í�éHä_îmë/äS�(ê�î�è8ê 30◦ ý��®î6è8í�îHç���ð�ä_éHäT�#ç/äzü�ê�ðcå/æ_ü�ð�å(ê�æ�ð"��å�ò�ä���æ_ä_å�è8éHðcæ�ðcë/ê�ëU�/ê�å�îHðcë/í�ä_îGV
è8ð�ï�ç(ü�ê�ë(ê�î � í�émê�ü���W/å�ê���ä_å�è8ä
ê�W(å�å/í�ð�ë(ä�å�è8ð5X!æ_ê�ë(í�ý�Y�ç(æM�/ê�î®ð�ë(ä_ê�îP�(ê�å�îHç(é
��ðcë/í � ê�éHê�ä�� � ü�ð�æ_ê�é
ä_üXï�ä_æ_ê�å(ð�îHï�í|ë(ä�ä_î6è8ð�ï�ç/ü�ê�æ_ð���å[Z#è8ê�ü�ä_î
æ_í�ï�í�1/ð*� � ücê�å(ä�è]\_îHð�ï�í�î�ï�ê�îHð5O�í�îT��ç(ä � ç(ë/ðcä�éHí�å^�/ê�
[ä_é
îHð�ë(íìë(ð�î � ä_éHîHê�ë/í�î � í�é�_�ä � è8ç/å(ívä_å ü�í�î©ð�å(ð�æ_ð�í�î|ë(äµücê`�:í�éHï�ê�æ_ð���å ë(ä_ü
æ�ðcå�è8ç(é
��å¿ë/ä%a�ç/ð � ä_é�ý
�®î6è8í�î�í�
#ñHä�è8í�î � ç/ë(ð�ä_éHí�å�ä_î6è8ð�ï�ç/ü�ê�é�ü�ê�ð�å(æ_ü�ð�å(ê�æ_ð���å³ò�ä��/æ�ä_å�è8éHð�æ_ð�ë/ê�ë�ë/ä
ü�í�î«í�
#ñHä�è8í�î«æ_ü���îHð�æ_í�î�ý
ö�å � éHí�
/ü�ä_ï�ê¥æ�í�åvä_î6è8ê%�/ð � ��èHä_îHð�î�Zjä�îb�#ç/ä � ü�ê�å/ä�è]\_îHð�ï�í�î�ï�ê�îHð�O�í�î�è8ê�ï�
(ð�\_å � ä�é6è8ç(é

/ê�é
��ê�å�ò
ë(ä�î � í�
(ü�ê�é
��ê�åºü�ê�î�éHä_î6í�å(ê�å(æ_ð�ê�î�Zlü�êµí�
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{3|f}�{T~,�,��|����4}T����|f����{3�T|f�3�4|�� ���C���4�������H�H� �D�����H���H�����

�^�$���$��� �a�������� D¡T���� C¢C C£���£x¤u¢C��¥�¦§¡T��¨� C�©£�¦§ª\¦�¥�£>¦w£�¦n¢C��«V¬^­]¦�¥_¡T¨� C­] C£���£
® ¨��� D¡���¢

¯�°�±b²�³4´Hµ	¶�µ�°�·	³�±b³�¸M¹Eº�¶�»�±�°3»�µ_µ	°�»�¶�µ^¼)º�½¾¹�¼�±�°�µ�»�±�½k²�µ	¼�½�³�½�»�µ	¸Z±b½�º�¼�±�¶d¿a¼�º�½d½�³�½�»�µ	¸M±�½¾¹�¼�±�°�µ�»�±�¶�³�º�½
µÁÀ�»�¶�±�½�º�¼�±�¶�µ	½^¶�±�²�³�·	±Zµ�°!¼�±;µgÀ�·	µ	°3»�¶�³�·	³�²�±�²!º�¶�Â�³4»�±�¼vÃ�Ä�°�µ	¼l½�³�½�»�µ	¸M±;½�º�¼�±�¶^¼�±;¸M±9¿�º�¶^µÁÀ�·	µ	°�»�¶�³�·	³ÆÅ
²�±�²Xº�¶�Â�³�»�±�¼dµ	½\¼�±Y²�µZÇ�¼�È�»�É�°X·	º�°

e ÊÌË Ã Í�Î�Ã§Çdº�¶\·�º�¸M¹�±�¶�±�·	³)É�°lÏlÈ�°X»�µ	¶�·�³)ºY²�µ;¼)º�½�¹�¼�±�°�µ�»�±�½µÁÀ�»�¶�±�½�º�¼�±�¶�µ	½>·	º�°�ºT·	³�²�º�½^»�³)µ�°�µ	°�µgÀ�·�µ	°3»�¶�³�·	³�²�±�²�µ�½�º�¶�Â�³�»�±�¼)µ�½�¸M±/¿�º�¶�µ	½>± Ë Ã Ð�Ã�Ñx±�È�°�ÒTÈ�µp¼�±MµgÀ3Å
·�µ	°3»�¶�³�·	³�²�±�²R¹]ºT²�¶�Ó�±�¹�¶�º/Ô�ºT·	±�¶\Ô,±�¶�³�±�·	³)º�°�µ�½\³)¸Z¹]º�¶�»�±�°�»�µ	½\µ	°w¼�±!»�µ	¸Z¹]µ	¶�±,»�È�¶�±�½�È�¹Eµ	¶�Õ�·	³�±�¼_²�µ
¼�º�½�¹�¼�±�°�µ�»�±�½�ÏEµgÀ�³)½�»�µ�¼)±Z¹]º�½�³)Â�³�¼)³�²�±�²r²�µ\Ò3È�µpµ	½�»�º�½�´HÈ�µ	¶�±�°�Ö�±�Â�³�»�±�Â�¼�µ	½�½�³�¶�µ	·	³�ÂEµ	°!È�°!×�ÈiØ�ºIµ�½CÅ
»�µ�¼)±�¶¾»�±�¼EÒTÈ�µj±�¼E·	º�¸M¹�¼�µ�»�±�¶�È�°�±aÉ�¶�Â�³4»�±�ÏT°�ºp½�µ	±a²�µ	¸M±�½�³�±�²�ºp²�³�½�»�³)°�»�ºp±�¼�×fÈ/Ø�ºa½�º�¼�±�¶_·�º�°�½�»�±�°3»�µ
¶�µ�·	³�Â�³�²�ºY¹]º�¶\¼�±!Ù^³�µ	¶�¶�±Y±�¼�¶�µ	²�µ�²�º�¶�²�µ	¼_Ú�º�¼>Û

∼ Ü9Ý3Þ�ËVß m−2 à Û ß ³�¼�¼�³�±�¸M½�¿áÇkº�¼�¼)±�¶�²RÍ Ë�Ë Í à ÃÄ�¼d×�ÈiØ�º!¹�¶�º�¸Mµ�²�³�ºrµ	°Xµ	¼k»�³�µ	¸M¹EºV½�º�Â�¶�µZÈ�°�±VÉ�¶�Â�³4»�±V·	º�°XµgÀ�·	µ	°3»�¶�³)·�³)²�±�²
e
µ	½�»�âY²�±�²�ºY¹Eº�¶b¼�±

½�³�ã�È�³�µ	°3»�µbµ	·	È�±�·	³�É�°uä>å�æ Ê<çdè Û$Ð π a2(1− e2)1/2 à Ïf²�º�°�²�µ a
µ�½>µ	¼�½�µ�¸M³�µDØ�µb¸M±/¿�º�¶�Ã

ç ±Måk³�ã�È�¶�±MÍ�Ã Ü/Þ ¸aÈ�µ	½�»�¶�±M¼�±�½�¹Eº�½�³�·	³�º�°�µ	½�²�µ Ü/é ¹�¼�±�°�µg»�±�½>µgÀT»�¶�±�½�º�¼)±�¶�µ	½\Û$·	º�°�º�·�³)²�º�½�Ö�±�½�»�±Ø�È�°�³�º^²�µ�Í Ë�Ë�Ü à ¶�µ�¼)±,»�³4Ô,±�½]±�¼�±�ê�º�°�±�²�µ¾Ö�±�Â�³4»�±�Â�³�¼)³�²�±�²�±�¼�¶�µ	²�µ	²�º�¶l²�µ�½�È�½�µ	½�»�¶�µ	¼�¼)±�½�Ã ç º�½�¹�¼�±�°�µ�»�±�½µ�½�»�â�°aã�¶�±�Õ�·	±�²�º�½k½�µ	ã�ë�°;½�Èa×�ÈiØ�ºjº�¶�Â�³4»�±�¼�¹�¶�º�¸Mµ	²�³)º�µ�°;µ	¼T»�³�µ	¸Z¹]º�Ï,µ	¼T·	È�±�¼�Ôi±�¶�Ó�±�²�µ_È�°;½�³�½�»�µ	¸M±
¹�¼�±�°�µ�»�±�¶�³�ºá±Xº�»�¶�ºX²�µ	Â�³�²�ºm±X¼)±�½;²�³4´Hµ	¶�µ�°�·	³�±�½;µ	°ì¼)È�¸M³�°�º�½�³�²�±�²nµ	½�»�µ�¼)±�¶�Ã ç ±X¸M±/¿�º�¶�Ó�±X²�µ!¼�º�½¹�¼�±�°�µ�»�±�½_²�µ	°3»�¶�ºZ²�µb¼�º�½_¼�Ó�¸M³4»�µ	½�²�µb¼�±aê�º�°�±aÖ�±�Â�³4»�±�Â�¼)µ�µ�°3»�¶�µ Ë Ã é Î ≤ ²lí

≤ Ü Ã Ð;¯�îïÛ$²�º�°�²�µb²]í
µ�½^¼)±a²�³�½�»�±�°�·	³�±;Ú�º�¼�±�¶�µ	ÒTÈ�³4Ô,±�¼�µ	°�»�µ à °�ºa¹]µ	¶�¸Z±�°�µ	·	µ	°Y±�Ö�Ól½�º�Â�¶�µbÈ�°�±ZÉ�¶�Â�³4»�±a·�º�¸M¹�¼)µg»�±�Ã�ð�º�¸Mºµ�Ø�µ�¸M¹�¼�º�Ï�ñ�òbÍ�Í�Í�Î�ó�Í�Â!Û

e ÊjË Ã Þ�Ü à ¹�±�½�±�¼�±j¸M±9¿�º�¶�Ó�±j²�µ^½�Èa»�³�µ	¸M¹Eº�´HÈ�µ	¶�±b²�µ^¼�±jê	º�°�±�Ö�±�Â�³4»�±�Â�¼�µ,Ï½�³�µ	°�²�º;·	±�¼�µ	°�»�±�²�ºZ¸Mâ�½^Ò3È�µ\ô!µ	¶�·	È�¶�³�ºZ·	µ	¶�·	±Z²�µ	¼§¹Eµ	¶�³�·	µ	°�»�¶�º�Ï�¿V¸aÈ�·ÁÖ�ºZ¸Mµ	°�º�½^ÒTÈ�µ\ô�±�¶�»�µ�µ	°
µ�¼§±�¹]ºT·	µ	°3»�¶�º�Ã
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%
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®2¯-°.®+±<²4³2´mµ·¶4¸A¶
²4¹:±<ºP»+²@»+º<¼4½^¾6®A±<²
²4¹:³E¶s¿:º<¸A²@»+º<¼4½k¾6®Aº<¸A¹:À6±<¯E¶�²W±<¶4¯R®+½:»+À:®+½N°.³E¶@¯a®+¯-°.®+±<²4³-®+¯a®+½
±<¶@¯Z¾6º<¯-°.º<½N°.¶@¯Z²4¸aÁ6º<®+½N°E®+¯_ÂR²4±<Ã@»2°.º<»+¶4¯2ÄS®+¯-°.º<¸Z²4³E®+¸A¶@¯Z±<²v¹�¶4¯Eº<Á:ºP±<º<¾6²@¾�¾:®WÅNÀ6®b¯E¶4Á:³E®2ÆJº7Æo²@½�±<²@¯
½NÀ6Á�®+¯u¾:®aÇp¶4³-°u®+½
»+²4¾:²ZÀ:½6¶A¾:®R±<¶4¯}²4¸aÁ6º<®+½N°E®+¯u¾6¶@½6¾:®R±P²C²4¹:³E¶s¿:º<¸A²@»+º<¼4½y¾:®Rº<¸A¹:À6±<¯E¶t®+¯u²@È6½
Æ~Ã4±<º<¾6²b¾:²4¾:¶^ÅNÀ6®�±P²@¯>Æ4®+±<¶X»+º<¾6²4¾:®+¯a¾:®�±<¶4¯a½NÈ6»2±P®2¶4¯C»+¶@¸A®2°.²@³EºP¶@¯>ÅXÀ:®y±<²W»2¶4¸A¹�¶4½:®+½�¯-¶4½!¸aÀ:É
Á:²~ÊE²@¯O»2¶4¸A¹:²4³E²@¾6²4¯(»+¶@½A±<²4¯gÆ4®2±P¶X»+º<¾6²@¾6®+¯(¾:®]®+½6»+À:®+½4°.³E¶4¯T®+¯-°.®+±<²@³E®+¯2´JËª²@³E²>®+±�»2²4¯E¶>¾:®]±P¶@¯S¾6º<¯E»+¶@¯
¹:±<²4½:®2°.²4³Eº<¶4¯2Ä4¾6¶@½6¾:®]±<²4¯gÆ4®+±<¶J»2ºP¾:²4¾:®+¯O¾6®]±<¶4¯S»+À:®+³E¹�¶4¯O¯E¶4½A¾6®+±q¶4³E¾:®+½_¾:®]±<²4¯SÆ4®+±<¶X»+º<¾6²4¾:®+¯(¾6®]±<²@¯
®2¯-°.³E®+±<±P²@¯O¹6²@¯E²~ÊE®+³E²@¯2Ä6±<²a²@¹6³E¶s¿Jº<¸A²4»+º<¼@½_¾6®0º<¸A¹:À6±<¯E¶a¾:®�ÊE²C¾:®G¯E®+³OÆoÃ4±<º<¾:²:ÄJ²@¯EÌ�ÅNÀ6®G²@½6²@±Pº<Í+²@³E®+¸A¶@¯
±<¶@¯t®2ÎM®+»2°.¶@¯A¶J»+²@¯Eº<¶4½:²4¾6¶@¯t¹�¶4³t¹:²4¯E²eÊ.®2¯_®+¯-°.®+±<²@³E®+¯Z³E®+¯E¶@±<ÆXº<®+½6¾:¶v®2±}¹6³E¶4Á:±<®+¸A²^½XÀ:¸AÏ+³Eº<»+²4¸Z®+½N°.®
¹:²4³E²>±<¶>»2À6²4±qÐ6®2¸A¶4¯O»+¶@½6¯-°.³EÀ:º<¾6¶aÀ:½_»+¼X¾6º<Ñ4¶RÅNÀ6®0¯Eº<¸CÀ:±<²R±<¶4¯(®2ÎM®+»2°.¶@¯T¾6®0À:½_®+½:»+À6®+½4°.³E¶C®+¯-°.®2±P²@³2´
Ò ®2¯E»+³Eº<Á6º<³E®+¸Z¶4¯t±<²4¯t»2²4³E²4»H°.®+³EÌ<¯-°.º<»+²4¯Z¾:®+±}»+¼X¾6º<Ñ4¶^ÅXÀ:®bÐ:®+¸A¶4¯t»+¶4½:¯-°.³EÀ6º<¾:¶:Ä(±<²4¯t®2»+À6²@»+º<¶4½6®2¯A¾6®
¸Z¶eÆJº<¸Aº<®+½4°.¶tÅXÀ:®>®+±$»+¼X¾6º<Ñ4¶Z³-®+¯EÀ6®+±7Æ@®oÄ�±P²tÑ4®+¶4¸Z®2°.³EÌ<²tº<½NÆ@¶4±<À6»+³E²@¾6²Z¾6À:³E²4½N°.®RÀ6½b¹:²4¯E²eÊE®>®+¯-°.®+±<²@³
É�±P²@¯TÎMÀ6®+³EÍ2²4¯]ÅXÀ:®R¯Eº<®+½N°.®pÀ6½:²A¹6²@³-°.Ì<»+À6±<²t¹:³EÀ6®+Á:²A®+½
½XÀ:®+¯-°.³E¶_¹:³E¶4Á:±<®+¸A²:´

ÓAÔ+Õ>Ô Ö_×yØ}ÙmÚ}ÛÝÜ�ØuÞtß�ÙªÛRà
á ®+²Câ>®2±
³E²@¾6º<¶>Æ4®2»2°.¶4³·¾:®GÀ6½:²t¹6²@³-°.Ì<»+À6±<²a¾:®+¯E¾:®p²4±<Ñ4È:½_¶4³Eº<Ñ4®2½�¾6²@¾6¶>ÉAãl¯EÀ_Æ4®+»2°.¶@³·Æ4®+±<¶X»+ºP¾:²4¾�ä

v =
dr

dt
, å[æ ´7çeè

é ±O¸A¶@¸A®+½4°.¶W±<º<½6®+²@±Sêë¾:®�±<²W¹:²4³-°.Ì<»+À:±<²b¯E®_¾:®2ì6½6®�»+¶4¸A¶b®+±O¹6³E¶X¾6À:»2°.¶W¾6®_±<²b¸A²4¯E²b¾6®A±P²
¹:²4³-°.Ì<»+À:±<²aÉy¯EÀyÆ4®+±<¶J»2ºP¾:²4¾�ä

p = mv, å[æ ´ í@è
î ²y¸Z®+»+Ã@½6º<»+²y¾:®tÀ:½6²
¹:²4³-°.Ì<»+À:±<²�¯E®t®+½:»+À:®+½N°.³E²
®+½k±P²bï$ð ñoòJó�ôNõyö<ð2÷bôXðaø>ðHù(ú�û~ó�ôNðtü_û~ýeþ«ÿ

üCþ ðHóqú�ûoÄJÅXÀ:®G®+¯-°.²@Á6±<®+»+®pÅNÀ6®p®{¿:º<¯-°.®+½�¯EºP¯-°.®2¸A²4¯·¾:®G³E®2ÎM®+³E®+½:»+º<²t®+½y±<¶@¯T»+À6²@±P®2¯}®2±
¸Z¶eÆJº<¸Aº<®+½4°.¶a¾6®
±<²t¹:²4³-°.Ì<»+À:±<²t®+¯-°.ÃA¾:®+¯E»+³Eº7°.¶Z¹�¶4³}±<²Z®2»+À6²@»+º<¼4½

F =
dp

dt
= ṗ å[æ ´ æ è

¶tÁ6º<®+½

F =
d(mv)

dt
å[æ ´ �4è

é ½
®+±�»2²4¯E¶Z®2½b®+±$ÅXÀ:®>±<²t¸A²@¯E²Z¾6®R±<²t¹:²4³-°.Ì<»+À:±<²t¯E®+²A»2¶4½6¯-°E²4½N°.®~Ä�±<²t®+»2À6²4»2ºP¼@½ æ ´ �t¯E®R³E®+¾:À6»+®>²
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F = m
dv

dt
= ma 465�7 8,9

:�;
<�:�=?>@=BADC$EFE,GH=HC$=HIJE
GHK$L,<M:�=?C$EFN�E
I1O�P$GHQ�C$E

a =
d2r

dt2
465�7 R�9

S ET=HGHQ�E,GHK$L,<U:�=WVX;(Y�K$VXK$=H<�O�;Z=HA[Q�<�ED=HGBQ�E,GBK\L
<]:�K_^ =HIJ=H<�GHK$E,C,:�=`AJ=Ha
Q�<�:�;ba
IJE,:�; 7dc <]AJK$A1O�=BVXE
:�=eIJ=B^ =HIJ=H<�GHK$Ef=H<@=BC�GHQ�E,CgC$Ef=HGHQ�E,GHK$L
< 5�7 5 =BAhY�E,C$K$:�Ei=BAhQ�<kj�l$mBn&oBpXq]rtsuoBv�wtl6q
x.y@zhq
x{l0x$o�q
s|y 7
}h~1��~1�`~ �i�����
�W���������`�"�g���T�����.���1���"�g�W�������i�g�`�������`���T�������T���g���.���

  �"¡��

c <�EXK$<�O�=Ha
IJE,C�GH;,<�AJ=HI1Y�E�O�K_Y�Ef¢@E
K$AJC\E
<�O�=?:�=]VX;£Y�K$VXK$=H<�O�;F=HATQ�<�EX^ Q�<�GHK$L,<@:�=UC\E
AhGH;�;
IJ:�=H<�E,:�E,A
:�=BC/=BAJN�E
GHK\;¤^ E,AJ= 46¥,¦u§�9b¨ Q�=fAJ=iVXE,<,O�K\=B<�=FGB;,<�A1OJE,<�O�=iE©C$;¤C$E,IJa
;M:�=FGHQ�E
C ¨ Q�K$=HIbL
IJª�K_O�EX¢ ¨ Q�=
IJ=H:�Q�GH=iC\E
AT:�K$VX=B<�AJK$;,<�=HAb=H<«C\E
A ¨ Q�=FAJ=FViQ�=BY,=B<¬C$E,ATN�E,I1O�P$GHQ�C$E,A ¦ N|;
IT=&­J=HVXN�C\;®C$E,ATK$<�O�=Ha
IJE,C$=HA
:�=e=H<�=HIJa
P$Ei¢MVX;
VX=H<,O�;FE,<�a,Q�C\E
I�;,IJª�K$O�E
Cu=B<@:�K\A1O�I1K\ª�Q�GHK$;
<�=HAZ=HA1^ ¯BIJK\GBE,A ¦ IJ=H:�Q�GH=H<@C\E
A�L,IJª�K$O�E
AZE
N�C$E
<�;,A 46° K$<�<�=B¢®¢¤±.IJ=HVXE
K\<�=i²(³
´�µ 9t7S ;,A[O�=H;,IJ=BVXE,A�:�=�GH;,<�AJ=HI1Y�E,GBK\L
<FK$<�:�K$GHE,<iª�Ed­J; ¨ Q�¯ZGH;
<�:�K\GBK\;
<�=HA[C$E,A[GHE
<�O�K$:�E
:�=HA/Vf=HGH¶,<�K$GHE,A
AJ;,<©GH;,<�A1O�E,<,O�=HAD=H<©=HCgO�K$=HVfN|; 7�· =?C$EF=BGHQ�E
GHK$L,< 5�7 ²U;,ª�O�=H<�=BVX;,Ah=HCgN�IJK\Vf=HIWO�=H;,IJ=BVXE 7±.=H;,IJ=BVXEi:�=DGH;,<�AJ=HI1Y�E,GBK\L
<¤:�=HC|Vf;,VX=B<�O�;UC$K$<�=HE
C¸:�=TQ�<�EiN�E,I1O�P$GHQ�C$E 7 j�l[x_qZ¹�º�oBvJ»(qFn&ydn�q
x ¼�½D¼
o�miw�otv�y(¼ZoBs�n"ydsuw�o�m

ṗ = 0 ¾ oBxup®y�p®ots�n&yfx{l0s|o�q
x�¿Àm(oiw�y�s�m(oBvtÁ�q,Â
Ã C/VX;,Vf=H<�O�;¤E,<�a
Q�C$E,Ib:�=fC$EMN�E,I1O�P$GHQ�C$EMAJ;,ª�IJ=fQ�<¬N�Q�<,O�;ÅÄ ¦ :�=B<�;
OJE,:�;MN|;
IeÆÇ=HA1O�¶@:�E,:�;

N¸;,I

L = r×p, 465�7 µ 9
:�;
<�:�= ¥ =HAb=BC[IJE
:�K$;fY
=HGBO�;,IT:�=HAJ:�=«ÄÈE¤C$EXN�E,I1O�P$GHQ�C$E 7 Ã C�p®ydp®oBs�n&yMÉ�o`¹�º�oBvJ»(q@y®n&ydv�w�qiAJ;,ª�IJ=
ÄÅ=HA1O�¶f:�E,:�;fN¸;,I

N = r×F, 465�7 ´ 9
S Ei=HGHQ�E,GHK$L,<¤E,<�¶,C$;,a
EUE 5�7 5 N�E,IJEiÊ�AJ=b;,ª�O�K\=B<�=b:�=T^ ;,IJVXE
IW=BCuN�IJ;�:�Q�GBO�;]GHIJQ�Ëb:�= ¥ GH;
<MC$E

=HGHQ�E,GHK$L
< 5�7 Ì�Í

Ì,5
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r×F = N = r×d(mv)

dt

ê6ë�ì í,î
ï�ð¤ñBòHó�ð
òHô$õ,ö ë�ì í¤÷ ñiø�ó�ñHù�ñiñ ÷ òBúJô\û�ô$úTñHökó�ö�ðXü ý,úJþXðXø�úJÿ,ò���ô\òBð¤ó ÷ ð,ö�ù�ý¤ô$ù�ñHö���ô$ù�ð
ù�ñ ÷�� ñHò���ý��

úJô$ð	�\ñ ÷�


d(r×mv)

dt
= v×mv + r×d(mv)

dt
.

ê6ë�ì���
,î
� ý
þXýFòHý
ö ÷ ñHòBó�ñHö�òHô$ð®ù�ñ?ñ ÷ ��ðXô$ù�ñHö���ô$ù�ð,ù 
 �$ðFñHòHó�ð,òHô$õ
ö ë�ì í ��ý
þXð��$ðFü ý
úJþXð

N =
d(r×mv)

dt
=

dL

dt
= L̇.

ê6ë�ì����(î
�.ð,ö���ý�� òHý,þfý�� ù�ñBø|ñHö�ù�ñBö ù�ñ��/ø�ó�ö���ý�� 
�÷ ý
û�úJñiñ��/òHó�ð	� ÷ ñ���ý,þXð
ö��$ý ÷ þfý,þXñBö���ý ÷Bì�� ñ��$ð
ñBòHó�ð
òHô$õ,ö©ù�ñ��$ð���ý,úJòBð ë�ì���� ý,û �JñHö�ñHþfý ÷ ñ�� ÷ ô"!,ó�ô\ñBö���ñ#��ñHý
úJñHþXðFù�ñ?òHý
ö ÷ ñHú � ð,òHô$õ,ö ì

�.ñHý
úJñHþXðMù�ñfòBý,ö ÷ ñBú � ð,òBô\õ
ö�ù�ñ��/þXý,þfñHö���ýMð,ö !,ó$�$ð
úbù�ñfó�ö�ðMø�ð
ú%�'&\òBó$�$ð (*),+.-�/�02143'5'/�061�07/	- 8
�98;:=<�5=:�3'1>8?:�@,021�@�5=:=<

L̇ = 0
8BA�:�-DCE14CF:�@$021F/4@HG	IJ-"/43��K<�:�5=1�@ <�:�3=L4/�M

NPO ý,úJð]òHý,ö ÷ ô\ù�ñHúJñHþfý ÷ ñ��Q��úJð,û�ð�RJý O ñHò O ýfø|ý
úS�\ðUü6ó�ñHúUTHðiñ�VH��ñHú1ö�ð�W ÷ ý
û�úJñ#�$ð]ø�ð,ú%�'&$òHó �\ðYX�ó�ñ
� ðfù�ñeó�ö@ø�ó�ö���ý � ðFó�ö©ø�ó�ö���ýFZ ì\[ ý,úZù�ñ�]�ö�ô$òHô$õ,ö 
 ñ ÷ ��ñ���úJð,û�ð�RJýfñ ÷

W12 =

∫ 2

1

F·ds
ê6ë�ì�� Z î

[ ð
úJðÀó�ö�ð þXð ÷ ðÈòBý,ö ÷ ��ð,ö���ñ 
 �$ð ô$ö��Jñ�!,úJð	� ë�ì�� Z ÷ ñ ú1ñHù�ó�òHñ¬ð ∫

F·ds = m
∫

dv
dt
·vdt =

m
2

∫ d(v2)
dt

dt
ìH^ ø¸ý,ú;��ð
ö���ý

W12 =
m

2
(v2

2 − v1
2)

ê6ë�ì��(ë,î
ï�ð

mv2/2
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ó�ð	�uð	�gòBð,þiû�ô\ýFñHöa�$ðFñHö�ñHúU!	&\ðFòHô\ö _���ô$òHðH(

W12 = T2 − T1

ê6ë�ì���c,î
d ô�ñ���òHð
þXø|ýDù�ñ`ü ó�ñHúUTBðbñ ÷ ��ð��JX�ó�ñ�ñ�����úJð,û�ð�RJý

W12
ñ ÷ ñ���þXô ÷ þfýDø�ð,úJðTòBó�ð��"X�ó�ô$ñHúe��úJð�f
ñHò���ý,úJô$ð

üg& ÷ ô$òHð,þfñHö���ñbø¸ý ÷ ô$û �\ñbñBö���úJñh�$ý ÷ ø�ó�ö���ý ÷#� f�Z 
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ö�òBñ ÷ �$ðiü ó�ñHúUTBð ê fMñ�� ÷ ô ÷ ��ñHþXð î�÷ ñ?ù�ô$òHñ#X�ó�ñ
ñ ÷ 5=14@H<�:�3�L4/40i+jL	1 ì�k ö�ðMù�ñ ÷ òHúJô$ø|òHô$õ
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�\���U�"�$�"�4�H���U�"��� �$���U���'���U� ��� �E�����$� ���'���Y�Q�	�.�	�'�U���'�%���������'���U�"� �,�*���$���$���\���$� ��� ���"�E�$� W12�U��� �U���"���'�U���	�����'���U�"�Y� ���%�'�"��� �"�����b���$�"�"���# ��$�P���$�'�U��� ��¡U�Y¢ ���=¢ ���U��� �U�?�'���,���"�U���$���'�������U�U��� �����
�����U�H�

∮

F·ds = 0 £i¤ �"��¥�¦
§ �Y�U�"�%�'�������$�P���*���	�$�U���%¨��	�'��¨��m�U����© �"�%�'�B���"ª	�$� �?«i� ���U¬��P� �"�U�b� �	�'��¨4�H�>­m�S��� ®��"�"�U�"��¨	�����'���U�"�	�¯�

�$� �°�����$� �"���"±��²�$�������U���U�"�°� ���U�a J� �`�����'�U��� ��¡U� W12
�³�U���°�"�$� ���\���$� �b�����'�E� �F�"�a�'�%���������'���U�"�

«g´"�U�b��� � ���? J� �hµ¶�U���E���Dª��U�	�$�"�����'�#�$��� �$��«g�$� ���b±	�����U�����"���.� ���Q�	�U�"���b±	��·

F = −∇ U(r) £i¤ �"�>¸�¦
�$�	�$� � § £i¹ ¦.���?����º »4¼2½�¾Q¿�ÀiÁ	ÂÃ�,�°½�¾�½�Ä¯Å	ÆiÁ�º$»�¼2½�¾�¿�À¯Á4ÂÃ�,�e����©H�"�%�'���$���b���$� § �U�h� �$��� �h�"� «g���U�"�;�\���
�$�����Uª�� �E�����'� �JÇ � W12

���l�"� �$���\��� �$�"�����'��� �?�"�#�'�U���	�����'���U�"�h� ���"���'��ª	�U�����"±��������'�U���"����� �$���'���
�S�hÈH���U���U´"�P�\���U�"�$�"����© � �U���U�	� W12

�����E�����J���	���$�"������� �$�P�������U�b� ���h ��$�;� ���Q���$� �;�%���"���E�����'�
�$���b�	�?�Q�	�U�b���b�	�$���.É$�$�	�"�����\ÊB�%�'�F�������'�"�$�����$� ��� �Y�U���P� ���U�"ª��$�	�$���Q��� −U �Q�U���D J�$�h�$���%�E�$� �
�"��� ª����'�$�9�$���'�U���������'���U�"��� ��«i���U���$���"�	�Ë�'���$���������"���U���"�	���"±��

F·ds = −dU � FS = −∂ U/∂ s ��"�Y��� ���Q���.�� J� ��¨4���"�����'�m� ¤ ����¸H� ÌK�"�Y�����$�����b±	� ¤ ���>¸��U�#�$� ��� �m�U�$�E�	�;�$� ������� �%�'�����'�m� § � �U�"�
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Í³���U�E� �a�U�"�%�'���������	�$�U���%¨��	�'��¨�� �,�����'�U��� ��¡U��¢$���=¢ �F�\���.�"���;«g�$���U¬����?���

W12 = U1 − U2 £i¤ �"��Õ�¦
Ö ����� �"�$�	�$� ���"������� �����"±�� ¤ ����ÕY�������b� ¤ ����× � �'��� ���E�	�

T1 + U1 = T2 + U2 £i¤ �"�>Ø�¦
���D���$�	�D���%�'��� �b�����������'�����U���E��� ������� �U���%¨4�	���"±����$���"����� ���Uª�´"�H�

Ù �����U���E���$�.�����$�U���%¨4�����b±	�E�$�.�"�#��� ���Uª	´b�H·HÚ,ÀeÂ�Á�ÒeÛ=Ü$½�ÄUÝ�Á�ÒPÞ�Ü,½mÁ�¿�¼iÜ$Á4¾FÒ�»�Ó�Ä'½?ÜH¾\Á�º Á4Ä�¼iÆ7¿�ÜHÂ�Á
Ò�»4¾`¿=»4¾HÒ�½�Ä�Î4Á4¼iÀjÎ4Á�Ò=ß*½�¾$¼2»4¾�¿'½=Ò;Â"ÁY½�¾�½�Ä¯Å	ÆiÁ�¼2»4¼7Á	Â$ÏJ½.Â�Á.º Á4Ä�¼iÆ¯¿�ÜHÂ�Á�ß;àâáãÐaÒ�½�¿=»4¾HÒ�½�Ä�Î4ÁhÁ#Âb»#Â�Á4Ä¯ÅJ»
ÏJ½PÒ�Ü�ä4Ä�Ó�Àj¼7Á�Ô

å ���E�	��� �U��� ���$�æ���m� ���U�����Q��ç �è�$���#��±H�$�"ª	�é���b� �"���$� �æ�"�	�`�"���'��ª	�U���"���`� �ê����¨H�"�E�"�����'�
�����'���S�F� ���U�$� ë��.� �m�b�h�b���'���U�������"±��`���	���"�Y���%�'�U���b�"�Y� ���U��¡U���U���F���$���	���'�U�������S� �����U�U�	�;�����"���
�"���'��ª	�U���"���.� �h���$���Uª�´"���������E�����'�E�	�$ª�� �"���.�E���$���?� 10−12 ���°�	���\���?���	�U�����QÇ �"�a�����$�	�Uª�� �
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Æ�Ã,Í�¿,¾�À�Ì|À�Á�Õ"¿,Ã,Á�Æ@È�Í(ÑB¿"¾�¿"Õ�Æ@È�¿,Ñ0Ñ(À;¾�¿"À�Á(À�Â�Ã2Ä�¿)Ê1Ë[È�À�Á(Å�Æ�¿2¾dÓ

æ3ç�èFçdé3ç ê.ëFìIê.í5îFí5ì�ïAíñðòíXóAô´í5õ
ö À�Ê�¾�À�ÂYÀ�Ì�È�Í�Ñ(Æ�ÏT¾�¿2ÌYË,Ð�Ì�À�Â�÷[¿,Å�Æ�Ë2Á(À�ÌYÑ(À0øFÉ�ÅOù(ËPú|Â�¿,ù�À"ÉQÀ�Árûuü,ý�þWÀ�Á�Å�Ë,Á�È�Â�Ï ÿ�Í�ÀBÀ�Ì�¿,Ì\Ë,Ð�Ì�À�Â �÷[¿2Å�Æ�Ë,Á(À�ÌUÑ(À\¾�¿,Ì3Ê<Ë,Ì�Æ�Å�Æ�Ë,Á�À�ÌUÑ�À\¾�Ë,Ì3Ê(¾�¿2Á(À�È�¿2ÌUÌ�Æ�Ã,Í(À�ÁTÈ�Â�À�ÌA¾�À�É2À�ÌAÕ�¿[È�À�Õ�Ò2È�Æ�Å�¿2Ì�Ó��A¿,Â�À�Õ�Ë2ÌUÍ(Á�¿
Ð(Â�À>÷,ÀYÑ�À�Â�Æ@÷[¿,Å�Æ�Ï2Á8Ñ(À6À�Ì�È�¿,ÌU¾�À�É2À�Ì�Ó
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÷,À�¾�Ë�Å�Æ�Ñ(¿2Ñ�Æ�Á(Ì�È�¿,Á�È�Ò2Á(À�¿ Ñ(À�¾|Ê(¾�¿,Á�À�È�¿P¿2¾, �Ë2¾ á.- Æ�Ã,Í�Â�¿ â Ó@û�ä>Ó/�]À8¾�¿ Ñ(À�0(Á(Æ�Å�Æ�Ï,ÁNÑ(À h
È�À�Á(À�Õ"Ë,Ì

h≤r
Ó á l " m ä]È�¿,Õ.Ð�Æ�Ç�ÁCÀ�ÌYÍ�Á(¿WÅ�Ë,Á�Ì�È�¿,Á,È�À�Ê<Ë,Ì�Æ@È�Æ@÷[¿8Ñ�À�Õ�Ëu÷?Æ�Õ�Æ�À�Á,È�Ë�Ó�1AÌ�¿,Á�Ñ(ËW¾�¿2Ì;À�Å�Í�¿,Å�Æ�Ë,Á�À�Ì

â Ó ã â É â Ó ã2'?Î_Ë2Ð�È�À�Á(À�Õ"Ë,Ì

[(l/m)2/2(−E/m)]

h2
− [GM/(−E/m)]

r
= −1 áiâ Ó�ã2þ,ä

'43

Neevia docConverter 5.1



546�7�598�:�;�6=<?>@79;�AB6�CEDE54;96�A4>@6=< FHGJIJKHLNMPOQISRUTWV9F�X VZY [QTWV4\�]/O�RUT^K&TW_ TW`WX L

acb�dfehg?ikj�lZm2n?o OQTWM?O�RZp@X LhqHLNpZL�_ L?rWp@sJY RULhOQ_ X q&RZY [.Lh_ Y `SLNKHL?KJO�GJItqJ_ LNIJO�RUL�OQItOQ_�qJGJISRZTf:uLN_ pZOQKJOQKJTWp�KJOQ_2<&TW_�[QTWMPT?v T^[QT&wx TWV�qHLNpZyNM?O�RZp@TWV=KJO�_ L�OQ_ Y qJVZO�z{L^| s�\/[.}4VUO�M~GJOQVZRZpZLNI/[.TWMPT~RUp@OQVEqHLNpZOQV=LN_ RZOQp@IHL�RUY �STWV�K&O�[QT^TWp@KJOQIHLNKHLNVQ�
x
\

y
|
r
\

theta
|
r
\

h
|KJTWI&KJO

h
OQV�_ L�K&Y V@RULNIJ[QY L~q
OQpZqHO.I&KJY [QGJ_ LNpEKJOQ_�v T^[QT?L~_ L~RULNIJ`WOQISRZO~OQI�OQ_�qJGJISRZTh:�w x L~OQ_ Y qJVZO�M~GJOQVZRZpZL~sH��LW�W�^w

�?�������=�2���Z�B��jEl �B���=���=�=���=�E�����Z�Z�=�&��l��/�2�&���E�=�+���Z�U�E�&���E���&���
�U�N�J�����#�2�B�
a
���&���
�U�N�J�

�
���=�2�
b   ���=�����B��¡Q¢��B£   m#¤B¤2¥4¦

b2

h2
− 2a

r
= −1

¡.jEl �2¥B¦
�?�§�Z£B�E�B�Z�=�2�u�=���Z�B�P�����E�B���Z�2�=���hjEl �B�,�uj�l �2¥§�=�!�&�2�Z�§���B���E�Z�   �¨�Z�§�=�&�E��©=�!�E���U�§�E�&�Z�����&�¨�Z����E�!ª����E�U����«��&�Z�E�­¬9�E�   �B��©E�Z®����E�&�B���B�&���Z�B�E�­�=�!�
�B�E���&�)�Z�=�
���=�Z�   �u�Z�2�t�E�B�&¯2���   �&�2�t�B�&©=�   �2�U���

a
�

b
«����   ®��&���Z�=�2�¨�=���Z�B�¨���2�=�   �2�   ���!�E������°��Z���Z���   �E«P¡U± E ² m ¦c�³¡

l ² m ¦
l

a = GM/2(−E/m), b = (l/m)/(−2E/m)1/2 ¡.jEl �B´2¦
µ ��£B�E�=�E�¶�Z�����E�·ª����E�Z���u¡.�Z�����=�¸�U�2�c¯B�&���2�J¦
n¨¹?º�»�¼�½�º�¾J»
¿�À�¾�À9º�¾�»
À�º
Á�¼@»2º~¾�ÂN»ÄÃHÅ�ºÆ¾�¼�Ç�Å�¼

È »�É
ÉJ¾)Ê�ÉJ¾J»�Ë�Ì@Í2ÀE»2¼Z¾HË¶¾�º+Â.Ì�¾�Î·Á=Å�Ë�Ì@Í2À=»�¼U¾JË
Ï �2���&���Z�2���Z�B�Ð�
�Z�¶Ñ/�Z£B�E�&�¶j�lZm2«��Z�¶�E���&�@°��B�E�   ���
�~�2�&�B�~�=���P¯B�&���E«�Ò­«����   ¯��=�2�=�
�~�2�

dA

dt
=

1

2
vh =

l

2m

¡.jEl �2ÓB¦
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Õ9Ö=×EÕ4Ø2Ù�Ú9Ö�Û?Ü{×�Ú9Ý4Ö=Þ=ß�Õ4Ú�Ö=Ý9Ü{Ö=Û àJáJâJãHäNå?æQâSçZèWéEà#ê éZë ìQèSéBíhîfæ�çZè^ãJèWï èWðWê ä

ñZò)ó�ôEòBñ~õ�ö,ô=÷Eò�ó�øB÷Eö^ùJòB÷BùJõ�ú=û�÷4ùJøB÷Eó�õ�ö¨õ�ö^ùJò�ñUõ
ü�õ�ö^ùJý¶þEÿ��&õ�ó�ùJò���õ�÷4ùJõ!òBö&ø�ó�ÿUò2þ=ò)ó�øB÷ÐñZò)ó�ø2÷=ö&õ�����ò��
ó�ÿ�	B÷Ðþ=õ�ñ
��ø���õ�÷BùJø¶òB÷��BôEñUò���ú


 õ��&ó�õ��&ò³ñZõ�ü þEõ���õ��=ñZõ����.ñZõ�ü þ=õÄñZøBö���õ����Zø�þEøBö����������� "!$#�%�!$#'&(#*)��,+")�%�-.&�#'&/#')0�� "!���1� 324)�%
+5�6!�78)�9.!:!��;%�)�#')�#'&<%=#')��?>?&��,)A@�+B%�&�+"&<%���24&�75!��
!��C�� "D�&E#')=�6!�#�2�@�9.!�78��2F!HGI)�#�24!I!��?>
&<��J

K ö&òB÷Eþ=ø�ñZò�ö&õ��2ô=÷Eþ=ò�ñUõ
ü�L?õ�ñM�~õ����Zø9þ=ø
T
þEõ�ñM�EñUò2÷=õ�ùJòÐþ=õ�N�õ�ö&õ��­ÿ��Bô=ò2ñ/òBñfý$�&õ�òÐùJø2ùJò2ñfþEõ�ñZò

õ�ñZÿ��=ö&õ�LBþ=ÿ6�9ÿUþEÿZþ=òO��ø$�fñZòuó�øB÷Eö^ùJòB÷BùJõ�L
dA P dt

ú9û�ñ=ý$�&õ�òuùJø�ùJòBñEþ=õ§ôE÷=ò­õ�ñUÿ��Eö&õ¨õ�ö
πab

ú'Q�ø$��ñZøuùJò2÷4ùJø�L

T = 2πab/(l/m) = (2π/
√

GM)a3/2, T 2 = (4π2/GM)a3 �FR�úTS�U*�
V ÷4ùJõ����"�&õ�ùJò2÷=þEø³õ�ñtö&õ���ÿZõXW&õE��ò�üBø$�­ó�ø$��ø�ñUò�þ=ÿZö^ùJò2÷=ó�ÿZòY�
õ�þ=ÿZò�òBñ[ZEø2ñ4Lhõ�ñ[�&õ�ö&ô=ñ@ùJòBþEø+þEõ�ñZò

õ�ó�ôEòBó�ÿ�	2÷\REú S�U/���&ø$��ø$�&ó�ÿZøB÷Eò+ñZò�ùJõ��&ó�õ��&ò³ñZõ�ü þEõ:��õ��EñZõ���ú^]?ò�ó�ø2÷=ö^ùJò2÷4ùJõ�L��
4π2 P�_=` ��L/ñZò+ó�ôEòBñò$�EñZÿUó�òH�=ò��&ò�ùJø9þ=øBö¸ñZø2ö��=ñZòB÷Eõ�ùJòBö!þEõ�ñhö&ÿZö^ùJõ���ò�ö&ø2ñZò$�§õ�ö·ò��"�&øba�ÿ���òBþEò$��õ�÷BùJõ�ÿ��BôEòBñPò

3 × 10−34

y r2 P m3 ú

cId�eHd fhg�iCjlkEm�npo=q�m�rtsvu�wyx5nzgY{�|�}
j
û�ñEÿ��E�Eô=ñZö&ø·þEõ�÷=ø�ùJòuñZò·ÿU÷Eõ��&ó�ÿZò·õ�÷~��ø��9ÿ��
ÿUõ�÷4ùJø¸õ�÷�ùJòBñ'�.ø�����ò��4ô=õ¨ô=÷¶ó�ô=õ����~ø�ó�øB÷~��ò�üBø$�^��ò2ö&ò
ø��Bõ�ñUø9ó�ÿZþ=ò2þ¶ùJÿZõ�÷=õl�
ò#üBø��tÿ��H�=ôEñUö&øO�4ô=õ!ø�ù��&ø­ó�ø2÷I��õ�÷Eø$����ò2ö&ò­ø��Bõ�ñZø9ó�ÿZþ=ò2þ
ü~��ø$��ñZò­ö&õ��BôE÷=þEò
ñZõ�üÄþEõ��¸õ��¨ùJøB÷8L�ùJõ�÷=õ���øBö

F =
dp

dt
,

�FR�ú R��*�
ZEÿfñZò��
òBö&òÐö&õH��òB÷BùJÿZõ�÷=õ�ó�øB÷Eö^ùJòB÷BùJõ�Lhõ�÷4ùJø2÷=ó�õ�ö­õ�ñfó�ò$��NEÿZøÐõ�÷Æõ�ñ���ø$�
õ�÷4ùJøÄñZÿU÷Eõ�òBñ�ó�ø2÷ õ�ñ

ùJÿZõ��E��ø¶ö&õ�þEõ�N~õuòBñPó�ò$��NEÿZø¶õ�÷��2õ�ñZø�ó�ÿZþEòBþ8L�õ�ö^ùJø
õ�ö�L�ò
ô=÷Eò�ò2ó�õ�ñZõ��&òBó�ÿ�	2÷Ðø�ôE÷=ò��.ôEõ�����ò�ú
K ÷��Qò2ó�ùJø$�,ÿ��E��ø$�^ùJò2÷4ùJõ·õ�÷ÐñUò�ò$�EñUÿZó�ò2ó�ÿ�	B÷ÄþEõ�ô=÷Eò~�QôEõ�����ò�õ�ö§õ�ñ�ùJÿZõ��H�~ø¶þEô"�&ò2÷4ùJõ�õ�ñPó�ôEòBñPö&õ

ò$�EñZÿUó�ò¶ô=÷EòE�Qô=õ�����ò�L�õ�ö^ùJø�õ�ö�L~õ�ñhó�ò���NEÿUø¶þ=õ���ø���õ�÷BùJø
ñZÿZ÷=õ�ò2ñPõ�öl�
ò#üBø��§ö&ÿhö&õ�ò$�=ñZÿZó�ò
ñZòH�
ÿZö���ò
�Qô=õ�����ò�þ=ô��&òB÷BùJõ�ô=÷�ÿZ÷4ùJõ�����òBñZø¶þEõuùJÿUõ��E��ø¶ñZò$���Bø��4ô=õ�þ=ô��&òB÷4ùJõuô=÷Eø�ó�ø$�^ùJø3L�õ�ö^ùJø�õ�ö

dP = Fdt,
�FR�ú R3�<�

û�÷�õ�ñ�ó�ò2ö&ø�þ=õ·÷9ô=õ�ö^ù��&øBö!ö&ÿZö^ùJõ��
òBö��=ñZò2÷=õ�ùJò��&ÿUø2ö�L=õ�ö^ùJõ�õ�ö§õ�ñ�ó�ò$�tN=ÿZø¶õ�÷�õ�ñ
��ø$�
õ�÷4ùJø�þEõ�ñZòBö
�=ò��^ù��Zó�ô=ñZò2ö¨ÿZ÷Eþ=ôEó�ÿZþ=øH��ø$�¨ñZò¶õ�ö^ù��&õ�ñZñUò��=òBö^ò<W&õ��&òEú

]?òÐõ�ó�ôEòBó�ÿ�	2÷³òB÷BùJõ��&ÿZø$�·ö&õt�=ôEõ�þ=õ¶ÿU÷BùJõ��$�&ò����=ò��&òÐø$N�ùJõ�÷Eõ��uñZòI��ò��&ÿZòBó�ÿ�	B÷�þ=õ�ñ^��ø���õ�÷BùJø
∆
Q

þ=õ­ñUòH�=ò��^ù��Uó�ô=ñZòEú5ZEÿhõ�ñ,��ø���õ�÷BùJø�ó�ò$�tN=ÿZò�þEõ�ö&þ=õ)ô=÷Y��òBñZø$�§ÿZ÷EÿUó�ÿUò2ñ
pi

õ�÷+õ�ñhùJÿZõ��H�~ø
ÿU÷EÿZó�ÿZòBñ
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�*�B�3�'�����3�"���6�'�3�$�B�����*�'�B�*�6�"� �A�����A�.�
 ¡�£¢�¤X¥'�<¦ ¥�§ ¨¡¤X¥*©Cª^ «¢�¤���¤X¬ ¤X­X¦ �

®~¯"°�±�®$²�³$´�µ"°"®�²
pf ¶ ° ¶ ²?·�¸ ¶�¹Eº ³ tf » ¸�°$· ¶�¼ ´�®�°"½�³

∆P =

∫ tf

ti

Fdt, ¾F¿�À ¿*Á�Â
Ã ®�Ä�®�°*·�¸�½"®�½�¸�°*· ¶�¼ ´�®$²*½ ¶ ²�®lÅ¡¯ ¶ ´�Æ�® º ³�´ ¶ ²�¸�°*· ¶ ´�±�®$²�³�½ ¶ ·�¸ ¶�¹Hº ³�Ç ¶ ½ ¶ µB° ¶ Ä�³ ¹ ³ ¶ ²3¸ ¹Eº ¯"²�Ç�³½ ¶ ²�®~Å¡¯ ¶ ´�Æ�®EÈ ¶ ° ¶ ²�¸�°$· ¶ ´�±�®�²�³~½ ¶ ·�¸ ¶�¹Hº ³ dt »8¶ Ç�½ ¶ Ä�¸�´ »B¶ ²�¸ ¹Eº ¯�²�Ç�³~É ¶ Çl¯�°�± ¶ Ä�·�³$´l½ ¶ µB°�¸�½"³

º ³$´�²�® ¶�Ê3º ´ ¶ Ç�¸�Ë�°?Ì

I =

∫ tf

ti

Fdt = ∆P, ¾F¿�À ¿$¿$Â
Í ¯�®$°$·�³ ¹ ®bÎ$³$´ ¶ Ç ¶ ²C¸ ¹Hº ¯�²�Ç�³ »5¹ ®�Î$³�´ ¶ Ç ¶ ²CÄ�® ¹�Ï ¸�³I½ ¶�¹ ³ ¹E¶ °*·�³I½ ¶ ²�® º ®�´�·�Ð�Ä�¯"²�® »5¶ Ç�·�³Ç�¸ ¼ °"¸6µBÄ�®�Ñ'¯ ¶I¶ ²M¸ ¹Eº ¯"²�Ç�³�½ ¶ ²�®�Å¡¯ ¶ ´�Æ�®Y° ¶ ·�® ¶ Ç=¸ ¼ ¯�®$²�®$²MÄ�® ¹�Ï ¸�³�½ ¶E¹ ³ ¹E¶ °$·�³Y²�¸�° ¶ ®$²^½ ¶ ²�®

º ®$´�·�Ð�Ä�¯�²�® ÀÒ ²�¸ ¹Eº ¯"²�Ç�³ ¶ Ç�¯�°"® ¹ ® ¼ °"¸6·�¯"½�± ¶ Ä�·�³$´�¸�®$² » Ä�¯�Î�³I±�®�²�³�´�°'¯ ¹EÓ ´�¸�Ä�³ ¾ º ³$´�½ ¶ µ"°"¸�Ä�¸�Ë$°�½ ¶ ¸�°*· ¶�Ô
¼ ´�®$² Â ¶ Ç�¸ ¼ ¯�®$²8®$²
Õ$´ ¶ ® Ï ®�Ö�³~²�®~Ä�¯"´�±<® ¶ °�¯"°�½�¸�® ¼ ´�® ¹ ®�½ ¶ È×±3Ç t ÀÒ ° ¼$¶ ° ¶ ´�®�²l²�®/Å¡¯ ¶ ´�Æ�® º ´�³ ¹H¶ ½"¸�³ º ¯ ¶ ½ ¶ ±�®$´�¸�®�´~Ä�³$° ¶ ²�·�¸ ¶�¹Hº ³/½ ¶ ÅF³�´ ¹ ®/Ä�³ ¹Eº ²�¸�Ä�®$½�® »
º ³$´~²�³(Ä�¯�®$² »M¶ ÇIÄ�³�°*± ¶ °"¸ ¶ °$· ¶ ½ ¶ µB°�¸�´E¯"°�®ØÅ¡¯ ¶ ´�Æ�® º ´�³ ¹E¶ ½�¸�³ ¶ ° ¶ ²�·�¸ ¶�¹Eº ³ Fm

Ñ*¯ ¶Yº ¯ ¶ ½ ¶Ä�³$°"Ç�¸�½ ¶ ´�®$´�Ç ¶ Ä�³ ¹ ³I¯"°�®IÅ¡¯ ¶ ´�Æ�®:Ä�³�°"Ç�·�®�°*· ¶ Ñ*¯ ¶ ½"®$´�Õ ¶ ² ¹ ¸�Ç ¹ ³E¸ ¹Eº ¯"²�Ç�³H®:²�® º ®�´�·�Ð�Ä�¯"²�®EÑ*¯ ¶²�®�Å¡¯ ¶ ´�Æ�®EÈÙ®�Ä�·�¯"®�°"½�³H½�¯"´�®$°$· ¶=¶ ²
¸�°*· ¶ ´�±<®$²�³~½ ¶ ·�¸ ¶�¹Eº ³ ∆ · ÀÒ ²?±�®�²�³�´ º ´�³ ¹E¶ ½�¸�³�½ ¶ È m
Ç ¶�º ¯ ¶ ½ ¶ ½ ¶ µB°�¸�´�Ä�³ ¹ ³

Fm =

∫ tf
ti

Fdt
∫ tf

ti
dt

=

∫ tf
ti

Fdt

∆t
¾F¿�À ¿$Ú$Â

½ ¶ Ç º5¶ Ö�®$°�½"³Û½ ¶ ²�®Ü¸�°*· ¶�¼ ´�®�²lÎÝ´ ¶�¶�¹Eº ²�®�Æ�®$°�½"³ ¶ °×²�®Ü½ ¶ µB°�¸�Ä�¸�Ë$°Þ½ ¶ ¸ ¹Eº ¯�²�Ç�³ » Ç ¶/º ¯ ¶ ½ ¶
¶ Ç�Ä�´�¸ Ï ¸�´

I = Fm∆t = ∆P, ¾F¿�À ¿*ß�Â
à ¶ Ç�·�³IÇ ¶ ² ¶ Ä�³�°"³'Ä ¶ Ä�³ ¹ ³E® º ´�³ Ê ¸ ¹ ®$Ä�¸�Ë$°�½ ¶ ¸ ¹Eº ¯"²�Ç�³ À Ò Ç�·�®I® º ´�³ Ê ¸ ¹ ®�Ä�¸�Ë$°�Ç�¯ º ³�° ¶ Ñ*¯ ¶¯�°"®�½ ¶ ²�®$Ç�Å¡¯ ¶ ´�Æ�®$Ç�Ñ*¯ ¶ ®�Ä�·�á"®�Ç�³ Ï ´ ¶ ²�® º ®�´�·�Ð�Ä�¯"²�®t²�³�â"®�Ä ¶O¶ °:¯"°:·�¸ ¶�¹Eº ³ ¹ ¯�ÎEÄ�³$´�·�³�Î ¶ Ç�½ ¶

¹ ® ¼ °�¸6·�¯"½ ¹ ¯"ÄAâ�³ ¹ ®bÎ$³$´�Ñ*¯ ¶ Ä�¯"®$²�Ñ*¯"¸ ¶ ´�³�·�´�®�Å¡¯ ¶ ´�Æ�® º ´ ¶ Ç ¶ °*· ¶ Àã °YÄ�Õ$²�Ä�¯�²�³EÇ�¸ ¹Eº ² ¶ Ä�³$°0²�®H® º ´�³ Ê ¸ ¹ ®�Ä�¸�Ë$°�½ ¶ ¸ ¹Eº ¯"²�Ç�³ »"º ¯ ¶ ½ ¶�º ´�³ º ³�´�Ä�¸�³$°"®�´�°"³�Ç »5º ®$´�® ¶ ²Ä�®$Ç�³H½ ¶ ²�®$Ç�°'¯ Ï8¶ Ç�½ ¶=ä ³�´�· »B¶ ²�Ä�® ¹�Ï ¸�³ ¶ °�²�®~± ¶ ²�³'Ä�¸�½"®�½�½ ¶ ²,å3³$² ¾ ³H½ ¶ ²�® ¶ Ç�·�´ ¶ ²�²�® º ´�¸�°"Ä�¸ º ®�² Â

ß�æ
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∆V⊥

-�.�I�.
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I����
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.
3�AJ3
�E���
��������I�.
-���<��
���
�8������*��
-KL
�E�����
-M�� N3O

F⊥ =
GM∗

2

q∗2 + x2
co sθ =

Gq∗M∗
2

(q∗2 + x2)3/2
≈GM∗

2

q∗2
[1 + (
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×IÓ)ß�Ú4×8Ð�Ð2ÑEÓ�Ó4Î$ÏjØjÞ ñ Ó4Þ�Òy×8Ú4Ô�Î$Ú)×8Ó�ÑfÐ�Ñ~àE×8Ð�Î�Í8Ô�â
ÑEâPß�á�Ò
Ô�Í8Ñ¯â�×XÚ4ÎEß�ÑEÍ8Ô2ÕEÏPâ
×ùÐ�Î$Ó&Í8Þ�×8Ú4Ò6Î$Ó�×8Ïj×8Ð�Ó4Ô�Ó)ß�×8ØMÑ
Ò�Ð�Ñ$Ï�×Iß�Ñ$Ú4Ô�Î�Ö�Ô�Ï
ÍIÐ2Þ�Ó4ÎuÑuÚ4Ñ$â�Ô2ÎEÓBØjÞ ñ Ò6×8ê�Þ�×#.
ÎEÓ ä%/ Ï}×8Ð�Ú4×8Ó)ß�Îuâ
×�Ð2ÑEÓFÚ4×8Û$Ô�ÎEÏ
×8ÓPûBÑ$Ð�Ý$ÍIß�Ô�Í8ÑEÓIÖ�Ð�ÑEÓ
àE×8Ð�Î�Í8Ô�â�Ñ$â
×IÓPâ
×�Ð2ÎEÓP×8Ï�Í8Þ
×8Ï$ß�Ú4Î$ÓjÓ)Î$ÏJØ�×8Ï
ÎEÚ4×8ÓPÑ ≈ 0 ã/è ØOé�ÓIÖ&ØMÔ�×8Ï�ß�Ú4ÑEÓPê�Þ�×OÐ�Ñ$ÓBàE×8Ð�Î�Í8Ô�â
ÑEâ
×IÓ
â�×PÐ�Î$Ó~Í8Þ�×8Ú4Ò6Î$Óf×8Ï[Þ
Ï/â
Ô�Ó4Í8ÎOÒ�Ð�Ñ$Ï�×Iß�Ñ$Ú4Ô�Î=à®Ñ$Ï[â�×8Ó4â�×�à$×8Ð�Î�Í8Ô�â
Ñ$â�×8Ó¯â�× çEãOè ØOéEÓrÖyÒ�Ñ$Ú4ÑMÐ�ÑMÒ�Ñ$Ú)ß�×
Ô�Ï$ß�×8Ú4Ï
Ñ í ×8ÐùÚ4Ñ$â�Ô�Î[â�×�1[×IÚ4Í8Þ
Ú4Ô�Î ð Ö�ú�Ñ$Ó)ß�Ñ î è ØOéEÓPÑ 0 ãEã32 & ä%/ Ó)ß�Îk×8ÓIÖ�Ð�Ñ[Ñ$Ò�Ú4Î*)�Ô2Ø�Ñ$Í8Ô�Õ$Ïwâ
×
Ô�ØMÒ�Þ
Ð�Ó4ÎO×8ÓFÓ4Õ$Ð�ÎDà®Ý$Ð�Ô�â
ÑDÒ�Ñ$Ú4ÑKÐ�ÑKÚ4×8ÛEÔ2ÕEÏ;×4)�ß�×8Ú4Ï�Ñ[â�×=Ð�Î$ÓBâ
Ô�Ó4Í8ÎEÓIÖ�×8ÓFâ
×IÍ8Ô�ÚIÖ�ú�Ñ$Ó)ß�ÑK×8Ð'Ú4Ñ$â�Ô�ÎKâ
×
5 ÑEß�Þ�Ú4Ï
ÎOÑ$Ò�Ú4Î*)�Ô�ØMÑEâ
ÑEØM×8Ï�ß�×®Öy×IÏ;×8Ð�ØM×�ì4ÎEÚfâ
×jÐ�ÎEÓ¯Í8Ñ$Ó4Î$Ó ä�ò Ñ$Ú4ÑMà$×8Ð�Î�Í8Ô�â
Ñ$â�×8Ó`ØM×IÏ
Î$Ú)×8Ófê�Þ�× 0 ã
è ØOéEÓ í Ï�Þ�Ùy×uâ
×KÏ
Ñ$ÍIÔ2Ø�Ô2×IÏ�ß�Î;â
×8Ð 5 Î$Ð�Ö'Í8Þ�ØjÞ
Ð�Î$Ó=Ñ$Ù
Ô�×8Ú)ß4Î$ÓIÖ�×Iß�Í#6rß�×8Ú4Ñ ð ×IÓ)ß�ÑwÑEÒ
Ú4Î#)�Ô�ØMÑ$ÍIÔ2ÕEÏ|Ó4×
Ú4ÎEØMÒ6×`Ù
ÝEÓ4Ô2ÍIÑ$ØM×8Ï$ß�×F×8ÏKß�Î�â�Î�×8Ð�â
Ô�Ó4Í8Î�â�× 0 ãEã�2 & ä7 ×IØMÎ$Óf×IÏ�ß�Î$Ï�Í8×8Ó`Í8ÎEÏ
Ó)ß�Ú4Þ�Ô�â
ÎOÞ
Ï[Í8Õ�â�Ô2ÛEÎMê�Þ
×jÚ4×8Ó)Þ
×8Ð�à$×�×8Ð�Ò�Ú4Î$Ù�Ð�×8ØMÑMÏ�Þ
Ø�68Ú4Ô�Í8Ñ$ØM×IÏ�ß�× ä8/ Ð
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h#i;j=k(lam�npo#q=npo�rpo#s@tOu�v=s3j=k(rph#mwj=oxo#rph�may{z>npmarx|}o#retpm�o#r�~�q=�(uBs=o�tOuBr�~�uBretOo#npmBk�j>o#r�~�h#may�o�tOuarO��o�s��(u
� manpy�u�j=o�v=s�rpk(retOo#y�u�j=o�q>uanetO�(h#v>�(uar�q>npv=o#z>u>�%� uar � v>o#np�#uar
q=npo#rpo#satOo#r{rpmBs��(u�lao#s>o#npuaj>u�q�man
o#� �>mB��|}mx��u{o#retOnpo#�(�(u�q=nek�s>h#k(q=uB��j>o#� rpk�rXtOo#y�u�q>�(uas=o4tOuanpk(m@����v>s=u � v=o#np�#u�rpo#h#v>s=j>uanpk(u�mBnpk�lBk�s>uaj>u
q�man{v>s=u�o#retOnpo#�(�(u�q>uarpu]�Oo�npu��@v=o�rpo#s@tOk(np�as�tOuBs@tOm���u�o#retOnpo#�(�(u�q>npk(s=h#k(q>ua��h#may�m��(uar�q=uanetp��h�v=�(uar
�;v>o � manpy�uas�o#��j=k(rph#mI��� uar�h#uanpuBh�tOo#np�(retOk(h#uar
q>npk(s=h#k(q>ua�(o#r$j>o#��h#iIj>k(lam>� o#r��B��~%o#��y{v=o�retOnpo#m3j>o
�(uar�ianpz>k�tOuar��Du{h�may�m a ∝ n−2/3 ~=j>mas>j=o a o#r�o#�8rpo#y�k(o[�po�y�u]�Bman�j=o���u�iBnpz=k�tOu�j>o �(u�q=uBnetO�(h#v=�(u>~
� n o#r�o#� s@¡=y�o#npm�j>o�iBnpz=k�tOu>~�uBj=o�y��arwh�manpnpo#y�mar	j>k � o�npo#s@tOo�r � uarpo#r	q=uBnpu�h#uBj=u�ianpz>k�tOu>¢��(uar
tOnpu]�Bo#h�tOmanek�uBr�j=ox��uBr$o#retOnpo#�(�(uar$rpmBs�£>k(q8o#npz�ia�(k(h#uar�¢8rpo�npo#rpv=o��(�Bo�o#�cq=npmBz=�(o#y�u�o#s�o#�crpk�rXtOo#y�u�j>o
npo � o#npo#s>h#k(u�j>o��(u�o#retOnpo#�(�(u�h#o�s@tOnpua�}¢co#��k(s@tpo#lanpuaj>man�o�r�o#��h#mBs=m;h#k(j=m3h#may�m�¤�¥I¦¨§d©Oª+«I¬T­F®[¯]°�©w|d�ao#n
± q�²#s=j>k(h#o
³a�4�F´�retOo
k(s@tOo#lBnpuaj>man!s>mar�q=npmBq8mBnph#k(mas>uxv=s�o#npnpman�y��Dµ>k(y�m�uas@tOo�r�j=o#� o#s>h#v=o�s@tOnpmwo�s
�(uar$k(s@tOo�lanpua�(o#r$j>o�o#s>o#nplB��u	��j>o�y�mBy�o#s@tpm�uas>lav>��uBn j=o 10−12 � 10−13 ~�neo#rpq8o�h�tOk��Duay�o�s@tOo�o�s
h#manenpk�j>uar!j>o�v=s�y�k(�(��iBswj=o$ua¶=mBr��

´��@h#i;j=k(lam�h�ua�(h#v=�(u��(uar�h#uBnpuah�tOo#ne��retOk(h#uBr mBnpz=k�tOua�(o#r�q>npk�s>h#k(q=uB�(o#r�~#tOuB��o�r�h#mBy�m��(u�o4µ>h�o#s@tOnpk(h#k(j>uaj�~
rpo#y�k(o[�po#rwy�u]�Bmanpo#r��·y�o#s=mBnpo#r�~�q�o#npk(h#o#s@tOnemar�~!uaq�mIh�o#s@tOnpmBr	o3k(s>h#�(k�s>uah�k�mBs=o#r�manpz>k(tOuB�(o#rwj>o3�(uar
q=uBnetO�(h#v=�(uBr!q>npv=o�z=uI�

¸�¹Vº�¹e»�¹ ¼{½¿¾·À�Á�ÂÃÀ�Ä;Å>ÆX½ÃÇ�ÀÉÈXÁ�ÊÌË�Í�Î8Ï�À Í�Ä;Å>Á�ÊÐË�Ê@ÄIÀ�ÈX½�Å>À�Ê

� mar�q=uBnp�ay�o�tOnpmar!j>k�s>�ay�k�h#mBr�k(s@�amB��v>h#npuBj=mar!j>v=npuBs@tOo
v>s�o#s>h#v>o#s@tOnpm�o#retOo#�(uan!rpmBs�o#� q=uBnp�ay�o�tOnpm
j=o	k(y�q=uBh�tOmÌ|}�(u�j=k(retOuas>h#k(u3j>o�y��Dµ>k(y�m�uah#o�nph#uay�k(o#satOm�j>o��(u�o#retOnpo#�(�(u3q�o#netOv=nez=uaj>manpu�h#masÌ�(u
o#retOnpo#�(�(uxh#o�s@tOnpuB��j>o#��rpk�retOo�y�uxq>��uBs=o�tpuanpk(m@�4~I�(u{�ao#�(mIh�k�j>uajw�	y�uBrpuxj=o��(uxo�retOnpo#�(�(u{q=uBrpu-�po#npuI� ± rp�
h#may�m��(uÑj=k(npo#h#h�k�iBs�j=o3o#s@tOnpuBj=u�j=o3�(u�o#retOneo#���(uÑq8o�netOv=npz>uaj>manpu>��´�retOmÌo#r�~!rpk o�r	q=neialanpuBj=u�m
npo�tOnpiBlanpuaj>u>�>Ò%uanpu��(uxlBo#may�o4tOnp�(u{j=o�v>s�o#s>h#v>o#s@tOnpm�o#retOo#�(uan�£>o#y�mBr�h�mas>rpk�j>o#npuaj>mxtOnpo�r��Bs=lBv=�(mar��
k���´����Bs=lBv=�(m�uB�#k(y{v>tOuB�Ó~��@v=o�£>o#y�mBr��(��uBy�uaj>m φ ��o#rXtO��o#s�o#�ck(s@tOo#ne�-ua�(m�j>o 0◦ u 36 0◦ ¢�k�k���o#�
�as>lav>��mwq8mB��uBn θ rpoxo�s=h#v>o#s@tpnpu�o#s�o#�%k�satOo#ne�DuB�(m	j=o −9 0◦ u 9 0◦ ~���k(k�k��!o#���Bs=lav>�(m α �;v>oxo#r$o#�
�as>lav>��m � mBnpy�uBj=m{q�man��(u{o#retOnpo����(u{q>uarpu]�po#npux�	o���o[�po��Bo#netOk(h#ua��Ô%�=´�s��(u{Õ�k(lav>npu{�>� Öxy�maretOnpuBy�mar
h#uaj>u�v>s=m�j=o�o#retOmBr��as>lav>��mBr!o#s�v>s�o[�po�h#m;manpj>o#s=uBj=mI��´���manpk(lao�s�j=o�� rpk(retOo#y�u�j>o�h#mImBnpj=o#s>uaj>uar
o#r��(uxo#retOnpo����(u�h�o#s@tOnpuB� j>o#��rpk(retOo#y�u�q>�(uas>o�tOuanpk(m>�

´�sxo#�Irpk(lav=k(o#satOo�h#uaq>��tOv=�(m�y�mBretOnpuanpo#y�mar%��mBr%npo#rpv=��tOuBj=mar�j>o���uBr%rpk�y�v=�(uah#k(mBs=o#r s;v>y�²#npk(h#uBrcj>o
v=s�q=uBrpu-�po�o#retOo#�(uBn�remaz=npo�v>s�j>k�reh#m
j=o�q>uanetO�(h#v>�(uar�� ± s=ua�(k(�#uaneo#y�marc�(marco � o#h4tOmar��;v>o�tOk(o#s=o#s�h#uaj>u
v=s>m{j>o ��mBr�q=uBnp�ay�o�tpnpmar�k(s@�amB��v>h#npuBj=mar�o�s�o#�8o#s=h�v=o#satOnpm�o#retOo���uBn�~>tOuB�(o#r�h#may�m�o#��q>uanp�By�o�tOnpm�j>o
k(y�q=uBh�tOm>~@�ao���m;h#k(j=uBj��wy�uBrpu{j>o ��u�o#retOnpo#�(�(u�q=uBrpu-�po#npuI~=uBrp��h�may�m{rpv>r��as>lav>��mBr�j=o o#satOnpuaj>u{�wo#�
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Origen del sistema de referencia

Estrella central del sistema planetario

Estrella pasajera

Sistema planetario
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Cualquier particula prueba del sistema planetario

Estrella central: Ejerce la fuerza F1 sobre la particula prueba; F12 es la fuerza que siente la estrella central por el flyby

Fuerzas involucradas durante un encuentro estelar

Estrella passajera: Ejerce la fuerza F2 sobre la particula prueba; tiene una trayectoria hiperbolica
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SUT�V�W�XZY�V�[$\^]^Y�_�W�X�`aV�[$XZb6Xdc�]^b6V�\^eAf�X�faf�]dg>hZi�`kj�[ml�X�WCXZV�n�[�]^WCc�X�W$\oV�Yp\^b6X�W�eAf�X�fq]^b�]:rF]o\o_�V
f�]ob�l�X�W�s�`q]o_�W�Vtf�]$e6`al�X�\o_�V /Bu V�_�X�`aV�[*v9w�]$XUx�htyUSzb6X�[*l�X�WC_�{6\^w�bAX�[*X�b6\^X�Y�|^X�Yd]:}
\^]^Y�_�W�e6\^e6f�X�f�]^[
f�]~T�X�[C_�X

∼

h / �91 ]^Y�b6X�[�W�]o��e6V�Y�]^[�]:}
_�]oW�Y�X�[tf�]^b,f�e6[�\^V
�H`qe6]^Y9_�W�X�[�v�w�]�X 0 h�hqyUS�]^Y�b6X�[�W�]^��e6V��
Y�]o[�]:}
_�]oW�Y�X�[�f�]^bmf�e6[�\^V�b6X�]:}�\^]oY9_�W�e6\^e6f�X�f�`qs�}�e6`aX�]^[�f�]

∼

h / 0�/�� [C_�X�`ae6[�`aXp_�]^Y�f�]^Y�\^e6X�b6X
\^V�`ql�W�V�n�X�`aV�[�X 1 i9`kj�[�_�X�Y9_�Vdl�X�W�X�b6X�]:}
\^]^Y9_�W�eA\oeAf�X�fa\oV�`aV�l�X�W�Xdb6X�e6Y�\^b6eAY�X�\^e6��Y�W�]^[�w�b6_�X�Y9_�] /

� Y�b6X�[���e6��w�W�X�[ -�/ 0�� X -�/ 0�� l�W�]^[C]^Y9_�X�`aV�[�b6V�[�l�X�W�s�`a]o_�W�V�[�V�W�n�e�_�X�bA]^[�W�]o[�w�b�_�X�Y�_�]^[�l�X�W�Xq]^b
]:}
l�]^W�e6`a]oY9_�V�� /�� ]U`�w�]o[C_�W�X�Ypb6X�[m]<}�\^]^Y�_�W�e6\^e6f�X�f�]^[o��e6Y�\^b6e6Y�X�\^e6V�Y�]^[o��lH]^W�e6\^]^Y�_�W�V�[m�aX�l�V�\^]^Y�_�W�V�[
W�]^[�w�b�_�X�Y9_�]o[ql�X�W�X�b6V�[�f�e�r�]^W�]^Y�_�]^[ql�X�W�X�`q�o_�W�V�[�f�]�e6`al�X�\o_�V�\^V�Y�[�e6f�]oW�X�f�V�[o��_�V
f�V�[���W�X���\^X�f�V�[
\^V�Y�_�W�X�]^bt[�]^`ae6]���]�`aX4��V�W /m� V�[as�Y���w�b6V�[

α
�
φ
�

θ
�mX�[�{t\^V�`aV�bAX�`aX�[�X�� b6X�c�]^bAV�\^e6f�X�f¡f�]

b6X�]^[C_�W�]^b6bAX�l�X�[�XB��]^W�X�[�]�`qX�Y9_�e6]^Y�]^Y�����V�[ /�� X�[�\^V�b6w�`aY�X�[�[�]�W�]:�P]^W�]^Y¢X�bAV�[�l�X�W�s�`q]o_�W�V�[�f�]
e6`al�X�\o_�V�\oV�Y�[�e6f�]^W�X�f�V�[���b6X�[$�Pb6X�[�[�]dW�]:�P]^W�]^Y�Xqb6X�[�_�W�]o[�c�]^b6V
\^e6f�X�f�]^[�v�w�]dT�]o`aV�[��B��X�f�V /
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     APLICACIONES EN DISTINTOS  
     AMBIENTES GALÁCTICOS DE 
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´�À�ÆQÇ-ÁVÀX¸X¹�Ä�´�·NÄ�¹�ÀXÁV´�²M¶�¸�Ä�¸�²I´�ÂáÖ-¸�Â6À�´YÒ
²
¸�·N´�µBÃ�´�àI¼{ÄPÿ���´�Â�¶�ÁE´�À�¼{¸åÕ�´�²åÀ�ÁEÂE´�²
ÁE¸�µ�Û#¾
¹�Ä�ÁV¹P´�Â�¼
¹�µN¹�Ã�¸üÕn¶�ÁE´�À�¼{¸P²�´�Ê�¹Q¶�ÁAÐ�¸MÛWÏ=¶�ÁE´�À�¼{¸
¾
¹�Ä�ÁE¹P´�Âáçn³�¶N³
·N¸ãÕ`¶�ÁV´�À�¼�¸�¼�¸�µNÁA¶�ÁEÐ�¸MÛWÃ�´XÂE¹�µ[´�µ�¶�·�´�ÂVÂE¹�µ�Ã
´X²M³
´�µ�¶�·N¹IÀ�³�´�µ�¶�·N¹-ÍcÎ#´�À�¸�µ�Ã�´�Ä�ÁEÃ�ÁVÃ�¸
½�³�´�¹�½�³
´�ÂVÂE¹�µB´�µ�¶�·N´�ÂEÂE¹�µBÄ�³-Ï�¸=À�ÆQÇ-ÁEÀ�¸4¹�Ä�´�·NÄ�¹�À�ÁE´�²M¶�¸4Ä�¸�²ã´�ÂÓÖ-¸�Â0µN´�¹IÁV²-çn´�·NÁE¸�·�¹Ià=¼{Ä�µN´�·NÆ�²
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¬5­7®°¯
­;±�² ³�´�µB¶�¶�·�¸�¹�º�»�¸�»�¼N¸�¹L½M»�¼N¹G¼U¾+·�¹G½M½M»�¼^¹Gº¿¹�½S¼�ÀQ¼U¾�¹GÁW»Â¹GÃGÄ�»�¾+¶�·�ÀM»�½ÅÃGÄ�Æ�»�¼WÇ�·�È�À�¾+»�¼N¼�¶�º
ÀMº
¾+¹GÉ�·�»�¸�»�¼SÊ�»�ÃGÀM»J¹G½°Ë'Ä�¾+Ä�·�¶
Ìd¶�Á�È�·�¹

α δ π µ(α) µ(δ) Í rÎ É�·�»�¸�Ï Î É�·U»�¸�Ï ÎiÐ Ï ÎiÐPÑ »�Ò�¶�Ï ÎiÐPÑ »�Ò�¶
Ï ÎmÓ Á Ñ ¼+Ï
ÔdÕ�Ö�Õ
×�± ÎtØpÙ
Ú�Û"Ü Ï × Ú ±�² Ü
Ú Õ�Õ Ý Û ² Ö�³�Þ
×�×�Õ Ü ² Ü ± Û Õ Û Ü ² Ü�Ü�ÛvÚ Þ Ü ² Ü�Ü × Ü�ß Ý Û ³�² Ö
Ôx± Ú ±�Þ�Þ ÎtØpÙ Þ�Þ
±�Ï ÛvÚ�Ú ² Ü Þ Û�ß Þ Û Ú Õ�² ß ³�Ö�Ö ß Õ Ü ² Û Õ�±�Þ�Õ Ü ² Ú Þ�³
× Û Ü ² Þ�Õ Ü Þ Ü Ý Û�Û�Û ² Ú
ÔdÕ Ú Ö�³ Ú�Îmà »�·�º�»�·�¸�Ï × ß Ö�² ± ß ±�× Ü�ß Þ�² ß�ß
Ú Õ
±�Ö Ü ² ±�Þ�Ö Ü�Û Ý Ü ² Ú Ö Ú Õ�Þ Û"Ü ² ³�× ß Ö�³ Ý Û�Û"Ü ² Õ
Ôx±�Þ Ü ³
± ÎtØpÙ Þ Û�Û Ï Û"ß ±�² Ö ß�Ü�Ü�Û�Û ³
±�² Ö�³
×�Õ�Õ Ü Ü ² ³�Ö�×�Þ Ü Ý Ü ²>±�Õ Ü × Ü Ý1Þ�² Ú�ß
Ú�Ü Ö Ý1Õ�Þ�² Ú
Ôx± Ú ±�Þ�Õ ÎtØpÙ Þ�Þ Ú Ï ÛvÚ�Ú ² Ü Þ�Õ�Õ
×�× Ü ² Ú ± Ú ± Ü�Û Ü ² ×�Ö�Ö
±�Õ Ü ² ß�Ü ± ß × Ý Û ² × Û Ö
×�³ Ý1³ Û ² Û
ÔdÖ
×�Þ Ü ³ ÎtØpÙ
Ú ×�Ö
Ï ×�Õ�×�² ±�Ö Ü Õ
± ß ÝP×�³�² Õ
×�Þ�Ö Ü ³ Ü ² ³�³ ß Þ�Õ Ü ² ß ³ Ú ±�± Ý Ü ² Û Ö
×�Þ Ú Ý Û"Ü ² ±
Ôx× Ü ³
±�Ö ÎtØpÙ�Û�ß Õ
Ï ß ±�² ± ß�ß�Û"ß × Þ�Õ�² ³
± Ú�Ú ± Ü ² Ü ³�×�±�Õ�Ý Ü ² Ü ³�Þ�Õ�Þ Ü ² Ü�Û�Û�Ü Ö Ý Ú Õ�² ±
Ôd³�Õ�×�×�Õ Î Ôdá ß ³�Þ�³�³�Ï Û�Û"Ú ² ß�ÛvÚ�ß Ö�Þ × Ú ² ³�Þ Ü�Ü Þ
× Ü ² Ü Þ�±�Õ�Þ�Ý Ü ² Ü�Ü Ö
×�ÖâÝ Ü ² Ü�Û�Û Õ�Þ Ý Û ±�² Ö
Ô Û"Ü ± Ú�ß�ß�ÎtØpÙ Þ Û Ö�Þ
Ï ³
× Û ² ³�Þ ß ±�Ö Ú Ú�Ü ²>± Û"ß ±�± Ú Ü ² Ü ³�Õ�Õ ß Ü ² Ü Þ Û ×�× Ü ² Ü ³�Ö�±�Ö Ý Ú�ß ² Ö
ã Ö�³�Þ�Þ�Ö Î Í�ävå µS·UæxÏ ×�Õ�±�² ß ×�±�× Û"ß Ý1³ ß ² Ö�³�Õ�Õ Û�Û�Ü ² Û × ÛvÚ ±�Ý Ü ² Ü ³�Þ�³ ß Ü ² Ü ± Ü ± Ú Ý1³ ß ² Ü
ã Ú�Û"ß Õ�³ Î æd½Mç�Ê�µB¹Gº�æxÏ ×�× Ü ² Ü Ö�³�Þ�³
±�Ý ß�Ü ² Õ Ú ³
± Û"Ú�Ü ² Ú Þ�× Û ×�Ý1³�² ß�Ú Õ Û Ö Ü ² Þ�Õ Û Õ�Þ ÝP×�±�² Û
ã Ú�Û"ß Õ Û�Î æd½Mç�Ê�µB¹Gº à Ï ×�× Ü ² Ü Õ Ú�Û ± ß Ý ß�Ü ² Õ Ú�Ú Õ�Þ�± Ü ² Ú Þ�× Û ×�Ý1³�² ß�Ü�Ü ³�± Ü ² Ö
±�× Û�Û ÝP×�×�² Ú
Ô Ú�Ü Õ�Ö Ü�Îmè ·�¶�é�ÀMÁW»�Ï × ÛvÚ ² ß ×�³�³
± ß Ý ß ×�² Ú × Û"Ü
Ú ± Ü ² Ú�Ú ×�³�³�Ý1³�² Ú�Ú ± ß Þ Ü ² Ú�ß Õ Û"ß ÝP× Û ² Ú
ã Û�Û"Ü Õ�Ö�³ ÎtØpÙ Õ ß�Ü æxÏ ³�³ Ú ² Ü Õ ß�Ü Õ�³ ± Ú ² Ú Þ�³ Û Þ Ú Ü ² ×�Þ�Ö
±�×�Ý Ü ² Õ Ú�Ü ×�³âÝ Ü ² Þ Ú�Û�Û�Ü Ý1³�³�² Ö
ê Û"Ü ³�³
× Î Í�ä�ë�ì è ¹G·+Ï ³�³�² Þ�Þ Ü�Ú Þ ±�Õ�² Û × Û Õ Ü ± Ü ² Ü ×�³
×�Ö�Ý Ü ² Ü�Û�Û�Û × Ü ² Ü ³ Û Õ�Ö Ý1Þ Û ²>±
êSÖ�Ö�Þ ß�Û
ÎtØpÙ
Ú Õ�³�æxÏ ³ Ü ×�² Ö�Þ�Þ�³ Ü ³�Ý1³ ß ² Ü
Ú�Ü�Û Ö ß�Ü ² Û"ß ±�×�Þ Ü ² Þ
± ß Õ�Ö Ý Û ² ± Ú Þ�Ö Û Ý Û ×�Ö�² Þ
ê Û�Û ³�Þ
× Û�Î Ôdá�× Û"Ú�Û�Ü
Ú Ï ³�Þ�Þ�² ß Õ Ü ±�Ö�³ ÝP×�² ³�Þ Ú�Ü Þ
± Ü ² Ü ± Ü
Ú�Û Ý Ü ² Ü�Ü�ß�Ü ±íÝ Ü ² Ü�Û�ß�Ü ³ Ý Û Þ�² Ü
êSÕ ß Ö�Ö Ü�ÎtØpÙ�ß Ö�³
Ï × ß�ß ² Õ�Þ Ü Õ�Ö ÝP± Ú ² ³ Û Õ ß Ü ² ÛvÚ × Ü Õ�Ý Û ² Û�Û Ö�Õ Ú Ý Û ² ³
±�×�±�× Ý Û�Û ±�² Ü
ê Ú�Ú ×�± Ú�ÎtØpÙ ±�Ö�Õ
Ï ×�³ ß ² Ú × Û ³
×�Þ Ú ² ³
×�± Ú�Û × Ü ² Ü Õ�± Ü Õ�Ý Ü ²>×�×�±�± Û Ý Ü ² Ü�ß Õ
±�× Ý ß�ß ² Õ
ã Õ�³�Ö�Þ�± ÎtØpÙ ³�Ö�Ö Û Ï ×�± Ú ² Þ�Þ�Õ�Õ�Ö�Ö Þ�³�² ß�Ú�Û�Û�Û�Û Ü ² Û ³ Ú Õ�Þ Ü ² ³�³�³�Ö
× Ý Ü ² × Ú Õ Ü × Ý1Þ
±�² Ü
ã ³�×�³�Þ�Ö Î ã ÀQ·UÀQÄ�¼+Ï Û"Ü�Û ² ³�Õ�Ö Ü�ß ×�Ý Û�ß ² Ú ×�×�Ö�Ö�× Ü ² ³ Ú Ö�× Û Ý Ü ²>±�Þ ß�Ü�Û Ý Û ² ×�×�³ Ü Õ Ý1Ö�² Þ
êSÖ�Õ�Õ Ú Õ Î Ôdá Û Ö Ü Þ Û ×�Ï ³ Ü�Û ² ³ Ü Õ�±�Ö
± Û ² Û Õ
× Ü Õ�Õ Ü ² Ü ³ Ü�Û ³ Ü ² Ü�Ü Ö Ü
Ú Ý Ü ² Ü Þ Û × Ú ÝP±�Þ�² ß
Ôx× Û ³�Õ ß�Î Ôdá�× ß ³ ß
Ú Ï ß Õ�² Õ
± Ü ³ Ú Ö Õ
±�²>±�× Ú�Ü�Ü
Ú Ü ² Ü × Ú ×�Õ Ü ² Ü�Û ³
±�× Ü ² Ü�Ü Ö Ü × ÝP± Ü ² Ú
ÔdÕ
± ß�Ü ± Î µSµBá�î ÛvÚ ×�Ö ß Ï�× ß ×�² Þ Ü�Ü�Ú Õ Ú ×�Þ�² ß ±�³
×�× Û Ü ² × Ü × ß Ö Ü ² Ü Ö Ú ³�³ Ü ² ³�Þ�Õ�Ö
× ÝP× Û ² Û
ÔdÕ
± ß�ß�Û
Î Ôdá Û ±�Õ
± Ú�ß Ï × ß ×�² ±�Õ�³�³ Û ± Ý1Þ�² ³ ß Ö�³�Ö�Õ Ü ² Ü�Û�Û ±�× Ü ² Ü�Ü�Ü Ö Ú Ü ² Ü�Ü�Ü�Ü�Ü Ý1Þ ß ² Ü
ÔdÕ ß Ö ß�Û
ÎtØpÙ × Û ³ Ü æxÏ × ß�ß ² ±�±�× Ú�ß ³�Ý1³�×�² Û"Ü × Ú�Ú ³ Ü ² Û"ß�Û"Ú�Ú Ý Ü ² Ü Þ�Ö�Õ�×íÝ Ü ² ³ Û Ö�Õ
× ÝP×�Õ�² Ö
ÔdÕ ß Ö ß ³ ÎtØpÙ × Û ³ Ü�à Ï × ß�ß ² ± ß�Ü ×�Õ
×�Ý1³�×�² Û"Ü�Û�ß ± Ú�Ü ² Û"ß�Û"Ú�Ú Ý Ü ² Ü�Ú�Ú�ß ×íÝ Ü ² × Ú�Ü�Û × ÝP× Ú ² Þ
ÔdÖ�Þ�± Û × Î Ôdá ÛvÚ�Ú Ö�Ö�³�Ö
Ï ×�Õ�Õ�² ±�Þ Û Õ�Þ�Õ Ú ² Ú�ß Þ Ü Õ�Õ Ü ² Ü�Ü Õ�±�Þ�Ý Ü ² Ü�Ü�Ü�Ü�ß Ý Ü ² Ü�Ü�Ü Þ�Õ Ý1³ Ü ² Û
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¿]ÀMÁ�Â3ÀÄÃaÅ Æ�Ç�È�É�Ê�Ë�Ì�Í
Î�Ì
Ï�ÐLÊ�É�ÑlÊ�Î�Ì�Ò�Î1Ð&É6Ì'Î�Ì�Ê�Í
Î�Ð&Ð&É6Ì'Ó#Ë6Í
Í
Ô&Ò�É�Ì'Õ�É6Ó#Ô$É�Î�Ð(Ö�É6Ì
É�Ò�Ë
E s tre lla D is ta ncia (p c) T ie m p o (Ma ) V e lo cid a d (k m / s )×4Ø\Æ6Ù6Ã�Æ�ÚQÛ4Ü�Ø\Ý6ÙaÅLØ\Þ�ß àaÅ álÝ âRàaÅLØ\Æ6ã ä6ä�ÅLØ\Ý
×�Ý6Ù�Ý�á6á�ÚQÛ4ÜlÝ3ØvÙaÅLØvß Ø�Å å�Ø âRàaÅ álÝ6Ù Ý6ÃaÅ ä6Ã
×�Ý�ä�å6ålÃ�ÚQÛ4ÜlÝ�à6álß Ø�Å Ã�ã âRàaÅ Æ6ãlÃ Ý6ÝaÅ Ý�Ý
×�Ý�ä�älÝ�Æ�ÚX×�È�ålÙ�Ã�ã6Æ6ß Ø�Å älÙ â8Ø�Å á�ØvÃ Ý6ÝaÅ Æ�å
×�å6à�å6Æ6Æ�ÚX×�È�Æ6Æ�álÝaØ\ß Ø�Å Æ6Æ â8Ø�Å ã6ã6à Ø\Æ�Å Æ�Æ
×�å6à�à6älÙ�ÚX×�È�Æ6å�ã6ÆlÙ�ß Ý3Å à6Æ âRàaÅ ä6älÙ Æ6à�Å ä�à
×�Ý6Ù�á6álÙ�ÚQÛ4ÜlÝ�à6Æ6ä6ß Ý3Å àlÝ âRàaÅ Æ6àlÝ å6à�Å Ù�ã
×�Ý�ÆaØ\á6ä�ÚQÛ4Ü�Øbã�Øvß Ý3ÅLØvÃ âRàaÅ à�Ø6Ø Ý�ã6å�Å Æ�Æ
×�álÙ�à6ãmÚQÛ4Ü�å�Ø\ÝaØvß Ý3Å Ý�ã âRàaÅ Ý�å6á ä6Æ�Å ä�á
×�Æ6à6Ã�à�ØlÚQÛ4ÜlÝ�à6ä6ä6ß Ý3Å ålÃ âRàaÅLØ\ålÃ ä6Æ�Å å�ä
×�Ã�ä�Æ6åmÚQÛ4Ü6Ã�ÆaÅ&Ø\ß Ý3Å ÆlÝ âRàaÅ àlÙ�Æ ålÙaÅ à6Ù
×4Ø\à�å6à6å�ãmÚXæDçxá�Ø\ävâ�ä6àlß Ý3Å Æ6ã âRàaÅ Ý6Ù�à ØvÙaÅ Ù�Ý
è�ØvÝ�å6ÃaØlÚQÛ4Ü�Ø\à�Æ6ã6ß Ø�Å Ù�Æ âRàaÅ ä6à6Æ Ý�ä�Å å6Ù
è'å�Ø\á6ÝaØlÚX×�È�ÆlÙ6Ù�álÙ6ß Ý3Å ä6Æ â8Ø�Å ã6älÙ Ý�à�Å á�å
è�Ã�Æ6á�à6ä�ÚX×�È�ãlÙ6Ã�Ù�álß Ý3Å ÆlÙ â8Ø�Å å6å6Æ Ý�å�Å Ã�ã
è�Ø\à6àaØ6Ø�Ø3ÚX×�È�ålÃ3Ø\á6á�àlß Ø�Å Æ6à âRàaÅ ã6å6Æ Ý�ä�ÅLØ\Ã
è�Ý�ä6å6Ù�å�ÚX×�È�ålÙ6Ã�Ù6Ý6ß Ý3Å à6ã âRàaÅ ÙaØvÙ ålÝaÅ å6Ã
è�Ø\älÃ�ålÙ�ÚQÛ4Ü�Ø\Æ�Æ�Å àlß Ý3ÅLØvÙ âRàaÅLØ\à6ä Ý6ÝaÅ à6Ù
é Ý�Ý6Ù�å�ámÚQÛ4Ü6Ý�à6å�ä6Þ�ß Ý3ÅHÝ�Ý âRàaÅ Ý�ä6å Æ6à�Å ãaØ
è�Ø\ålÙ�Ù6Ý�ÚQÛ4Ü�ØvÝ�à�ÅLØvß Ý3Å å�à âRàaÅ Æ6å6ä Ã�à�Å ä�ã
é ã6Ã�ålÝ�ämÚQê'êTÈ.ë�Ü�Ø\ã6Ý�å6ä6ß Ý3ÅHÝ�Æ âRàaÅ å6Æ�Ø å6ä�ÅLØbä
é ØbålÙ�ä�ãmÚQÛ4ÜaØvÝ�àaÅ&Ø\ê'ß Ý3ÅHÝ�ä âRàaÅ Ã�à6å Æ6ã�Å Ù�å
×�ã6å6Ã�à6ä�ÚX×�ÈsØvÙ�ä�ä6á6Ù6ß Ý3ÅHÝ�Ã â8Ø�ÅLØ\ã6å Ý6ÝaÅ à�á
é ØbÆlÃ6Ù�ämÚXÞ�Ð&ì6Ë�Ð>ß Ý3ÅHÃ�Ù âRäaÅ á6ãlÝ Æ�Å à6Ã
×4Ø6Ø\Ã6Ã�ã�Ú é Þ�í1Ù�Ã�å6ã6Ã6ß åaÅ&Øbä â�Ã3Å älÙaØ ÝaØ6Å á6Ã
×�å�ØbälÝ�ä�ÚX×�È.Ý�ä6à6Ã�ä�Ælß Ý3Å ålÃ âRàaÅ Æ6à6ä álÝaÅ á�ã
×�å6ã�ã6á6ä�ÚX×�È�älÙ�á6Ã6Ý�ß åaÅ å�å âRÆaÅ ä6à6ä Ý�ä�Å Ã�Ù
×�Æ6à�å�ØvÙ�ÚX×�È�ä6á6áaØ\Æ6ß Ý3Å à�å â�Ý3Å ålÙ�á å6Æ�Å Ý�Ù
×�ã6ã�Æ6á6å�ÚX×�î�ç]ã�ã6Æ�á6ålß Ø�Å ã6Ã âRåaÅ à6àlÝ Ý6ÃaÅ à6Ù
×4Ø\àaØvÃ6Ù�åmÚX×�î�ç'Ø\àaØvÃ6Ã�Ù�ålß Ý3Å Æ�á âRÆaÅ Æ6Æ6Æ Æ6Æ�ÅLØ\Ã
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E s tre lla D is ta ncia (p c) T ie m p o (Ma ) V e lo cid a d (k m / s )9;:+<+:+=+�.>@?BADC�EGFDH F�� I+J E�� ID�+C EKI.� <�F
9��+C+�LJ+J�>@?BA+J+J+�+H E�� FDC F�� F+JD� E�EKI.� <+C
9;:DC�<�IDC.>NMO�+"
*���"
,PH E��)EKJ F�� F.EKF EGJD=�� I�<
9���J+F�ID�.>@?BA+J.E�EQH E�� J+J F�� F.EK< EGFD=�� R�R
9��+C+�LJ+:�>@?BA+J+J+C+H E�� <+F F�� FDC�E IDC�� :�I
9;<D=�J�F+I�>@?BADC+=L<DH E�� <+: F��)EQ��J EKJ.� F�:
9�=�F+I+��<�>@?BA.EKR�:DH =�� FDC F�� I+:+F C�:.� R�:
9;I+:D=�=�:�>N9;��R+I+J�I+IDH =��)EQ� E�� ID=�: EQ��� <�<
9BEKFD��C�R�RP>@?BA+J�EK<�JDH =�� ID= F�� ID=+� C+C�� =�=
S <�I+J+J�<P>�T/ULV1WO"
X�H F�� ��J F�� =+=+= I+R.� F�:
S C�EKR+:�IP>NX;(2Y�5�WO$&*�X;H F�� <+I F�� FD=+C I+J.� ��=
S C�EKR+:�E�>NX;(2Y�5�WO$&*�M1H F�� <DC F�� FD=+C ID=�� :�:
9�C�F+:�<+F�>NZ�"
 &[.42\]�+H F�� <+F F�� FD=�R ID=��)EGF
S E�EKF+:�<+IP>@?/A+:+R�F+X�H E�� <+J F�� F+:+: I+:.� CLR
^�EKF+I�ID=�>�T_UL`#a�Z�$&"�H C�� F.E F�� <+:D� JD=�� F�R
^1<+<+J�R.E�>@?/ADC�:�I+X�H =�� FDC F�� F+J+F EGIDC�� R�<
^�E+EKI�JD=�ED>N9;�_=�EKC�EKF+C+H =�� =+= E�� ID�+� EKJ.�)EGR
^1:+R+<�<+FP>@?/A+R+<�IDH =�� =+� F�� F+JD= EK=�J.� CLR
^-C+C+=��+C�>@?/AD��<�:DH =�� =+C F��)EKRD� R+:.� F�:
S :�I+<+J+��>@?BA�I+<+<�EQH =�� =�< F��)EKJD= JDC�� J+=
S I+=�I+J�<P> S 40"
42'.!�H =�� I+F F�� F+RD� EK<.� =LF
^1<+:+:+C�:P>N9;�BEK<+F�J.EQ=�H J�� F.E F�� ��:+R �+��� F�E
9�=�EKI�:+RP>�9;�_=�R+I�RDC+H =�� FD= F�� C�FD� ��F.� CL<
9;:D��R�FD��>NW-WO�_bcEQC�=�<+R+H E�� :+J F��)EK<DC =+=�� CLJ
9;:D��R�R.E�>�9;�dEQ��:+�+C�R+H F�� <+J E�� :+JD� J+R.� F�E
9;:+R+<�R.E�>N?BAD=�EGI+F�X�H E�� <+I F��)EK:+< I+F.� J+=
9;:+R+<�R+IP>N?BAD=�EGI+F�M-H E�� C�: F�� =�FD= =�:.� R�E
9;<+JD��EQ=�>�9;�dEQC+CL<+<+I�<DH E�� J+F I�� :+F+I I+F.�)EGF

EGF+F
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π(3 r)2 a-� P6L6N�I�DKE\N�W0^�I�C$P�W,OQN�C$DxJ,G'C$P�N

r � w�|'|�}�~�Z
DQI!X�N�I�OKDKWdS�GeC�PRWYX,G�I$OQPRG�G�S�GeOK^$G'SkOQN�E\P�DKI�nKG�I�GeW,DKJdC$D�OQN�I$W,P�C�DKJ,G�OQPR`'IoS�N�WhDQi9DKOQX�N'WdW,DKJ,��GeC$D�{�|�|
}�~�a
� ^$WxJ,DKW,^�S1X�G�C�N�W[S�N�W[N�l X�P�DKI$DQIyC$DTE\G�I�DKJ,G�I!^$E\�QJ,PROQG�a

�[���[���[� �����U �¡�¢U£�¢¥¤M¦0§-¨

~�^�I$f!^$Dv�$DQE\N�WoEHN�WYX�J,G'C$N_f-^�DzDKS�D�i©DQOQX�NVC�Dz^�IªL$G'W,G��,DvDKWYX�DKS�G�JoDQI«S�GFm�DKOQPRI�C$G'C¬WYN�S�G�J\DKW
C�DKW,L�J,DKOKP�G�l�SRD	L$G'J,GFDQSrC�P�W,OKNtL$S�G�I�DQX�G�J,P�Nz��N�S�G'JQZ�D���P�WYX�D�^$I$GFOKN'E\LkN'I$DQI!X�D�C�DKSrW,P�WYX�DKE\GzW,N�S�G'J
L�G�J,G�S�GxOK^�G�S-DKS�DQi9DKO�X�NgC$D­DKWYX�G'W>G�L$JYN���P�E\G'OKP�N�I$DQW(I�NgDKW®OKN�EHL$S�DQX�G'E\DKI!X�DhC�DKW,L�J,DKOKP�G�l�SRD�Z'S�GxI-^�lkD
C�De¯TN�JsXKa
°±G'^$I�f-^�DeSRG\I-^�lkDeC�D�¯TN'JYX�DKWYX�j�i9^�DKJ,G�C�DKS(DKI�i9N-f-^$D�C$DeDQWYX�G�X�DKW,P�WQZkE\DKI�OKP�N�I�G�E\N'W
DQSbX�J,G'l$G���NHJ,DKS�DQm�G'I!X�DTDKI�DKWYX�G\j'J,DKG�a

c0S*W,P�WYX�DKEHGpWYN�S�G�J�W,DFDKI�OK^$DQI!X�J,G²J,N C�DKG�C�NMLkN'JyS�GMI!^$l6DFC$DF¯TN�JYXKZri9N�JYE\G�C�GML6N�J	DKI!X�J,D
1 × 101 1 u

5 × 101 2 I-��OKS�DKN�W�OKN�EHDQX�G�J,P�N'W	OKN�IU^�I$GME\G'W,GMX�N�X�G�STDKWsX�PREHG�C$GVDKI�X�J,DMwtu¬³'|
M⊕

��� X�DKJ,Iq´'|'|�{!��a$µ�GHi9J,N�I�X�DKJ,G\C�D�S�G�W[`�J,l�P1X�G�WrDKWYX�G'l$S�DKWxC�D*S�N�WrOKN�EHDQX�G�WQZ
f-^�D�DKWxS�G�i9J,N'I!X�DKJ,G
D=� X�DKJ,P�N�J0C�DxS�G*I-^�lkDxC�D�¯TN�JYXKZ!G�L�G�J,DKI�X�DKE\DKI�X�D�DKWh^$I\DKWYi9DKJ,N�P�C�DrL$J,N'SRG�X�N�Z�OK^�u'N�DA�,DxE\G�u'N�J0DKWYX�j
N'J,P�DKI!X�G'C$N���G�OKP�G�DKS-OKDKI!X�JYN*¶*G�S�j�OQX�P�OKN���� E\N'SR^�O=��N�·rW,¸!ueu�¹(N'J,lkDQX,X­w���º�» ¼�~�I!X,N�I$N�m�u�µ�G'XAu W,��DQm
w��!½�´'��a>µ(G'WH`�J,l�P1X�G�W�C�D�S�N�W�OKN�E\D�X�G�WHL�^$DQC$DKIpW,DKJHL6DKJYX�^�J,l$G'C$G'WHLkN'J�L�G�W,G��,DKWHDKWYX�DKS�G�J,DQWQZhLkN'J
I!^$l6DKW�E\N'SR�KOQ^$S�G�J,DQW>ueLkN�J>DKS�OKG�EHLkNg�'J,G�m-P�X�G'OKP�N�I�G�S�¶*G'S�j�OQX�P�OKN a�c0I\L�G�JYX�P�OK^$S�G'JQZ�S�N�W>DKI�OK^$DQI!X�J,N�W
OQDKJ,OKG�I�N�WgN�PRI�OKJ,^�WYX�G�OKP�N�I�DKW�C�PRJYDKOQX�G�W�C�D�S�N�WxL�G�W,G���DQWgDKWYX�DKS�G�J,DQWgG�X�J,G�m'�KWTC$D�SRG\I-^�lkD�C�D�¯TN'JYX
L�^$DQC$DKIyC$DKWYm-P�G�Jr^$I�G��'J,G�IyOQG�I!X�P�C�G�C	C$D�OKN'E\DQX�G'Wr�$G�OQPRG�SRG�J,DK��P�`�I�L$S�G�I�DQX�G'J,PRG�PRI�X�DKJ,P�N�JT�©��P�S�S�W
w���º�w'¼�¾FDKP�W,W,E\G'Izw��'������a

µ�GoC�DQX�DKJ,EHP�I$G�OQPR`'IqC�D�S�G\i9J,DKOK^�DKI$OQPRG�C$D�S�N'W�DKI$OK^�DKI�X�J,N�WTDKWYX�DQSRG'J,DKWgOKDKJ,OQG�I�N�WTG�S®� N�S®DKWgC$D
�'J,G�Ip^�X�P�S�P�C$G'CpL�G�J,GFDKS�DKI�X�DKI$C�P�E\P�DKI!X�NFC$DqS�GF��P�WYX�N�J,P�G_C�DKSxW,P�WYX�DKEHG_W,N'SRG'JQZhG�W,��OKN'E\NFC$DqS�G

w�|��
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¿$À�Á�Â�Ã!¿ Ã�Â�Ä
Å Æ'Ç®Æ'Å*È Â1Ç,É!Â�Å É Ä$Ç(¿$Ê�Ë�Â�Æ'Å-É Æ�Ç®Ì�¿�ÁKÍ Ã!É!Â1Ã!Ä
Ç Á�ÎkÏ�Ð©Ñ9Ò Ó�Ô=Î�Ô�Ç,ÕAÖ Î�×

ØQÙ�Ú'Û�Ü$ÝKÞ�ß�à�á$Þ�à�â�ã\Þ�ÝKä�á�Ø�Û�äHå6Ú�æ�ÛRä'ÝKÞ�ß�à	á�Ø�ÝKÚ'ã\ØQç�ä�èrá�Ø�Û�äHà!Ü$æ6Øeá$ØeégÚ�êYçKë$ì(ä\ØQÙ Þ�á�ØKà$ÝKÞ�ä\á�Ø�Û�ä
Þ�à�í$Ü$ØKà�ÝKÞ�ä�á�Þ�à$â�ãHÞRÝQä	á$ØHÛ�Ú�èTå$ä'è,ä�î,ØKè*ØKèYç�ØKÛ�ä�ê,ØKè*ÝKØKê,ÝKä'à$Ú�è*è,Ú�æ�ê,Ø\Û�ä�à-Ü�ækØHá$Ø\éTÚ�êYç*è,Ø\å6Ú-á$ê,ï�ä
ØKà�ÝKÚ�à�ç�ê,ä�ê*ØKàtÛ�ä	á�ÞRèYç�êYÞRæ�Ü$ÝKÞ�ß'àzá�Ø�Û�Ú�èTä'ð9ØKÛ�Þ�Ú�ègá�ØHÛ�Ú�ègÝQÚ�ã\ØQç�ä'èQë(ñ�ØHò�ä�è,Ü�ó�ØKê,Þ�á�Ú�ô!Ü$ØHä'ÛRó'Ü$à�Ú�è
ó�ê,Ü�åkÚ'è[á$Ø*ÝQÚ�ã\ØQç�ä'è[ÝKÚ�à�ç�Þ�ØKà$ØKà	Û�ä�èdç�ê,ä�õQä�è[á$Ø*ØQà$ÝKÜ�ØKà!ç�êYÚ�èxØKèYç�ØKÛ�ä'ê,ØKèrÝKØKê,ÝKä'à$Ú'èrÝKÚ�à�ØKÛ�è,Þ�èYç�ØQã\ä
è,Ú�Û�ä�êTö©÷dÞ�ØKê,ãHä�à�àbø$ù�Ü$ØKæ�à$ØQêQø6úoì(Ü�èYç*û�ü'ý�þ!ÿ�ë
� ä�ê,Þ�Ú�è�ä'Ü�ç�Ú'ê,ØKèTò$ä'àtò�ØKÝ=ò�Ú	ç�ê,ä'æ$ä�î�Ú'èTå$ä'ê,ä	Þ�à!Ù'ØKèYç�Þ�ó�ä�êgäoÛ�Ú�ègå6ØKêYç�Ü$ê,æ�ä�á�Ú�ê,ØKèTØQèYç�ØKÛ�ä�ê,ØKèTá�Ø

Û�äzà!Ü$æ6Øyá�ØyéTÚ�êsçKë��qÜ�ÛRÛ�ä�ê,ÞhúVéTê,Û�Ú�Ù«ösû�ü'ü��!ÿeÜ�è,ä�ê,Ú'àMá$ä'ç�Ú'èHÚ�æ�è,ØKêYÙ�ä'ÝKÞ�Ú�à�ä�Û�ØKèHå�ä�ê,äzå$ê,ØKá�ØKÝKÞ�ê
ØKà�ÝKÜ$ØQà!ç�ê,Ú�è�ØKèYç�ØKÛ�ä�ê,ØKè�ÝKØKê,ÝKä'à$Ú�è�ØKà!ç�ê,ØHØKÛhñ�Ú'Û0úzÛ�ä�è*ØKèYç�ê,ØQÛRÛ�ä'è*ÝKÚ�à�ç�ØKà$Þ�á�ä�èeØKàFÛ�ä	Ù�ØQê,è,Þ�ß�à_å�ê,Ø��
Û�ÞRãHÞ�à$ä�êdá�ØKÛ(ç�ØKê,ÝKØKê�ÝKä'ç�â�Û�Ú'ó�Ú�á�ØeØKèYç�ê,ØKÛ�Û�ä�è�ÝQØKê,ÝKä�à�ä�è�ö��TÛRÞ�ØKè,Ø*ú
	�ä'ò$ê,ØKÞ�è,èeû�ü�ü�û�ÿ�ë��0à�ÝKÚ�à�ç�ê,ä�ê,Ú'à
ô-Ü�Ø[ØKà�ØKÛ å$ä'è,ä�á�Ú�ø'ç,ê,ØKè�ØKèYç�ê,ØKÛ�Û�ä�è®å$Ü�á$Þ�ØKê,Ú'à�ò$ä'ækØQê,è,Ø[ä�ÝKØKê,ÝQä�á$Úgä�Û$ñ Ú�Û äTá$Þ�èYç�ä'à$ÝKÞ�ä�è®ã\ØQà$Ú�ê,ØQè�á�Ø

 å6Ý�ø ú�ô-Ü�ØgØKà	ØQÛkð9Ü�ç,Ü$ê,Ú�ø 
�
 á$ØgØKÛ�Û�ä�èhå�Ü$á�ÞRØQê,ä�à	ò�ä�ÝKØQê,ÛRÚ ë��yä'ç,ç�ò�Ø��rè*ösû�ü'ü��!ÿ0ò�ÞRõQÚ�Ü$à�ØKèYç�Ü�á$Þ�Ú
è,Þ�ã\Þ�Û�ä�êQø
ØKÛ>ÝKÜ$ä'Û�ØQèYç�Ü�Ù'ÚqÛ�Þ�ã\Þ1ç�ä�á�ÚHä�Û�ä�ègØQèYç�ê,ØKÛ�ÛRä'ègá$Ø�ÛRä�Ù�ØKÝKÞ�à�á$ä'átè,Ú'ÛRä'êgá$ØKà�ç�ê,Ú�á�ØHÜ�àtê,ä'á$Þ�Ú
á$Ø��HåkÝTú�ØKà�ÛRÞ�èYç�ß�ÛRä'èrá$Þ�èYç�ä�à�ÝKÞ�ä�è[á�Ø�ØKà$ÝQÜ$ØKà�ç�ê,Ú�ègÝQØKê,ÝKä�à�Ú�èxå�ä�ê,ä\è,ØQÞRèxØQèYç�ê,ØKÛ�ÛRä'èrá$ØQà!ç�ê,Ú�á�Ø�Û�Ú�è
å$ê,ß���Þ�ã\Ú'è 5× 104 ä���Ú�èQë��*ä�ê,ÝKï�ä��sñ â�à�Ý=ò$ØQõ�ØQçrä�Û©ë�öAû�ü�ü'ü!ÿhØKà�ÝKÚ�à!ç,ä�ê,Ú�àoä�è,ØKÞ�è[ØKèYç�ê,ØKÛ�Û�ä�è­ô!Ü$ØTè,Ú'à
å6ØKêYç�Ü$ê,æ�ä�á�Ú�ê,ØKègå6Ú'ç�ØQà$ÝKÞ�ä�Û�ØKèxá�Ø�Û�ä�à!Ü$æ6Ø�á$ØeéTÚ�êYçKøkØKèYç�ä�è�ØKèYç�ê,ØKÛ�Û�ä�è�è,Ú�àqã\ØKà�ÝKÞ�Ú�à�ä�á�ä�è�ØKàqØKèYç�Ø
ÝKä�å�ï1ç�Ü$Û�Ú�ë
�0Û�Ø�ð©ØQÝQç�Ú\á�Ø������ û���è,Ú�æ�ê,Ø*Û�ä�à-Ü�ækØ*á�Ø*éTÚ�êYç[ØQèrá$ØTô!Ü$Ø*ä'ÛRê,ØQá$ØKá�Ú�êdá$Ø 
 ë �

× 106 à���ÝKÛRØQÚ�è
ÝKÚ�ãHØQç�ä�ê,Þ�Ú'è[ä�á$ô!Ü$Þ�ê,Þ�ê,ï�ä�àoß'ê,æ$Þ1ç�ä'èxô!Ü$Ø*ÝKê,Ü$õKä'ê,ï�ä�à�Û�äHá�Ø�Û�ä �[Þ�ØKê,ê,ä�ø
ØKèYç�ä\åkÚ'æ$Û�ä�ÝQÞRß'à	ê,ØKå�ê,ØKè,ØKà�ç�ä
ä�Û�ê,ØKá�ØKá�Ú�ê 4 × 10−7 á$Ø*Û�ä�å6Ú�æ�Û�ä�ÝKÞ�ß�à�ç�Ú'ç�ä�Ûbá�Ø*Û�ä�à-Ü�ækØ*á�ØeéTÚ�êsçeö"!FØKÞ�è,è,ã\ä'àzû�ü�ü���ÿ�ë

# $&%'$ (*)�+-,/.10324+-5127698�:<;-24=?>�)A@B24CED�=F5F)�5HG 8�>�)�:

�0à	ØKèYç�ä�è,ØKÝKÝKÞ�ß�àoä�å�ÛRÞ�ÝKä'à$á�ÚeÛ�ä�ä�å�ê,ÚI��Þ�ãHä�ÝKÞ�ß�à\á$ØgÞ�ã\å�Ü$Û�è,ÚeÞ�à!Ù'ØKèYç�Þ�ó�ä�êYØKã\Ú�è­è,ÞkØKè[å6Ú�è,Þ�æ$Û�ØxÚ�à�Ú
ô-Ü�Ø*Û�ä�è[à-Ü�æ6ØKèrá$Ø�éTÚ'êYçrå$Ü�ØKá$ä'àyè,Ú'æ$ê,ØQÙ-Þ1Ù Þ�ê[ØKàyØQèYç�Ø�ØKà!ç�Ú'ê,à$Ú �*ä�Û�â�ÝQç�Þ�ÝKÚ ëKJ�ÚHä�à�ä�Û�ÞRõQä�ê,ØKãHÚ�è­ä
ç�Ú á�ä�è*Û�ä'è�ØKèYç�ê,ØKÛ�Û�ä�è*á�Ø\à-Ü�ØKèYç�ê,äqã�Ü$ØQèYç�ê,ä�ø®è,Þ�à$Ú�è,Ú�Û�ä�ãHØKà!ç�Ø�äqè,ØKÞ�èQø�ú�äqô-Ü�Ø�ØKàFØKÛ�ç�ê,ä�æ�ä�î,Úqá�Ø
�*ä�ê,ÝQïRäL�sñ�â'à$Ý=ò�ØKõ�ØQçTä'Û�ë®ösû�ü�ü�ü�ÿ[ØKà$ÝKÜ�ØKà�ç�ê,ä�àzô-Ü$ØeØ���Þ�èYç�ØKà3�oØKèYç�êYØKÛ�ÛRä'èxô-Ü�Ø�è,Ú�àvåkØKêYç,Ü$ê,æ�ä�á$Ú'ê,ØKè
å6Ú'ç�ØKà�ÝKÞ�ä�Û�ØKèTá$ØHÛ�ä�à-Ü�ækØHá$Ø�égÚ�êYçKø�æ$ä'è,â�à�á$Ú'è,Ø\å$ê,Þ�à�ÝKÞ�å$ä�Û�ãHØKà!ç�Ø�ØQà_Û�ä�á�Þ�èYç�ä�à�ÝKÞ�ä�á$ØHã\â�� Þ�ã\Ú
ä�ÝKØQê,ÝKä�ãHÞRØQà!ç�Ú	ÝQÚ�àtØQÛ0ñ Ú�Û©øbÛ�äoã\ä'è,ä	á$Ø�ÝKä�á�ä	Ü�à$ä�á�ØHØKÛ�Û�ä�èxúqá$Ø�ÛRä\Ù�ØKÛ�Ú ÝQÞRá�ä�ákëbì(ä'èTØKèYç�ê,ØKÛ�Û�ä�è
ô-Ü�Ø�ØKÛ�Û�Ú�èrê,ØKå6Ú�êYç�ä'àyè,Ú'àNM����O� û�� øQP�ÛRó'Ú�Û©ø$ùSR û��'ý����T� øVU0ê,ÚI� Þ�ã\äXW α Y ØKàkøN��� 
 ûL� û'ë�û*ú�ùSR
ûL��ü�ü�þ'ü�ë��hèYç,ä�è­ØKèYç�ê,ØKÛ�Û�ä�è�ð9Ú�ê,ãHä�à\å�ä�êYç�Øxá�Øxà-Ü�ØKèYç�ê,ä�ã�Ü�ØKèYç�ê,äeá�ØS�'ý�Ú'æ-î,ØQç�Ú'èhúHÛ�Ú�è0å$ä'ê,â�ã\Ø�ç�ê,Ú�è
á$Ø�ÞRãHå$ä'ÝQç�Ú�úqÛRä'è�Ù�ØKÛ�Ú-ÝKÞ�á$ä�á�ØKègô!Ü$ØHÚ'æ�ç�Ü Ù Þ�ã\Ú'è�á$ØHà!Ü$ØKèYç,ê,Ú�ÝKß-á$Þ�ó�Ú�å$ä�ê,ä	ØKè,ä�ègè,ØKÞ�èTØKèYç�ê,ØKÛ�Û�ä�è
Û�ä�è�ã\Ú'èYç�ê,ä�ãHÚ�èxØKàvÛRäX�®ä'æ$Û�ä1�-ë � økÛRä'è�ã\ä�è,ä'ègá$ØeÝKä�á�äoÜ$à�ä	á�Ø�Û�ä�è�ØKèYç�ê,ØQÛRÛ�ä'è�è,Ú�àqç�Ú�ã\ä'á$ä�è�á�Ø

û����
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ZK[�\I]_^�Z`^a]_b�cKdTe<dTc�fK]_ehg�]_c`g�bQe<ZKikjT]ld�c`g�dTe<m�Z`\In`^�g�]_^�b�e \�oVpTq"r"s tvuwoxuyehz|{ ox}

~������������ �K�������&�v�K�h�K�����T�h���E�����v���K�����������k���������a���V�����S���T�&���������h������ ¢¡`£��K�w¤���¥4���O�T����¦�§T§�§�¨
©k�&�v�h���ª��� «¬����­ ���F�

103 ��®K���v¨?¯����&�v���K�����F��°S±�¨³²k�����`���ª�K���´��µ�­'¶��v¨¸·¹���h�¹�
M�

¨
��ºO»�¦�¼ ¦�½a�T»`� ¾ ��§T½�¼T¿K� §a» ¦I½K� §�¼ ¼K� �
±S��ÀT���  |��§`¦��K� ¼ ¿T§K¦T¦�¦��`�Á��¼ ¿K� ¼a� ��� ¾
ÂS¯9¦��T¾a�T»T�  v¦�¾T¿��K� � ¦�»T¿��T¼�¼`� ¼T½ ¿T�K� ¼K¦ Ã�� ½
�k�h��ÄK��­X� Å

α Æ ��� Ã�»��Á» Ã�¼�¼T§�¼K¦T� §�Ã ½T½K�l¦L» Ã`�l¦�½
��ºOÃ�¦L»`�l¦  v¦�¼T¿a�`� § ½�½a»��a�T�`� ¿�¾�¾ ÃT�`� �a� Ã�� ¼
ÂS¯9¦�»T§�§T½�§ ½a»T½T¿K� ¼ ÃT§�§�ÃT§T¼K� ÃT½�¿ ½T¼K�l¦�¼ Ã�� Ã

~��������Ç�`� »`��È����h���l�v�T�����O�K�����É���K�h�IÄ`�ª­ ������Ê��'������­X�K�����h�É�T�����������K�Ë� ���K���K���a�v�h�T�����&�v�������h���
���¹���ÉÌ������ª�K���T�¹�h�T�ª�T�
©k�&�v�h���ª��� �������&£�­X���v�h�Í������­X�K�����v��¨��"Ì��������������T�Q¨Î©ÐÏ������v�X�h�T���h����� �a���V�����������&�
��ºO»�¦�¼ §T��½�½T½�§`� ¼T¾ ÑS����ÀT���K�
±S��ÀT��� ¦�§�¾T§�¼aÃ�¦�� ¾�½ ÑS����ÀT���K�
ÂS¯9¦��T¾a�T»T� ¾�¼aÃ�¾a»T¿T�K� ½�¾ ÑS����ÀT���K�
�k�h��ÄK��­X� Å

α Æ ��� �����T½�§K¦I�K� ��§ ÑS����ÀT���K�
��ºOÃ�¦L»`�l¦ ¾����T¼�¾��T½K� Ã�» ÑS����ÀT���K�
ÂS¯9¦�»T§�§T½�§ §�¼�¼T¾���½T�K� ¼�¿ ÑS����ÀT���K�

���Í���l�v���h���v���h�É�T�&�v�h���KÊ�­X�����`�
¡`���&�h���v�K��­X�������Ò���¹�������T����Ê��Ó½K� ¿�¼
���������h£T­X���v�h�F���X�ª­ ���T���v�KÔÕ���FÌ����ª���������T�×Ö×­X���h�¹���

�������X���K�'�K�Ë�ª�T�����&�v�h���������4�Ë����Ì����&�v��À��T­X�����h�Õ���T���'���K�'�����ª�T�����&�v�h���������4�V���&�v���&�����K���h�T�S�h���
�������T�����4�X�K� �K�������&����Øv�T�4� ��� ���K�V���������T�&����©��F��� «<������� ���Á»É­X���&�v�&��­X�T�4���T�O�h���h���l�v�T�����
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E;F>GAHJI<EDI�HJK�LDMONPMOL1QDH�N�R<HJLDRDK;N�E;SUT�HJMOL�RDMVNPW	E	GYXDI<R<H�I<K�N I<Z�[]\�^ _�`DW	^ _�a�\�^ b�c�d�`�e�MV^Yf�b�`g_]h�diS�d�`g`8j d�c;k#l

m�nBo	p�q=nYq	rYsOq<t�u�p�v	swnYq�t�u�nBx�y6z|{>}V~,���irBv;n���rYn�q<t�u�sC�Bp��g��r�t��grYsD�D�/�=��{1nYm�t��3�gs�rYp��g�g�Yp�v	s�p?{>}V�
���ir�v	nY��r�nYq<t�u�sC��p��g�Or�t��grYs	�	�w��m)v	nY��v;sO�;�gn1v;n1�8p3v;�gm�t�p�q	rY�gp3pC�gp3q<�;�in��wpAz�s�u�v	n6�|pO��pO�8�gp�q	nYm
� ��p�u�sOq;m�sOq�n�t=p�����{�yO���D���|p�v	s�u�n�z���u�nYnYv	�wpOq�{Ay���y� ���¡	n|o;p¢m��;�OnYu��gv;s¤£��	n¥pO£��	nY�g�8sOmCm�nY�gm
rY¦	�,�;�gs�m§v	�gm�t�p�q�t�nYm§o;pOq�m��gv;s,rYp��Dt��;u�pOv;s�m)�is�u§�gp,¨/©gp«ª���r�t�nYp3s3�	�;n�v;nYq�m�nYu§��pO�8p>¬	�gp�m�nYq	p�q	p�m
nYm�­�nYu�sO�8v	p��gnYm��	t�p��gnYm�rYsO�ws ω ® nYq�t�p��;u���z?�gp«�Op��gpV¬D�gp,nYq;pOq;pw¡	p��O��t�p�u��gs	�D¡	��q;s«m�n1�gq;rY�g�Dz�nYq¯n�m�s�m
s��<°�n�t�s�m«�,�	z¤u�nY�wsVt�s�m��U�gs�m,rY¦;�,�	�gs�m«�is��	u�nYm3nYq±�wn�t�p��gnYm����;pOu�nYrYnYq±nYm�t�pOu3rYsOq	²;q;p�v	s�m3p³�	q
o;pO�gs|rYsOq´�	qµu�pOv;�gs�v;n=pO�;u�sY¬	�g�wp�v	p��3nYq<t�nC��}|�<�¶r>�·¡D�gq¤n��,�;pOu���s¥�gp|v;n�t�n�rYrY�g¸�q¤v;n?s��<°�n�t�s�m
n�¬�t�u�nY�wp�v	p��3nYq<t�n?v;�gm�t�p�q�t�nYm«z¤nYm�t�u�nY�g�gp�m,v;n¯r�p��w�is¹�g�	�w�gq;sOm�p�m,m��	���gnYu�nYq´£��	n¯�	q´u�p�v;�gs¥v;nY�
o;pO�gs«v;n�ºV�3���ir1�	p�u�nYrYn1m�nYu)p��	u�s��	�8pOv;sD�

¡	n·�	�gnYq;m�p�£<�;n»�	q6¼VpO�8sOu�v	n·�	� �	½�rA¾Vp	½��D� y��	u�s��	p��	�8n��wnYq�t�n»pO�;�g�grYp)p��gp�m�nYm�t�u�nY�g�gp�m�v	n»r�p��w�is
z6rY¦	�,�;�gsOm��Ov	s�q;v	n c nYm�nY�;n�°�n��3nYq;sOu�v	n��;q,nYm�­�nYu�s��gv	n§n�q«�gp�v;�gu�nYrYr��8¸Oq,�¶n�u��¶n�q;v	�8rY�	�gp�uPp����;�gp�q	s
��pO�8�Or�t��grYs)z a nYm�nY��n�°�n��wp�zOs�u � ¼�nYu����g���	u�p��	� }� ��V¿�p�m�p�v	s�mPnYq«r�s�q<t�n�sBv;n»nYm�t�u�n��8�gp�m��O�gp�v;nYq	m��gv;pOv
v;n«�wp�m�p=nYm�t�nY�gp�uBnYqÀ�gp=¼OnYrY�gq;v	p�v³m�s��gp�uBn�m

∼
�	� �<º M�

¾O�ir 3 ��Á/n3n�m�n3t�sOt�pO�����gp=r�s�q<t�u��8�	�;r��8¸Oq
v;n��;�gv;p?p¯nYm�t�u�nY�8�gpOmBv;n«pO��t�p?¼�nY�gs�rY�gv;pOv¹v	nY��o;p��gs?nYm

∼
�	� } % s 10−4 M�

¾V�¶r 3 � ® s��6�;�gq;pOq;v	s
nYm�t�sÀrYs�q´�	q;pÀ�8n�zµv	n��isOt�nYq	rY�gp�m3v	n�v	nYq	m��8v	p�v±nYm��	p�rY�gp��§v	p¢�	q;p³�wpOm�p³t�sVt�p��§nYm�t��g�wpOv;p¹v;nY�
o;pO�gs6nYm�t�nY�gp�u»v	nY�¶s�u�v;n�q?v	n 1× 109M�

�Dv;nY�¶rY�	p���{ % nYm��8p��wp�m�p6r�s��,�	�8q	p�v	p6v	n/�8sOm»rY¦;�,�	�gs�m
���gs��	�;�gpOu�nYm��;n���u�n��wp�q	nYq<t�n1n�m�t��wnYq¯�8pOm§nYm�t�u�nY�g�gp�m§v	n1rYp��3�¶sD�

b
a

c

Disco

Halo estelar

Â»Ã
ÄÆÅ�Ç�È �	� }�ÉOÊ _�c�[�b	Ë�d�Ì�d�cgb�^Íh�d<\�Ì]`gj `�Îgd�[�b�d�`gÏ d�c�_�j hÍb�^�Îgc�j b#Ð�j b�^ Ñ�h�_�Ì�h�d�^ _�`�Îgcgd�`Vd�Ò�d�`Vh�d�^�f�\�[�Ó�^ d�Ì¶f�_�Ì�^ bDc�d�^ b�f�j Ô�Ì�b
≥
a
≥
f�Õ

Ö�×�Ø;Ù�Ú�Û�Ø;Ü«Ú�ÙÞÝ,ß�à³á�×�âiÜ3ã¯×�âiä�á�×�Ø;å�Ú�Ü
æ ��v	nYm�rY�	�;u��g�w�gnYq�t�s3v	n1�;�gp�q	n�t�pOm�pO�gu�nYv;n�v;s�u§v	nY���;�	�gm�p�u§ç·¡	èé{>}Oº�êOë,{>},m��	���gu��g¸«£��	n��gs�m§m��gm�t�n��
�wpOm1�;�gp�q	n�t�p�u��gsOm1�;�	nYv;n�q¤m�nYu�v;n�t�n�r�t�p�v	s�m6pO�8u�n�v;nYv	s�u1v	nC�	�;�gm�p�u�nYm1nYq;r�s�q<t�u�pOv;sOm6nYq¢rY¦;�,�	�gs�m
���gs��	�;�gpOu�nYm��iª�sOm��¶nYu��gs�v;sOm�v;n6¼��8v	p?v	n,�gs�m�m��gm�t�nY�3p�m��;�gpOq;n�t�pOu��gs�m�nYq¥rY¦;�,�	�gs�m�nYm�t�n��8pOu�nYm/v	nYqD�
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�( 5¡z¢¤£L�3£�¢¤¥8¦3§�¨y§�¦W©3¢�¨�ªL¢¤¦3ª3¥(¨_�(«�¬�¢¤§�¦Cª3§b¨y­���¡�®3£LªL¢�£L¥8¨ £L¯�°�±�² ³�´3­�² ³�µ�±�² ¶�·�¸�´�¹�§b²�º�¶�´�³�»�¸A«�¸�´�´.¼ ¸�·(½�¾

¿<À�Á�Â�Ã�Ä.Å&ÆLÇ�ÅQÈ�Â�ÉzÊ3À�Ç�É�Á&À.Ã�Æ(É�Ä*É�Ë�Ä�À�Á�É�Ì�ÃiÉ�Ä*Á�Í(¿^Î(Ä�ÃXÈ�Ä.Ã�Ï(Î�Ä.É�ÂkÐ}Ñ�ÑVÒ�ÓTÔ|Õ>Ö�ÖL×bÖLØkÙ�ÅWÌ�Å�Ù�Á�Î�Ï(Â�À�Å�Â�Ã�Æ
Ù�Å�À�Ù�Á�É�Æ�Ì(À�Ì�É�Ç�Ã�Ù�ÉXË(Ä�É�Æ�Å&Ç�É�Ù-Å&Â�Â�É�ÆLÇ�Å�Ù^Ò�Ú�É�ÛCÎ"ÅOÇ6É�Ä�Ü8ÑbÝ�Ý�ÞJØ�Ò�ß�À.È�Î(Â�Éià�Ü áLØOÜ

âkã�ä�å_æ~ç à3Ü á�è £L¯�°*±�² ³Aé�² ³�µ�±�² ¶�·C«�ê�ê~ëì¦�­(£�í�í�î�í�ï�ðS»�³�ñ�»�¸8´�¸�»�¸�´.º�±�µ�·�¼ ¸�·�³�ñ�´�¸�¼ ´Lº�¶�ñ�»�¼ »S¶�ò�³�´�¶*ó�² ¶�ñ�¸�ò�¶�´C¸�·�·�¶�ñ/ò�¸�´�óO³�·L¸�²
°~ô�ò�³9»�³�»�¸(°�¼ º�·�³�² ¸�ñ/ò�¸8é�·�¶�õ�¼ ò.¶�º�¼ ³�ñ�¶�²bë¤¨�¶�ö9±�¸�ò3¶�² ÷Oê�ø�ø9½�ï.÷

ù ÆúÃ�Ç�Â�Ã�Å�Ù9Ç�Î(Ì�À�Ã@Â�ÅOû�Å&Â�Å�ÆLÇ�Å"É@Ë�Ä�É�Æ(ÅOÇ�É�Ù<ÅOüCÇ�Â�É�Ù�Ã�Ä�É�Â�Å�Ù<Å&Æ>Á&Í(¿iÎ�Ä�Ã�Ù;È�Ä.Ã�Ï(Î�Ä.É�Â�Å�Ù&ýrÚ3Ã�þ�Å�Â;ÿ
� Å�Â�Ù�Û�Å�Æ(Û�Ã�Â�Æ�Ò�Ñ�Ý�Ý���Ø�Ù�Î�ËAÃ�Æ(Å&Æ��CÎ�ÅiÄ�É?Ì�Å&Ç�Å�Á�Á&À���ÆHÌ�ÅiË(Ä�É�Æ(Å&Ç�É�Ù�Ç�À.Å&Æ(Å^Ï�É���ÉpË�Â�Ã�Ï�É�Ï�À�Ä.À�Ì�É�Ì�Ü
	�É
Ì(Å&Ë*Å�Æ�Ì(Å&Æ(Á�À�ÉWÌ�ÅvÄ.É�Ù�Ë�Â�Ã�Ë�À�Å�Ì(É�Ì(Å�Ù�Ì�ÅvÄ.Ã�ÙyÙ�À.Ù9Ç�Å&¿<É�Ù�Ë�Ä.É�Æ(Å&Ç�É�Â�À�Ã�Ù_Á�Ã�ÆXÄ.ÉQ¿;Å&Ç�É�Ä�À�Á�À�Ì(É�Ì|Ù�Å-É�Ë�Â�Å�Á�À�É
Á�Î�É�Æ(Ì�ÃUÙ�ÅBÁ�Ã�Æ(Ù�À�Ì(Å&Â�É=Ä�É�Á�É�Æ�Ç�À.Ì�É�Ì Ie � Mp [a(1 − e)]2 � Ì�Ã�Æ�Ì(Åbý Mp

ý a ý e ýkÙ�Ã�Æ Ä�ÉU¿<É�Ù�É
Ì(Å&ÄyË�Ä�É�Æ(ÅOÇ�É�ýAÅ�Ä_Ù�Å�¿<À�Å
��Å^¿<Ézÿ�Ã�Â�ÿ"Ä�É<ÅOü3Á�Å�ÆLÇ�Â�À�Á�À�Ì�É�Ì*ý�Â�Å&Ù�Ë*Å�ÁOÇ�À�Ê5É�¿<Å�Æ�Ç�ÅbÜ ù Æ}Ù�À�Ù9Ç�Å�¿;É�ÙQÌ(Å|É�Ä�Ç�É
¿<Å&Ç�É�Ä�À.Á&À.Ì�É�Ì�Û(Ézÿ@Î�Æ(É}Á�Ã�Æ�Á�Å�ÆLÇ�Â9É�Á�À���Æ=Ì(Å?Ù�À�Ù9Ç�Å�¿<É�Ù^ÉHÉ�Ä�Ç�Ã�ÙWÿ=Ï�É���Ã�Ù^ÊbÉ�Ä�Ã�Â�Å�Ù^Ì�Å Ie

ý�Á�Ã�Æ=Î�Æ
ÛCÎ�Å�Á�ÃpÌ(Å^Ï�É���ÉpËAÃ�Ï�Ä�É�Á�À���ÆlÁ�Å�Â�Á�É?Ì(Å Ie � Ý�Ü � MJ U A 2 ýAÌ(Ã�Æ(Ì�Å MJ

Å�ÙTÄ�É<¿;É�Ù�É?Ì�Å���Í�Ë(À�Ç�Å�Â&Ü
ù ÆpÙ�À�Ù9Ç�Å�¿;É�ÙrÌ(ÅQÏ�É���É^¿;Å&Ç�É�Ä�À�Á�À�Ì(É�Ì�ý�Ä.É|Á&Ã�Æ(Á&Å�ÆLÇ�Â�É�Á�À���ÆpÙ�ÅQÅ&Æ(Á�Î�Å�ÆLÇ�Â�ÉXÙ���Ä�Ã^Å�Æ<Å�Ä*À�Æ�Ç�Å�Â9ÊbÉ�Ä.Ã|¿���Ù
É�Ä�Ç�ÃHÌ(Å Ie

ýrÁ�Ã�Æ Î�Æ(ÉUÁ�Ã�Ä�É�Å�ÆúÊ5É�Ä�Ã�Â�Å�ÙXÏ(É���Ã�Ù<Ì�Å Ie
Ü��yÃ�Â;Ä.ÃHÇ�É�Æ�Ç�Ã@Å&Ù<ËAÃ�Ù�À�Ï(Ä�Å��LÎ(Å"ÅOü�À�Ù9Ç�É�Æ

Ë(Ä�É�Æ(Å&Ç�É�Ù|É�Ä�Â�Å�Ì�Å�Ì(Ã�Â|Ì(Å<Å�Ù9Ç�Â�Å�Ä�Ä�É�Ù|Ì�Å?Ù�Å�Á&Î(Å�Æ�Á�À�É}Ë�Â�À�Æ(Á�À�Ë(É�Ä�Å�Æ=Á&Í(¿iÎ�Ä�Ã�Ù|È�Ä�Ã�Ï(Î�Ä.É�Â�Å�Ù<Ò�Ú3Ã�þ�Å&Â|ÿ
� Å�Â�Ù�Û�Å�Æ(Û�Ã�Â�ÆUÑ�Ý�Ý���ØOý�É�Î(Æ��CÎ(ÅXÅ�ÆUËAÅ��LÎ(Å���É�ÙWÁ�É�ÆLÇ�À�Ì�É�Ì(Å&ÙWÌ(Å�Ï�À�Ì(ÃpÉlÄ�ÉVÏ�É���Él¿;Å&Ç�É�Ä�À�Á�À�Ì(É�Ì�ÜAÓQÃ
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¾�¿�À�Á�Â�¾�Â�Á�Ã�Ä�Å
Æ^Å
Ä�Ç�Á�Æ�È�Á�Ä�È�Ã
Æ^¾�ÉµÊ
Á�Å�Ä�È�Å
Æ^Ë�¾�À�Ì�Â�È�Á�Â�Ã�Æ Â�Í$ÎoÏ$Ð Ñ'Ò�Ë�Ð Ñ'Ó$Ï$Ð Ô+Õ�Ö-Ò-×�Å�Ð�Ø/Ô+Ò6Ñ"Ù$Ö
É�Ö-Ò1Ò1Ú Ö-Õ�Û9Ü

ÝaÞàß�á^â{ãåä�æ�çlè�é ¿�Õ�ÑFÙ$Ï$Øàê1Ñ"Ù�Ö�Ð Ñ'Ò
ë°Ô+Õ1ì+Î{Öàê1Õ�Ñ'Ò�Ù$Ö�Ú Î¤ë°Ô+Øàê6Ñ�ëZÑ'Õ
Ð Ô�Ù�Ú Ò1ëZÖ-Õ�Ò6Ú í'î"Ù$Ö�ïðÖ-Ð ÑðØ/Ú Ù°Ô+Ù$Ö-Ò�Ø-Ñ'Î¤Ñ�ñ Ï$î$Ø-Ú í'î"Ù$Ö�Ð Ô�ëZÑ'Ò1Ú Ø-Ú í'îÖ-îaÖ-Ð
Ø-Í$ÎoÏ$Ð Ñ�ÉbÛ9ÜFòl¾AØ-Ï°Ô+Ð óFÏ$Ú Ö-Õ3ëZÑ'Ò1Ú Ø-Ú í'î?ô�Ð Ô+Ò
îFÏ$ÓZÖ-ÒoÙ$Ö{Ã�Ñ'Õ�êoÒ1Ö/Õ�õ Ô+îaÙ$Ö-Ò6ëZÑ9ö6Ô+Ù°Ô+ÒoÙ$Ö¤Ò6Ï$Ò
Ø-Ñ'Î{ë°Ñ'î$Ö-îðê6Ö-ÒoëZÑ'Õ3Ð Ñ'Ò
Ö/î�Ø/Ï$Ö-îðê1Õ�Ñ'ÒÖ-Ò�ê1Ö-Ð Ô+Õ�Ö-Ò-ò
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«1¬R­�®°¯#«F¯±®°²D³1´(µx´(³C¶1®°µ-·\®°³F·\²Bµx«1¸*¹(®k´R³F·\´(µxºD«F­�»F¯#·\®°¯\²Dµ ¹(¼7½ ¾J¿�À°¹±Á�ÂkÂ:Á�ºBÁ�½ Ã�ÄMÅ:Æ ÄM¿

Ç3ÈSÉ�Ê\ÈÌË1ÍkÎ#Ï1Ð3Ñ(Ò:Ó#Ô-Õ/ÖG×1ÕCÒ:Ó#Ö!ØDÑ(Ô-Ù#Ú%ÕJÛ7Ô-Ó#ÖGÑ#Ö-Ó\Ü/Ý:Ñ#×1Ó#Ö!Ü/Ó#ÞlÕ/Ò
ßDà1Ò&ßdÓRá,ß1Ñ#Ô-Ô-Ñ[Õ?Ú%ØDÒ:Õ/Ñ(×DÓ(ÖjÕ?Þ
Õ/ÖHÛ7Õ
Ü?Ñ#ØDâkÛ7à1Ò:Ó1Í
ãSÑ#ÔHÙ#Ú%Õ?Û7Ô-Ó Ð3Ñ(Ò:Ó#Ô ä4Õ?åMÕ/Ô-Õ/Þ1Ü/Ý:Ñ
æ�ç

1010 M� è é ê�ë Ñ#Ó�çZÎ�Ë#Ë#ì èíBÓ#Ô-ÚeÑ î*Ò:Ý&Ø1Ö-Ó#Ý:×1ÕYÜ/Ñ#Ö-Ý�Ø1Ô-Ó#Ò:Ñ(Û7Ó íBÔ-Õ/àDÞ1×DÕ?ÞDÔ-Õ/Ý:Ü ë çZÎ}Ë#Ë(ï èðKÓ#Þ1ñ#ÝkÛ7à1×l×DÕOÕ/Ö-Ü/Ñ#Ò:Ñ�ç�ò±Ø�Ü è é Í ì íBÔ-Õ/àDÞ1×DÕ?ÞDÔ-Õ/Ý:Ü ë çZÎ}Ë(Ë#ï èóYÕ?ÞDÖ-Ý:×DÑ(×�î*ÖHÛ7Õ/Ò:Ñ(Ô Ö-Õ/Ü ë 2
íBÔ-Õ/àDÞ1×DÕ?ÞDÔ-Õ/Ý:Ü ë çZÎ}Ë#Ë(ï èóYÝ:Ö-ØdÕ/Ô-Ö-Ý:ô#Þl×DÕOÐ*Õ/Ò:Ó\Ü/Ý&×1Ñ#×1Õ/ÖõÜ

(r/r0)
α ö çGÎ<÷Oß (r/r0)

β è ÷�× ö √(r/r0) ø Ô-Õ/ÚeÑ#Ý:ÞDÕOÕJÛ^Ñ#Ò�Íxç éRù#ù#é#èî*×1Ñ#×�ç�úCÑ è Î}û üPñ�çZÎ�Ë#Ë#ï è

ý%þ/ÿUþ ���������	��

�����
���������
���
��������


� à1Þ��±àDÕ Ò&Ñ�Õ/Ö-Ü/Ñ(Ò&Ñ©×DÕfÑ#ÒkÛ7àDÔHÑ �#Õ?ÔHÛ7Ý&Ü?Ñ#ÒG×DÕ?Ò!×1Ý:Ö-Ü/Ó ×1Õ/Ò:ñ#Ñ(×DÓ�Õ/Ö[×DÕ
∼ ! û ù ØdÜ Õ/Þ Ò:Ñ �(Õ/Ü/Ý:ÞD×1Ñ#××1Õ/Ò�"1Ó(Ò$#1Õ/Ò%�RÑ#Ò:Ó(Ô!Ö-ÕUÝ:ÞDÜ/Ô-Õ/ÚeÕ/Þ±Û7Ñ ë Ñ#Ü?Ý&ÑhÒ&Ñ(ÖjÔ-Õ/ñ#Ý:Ó(ÞDÕ/ÖjÝ:Þ±Û7Õ?Ô-ÞDÑ(Ö^×DÕCÒ:ÑeúCÑ(Ò&Ñ'&1Ý:Ñ(#F×DÓ(ÞD×1ÕCÕ/Ò�×DÝ:Ö-Ü/ÓÕ?ÞDÜ/à1Õ/Þ±Û7Ô-ÑCÑ#ÒDß1àDÒ:ßdÓRá,ß1Ñ#Ô-Ô-ÑYñ(Ñ#Ò:Ù#Ü?Û7Ý:Ü/ÓFÍ(î*ÒBß1àDÒ:ßdÓRá,ß1Ñ#Ô-Ô-ÑYÞ1ÓCÕ/Ö*àDÞ1ÑUÕ)&FÛ7Õ?ÞDÖ-Ý:ô#Þh×DÕ/ÒD×DÝ:Ö-Ü/Ó*#±Õ/Ö*à1ÞDÑ

Ü?Ó#Ú%ØdÓ#Þ1Õ/Þ±Û7ÕUÝ:Þ1×DÕ/ØdÕ/Þ1×DÝ:Õ/Þ#Û7ÕU×DÕbÒ:Ñ%úOÑ#Ò:Ñ+&FÝ&ÑFÍBðKÑ%ÚeÑ#Ö-Ñ%×1Õ/ÒxßDà1Ò&ßdÓRá,ß1Ñ#Ô-Ô-ÑeÕ?Ö4×DÕ
∼ , Í û ± Î#Í û ×

109 M� - Ö-àeÒ&à1Ú%Ý:ÞDÓ(Ö-Ý:×DÑ#×bÕ/Þ%Ò:ÑCßDÑ(ÞD×1Ñ/.�Õ/Ö ∼ 5±2×109L�
Í\î*ÖHÛ7ÓUØ1Ô-Ó#ØdÓ#Ô-Ü/Ý:Ó#Þ1ÑOàDÞ1ÑUÔ-Ñ10/ô#Þ

ÚeÑ#Ö-Ñ ö Ò:àDÚ%Ý:Þ1Ó#Ö-Ý:×DÑ(×%×DÕ ù Í Ë ± ù Í ,32 M�
ö L� ç4.!Ý:ÞDÞ1Õ -5- ø Ô-Õ/ÚeÑ#Ý:ÞDÕ éRù#ù 2 è Í

6PÞ1ÑO×1Ý87DÜ/à1Ò:Û7Ñ(×bÕ/ÞhÒ:ÑYÓ#ß1Ö-Õ/Ô9�<Ñ#Ü/Ý:ô#Þ[×1ÕjÒ:Ñ#ÖSØDÔ-Ó(ØDÝ:Õ/×1Ñ#×1Õ/Ög×1Õ/ÒFßDà1Ò&ßdÓRá,ß1Ñ#Ô-Ô-ÑPÖ-Õ!×1Õ/ßdÕ^ÑPÒ&ÑYñ(Ô-Ñ#Þ
Ü?Ñ#Þ±Û7Ý:×1Ñ#×f×1ÕPÕ)&FÛ-Ý&Þ1Ü/Ý:ô#ÞfÑbÒ&Ó(ÞDñ(Ý:Û7à1×DÕ?Ö3×DÕPÓ#Þ1×DÑbÕ/Þ Õ/Ò:�FÝ:Ö-Ý:ßDÒ:Õ4ØdÓ#Ô3Õ/ÒdØ�Ó(Ò;�#ÓbÕ)&FÝ&ÖHÛ-Õ/Þ±Û7ÕYÕ/Þ#Û7Ô-Õ<"1Ó(Ò
- Õ/ÒdÜ?Õ/Þ±Û7Ô-Óbñ(Ñ#Ò:Ù#Ü?Û-Ý&Ü/ÓFÍ="FÝ:Þ%Õ/Ú[ß1Ñ#Ô-ñ(ÓCÕ)&1Ý:ÖHÛ7Õ/Þ%Ò&â:Þ1Õ/Ñ#Ö*×1Õ>�FÝ:Ö-Ý:ô#Þ%Ø1Ñ#Ô-ÑUÒ:Ñ#ÖgÜ/à1Ñ#Ò:Õ/Ö3Ò:ÑCÜ/Ñ(Þ±Û7Ý:×DÑ(×%×DÕÕ?&FÛ7Ý:ÞDÜ?Ý&ô(Þ%Õ/ÖGÚ%â:Þ1Ý&ÚeÑ1Í±ðKÑbÚeÙ#Ö*Ü/Ó#Þ1ÓFÜ/Ý:×1Ñb×DÕPÕ?ÖHÛ7Ñ#ÖGÕ/ÖGÒ:Ñ/@BADCFEHG�CIG J�A5KLG�G(JIABÍ�"1ÕPÕ/Þ1Ü/àDÕ?Þ±Û7Ô-Ñ
Ñ ! Í Ë ◦ ×1Õ/ßDÑHM-Ó%×DÕ?ÒKÜ/Õ?Þ±Û7Ô-Ófñ(Ñ#Ò:Ù#ÜJÛ7Ý&Ü?Ó - Ò:ÑhÒ:â:ÞDÕ/Ñ[×DÕ<�\Ý&Ö-Ý:ô(Þ
ØDÑ(Ö-Ñ%Ñ%û(û ù ØdÜC×1Õ/ÒKÜ?Õ/Þ±Û7Ô-ÓFÍ

ðKÑ Õ?ÖHÛ7Ô-àDÜJÛ7àDÔ-Ñl×DÕ/ÒSßDà1Ò:ß�Ó<á,ßDÑ#ÔHÔ-ÑfÕ/ÖYÕ	�\Ý:×DÕ/Þ#Û7ÕhÕ/Þ§Ò&ÑfÝ&ÚeÑ#ñ#Õ?Þ©×1Õ/ÒSÖ-Ñ(ÛON/Ò:ÝkÛ7ÕQP>R<.!î�ç�ícÝ&ñ(àDÔ-Ñ
ËFÍ é#è Í1î3Ö-ÑeÝ&ÚeÑ#ñ#Õ?Þ åMàDÕOØ1Ô-ÓF×1àDÜ?Ý&×1ÑeÜ/Ó(Ú[ßDÝ:Þ1Ñ#Þ1×DÓhÓ(ßDÖ-Õ/Ô9�<Ñ#Ü/Ý:Ó#Þ1Õ/Ö^ÑlÎ(Í é µ

Ú�# é Í é µ
Ú - ! Í , µ
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LNMPO8QSR8TVUXWZY\[]Q_^a`]bdce[]Q_TVR8bd^fM]O8gihj[Xclk8mnbdR8Tfgjo/LSp]U2O8mnbdc%O8MqY\^VgrO8M]R8^fMfY\mnTfc%^Vgtsu[]OvgnbS^wR8[]mnmnOe[]M
O8M]R8[XOJMqY\mn^vO8gxY\O8QdTfmCR8^fMa[XMyU]TfmnzVc%OJY\mn^6{]Otbdc%U]TfRJY\^6gn[]U�OJmnb_^Vm|{XOt}V~f~��j�6�wO8Q2OJ��O8RJY\^eO8g�U]mnzfRJY\b��
R8TfclO8MqY\Oi{]O8gnU]mnO8R8bdTf�]QdOjgn^f�Xm�OiO8Q�{]bdgnR8^�UXQdTVMXOJY\TVmnbd^9R8[]oV^emnTf{]bd^9O8gi��~f~9�j�6�woVT�su[]OjT�UXTVm�Y\bdm|{]O
}f~V~��j�?Qd^fg|OJ��O8RJY\^Vg�RJ^fc%bdO8M]�8TfMaTeMX^�Y\TfmngnO��w��^w{]O8c%^Vg�{]O8R8bdmCsu[]OtO8MyTVsu[]O8QdQdTfgCmnO8�fbd^VMXO8gC{]^fMX{]O
^wRJ[XmnmnTVMaQd^fg|O8M]R8[XO8MfY\mn^fg�O8g�YnO8Q_TVmnO8gCR8^VMyUXTVmnzfc%O�Y\mn^fg|{XOjbdclUXTfR�Y\^fgN{Xbdg�Y\TVMqY\O8gt��c%T�of^fmnOJgC{XOj}f~V~
�j�t��O8MfY\^fMXRJO8gjO8gAU]mn^f�XTV�XQdOrO8M]R8^fMfY\mnTfmAgnbdg�Y\O8clTfgAUXQdTVMXOJY\TVmnbd^fg�{XbdM]zfc%bdR8TVc%O8MqYnOi��mnWd^VgJ�
�jMXTlR8[XOJg�Y\bd�fM/{]O9bdMqY\O8mnkJgA�fO8M]O8mnTfQ�O8gAgnTV��O8mAgnb'O�pwb_g�Y\O9O8Q�U2O8Qdbd�fmn^v{]O9su[]O9O8M/O8Q
��[wY\[Xm�^l[XM]T

O8g�Y\mnO8QdQdT6{]OiQ_Tr�fO8R8bdM]{XTf{agn^fQdTfmNU][XO8{]TeTfRJO8mnR8TfmngnOAY\TfMqY\^6TfQ2g�b_g�Y\OJc%T�gn^fQdTVm|{]Oic%TVMXO8mnT6sq[XOtQd^V�fmnO
U2O8m�Y\[Xmn�]Tfm�QdTl{]b_M]zfclb_RJTe^fmn�]bdY\TVQ
{XO9Qd^fg�U]Q_TVMXO�Y\TfgJ�XO8Q�RJb_MfY\[Xmn�VM/{]O9�9[XbdU2O8mJ�XO8Q'{XO9TVg�Y\O8mn^fbd{]O8g�o
O8M
�fO8M]O8mnTfQ'{XOrRJ[XTfQdsq[XbdO8m�R8^Vc%U�^VMXOJMqY\O��2`]O9�]TfM
�XO8R\�X^l��Tfmnbd^fg�Y\mnTV�XT��\^Vg�TfQ
mnO8gnU2O8RJY\^�� �rTfmnR8WdT��
gnzfM]R¡�XOJ�%OJY9TVQ ����¢V¢q£u¤��9TVmnR8WdT��x`wzfMXR\�XO8�vO�Y9TfQ�����¢f¢V¢]¤'¥¦T�YnY\�XOJ§Agv��¢f¢V¨q�ioPgnOv�XTVM©O8M]R8^fMfY\mnTf{]^
O8g�Y\mnO8QdQdTfgNsq[XOjgn^VMaU�OJm�Y\[Xmn�]Tf{]^fmnO8gCU2^VY\O8M]R8bdTfQdO8gN{XOiQ_T6Mq[X�2Ojªr^fm�YJ�]�9TVmnR8WdT��x`]zVMXR¡�]O8�AOJY�TfQ��]��¢f¢V¢
O8M]R8^fMfY\mnTfmn^fM%su[]OjO�p]bdg�Y\O8M%«6O8g�Y\mnO8QdQdTfg|R8^Vc%^9U]mnb_M]R8bdUXTVQdO8gNU�O8m�Y\[]mn�XTV{X^VmnO8g|U�^�Y\O8M]R8b_TVQdTfgJ�f¬­T�U2O8mx�
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Ä\Å]ÆnÇXÈVÉ8ÊdËfÌÎÍXÏaÐ_È¦ÌuÅ]Ç�ÏyÍXÏ�ÑrÒfÆ�ÄeÓ]ÅXÏ8Í]Ï
ÒuÉ8ÈfÔnÊdÒVÌXÈfÆ9ÅXÌ]È©É8ÈVÕ_Í]È�Í]ÏyÉ8ÒVÖ%ÏJÄ\ÈVÔe×XÈVÉ8ÊdÈ�ÐdÈ�ÆnÏJØfÊdËfÌ
ÊdÌfÄ\Ï8ÆnÌXÈ¦ÍXÏJÐ�ÔnÊdÔ�Ä\ÏJÖ%È�ÔnÒVÐdÈfÆJÙ�ÓXÈVÆ�Ä\ÊdÉ8ÅXÐdÈfÆnÖlÏ8ÌqÄ\ÏlÈ�ÐdÈ¦ÆnÏJØfÊdËfÌÎÍXÏaÓXÐdÈfÌ]ÏJÄ\ÈfÔJÙ�ÐdÒ�ÚqÅXÏaÓ�ÒVÌXÍ]ÆnÕ_È¦Ï8Ì
Ó2Ï8ÐdÊdØfÆnÒ%ÐdÈ%×XÈfÇ]ÊZÄ\ÈfÇ]Ê_ÐdÊdÍXÈVÍ
Ó]Ð_ÈVÌXÏJÄnÈfÆnÊdÈ]Û2ÜNÌPÏ8Ô�Ä\ÈaÄ\Ï8ÔnÊdÔJÙ
É8ÒfÖ%Ò%×XÏ8ÖlÒfÔtÖ%ÏJÌXÉ8ÊdÒfÌ]ÈfÍ]ÒaÐdÈaÌqÅXÇ2ÏvÍXÏ
ÑtÒfÆ�Ä�ÈfÅ]ÌXÚqÅXÏrÏ8Ô�Å]ÌXÈeÉ8ÒfÖ%Ó2ÒfÌ]Ï8ÌqÄ\ÏtÖeÅ]Ý%Ê_ÖlÓ�ÒVÆ�Ä\ÈfÌqÄ\ÏjÍ]Ï8Ð�ÔnÊdÔ�Ä\Ï8Ö%ÈvÔnÒVÐdÈfÆJÙwÏ8Ô�Ä\ÈvÞ�ÅXÏJÆnÈvÍXÏtÌqÅXÏJÔxß
Ä\Æ�ÒeÒfÇqànÏJÄ\ÊZáfÒ]Ù]Ó�ÒVÆCÐ_Ò6ÚuÅ]ÏrÌXÒe×]ÈfÆnÏ8ÖlÒfÔ�Ï8ÌwÞ�âfÔnÊdÔCÈfÐ�ÆnÏ8ÔnÓ�ÏJÉJÄ\Ò]ÛXÜNÖ%Ó]Ð_Ï8ÈVÖ%ÒfÔ|ÐdÈ�ÈVÓXÆnÒ�ãwÊdÖ%ÈfÉ8ÊdËVÌaÍXÏ
ÊdÖ%Ó]ÅXÐdÔnÒeÓXÈfÆnÈlÊ_ÌfáfÏ8Ô�ÄnÊ_ØVÈfÆiÔnÊ�ÈfÐdØfÅ]ÌXÈvÍXÏ6ÐdÈfÔAÏ8Ô�ÄnÆnÏ8ÐdÐ_ÈVÔAÓ�Ï8ÆxÄ\ÅXÆnÇ]ÈfÍXÒVÆnÈfÔiÓ2ÒVÄ\Ï8Ì]É8ÊdÈfÐdÏ8ÔAÍ]Ï6ÐdÈlÌuÅ]Ç�Ï
Í]Ï�ÑrÒfÆ�ÄSÐdÒfØVÆnÈfÆnâiÍ]Ï8ÔnÓ�Ò�ànÈfÆnÐdÈtÍXÏCÔnÅ]ÔäÏ8ÐdÏ8Ö%Ï8ÌfÄ\ÒfÔ­Ý�Ï8Ì]É8ÒfÌfÄ\ÆnÈfÖ%ÒVÔ�ÚuÅXÏ�Ì]ÊdÌXØVÅXÌ]ÈtÍXÏ�Ï8ÐdÐdÈfÔ�ÐdÒt×XÈfÆ�â]Û
å Ð_ÊdÏ8ÔnÏ6æwç�è�é�è]Û ê

M� ë ÏJÔtÐ_ÈaÏ8Ô�Ä\ÆnÏ8ÐdÐdÈaÍ]ÏeÐdÈ%áfÏ8ÉJÊ_Ì]ÍXÈVÍPÔnÒVÐ_ÈVÆjÚuÅ]Ï�Ä\Ï8Ì]ÍXÆnÈyÏ8Ð�Ölâ�ãwÊ_ÖlÒ%ÈfÉ8ÏJÆxßÉJÈfÖ%ÊdÏ8ÌfÄ\ÒPÉ8ÒVÌìÏJÐAíwÒfÐ�È
∼
æVèwÙ èfèfè�îjïðÝÎÉ8ÒfÌìÅXÌ]ÈPáVÏ8ÐdÒwÉ8ÊdÍ]ÈfÍñÍXÏ�ç�ò]Û ó©ôqÖaõVÔeÈ©Å]Ì"Ä\ÊdÏ8ÖlÓ�Ò

Í]ÏaçfÛ òVê
× 10

6
Èfö]ÒfÔJÛ
ÜNÌXÉ8ÒVÌqÄ\ÆnÈVÖ%ÒfÔrÚqÅXÏeÔnÅ©ÏJÞ�Ï8É�Ä\Ò
Ï8ÔrÓ]ÆnâfÉJÄ\ÊdÉ8ÈVÖ%Ï8ÌfÄ\ÏeÌuÅ]ÐdÒyÝfÈyÚuÅXÏvÏ8Ð�ÍXÊdÔnÉ8Ò

ÆnÏJÔnÅXÐZÄ\ÈfÌfÄ\ÏAÍXÏAÌqÅXÏ8Ô�ÄnÆnÈ�ÔnÊdÖeÅXÐdÈfÉJÊ_ËVÌeÏ8Ô|ÅXÌlÍXÊdÔnÉ8Ò6Í]ÊdÌXâVÖ%ÊdÉ8ÈfÖ%ÏJÌqÄ\ÏCÞ�ÆnÕdÒrÉ8Å]ÝVÈfÔCÓ]ÈfÆ�Ä\ÕdÉ8ÅXÐdÈVÔSÄ\ÊdÏ8Ì]Ï8Ì
ËVÆnÇXÊZÄ\ÈfÔjÉ8ÊdÆnÉ8ÅXÐdÈfÆnÏJÔrÏlÊdÌXÉ8ÐdÊdÌXÈVÉ8ÊdÒfÌ]Ï8ÔjÍXÏ

0
◦
Û�÷�ÈfÔrÍ]Ï8Ö%âfÔ9ÉJÊ_Ì]É8Ò�Ï8Ô�Ä\ÆnÏ8ÐdÐdÈfÔrÓ2Ï8Æ�Ä\ÅXÆ�ÇXÈfÍ]ÒfÆnÈVÔrÍXÏlÐdÈ

ÌqÅXÇ2ÏtÍXÏrÑtÒfÆ�Ä�Ä\ÈfÖlÓ�ÒuÉ8Ò6Ä\Ï8Ì]ÍXÆnâVÌ�Å]Ì�ÏJÞ�Ï8ÉJÄ\ÒeÔnÒfÇXÆ�ÏrÏ8Ð
Í]ÊdÔnÉ8ÒeÓ]Ð_ÈVÌXÏJÄnÈfÆnÊdÒ�ÍXÏ�ç�èfèeîjï?Í]ÏtÆnÈfÍ]ÊdÒ]Û
ÜNÔ�Ä\ÒVÔrÆnÏ8ÔnÅ]ÐdÄ\ÈVÍXÒVÔrÐ_ÒVÔjÒfÇwÄ\Å]áuÊ_ÖlÒfÔtÈyÏ8ÔnÉ8ÈfÐdÈfÔtÍXÏeÄ\ÊdÏ8ÖlÓ�ÒyÍ]Ï8ÐSÒfÆnÍ]Ï8ÌPÍXÏ

10
6
Èfö]ÒfÔJÛ'ø�ÒfÆrÐdÒyÚqÅXÏ

Ó2ÒwÍ]Ï8Ö%ÒVÔiÍXÏ8ÉJÊ_ÆiÚqÅXÏ�Ð_ÈVÔiËfÆnÇ]ÊdÄ\ÈVÔiÍXÏeÐdÈVÔiÓXÈfÆxÄ\Õ_ÉJÅXÐdÈfÔAÚqÅXÏeÒVÆnÇXÊZÄ\ÈfÌ/ÈfÐ�í]ÒVÐ�×]ÈfÔ�Ä\È%ÅXÌ]ÈyÍ]Ê_Ô�Ä\ÈVÌXÉJÊ_È
Í]Ïtç�èVè9îjïùÌ]Ò9ÔnÏ8ÆnâVÌ%Ó2Ï8Æ�Ä\ÅXÆnÇ]ÈfÍ]ÈfÔäÒfÆnÇ]ÊZÄ\ÈfÐdÖ%Ï8ÌfÄ\ÏCÝeÓ�ÒVÆäÐ_ÒtÄnÈfÌqÄ\Ò9ÐdÈr×]ÈfÇ]ÊdÄnÈfÇXÊdÐdÊdÍXÈVÍ6ÓXÐdÈfÌ]ÏJÄ\ÈfÆnÊdÈ
Í]Ï�ÐdÈrú�Ê_ÏJÆnÆnÈ9ÌXÒ9ÉJÒfÆnÆnÏAÌ]Ê_Ì]Øfû]ÌlÓ2Ï8ÐdÊ_ØVÆnÒtÓ�ÒVÆäÅ]Ì%Ó]ÈfÔnÈ�ànÏiÏJÔ�Ä\Ï8ÐdÈfÆäÈ9Å]ÌXÈ9Ï8ÔnÉJÈfÐdÈ9ÍXÏ�Ä\ÊdÏ8ÖlÓ�ÒrÖlÏ8ÌXÒVÆ
Í]Ï

10
6
Èfö]ÒfÔJÛ

ü9ü6ý\þlý ÿ��������	��
�������
���������������
�������� �

ÜNÐ Ä\ÊdÏ8Ö%Ó2Ò6ÍXÏjáuÊdÍXÈ�Í]ÏtÅXÌaÉ8ûXÖ�ÅXÐdÒ�ÍXÏiÞ�ÒVÆnÖ%ÈfÉJÊ_ËVÌ%Ï8Ô�Ä\Ï8ÐdÈVÆCÏ8Ô
∼ 10

8
ÈVöXÒfÔJÛwÜNÌ�Ï8Ô�ÄnÏtÓ�Ï8ÆnÕdÒuÍXÒ6Ï8Ô

Ó]ÆnÒfÇ]ÈfÇ]Ð_ÏiÚqÅXÏjÐdÒVÔCÍ]ÊdÔnÉ8ÒfÔCÓ]Ð_ÈVÌXÏJÄnÈfÆnÊdÒfÔNÔnÏ8ÈVÌ�ÔnÏJáfÏJÆnÈfÖ%ÏJÌqÄ\ÏtÓ2Ï8Æ�Ä\ÅXÆ�ÇXÈfÍ]ÒfÔté�ÒeÚqÅXÊ"!8âVÔCÍXÏ8Ô�Ä\ÆnÅ]ÊdÍXÒfÔ ëÓ2ÒfÆ�Ð_ÒVÔeÓXÈVÔnÈ�ànÏ8ÔvÏ8Ô�Ä\Ï8ÐdÈfÆnÏ8ÔeÉ8Ï8ÆnÉ8ÈVÌXÒVÔlÚuÅ]Ï
É8ÈVÆnÈfÉJÄ\Ï8Æ�Ê#!8ÈVÌ"Ð_ÈVÔeÆnÏ8ØfÊdÒVÌXÏ8ÔeÍ]Ï�Þ�ÒVÆnÖ%ÈfÉ8ÊdËVÌÎÏ8Ô�Ä\ÏJÐ_ÈVÆJÛ
íwÊdÌ.Ï8Ö�ÇXÈfÆ�ØfÒ]Ù�Í]Ï8Ð|É8ÒfÌ�à\Å]ÌqÄ\Ò/ÍXÏlÏ�ã]Ó2Ï8ÆnÊdÖ%Ï8ÌfÄ\ÒfÔ6ÚqÅXÏ%ÆnÏ8ÈfÐdÊ"!8ÈfÖlÒfÔrÏ8Ì]É8ÒfÌfÄ\ÆnÈfÖ%ÒVÔ6ÚuÅ]ÏaÉ8ÒVÌÎÅ]ÌXÈ
ÏJÔ�Ä\ÆnÏ8ÐdÐ_È�ÓXÈVÔnÈ�ànÏ8ÆnÈlÍ]Ïeç

M�

ÙXÅ]Ì
Ó]ÈfÆnâfÖlÏJÄ\ÆnÒvÍ]ÏrÊ_ÖlÓXÈVÉJÄ\ÒeÍ]Ïeç�èfèeîjï ÝaÅXÌ]ÈváfÏJÐ_ÒuÉ8ÊdÍXÈVÍyÄ\ÕdÓXÊdÉ8È
Í]ÏPÅ]ÌXÈ"ÆnÏ8ØVÊ_ËVÌ�ÍXÏ�Þ�ÒVÆnÖ%ÈfÉJÊ_ËVÌ�ÏJÔ�Ä\Ï8ÐdÈfÆ�Í]ÏPòñôqÖaõVÔJÙ�ÐdÒfØVÆnÈfÖ%ÒVÔaÆnÏ8Ó]ÆnÒwÍ]ÅXÉJÊ_ÆaÏ�ã]É8ÏJÌqÄ\ÆnÊdÉ8ÊdÍXÈVÍXÏ8Ô
ÒVÇXÔnÏ8Æxá�ÈfÍ]ÈfÔ�Í]Ï%ÒfÇqànÏJÄ\ÒfÔ6Ï8ÌÎÏJÐCÉJÊ_ÌfÄ\ÅXÆnËVÌÎÍ]Ï�$9Å]ÊdÓ�Ï8Æ6È
ÔnÏ8Ö%ÊdÏ´ànÏ8Ô6Ö%È�ÝfÒVÆnÏ8Ô6Í]Ïaò&%�ß'%(%�îjï6Û�ÜNÌ
ÏJÔ�Ä\ÏAÏ�ã]Ó2Ï8ÆnÊdÖ%Ï8ÌfÄ\Ò6ÐdÈfÔäÏ�ãwÉ8Ï8ÌqÄ\ÆnÊdÉ8ÊdÍ]ÈfÍ]Ï8Ô|ÚuÅXÏiÏJÌXÉ8ÒVÌqÄ\ÆnÈVÖ%ÒfÔNÈ9ÔnÏ8ÖlÊ_Ï¼ànÏ8ÔNÖ%È�ÝfÒVÆnÏ8ÔNÍXÏJÔnÍXÏjè9×]ÈfÔ�Ä\È
) èvîjï#é�ÔnÏ8Ö%ÊdÏ´ànÏrÖlÈ�ÝfÒVÆ�ÍXÏ9îjÆnÈVÌXÒ ë ÔnÒVÌ
Ö%ÏJÌXÒfÆ�Ï8ÔAÍXÏrèwÛ è(%wÛ]øSÒVÆAÐdÒeÚuÅ]Ï9ÐdÈvÆnÏ8ØfÊdËVÌ�ÊdÌqÄ\Ï8ÆnÌ]ÈlÍ]Ï8ÐÔnÊdÔ�Ä\ÏJÖ%È9ÔnÒfÐdÈfÆäÌ]Ò6ÆnÏ8ÔnÅ]ÐdÄnË6Ó�Ï8Æ�ÄnÅXÆnÇ]ÈfÍXÈ9Ó�ÒVÆ|ÏJÔ�Ä\È�ÊdÌqÄ\Ï8ÆnÈVÉ8É8ÊdËfÌlÏJÔ�Ä\Ï8ÐdÈfÆJÛqïjÅXÌ]ÚuÅ]ÏjÐ_ÈVÔäÏ8Ô�Ä\ÆnÏ8ÐdÐdÈfÔNÍXÏ
ÐdÈeÌqÅXÇ2Ï9ÍXÏtÌXÈfÉJÊ_ÖlÊ_ÏJÌqÄ\ÒeÍ]Ï8Ð'í]ÒfÐ
ÔnÅwÞ�Æ�Ê_ÏJÆnÒfÌ
ÊdÌfÄ\Ï8ÆnÈfÉ8ÉJÊ_ÒVÌXÏ8Ô�Í]ÊdÌXâfÖlÊ_ÉJÈfÔCÏ8ÌfÄ\ÆnÏ9ÔnÕ�ÙXÌ]ÒlÊdÖ%ÓXÊdÍ]ÊdÏ8ÆnÒfÌ

ç�ó(*
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MONQPRMOSUT(VJVJW(N"N"WYX�M[Z(W(N"\-]O^"_(`aP-M�N"TYZ7^"P-TbMO`aMON�SJ^"SUc:M�d�TbSJW(N"TeV�f

g g hUi�h jlk�monaprq�k�s�tvuaw�x�y{zQs}|~x����Qw�x�y��Y�

� M�SJSJ^#M�V��&��M�S�\R`�]O�Rd�\RN"W�^"`&c:M�VJMOSJT(`(c:M�X(T��5\RM�MOS�\R`-W�P-MYN"W(S�]O�-dY\RN"WeS�T(�R^"MOVUcJW(S�d��eS�Z7^"M3�JW(S
�5\-M�SJM�]OWe`RW7]�MO`9�&c:^"MO`RM�\-`RT MOPRTeP�PRM

∼ 4×10
9 Te�RWeS��-P-MONHWeVJPRM�`�PRM�N"T P-MON��-W(NRXbSJ\-S�MOSUc:VJMON"N"T(S

c:^"MO`RM�`ad�M[c:T(N"^#]�^#P-T(P-MOS�SJMOd�MB�:Te`&c:MOS�TbN"Tb�-WeN#TeV�f
� M�`&\RM�SUc:VJW(S�VJM�SJ\RN0c:T(P-W(S���`-Wec:T(dbW(S��&\RM�M�`�N"T(S���W(SU^#]�^#We`RMOS��ef �-���H]����7f �e���H]�X�PRM��7f �(�

�H]�MO`�M�N ]��RdY\-N"W-�9N"T(S¡M[¢7]OMO`&c:VU^#]O^"P-T(P-MOS VJMOSJ\-N0c:T(`&c:M�S�TaSJMOdb^#MB�:M�S¡d�T£XeW(VJMOS�MO`¤^"`&c:MOV'Z�T(N"W�P-Ma¥ ¦
§ �£¦©¨�ª�«=SJM�d�^"M3�JMad�T¬X(W(VbP-M­�7Tec:\-VJ`RW(®'¯�`RW�SJ\R�HMOVJTe`�\-`°Z±T(N"W(V�P-M­¦7f ¦(²7f�³�W��&\RM­SJ^"´(`R^0µR]OT
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³ «-®+«.¶ÆÅi¿p­5¿.¹5ª3­$¿Sº'¬+¨]­5®&º'­5§;«-¬_¹$¨-¿pª3¿.«]­5®&º'¬+­$§=§;«U¼3­�Ç MJ
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Φ1(R, z) = − M1

(R2 + z2 + b2
1)

1/2
,

u�p���wQz
`�LM:{DB?AWHbPIKDB:�D�GAC�<=<=?Ab=@_C�WBDHIM?AW�SU?TX

ρ1(R, z) =
3b2

1M1

4π(R2 + z2 + b2
1)

5/2
,

u�p�� ��z
DHC�WHDB?

M1 �a����� � � ` b1 ��� � ���j�T�B�R�3:�b�FBWHIMDB:�DH?Jb�b=C�W"LM:�beLKLM:�de:�DB:�b��xFBWHIMDH:�DH?Jb��k:�LMc�GfSUIKGJ:�bx�u�GAC�W
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Φ2(R, z) = − M2
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ρ2(R, z) = (
b2
2M2

4π
)(

a2R
2 + [a2 + 3(z2 + b2

2)
1/2][a2 + (z2 + b2

2)
1/2]2

{R2 + [a2 + (z2 + b2
2)

1/2]2}5/2(z2 + b2
2)

3/2
), Å ¥�Æ Ç�È

ÉBÊ�ËBÉHÌ
M2 ÍaÎ�Ï�Ð�Ñ Æ ÑEÒ a2 ÍkÓ Æ ÎBÔZÕ�Öa× b2 Í�Ñ Æ Ø Ó�Ñ�Ñ Æj« Ê�Ë�ÙBËHÚ�ÛhÚ�Ü=ÚkÉBÌAÝ¶ÉBÞMÜ=ßAÊ�ÉBÌ Ö Æ Ó�Ï × 10 10 M�

Æ
à ÞMËHÚ�ÝMÛeÌAË�áUÌ�ÌAÝ'âBÚ�ÝMÊhÛhÚ�Ü=Þ�ã�Ê{ÌJÜPä�åJæ=ÞKßJÊ Ò ßAÊ�Ë r =

√
R2 + z2 ≤ rm a x = 10 0 çjè ß Ò

Φ3(r) = −M(r)

r
− M3

1,0 2 a3

[− 1,0 2

1 + (r/a3)1,02
+ ln {1 + (r/a3)

1,02}]100r , Å ¥�Æ Ó È

ρ3(r) =
M3

4πa3r2
(r/a3)

1,02 [2 ,0 2 + (r/a3)
1,02]

[1 + (r/a3)1,02]2
, Å ¥�Æ Ï È

ÉBÊ�ËBÉHÌ
M(r) Í M3(r/a 3)2,02

1+ (r/a 3)1,02 Ò M3 Í Ç ÏEÔQÓ Æ Ñk× a3 Í�Ô ØEÆ Ñ Æ é Ú�ÛhÚ�Ü=Ú�ÉBÌAÝ_âHÚ�ÝMÊ�Ú ÔºÑ�Ñ çjè ßrÌJÜ Ö Æ Ñ�Ñ Ø ×
10 11 M�é ÚhÛhÚ�Ü=Ú{áUÊTáUÚ�Ý�ÉHÌAÝ'ÛeÊ ÉHÌJÝKÊ�ÌAÜ

9× 10 11 M�

Æ
¬ Ë�áUæ=Ì�ÝMÚ�ÜNæ=ÌAÜPáUæ=ÞMßAßJÞKÊ�ËHÌAÜ>Ê�êHÜ=ÌJæPãTÚ�ßAÞMÊ�ËHÚ�ÝMÌAÜNáUÊ�ÛeÚ�ÉBÚ�Ü Ò ßAÊ�ÛeÊeÝMÚeßAÙBæPãTÚeÉHÌ�æ=ÊTáUÚ�ßAÞMë�Ë Å à ÞKì�ÙHæ=Ú¥�Æ Ô È × ÝMÚeä]ÙHÌJæ=íAÚ è ÌAæ è ÌAËHÉBÞKßJÙHÝMÚ�æNÌAËií Ò Ú�ÉBÊ è áUÚ�ÛeÊ�ÜNÝKÊ�Ü>Ü=ÞMì�ÙHÞMÌAË�áUÌAÜ è Ú�æ=î�ÛhÌJáUæ=Ê�ÜJï R0 = 8 çjè ßßJÊ�ÛeÊ�ÝKÚ�ÉHÞMÜPáUÚ�ËHßAÞMÚqðkÚ�ÝMÚ�ßJáUÊ ßAåAË�áUæ=ÞMßAÚ�ÉBÌAÝ ­ Ê�Ý × V0(R0) = 2 2 0 ç ÛñÜ −1 ßAÊ�ÛeÊqÝMÚ�ã�ÌAÝMÊEßAÞMÉBÚ�ÉßJÞKæ=ßJÙHÝMÚ�æ�ÌAË�ÝKÚ è Ê�Ü=ÞKßJÞKÊ�Ë�Ü=Ê�ÝMÚ�æ ÆB¬ ÝYâHÚ�ÝKÊ�áUÞKÌJËHÌ�ÙBË�æ=Ú�ÉBÞMÊ�ÉHÌ ÔºÑ�Ñ çjè ß Æ¶é Ú�ßAÙBæPãTÚ{ÉBÌaæ=Ê�áUÚ�ßAÞMë�Ë�Ü=ÌÚ è ÝMÚ�ËBÚ{Ú è æ=ÊºòEÞKÛhÚ�ÉBÚ�ÛeÌAË�áUÌaÚhÙBËHÚ{ã�ÌAÝMÊEßAÞMÉBÚ�É�ÉHÌ Ø Ñ�Ñ ç ÛóÜ −1

Æ¶é Úhã�ÌJÝKÊ ßAÞMÉHÚ�É�ÉHÌaÌAÜ=ßAÚ è Ì�ÝMÊEßAÚ�ÝÌJÜ\ÉHÌkÚ è æ=ÊºòEÞMÛeÚ�ÉBÚ�ÛeÌAË�áUÌ Ó�ÓTÑ ç ÛôÜ −1
ÆHé ÚhÉHÌAËBÜ=ÞMÉHÚ�É�ÉBÌkÛeÚ�Ü=Ú�áUÊ�áUÚ�ÝYÌAË�ÝKÚ�ã�ÌAßAÞMËBÉHÚ�É�Ü=Ê�ÝMÚ�æoÌAÜ

ρ ÍõÑ Æ ÔQÓ M� p c−3
Æ�é Ê�ÜrãTÚ�ÝKÊ�æ=ÌAÜrÊ�êEáUÌAËBÞKÉBÊ�Ü è Ú�æ=Ú�ÝKÚ�ÜrßAÊ�ËBÜPáUÚ�Ë�áUÌAÜkÉBÌ�ÝKÚ�æ=Ê�áUÚ�ßAÞMë�ËgðaÚ�ÝMî�ßJáUÞMßAÚ

Å ßJÊ�ËHÜxáUÚ�ËjáUÌJÜ>ÉHÌ�öaÊ�æPá È Ü=Ê�Ë A Í÷Ô ØEÆ ÐjÓ ç ÛøÜ −1 ç è ß −1 × B ÍúùUÔ Ø Æ Ð�Î ç ÛóÜ −1 ç è ß −1
Æ

Ø Ñ�Ö
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 "!$#$%"&('*),+.- /103254�6�7 859;:�<=:�>�? 7 @BADC�E
FHGJIH95@

K�LNMDLNOQP�R1KHS�OTO=MJU=R1VWOYX5Z=[�\]OYO=V1O=MJ^JS�_D`�O1a;bdc1LeL�KHS�OfX5Z�[�\]OfK�LNgWR1L�cWLeL�h�O=MJR1O=[(MJOiX5R1VW`�_Jj=VdL�VkL�M
g1RWV=S�ZNl*_J\]g;Z=K�_JmWMJL3npoWqsrutwv�_JU1x1y"xJz|{3x

} O]K�L�U=R1VWc1OY_JcWL�O~S�_DL�VWL���RWL�h�L�[�`�Z=V�L�M�S�_Jg�Zec1L�O|P�R1KHS�L�c1L�MJO~X5RWV1`�_Jj=V�R�S�_JMD_J��O�cWZ�x & L�m1_JcWZ
O�M.g�Z�cWL�[�cWLiMJO�L3��S�[�O�g�Z�MDO�`�_Jj=V�cWLYX5R1VW`�_JZ�VWL�K�[�O=`�_JZ=V1O=MJL�K�a�y,RWMJ_J[�K�o�b - S�Z�L�[�MDO�K�L�MJ_JU=_JL�[�Z=VkL�V
MJO�K�O�gWMJ_J`�O=`�_DZ�VWL�K�S�_Jg;Z~��_J`�oWO�[�cWK�Z�V�t ! [�L�K�K�L�S�O�Mwx�z��=����{3x + M�g�Z�cWL�[�[�O=cW_J`�ONL�V�L�M�O=R1\]L�V=S�Z]c1L�M
MJ_J\]_BS�O=c1Ze_JV�S�L�[Hh�O=MJZic1L~`�Z�V�h=L�[�U=L�V1`�_JO�c1L~MJO=K(K�L�[�_JL�Ksc1L~g;Z�S�L�V1`�_JO=K�x } O=K(X5RWV1`�_JZ=V1L�K([�O=`�_DZ�VWO�MDL�K
g1RWL�cWL�VdOQP�R1KHS�O=[�K�L~m1O=KHS�O�V�S�LNm1_JL�VdO]X5RWV1`�_DZ�VWL�K(O=VWO�MJ^JS�_J`�O�KpO=�1Vdc1L�K�gWR1��K�c1L�h�O=[�_JZ�KpS���[�\]_JVWZ�K�a
L�V�MJO=K,g;Z�S�L�V1`�_JO=Kpc1L�o�a�cWL�\eO=U=V1_BS�RWcY`�Z=\]g1O=[�O�mWMJL�x

} O�S�L�[�`�L�[�Oe_Jc1L�ONL�K�L�M�RWKHZecWL(R1Vf\]�3S�Z�c1ZN`�R�b=O~X5RWV1`�_Jj=VicWL(L�[�[�Z�[,K�L�O~L�KHS�[�_D`3S�O=\]L�V=S�L(gWO�[�a
g;L�[�\e_JS�_JL�V1cWZe��RWLNMDO]X5RWV1`�_Jj=V�[HO=`�_JZ=V1O=M�ZfO�gW[�Z���_J\]O=`�_Jj=V�g;Z=MJ_DV1Z=\e_DO�M�L�KHS��~L�VuS���[�\]_JVWZ�K"cWLNMJO
hQO=[�_JO=m1MDL�o 2 L�VTMDR1U=O�[�cWL�K�j�MDZNo�x

x

y

x x+H

2 pasos
4 pasos

6 pasos

extrapolacion
a pasos

❂

����������� y"xJz����|� GD@J��03I�? ��857  �4�6�9�¡�7 8DC���@B6�AJI�4�>�AD��6��1954�95?�¢�2�GJIH6�I�6�9�:=>�? 7 @BAJC�E
FHGDIH95@�<�£�4�7 4*GJ9w@
¤���? I�¥�@J��4�6�9�¦�9wA�AJ>�§36�7 ¤�7 E6�7 6�I�03I�@Q6�7 ¨ 95@B954*GD95A�AD9585>�954�857 ��A�6�9�AJ>�§�7 4*GJ9w@
¤���? I�A�8w��6���¤*95©�¢�ª�A�«�4�I�Aw<�¬�I�A�@B95AD>�? GD��6�I�A�AJI�4�9 � GJ@J��03I�? ��6�I�A=�1>�4��1@B95AD0�>�9wABGD�W­*>�9�AJ9AJ>�03I�4�9�85I�@J@B95AJ03I�4�6�95@Jª��W>�4�4H®�¢�95@BI;7 4�«�4�7 GJI;6�9�AJ>�§�7 4*GJ95@
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²"³$´$µ"¶(·*¸,¹�º »�¼3½5¾�¿�À ÁwÂ�Ã�Ä�Ã=Å�Æ À ÇBÈJÉ�Ê
ËHÌDÍHÂ5Ç

¸,Î=Ï�Ð�ÑHÒ�Ó�Ñ�ÔJÕWÐ�Ó�Ñ,Ö�×WÏ�Ò�Ó=Ñ�Õ1Ð�Ñ�Ø�Ù�ÔJÚWÔJÛ]Î�Ñ�Ð�Ü.ÝWÙ�Î�Þ=Ù�Ó�Û]ÓTß�×WÐYØ�Î=Ï1Ñ�ÔDÑHÒ�Ð]ÕWÐeÒ�Ù�Ð�Ñ�Ù�×�Ò�ÔDÏ1Ó=Ñ�Ý1Ù�ÔJÏ�à
Ø�ÔJÝWÓ�ÜJÐ�Ñ�á�â�ºWº�ãp¹$³åä�æ�ç�è�é�éWè3ê�ë3á�ìdìu·�¶íäwÛ]î�Ò�Î�ÕWÎuÕWÐYÝ1×WÏ=Ò�Î�ÛeÐ�ÕWÔJÎ�Û]Î�Õ1ÔBï�Ø�Ó�ÕWÎ=ë(ðòñs¶(¹$·�µ"ã
ä�ó�ê�ô5õ�è�ê�ë3ö

¹$Ü�Ûeî�Ò�Î�Õ1Î(÷5×WÏ1Ø�ÔJÎ=Ï1Ó�ÕWÐpÜJÓsÑ�ÔJÞ=×1ÔDÐ�Ï�Ò�Ð,÷5Î=Ù�ÛeÓ1ø=â�º1º1ã�¹$³òÔJÏWØ�Ù�Ð�ÛeÐ�Ï�Ò�ÓsÐ�ÜWùQÓ=ÜJÎ=Ù�Ð�ÏeÐ�Ü1Ò�ÔJÐ�Û]Ý;Î
×WÏ1Ó(Ø�Ó�Ï�Ò�ÔJÕWÓ�Õ�úûð�Ð�ù�Ó=ÜJü1Ó"ÜJÓ=Ñ�ù�Ó=Ù�ÔJÓ=Ú1ÜJÐ�Ñ�ÔDÏ1ÔJØ�ÔJÓ=ÜJÐ�Ñ

yi

Ó�Ü�Ò�ÔJÐ�ÛeÝ�ÎpÒ�ýsú�á�Ñ�×WÚ;ÕWÔBù�ÔDÕ1Ð.Ð�ÑHÒ�Ð,ÔJÏ�Ò�Ð�ÙHùQÓ=ÜJÎ
úþÐ�Ï�ÕWÎ�Ñ�Ñ�×WÚ1ÔJÏ�Ò�Ð�ÙHùQÓ=ÜJÎ=Ñ�Õ1Ð]ÜJÎ=Ï1Þ=ÔBÒ�×WÕ�ÿ��sú�����á�Ð�ùQÓ=ÜJüWÓTÜDÓ�Ñ

yi

Ð�Ï�ÜDÎ�Ñ�Ð���Ò�Ù�Ð�Û]Î�Ñ�ÕWÐ]Ð�Ñ�Î=Ñ�Õ1Î=Ñ
Ñ�×WÚ1ÔJÏ�Ò�Ð�ÙHùQÓ=ÜJÎ=Ñ�á�×WÏ1Î�ÕWÐpî�ÑHÒ�Î=Ñ.ÜJÐ�ÕWÓ�×1Ï]Ï�×WÐ�ù�Î�ù�Ó=ÜJÎ�Ù�Ó�ÜJÓs÷5×1ÏWØ�Ô	�=Ï~Ó=Ü1Ò�ÔDÐ�Û]Ý�Î"Ò�ýsÿ�ö�¹$Ï�Ò�Î=Ï1Ø�Ð�Ñ�Ð�Ü
ÔJÏ�Ò�Ð�ÙHùQÓ=ÜJÎ"ú Ñ�Ð,Ñ�×WÚ;ÕWÔBù�ÔJÕ1Ð,Î�Ò�Ù�Ó"ù=Ð�
�Ð�Ï~Û
��Ñ�ÔJÏ=Ò�Ð�ÙHù�Ó�ÜDÎ�Ñ�ð�Ñ�Ð�Ð�ù�Ó=ÜJü1Ó(Î�Ò�Ù�Ó"ù�Ð�
�äwØ�Ó=Õ1ÓsÐ�ù�Ó�ÜD×1Ó=Ø�Ô���Ï
Ð�Ñpÿ1Ð�Ø�ÿWÓe×WÑ�Ó�ÏWÕ1ÎYìdì�·�¶së3ö���Ó~Ñ�Ð�Ø�×WÐ�ÏWØ�ÔJÓ]Õ1Ð�Ü�Ï�ü1Û]Ð�Ù�ÎeÕ1Ð�Ñ�×1Ú�Õ1ÔJù�ÔJÑ�ÔDÎ�ÏWÐ�ÑpÐ�ÑpÝWÙ�Ð�Õ1Ð�Ò�Ð�Ù�ÛeÔDÏ1Ó=Õ1Ó
ðdÐ�Ï�Ð�ÑHÒ�Ð~Ø�Ó=Ñ�ÎfÝWÓ�ÙHÒ�ÔDØ�×WÜJÓ=Ù"Ð�ÑsÏ�����á ��á ��á �1á����1áBöBöBö Ï

j = 2 j
ö�¸,Ó�ÕWÓiù=Ð�
]ß�×WÐe×1ÏWÓfÏkÑ�×1Ø�Ð�Ñ�ÔBù�ÓTÐ�Ñ

ÔJÏ�Ò�Ð�Ï=Ò�Ó=Õ1Ó1á$Ñ�Ð�ÙHÐ�Ó=ÜJÔ	
�Ó�×1ÏWÓkÐ���Ò�Ù�Ó=Ý;Î=ÜJÓ=Ø�Ô	�=ÏòÝ;Î=ÜJÔJÏWÎ=ÛeÔDÓ�Ü�äwÓ�ú���Ï�����Î�Ï�� ∞ ë~ß�×1Ð�Õ1Ð�ù�×1Ð�ÜBù=Ð�á
Ó=Õ1Ð�Û
��Ñ�Õ1Ð"ÜJÎ=Ñ�ù�Ó�ÜDÎ�Ù�Ð�Ñ.Ð���Ò�Ù�Ó=Ý;Î=ÜJÓ=Õ1Î=Ñ.ÕWÐ�ÜJÓ�÷5×WÏ1Ø�Ô	�=Ï�á�ÜJÓ�Ñ�Ð�ÑHÒ�ÔDÛeÓ=Ø�ÔJÎ=Ï1Ð�Ñ$ÕWÐ�Ü�Ð�Ù�ÙHÎ=Ù�ö�¹$ÏYØ�Ó=Ñ�ÎNÕ1Ð
ß�×1Ð.ÜDÎ�Ñ�Ð�Ù�Ù�Î=Ù�Ð�Ñ�Ï1Î�Ñ�Ð�Ó=Ï�Ñ�Ó�Ò�ÔJÑH÷5Ó=Ø�Ò�Î=ÙHÔDÎ�Ñ�á�Ñ�Ð$Ò�Î=ÛeÓp×WÏ�ùQÓ=ÜJÎ=Ù�Û
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°�±
²­¤.¥�¨�³�°�¦ ¢N¨H±$´^¬ µj¶:°�·N¨�¥�¨,¸�«­±\¯

< L >= n, ¹ �cº\»W¼
½�¾�¿�½�À

n
À�Á&Â
Ã=½�À�¿�Á�Ä
½�Ã�½�Å,¾�Æ ¿$Ç�È"À�Æ�¾�½�À)Å�Ã�Æ�É�Ê
Ë�Ì�Â
Ã�Á ºjÍ ¿�Ã�Â
¾�¿�Î�Ä\É�Ì�½K½�À�Ä3¿�É�À�Æ�Ï�Á À%Á

Lc o l Ð Ì�ÀÀ�ÁOÂ
Ã�É�Æ�ÃUÑ�À�Ë%É�¾�Æ�Ä3Ã"Â
Ä3Ò�Æ�À È�À�½�Ä
Ã)À�¿$É�Æ�À/Ë�¾�Â
Ä
Á�Ä
¾�¿�À�Á

Lc o l = 1/nb ¹ �cº Ó�¼
½�¾�¿�½�À

b Ô Â3Ã�Á�À�Ë�Ë�Ä
Õ�¿�É�Æ�Ã�¿�Á�Ö�À�Æ�Á�Ã�Â�Ë�¾�Â
Ä
Á�Ä
¾�¿�Ã�Â Ô Á�À*Å�Ì�À�½�À*Ë�Ã�Â3Ë%Ì�Â
Ã�ÆJË�¾�È�¾)Â
Ã)Á�À�Ë%Ë�Ä
Õ�¿?É�Æ�Ã�¿�Á�Ö�À�Æ�Á�Ã�ÂÎ�À�¾�È�Ï%É�Æ�Ä
Ë�Ã º

b = πr0
2, ¹ �cº ×$¼

ØÚÙ�Û2Ù�Û4Ù ÜÞÝ�ßcà:áaâcã4âcÝ�àäâcÝæå?ç4ècéaã4êjáaë4ßíìïî�áaÝ�ðòñ/ç4àóØRç4éaáaà:áaç4ßcã2éaÝLàôÝLßõÝLé
ØSáaßJö:÷cø�ë4ßæâ1Ýúùû÷cáañ/ÝLøüìóÝLßýéaãäþû÷cè/ÝûâcÝtÿüç4ø:ö

� Ã�Æ�Ã/Ë�¾�¿�¾:Ë�À�Æ2Â
Ã*½�Ä
¿���È�Ä
Ë�Ã*Ë%¾�Â
Ä3Á�Ä3¾�¿�Ã�Â�½�À%Â,Ë�Ä
¿�É�Ì�Æ�Õ�¿�½�À��*Ì�Ä
ÅQÀ%Æ4Ñ)½�À1Â
Ã*¿:Ì�ÒQÀ1½�À��&¾�ÆaÉA¿�À�Ë�À�Á�Ä��
É�Ã�È"¾�Á�Â3Ã�Á�½�À�¿�Á�Ä
½�Ã�½�À�ÁZ½�À2¾�Ò	��À%É�¾�Á.Å,¾�Æ�Ì�¿�Ä
½�Ã�½-½�À4Ö�¾�Â
Ì�È�À%¿/Ñ*Â
Ã�Á�½�Ä
Á�Å,À�Æ�Á�Ä
¾�¿�À�ÁZ½�À4Ö�À�Â
¾:Ë�Ä
½�Ã�½�À�Á
É�Ê
Å�Ä
Ë�Ã�Á º�� Ã�Æ�Ã"À�Â�Ë�Ä
¿$É�Ì�Æ�Õ�¿K½�À
�*Ì�Ä3Å,À�Æ Ô Á�À*É�Ä
À�¿�À*Ì�¿?À�Á�É�Ä
È�Ã�½�¾"½�À 10 6 ¾�Ò	��À%É�¾�Á Ô À�¿$É�Æ�À���
)Ñ���
�bÍ ½�À/Á�À�È�Ä
À���À*È�ÃUÑ�¾�Æ º�� Ã�Ã�Â\É�Ì�Æ�Ã"Ö�À�Æ�É�Ä3Ë%Ã�ÂL½�À�Â^Ë�Ä
¿$É�Ì�Æ�Õ�¿?½�À��*Ì�Ä
ÅQÀ%Æ1À%¿EÀ�Á�É�À*Æ�Ã�¿�Î�¾�À�Ác½�À ∼»&�bÍ Ô Ñ�Ã Ð Ì�À À�Á�¾�Áb¾�Ò���À%É�¾�ÁAÉ�Ä
À�¿�À�¿=Ä
¿�Ë%Â3Ä
¿�Ã�Ë�Ä
¾�¿�À�Á4È�ÌYÑ�ÅQÀ Ð Ì�À���Ã�Á º�� Ã�Æ�Ã�Ë�¾�¿�¾YË�À%ÆJÀ%ÂQÖ�¾�Â
Ì�È�À%¿½�À À�Á�É�Ã"Á�À�Ë%Ë�Ä3Õ�¿?½�À�ÂLË�Ä
¿$É�Ì�Æ�Õ�¿�½�À��*Ì�Ä
Å,À�ÆJË�¾�¿�Á�Ä
½�À%Æ�Ã�Æ�À�È�¾�ÁbÌ�¿�Ã�¿�Ä3Â
Â
¾/½�À&Æ�Ã�½�Ä3¾�Ä
¿��HÀ�Æ�Ä
¾�ÆA½�À���

Íc� Ñ?Ì�¿DÆ�Ã�½�Ä
¾"À��:É�À�Æ�Ä
¾�ÆO½�À���
 Íc� Ñ�Ì�¿�ÃGÃ�Â\É�Ì�Æ�Ã"½�À ∼ »-Íc�/ºQ� ¾�¿KÀ�Á�É�Ã�Á�Ä
È�Å�Â
À&Î�À�¾�È"À%É�Æ�Ê
Ã
Å,¾Y½�À%È�¾�Á1Ë�¾�¿�¾:Ë�À�Æ À�Â�Ö�¾�Â
Ì�È�À%¿E½�À�ÂZË�Ä3¿�É�Ì�Æ�Õ�¿E½�À��*Ì�Ä3Å,À�ÆcÀ�¿�É�Æ�À���
"Ñ ��
 �bÍ/ºj� À"!�¿�Ä
È�¾�Ác½�¾�Á
Ö�¾�Â3Ì�È�À�¿�À�Á

V1(R1, z) = 2 πR2
1z, ¹ �cº � ¼

V2(R2, z) = 2 πR2
2z, ¹ �cº � ¼

� ¾�¿�½�À
R1

Ö]Ã�Â
À���
 �bÍ Ñ
R2 Ô ��
 �bÍ/ºL� ÂZÖWÃ�Â
¾�Æ1½�À�Â
ÃGÃ�Â\É�Ì�Æ�Ã$#�À�Á À%Â.È"Ä3Á�È"¾GÅ�Ã�Æ�Ã=Ã�È�ÒQ¾�Á1ÑÖ]Ã�Â3À »*�bÍ/º,� ¿�É�¾�¿�Ë%À�Á1À�ÂjÖ�¾�Â
Ì�È�À�¿�½�À*À�Á�É�Ã"Å�Æ�¾:Ë�Ä
Õ�¿?½�À*Ë�Ä
¿$É�Ì�Æ�Õ�¿�½�À
�&Ì�Ä
ÅQÀ%ÆbÀ�Á

Vto ta l = V2(R2, z)− V1(R1, z) = 2 0 0πAU 3, ¹ �cº %$¼
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(�)+*+,�-/.103254 6�7�8:9<;<= >:?A@�B�@�C�D = EF= C�9<?:E�?:9G?:D'@�= 91HFI<JLK�9G;<?�M�I<= 7N?OJ�PQD RTS�I<U�?V;<?AWVC�J�H

X�Y�Z�[�\"]_^"`�YV`	^�aFbV`�\"c�[�`�cFdVef\�Y�bV\�c	^�aFY�g<d�hji�Y�b�\lk
dVaFm�\�hon�pjZ�q�ar\"YVb�`�\�c�Y�sVef\"hj`/bV\l`�q�tj\"g<`�p
u dV\v\�w�aFpxg<\�Yy\�Yy\�pxg<\v[�`�cFdVef\"Y{z|m�`�bV\"ef`�p
^"`�YV`	^�\�h
cFZ}bV\�Y�pjaFbVZ�by\�YyY	s�ef\�hj`~mT`�h
dVY�aFbVZ�b�bV\
[�`�cFdVev\�Y{�

ρ = 10 10/2 0 0 π = 1,6× 10 7o b je to s/A U 3 = 5 × 10 −18o b je to s/k m 3 � 0 � ���
) `�h�cF` u d�\l\�Y�m�hj`�ef\"bVaF`�dVY�`�q�t<\�g<`�bV\�c	^�aFY�g<d�hji�Y�b�\5k
dVaFm�\�hQpj\l\"YV^�d�\�Y�gjhjZ�\�Y�d�Y�[�`�cFd�ef\�Y

b�\���� ��� × 10 17 � e 3 z�pjd�mT`�YVaF\�Y�bV` u dV\�\"p3d�Yv[�`�cFdVef\"Yf\�px�:��hjaF^�`�z�m�`�b�\�ef`�p+^�`�YV`	^�\�h5d�YfhjZ�b�aF`�z
evarpxef` u dV\~^�Z�hjZ�^"g<\�hjaF]�Z�crZ�bVaFpxg<Z�YV^�aFZ�mVhj`�ef\�b�ar`�\�Y�gjhj\�`�q�tj\"g<`�p"zl\"pxg<\�hjZ�bVaF`�[�Z�cF\~h������ ���
×10 5 � e~�A��dV\
\�p�\ u d�aF[�Z�cF\�Y�g<\�Z}��� ��[�\"^�\�p�cFZ�b�arpxg<Z�YV^"arZ�\�Y�g<hj\
cFZ��_aF\�hjhjZ�n}cFZv�|dVY�Z��
(�� `�hjZ�z{^"Z�cF^�dVcFZ�ef`�p�\�cQg<aF\�efm�`fev\�bVaF`�\"Y�g<hj\�^�`�cFarpjaF`�YV\�p�\�Y \�cQ^�aFY�g<d�hji�Y�bV\�k�dVaFmT\"h"z{m�Z�hjZ

\"crcF`/\�p+Y�\�^�\�pjZ�hjaF`
\�cV[�Z�cF`�hGbV\�cFZ�b�aFpjmT\�hjpjaFi�Y�bV\_[�\�cF`�^�aFb�Z�b�\�Yv\�cA^�aFY�g<dVhji�YvbV\�k
d�aFmT\"h"z�d�Yv[�Z�cF`�h
g<�Fm�ar^"`�\�p�b�\
Z�m�hj`�w�aFefZ�bVZ�ef\�Y�gj\���� � � ef��p"� 0 `�Y�pjarb�\�hjZ�hx\�ef`�p�d�YVZvpj\�^�^�aFi�Y�\"�V^�Z�]�b�\
^�`�cFaFpjaFi�Y
b�\
cF`�p_`�q�tj\"g<`�p�b�\�co^�aFY�g<d�hji�Y}bV\
k
d�aFmT\�h_b�\�� � e�\�Y�m�hj`�ev\�bVaF`�� 2 Y�g<`�YV^�\"p�\�cog<aF\�evmT`�ef\�b�ar`
\"Y�g<hj\
^�`�cFarpjaF`�YV\�p3pjd�^�\�pjaL[�Z�p�\�p

t =
1

(1·2 k m /s)(5 × 10 −18/k m 3)(4πk m )
= 4× 10 8y r � 0 � ���

2 pxg<\�gjar\�evmT`�bV\
4× 10 8 Z� V`�p�\ u d�aL[�Z�cF\�Z�co� %

b�\
crZ�\�bVZ�b�b�\�c 4 `�cO�
(�� `�hjZyZ�m�cFar^"Z�ef`�p�\�pxg<ZyefaFpjefZ�arb�\�ZymVZ�hxZ¡^�Z�cr^"dVcFZ�h�\�c_g<aF\�efm�`yef\"bVaF`�\"Y�g<hj\�^�`�cFaFpjaF`�YV\"p

pjd�^�\�pjaL[�Z�p�mVZ�hjZ�cF`�p�`�q�tj\"g<`�p�b�\$cFZ Y�dVq�\$b�\}¢�`�hxg�� 4 Z�q�\�ef`�p u d�\$cFZ Y�dVq�\$b�\~¢�`�hxg�\�p�d�YVZ
aFY�ef\�Y�pjZ \�px�:\�hjZ�^�`�Y£d�Y£hjZ�bVaF`�bV\ ∼ 10 5

( X�z¤\�Y£cFZ u d�\~pj\}\"pxg<arevZ u dV\}\�w�aFpxg<\�Y¥dVY¦g<`�g<Z�c
b�\

10 13 `�q�tj\"g<`�p"���|ZfbVaFpjm�\�hjpjaFi�Y~bV\�[�\�cF`�^�aFbVZ�bV\"p�gj�rm�aF^�Zvb�\
cr`�p�^�`�ev\"g<Z�p�b�\
cFZvY	d�qT\�b�\�¢�`�hxg
\"p�bV\ ∼ § �¨� � e���p"� 4 aFY~m���hjbVaFb�Zfb�\�©�\�Y�\�hjZ�cFaFbVZ�b{zV\�Y�^�`�Y�g<hjZ�ef`�p u d�\�\�cog<ar\"efmT`�ef\�b�ar`�\�Y�g<hj\^"`�cFarpxar`�YV\�p+pjd�^�\�pjaL[�Z�p3\�Y$cFZ�Y	d�q�\�bV\�¢�`�hxg3\"p3bV\�g3�«ª�� ª × 10 26 �
� × 10 19 Z� V`�p"� 2 pxg<\/\"p3dVY
[�Z�cF`�h�\�Y�`�hjev\�� ) `�h�cr` u d�\�bVaFYV¬�efaF^�Z�ev\�Y�g<\ � Z�q�cFZ�YVb�`�z�\�c|^�aFY�g<d�hji�Y�bV\�k
d�aFmT\"h�\�p/^�`�cFaFpjaF`�Y�Z�c
evar\"Y�g<hjZ�p u dV\�crZvY	d�qT\�b�\�¢�`�hxg�Y�`�cF`f\�p�� 2 cog<aF\�efm�`v\�Y�g<hj\�^�`�cFaFpjaF`�Y�\�p�pjdV^"\�pjaL[�Z�p�\�Y�cFZvY	d�qT\
b�\
¢�`�hxg"zVpj\�©�sVY}\�pxg<\
pjaFefm�cr\�^"¬�cF^�dVcF`�z�pj\�hx�rZ�efZ'n�`�h u d�\�crZ�\�bVZ�b~b�\�coX�Y�aL[�\�hjpj`�zAevar\"Y�g<hjZ�p u dV\
\"c�g<aF\�efm�`�\�Y�g<hj\�^�`�cFaFpjaF`�Y�\�p+pjdV^"\�pjaL[�Z�p3b�\�`�q�t<\�g<`�p3\�Y$\"cT^�aFY�g<dVhji�Y�bV\/k�dVaFmT\"h5\ u d�aF[�Z�cF\�Z�c�� %b�\
cFZ�\�b�Z�b�b�\�c 4 `�c­�
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� ����������� �"!#� �%$ &�' $�(*)#+"� ,�,�-.�/$102' $�324 !65�-/78!#9;: $1<=' $>�1? @�A*$���BDC*$
E F G $ E E �

� E ��������!#-/H6+I(J' $ E K K L $�MON�P Q1R STP S R U VJP WYX2Z [YU�\ ]�^JR _a`*W P S R U VDb.c
d>d c e"f;g>c8hiP _�j.N/R \1k>lnmoVDR Q�l�N/b/R S ]apON6l�b#b#$ E K K L

� L ���=qD��,�!=rO' $D&ts>-.�6!Yuv' $ E K K � $J��BDC*$Jw w L $ F A A
� A ���=qD��,�!�rO' $=ux�6� 5.9 ��7y<=' $irJ�1H6z"5.5.�{&�' $=&ts>-.��!|uv' $ E K K G $��BDC*$ G A*�>$Jw K A
� w����Y4 -/}"���"q"-.�8~2' $��1? ? ?;$J��B"C*$Jw E F $%@ L w
� G ���Y4 -.9����"q"-.�8~2' $ E K K w;$%ui+>s*!6: )�!Y08-.BJ� ��H6!.$JA*�1?;$ G w
� F ���Y4 4 -.�%$�0�' $���-.�6�"!�H6-.: �%$v�a' $�&���4 +*��H#�6�;$v0�' $ E>K K � $��2C*$�w�A>?;$

� E A��#��A A
� @����Y4 4 -.���i' $o&�-�� -��1H6+�(J' $x�2z*H6-.��,�z;H#+�0�' $o&ts>-.��!�u�' $���� 4 9

(J' $D�8qD��,�!8rO' $%&�z"5.-.��� 4 4 -�C*' $D��� z"�*�|<O' $%ux: B"+"-.��C*' $ E K K F $: ��0=-�: B"z"��H6+n�8' $DC -.78: H�H2��' $J�2-.: 4v��' $D-.q"!.$%ux�6��H6� !�H#� ��!����"q
ui4 ���"-/H#!v�{~8+"-=(>H#��z")/H6z"��-Y���"qa<x�>� 4 z;H#: � �a���"�i� z"�"��(;H6-.4 4 ���
� 4 z"!�H#-.��!.'JB"B L G �.� L F G

� ?1���Y4 4 -.�%$ � ' $D("���>H6: 4 4 ���%$J��' $%�1? ?;� $�08&t}*����$ E E $ E w G � E G L
� � K ���Y�>H6� �"���J$*�a' $>�o�1HTs*!6+"-.�D$"�#' $"�1? F E $*-.���v�*l���U S R U V"�v�=Q�U Z

W `*S R U V�U#�2�=N�j.R S b8P VJ\��ON/R k R VtU#��hiU _�l�STb#$;-.q%'*��' � +*-��D� H#�1�
��-.�J$�<='��2��5.: ,�: ��)#+D��9>�TBJ� 4 � �"!69��.s;�;$v�8' $�&�����!6q"-.�����Y� �6q*�6-/�
)#+>H�  08-.: q"-.4 ¡#$ L A*�

� � �.���OH#+"���D��!#!6� z"4 ��<O' $ E>K K w;$J&n¢Y08��(J$ L w @;$v��A F F
� � E ���O���"z"!6: ��z*} � ' $D��: 4 ,�� ��-2�a' $ E K K w;$%&�¢�0=�2(J$ L w @;$�� L K ?
� � L ���O��)/9 -.����' $*�1? ? L $;: �aui+": 4 4 : B"!iC*'>��' $ ~8+*� �6!6-/H�H=(J'><=' $>��z"4 �

9����6�*:�(J'Y02' $8-.q"!.$�ux4 ���"-/H6!����6� z"�*q£uiz"4 !/����!.$8��("u � � �*��'
(*-.�.' ��� 4 ' L G $�ui4 ���"-/H6!¤���6� z"�"q¥uiz"4 !#� ��!.'���!�H6���>�J' (*�;)�' ux��)�' $
("���trD�#���*)�: !6).�*$%B%' � �

� ��A�����-���z"4 : -.zn(J' $J�Y� B": H#��&�' $"rD��-.-.,�� ����' $%�1?>? ?;$D��BDC*$%w;�1w;$
G � K

� �1w1���O-.).)�� ��:J��' $ r"-����6�����ar�' $>uo� !6!6-.�>H6:"��' $��O��4 -��>H6:D<O' $>3���: � 4 : �
�i' $D08�;�;q�0�' $ E K K G $D�2C*$�� L � $ E w w;�

� � G ���O-.-.�i&�' $���: �"�Y��' $��v: �*: �Y&�' $ ux�6: �"� 4 -OC*' $ E K K A*$>&�¢Y08��(J$
L w�A*$ F G L � F G @

� � F ���O-.��¦#��,�: ��0�' $*-.HY��4 ' $ E K K w;$J�YBDC*$ G L K $J�i��A>?
� �1@1���O: -���,����"�%$§�x' $§¨Yz"-.�"�"-.�/$§�©' $
�vz"!�H.$ª0�' $ª�1? @ L $

ui���;)�' ¢��1H64 ' �8)���q%' (*).: ' $ @ K $Jw;�1w;�
� �1?1���O: �"�"-/s«C*' $8�2-.��+D����q©3a' $Y(*BJ-.��� -.4���' $��1? ? F $Y&�¢Y08��(J$

E @ @;$ L G w
� E K ���O: �"�"-/s¬C*' $�~o��-.,|��: �"-¤(J' $��1? @ F $�M8P W P>­�STR ­¤®2] VJP _�R ­�b#$

ui��: �").-.H6� ��¯Y�*: �>-.��!#: HTs�ux�6-.!6!
� E �.���O: �"�"-/s>$8C*' $=~o��-.,|��: �"-�$8(D' $ E K>K F $�M8P W P>­�S R ­�®2] VJP _�R ­�b#$

ui��: �").-.H6� ��¯Y�*: �>-.��!#: HTs�ux�6-.!6!
� E E ���O: !#!#���>H65�¢2' $D�2-.��+D���6qn3�' $ E K>K E $J&n¢Y08��(J$ L L K $%w ?;�
� E L ���O4 z",ª0�' $ � �����|C*' $O�Y-.BJ��s{��' $�(*-.4 4 � ��-.�°�a' $i~o-.���"q"��z"B

��' $%�1? ?�A*$J�YBDC*$JA E E $v� � �
� E A����O4 z",±0�' $ � ������C*' $Y(*-.4 4 � ��-��£��' $Y~o-.���"q"��z"B²��' $2�1? ? w;$

��B"C*$DA A>?;$ G E L
� E w1���O� �D�1H�H#� � ' $J��: )���<=' $ E K K L $J�

&
��$*A K w;$%w E w1��w L K

� E G ���O� �*³D4 !Y´�' $"-/H���4 ' $ E K K w;$J�
&
��$"A A L $J�i�1w

� E F ���Oz*H64 -.��02' $J����: � +>H�C*' $v&�����)/s��a' $�rx: !6)/+*-��2��' $%�i�>��H�(J' $
~8: �"�"-/s � ' $%C � �"-.!�¨2' $ � ����H6-��2�Y' $%C � +"�"!6� �nC*' $%&�) � ����H6+>s
� ' $Duo-.�"�>st��' $ E K K G $%�YBDC*$ G A G $%w K w �

� E @1� � ���"��-.�#�1�T�o�.�>-.��!O��' $>�2���65.µ ��rO' $>¨���,�,�-���!64 -.s�uv' $��2: ).-��*�
H6-��8' $J��� �"5���4 -.5/�TrD-.���D���"q"-.5 � ' $ E K K G $J�

&
��$"A>w L $ L F �

� E ?1� � ��,�-���� �t��' $D~o��z"�6����C*' $%��? F F $D��)�����z"!.$ L K $DA A F
� L K � � ����BJ-.�>H#-.��C*' $ E K K>K $J��BDC*$Jw L @;$D�i�1w;�
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¹8ºi»iºi¹Yºi¼�½=¾T¿�À ÁOÂ Ã"Ä Â Å Æ Ç#È1É Ê È

Ë Ì;Í.Î ½8È�Ç�Ç�Å Ä ÏoÁYÐ ÏvÑ2Ò�Ó6Â Ä Ô�ÏoÕ�Ð ÏvÖ × × Ø;ÏxÙ�Ú�Û#ÚDÜ Ý6Þ�ß à"á�Ü â Þ Ú{ÜTÞ�ãnÞ ä
ß>å�Ý/ÚtÙ�æ#Ü Ý6Þ.ç"è;é æ#â á�æ#ÏJ¿8ê"ê"Â Ò6Å ëtì�Ô.Ò6Ä Ô/í

Ë Ì Ö Î ½=Ä È�Ç6î�ïvÐ Ï ÁOÅ ë"ë"Ô.Ä"ð*Ð Ï>ñ%Â ë"ë"Ô.ò/î Ô.Çió�Ð Ï Á=È1Ó6Ô8ô�Ð Ï Ö × × õ;Ï>ô�¼=ö
¹=¿2ÀJÏ Ì õ ÷;ÏJø × ÷

Ë Ì Ì1Î ½=Å Ä Ô�¿�Ð Ï*ì�Ô.Â ë;ÃJÔ.Ç6Æ|ô�Ð ÏDÖ × × Ö;ÏJ¿�ùDð*ÏJõ Ø�ú"ÏDûvú Ì
Ë Ì ú Î Õ2È.ü*Â Ô.Ò�ô�Ð Ï"ÁOÔ.ë"ý2ì©Ð Ï Í ÷ ÷ Í ÏJ¿YùDð*Ï Ì ø Í ÏJú ú>÷
Ë Ì õ Î Õ2È.ü*Â Ô.Ò�ô�Ð Ï2Á�Ä È�ò#î>þ=Ô.Ä Ä�¹�Ð Ï�Á=È�Â Ä Ô/í«ÿ�Ð Ï�À*Â Æ��"Ç6ê"Ò6Ò6Å ë²ÀJÐ Ï

Í ÷ ÷ ø;Ï%ô�¼Y¹8¿�ÀJÏ Ì × Í Ï%Ø�ú>õ
Ë Ì��1Î ê"Ô8Ä È�»��*Ô�ë>Ó6ÔYônÈ�Ç�ò.Å ÒO½YÐ Ï ê"Ô=Ä ÈY»��"Ô.ë>Ó6ÔYô�È�Ç�ò.Å>Ò�¹2Ð Ï Í ÷ ÷ Ø;Ï

¿
&
¿�Ï Ì Ö � ÏJûoÖ Í

Ë Ì Ø Î ê"Ô�ïxÈ1Ó6Ô.Çn¾6Ð Ï�ûoÈ�Ò6Ò#È��"Ô.Ç�ð*Ð Ï�Ö × × Í Ï���� 	 ÚJå�Ü
	 Ý/é��%á�â å�ÚJá#å�æ#Ï
½=È�
�Ã"Ç�Â ê"Æ Ô��8ë"Â ü>Ô.Ç�Ò6Â ÓTí�ïiÇ�Ô.Ò#Ò

Ë Ì ø Î ê"Ô2ÿ�È��"ò.Å��"Ä Ô��"Ç�Ò���Ð Ï Í ÷ � ú*ÏJÂ ë����*Ô��2È�Ä È��;ítÈ�ë"ê|Ó��"Ô�ô�È1ö
Æ Ô.Ä Ä È�ë"Â ò�½OÄ Å��"ê"Ò.ÏDÔ.ê%Ð »OÐ �2Ô.Ç�Ç

&
¿�Ð ¹=Å;ê"Æ Ô.Ç�Ò�Ï Í ÷ õ

Ë Ì ÷ Î Õ��"ë"ò�È�ë�ô�Ð Ï����"Â ë"ë��2Ð Ï��oÇ�Ô�
�È�Â ë"Ô�ÀJÐ Ï Í ÷ ø ø;Ïo¿�ù"ð*Ï Ì Ö ø;Ï
û � ÷1öTûoØ Ì

Ë ú>× Î Õ��"Ç�êDÈ;Ï%Õ�Ð ÏDÀ;Ó#Ô.Ç�ë%Ï�ÀJÐ ÏDÖ × × ×;Ï%¾Tò�È�Ç��"Ò�ÏDú>õ;Ï%Ö Ö ×1ö�Ö Ö ÷
Ë ú Í.Î ºiò#î�È�Ç�Ó�¿�Ð Ï ��Ô.ë"ý.Ô�Äo¹2Ð Ï Í ÷ ÷ � Ï�¼�È1Ó!�"Ç�Ô�Ï Ì ø Ì ÏJú Í Ö
Ë ú>Ö Î ºiò#î�È�Ç�Ó�¿�Ð Ï ��Ô.ë"ý.Ô�Äo¹2Ð Ï Í ÷ ÷ Ø;Ï�ô�¼�¹=¿2ÀJÏDÖ ø�ú*ÏJõ Ø �
Ë ú Ì1Î ºiÂ Ò#Ô.ë"�DÈ��*Ô�Ç�»OÐ Ï#�2Ô.ë"ý.Ô.Äi¹�Ð ÏJ¿�Ä Ô$�"È�ë"ê"Ô.Ç��2Ð Ï%Ô/Ó�È�Ä Ð Ï�Ö × × õ;Ï

¿YùDð*Ï � Ö ø;Ï%Ö�ú �
Ë ú ú Î »JÈ�Ç�Â ë"Ô.Ä Ä È8ïvÐ Ï�Õ�È.ü*Â ÒvÕ�Ð Ï1À;Ó#Ô.Ç�ë�¿�Ð Ï�Ö × × ×;Ï�ù"Ç6ù*Ä Ð ò�Å ë;É�Ï Í Ö õ õ�»
Ë ú>õ Î »DÔ.Ç6ë"%�ë"ê"Ô.ý�ð*Ð Ï Í ÷ ø ×;Ï%ô�¼�¹=¿2ÀJÏ Í ÷ Ö'& ú>ø Í ö�÷ Í
Ë ú �1Î »xÂ Ò#ò��"Ô.Ç�Õ�Ð ÏYÿOÈ�Ä Ô.ë>Ó6Â�ð*Ð Ï2ô�È�Ç6ò/í(��Ð Ï2Ö × ×�ú*Ï�Â ë²Õ)�"ù"Ç�Ô�Ô

¿�Ð Ï8Ô.ê%Ð ÏY¿2À"ï ½=Å ë*É�Ð À*Ô.Ç/Ð Ï ¾T¿)�
À;í*
�ùJÅ Ò#Â �"
 Ö Í ÷'& À;Ó#È�Ç�Ò�È�Ò
À*�"ë#& ¿8ò/Ó6Â ü*Â ÓTí Ï=ºoü>Å>Ä �*Ó6Â Å ë°È�ë"ê¤ïxÄ È�ë"Ô/Ó6Ò.ÐO¿YÒ6Ó6Ç�Å ë%Ð À*Å;ò�Ð ïxÈ�ò�Ð Ï
À"È�ët»DÇ6È�ë"ò.Â Ò6ò.Å

Ë ú>Ø Î »DÇ6È�ë"ò.Â ò�ÀJÐ Ï Í ÷ ø ÷;ÏD¿2ð*ÏJ÷ ø'& ø ø ø
Ë ú>ø Î »DÇ6È�ë"ò/îIÀJÐ Ï8ü>Å ë²ÁOÄ Å��«ì©Ð Ï�ÁOÅ��"ëDÈ�
�È¤½YÐ ÏYÀ;Ó#Ô$+%Ô.ë¬ô�Ð Ï

À*ò��"Å ë;ÃJÔ.Ç�ë"Ô.ÇOÕ�Ð Ï À*ò��"Ô.Ä Ä ë"�'�"ÃDÔ�Çió�Ð Ï Ö × × ×;Ï>ð,��¹�Ï Í × õ;Ï Í�� õ Í öÍ�� õ ø
Ë ú>÷ Î »DÇ�Ô-�*ë"ê"Ô.ë"Ç6Ô.Â ò���ó2Ð Ï Í ÷ ÷ ø;Ï%¿�ùDð*Ï"ú>÷ Ö*& ú>÷ õ1ö�õ Í ×
Ë õ × Î »DÇ�Â Ô.ÄoºOÐ Ï Í ÷ ÷ õ;Ï%¿�¹8¿

&
¿�Ï Ì Ì Ï Ì ø Í öTú Í ú

Ë õ Í.Î »��"Ä Ã"Ç�Â Æ��>Ó�ð*Ð ÏJô�ò/ì°Â Ä Ä Â È�
 ¿�Ð Ï"¹8Â ò$��¹�Ð ÏJÖ × × � Ï �>Ì�� ÏJø Ö Í
Ë õ Ö Î �2È�Ç6ò.Ê È1ö�À"%�ë"ò��"Ô.ý�ð*Ð Ï8ïiÇ�Ô.Ò�Ó6Å ë«¹2Ð Ï=ð Å ë"Ô.Ò|Õ�Ð Ï�ì�Ô.Â Ò6Ò!
�È�ë

ï�Ð Ï�û�Ô.Ò6Ó6Ç6È�ê"Ô�ð*Ð Ï�ûvÈ1Ó��DÈ�
 ïvÐ Ï%À;Ó6Ô.É È�ë"Â î�¹�Ð Ï Í ÷ ÷ Ø;Ïoº�À*¿�À"ïvÏ
ú>× Ö;Ï �;Í Ø��

Ë õ Ì1Î �2È�Ç6ò.Ê È1ö�À"%�ë"ò��"Ô.ý�Ï�ð*Ð ÏJïiÇ�Ô.Ò�Ó6Å ë%Ï%¹2Ð ÏDð Å ë"Ô.Ò.ÏJÕ�Ð Ï*ì�Ô.Â Ò6Ò!
�È�ë
ï�Ð ÏDû�Ô�Ò�Ó6Ç6È�ê"Ôað*Ð Ï"ûoÈ1Ó!�DÈ�
 Õ�Ð Ï"À;Ó#Ô/É È�ë"Â ît¹�Ð Ï Í ÷ ÷ ÷;ÏD¿�ð*Ï Í Í Ø;ÏÍ ×�ú>Ö1ö Í × õ õ

Ë õ�ú Î �2È�Ç6ò.Ê È1ö�À"%�ë"ò��"Ô.ý=ð*Ð Ï�ì�Ô.Â Ò6Ò!
�È�ë�ïvÐ Ï1ïiÇ�Ô.Ò�Ó#Å ëa¹2Ð Ï�ð Å ë"Ô.ÒxÕ�Ð Ï
û�Ô.Ò6Ó6Ç6È�ê"Ô�ð*Ð Ï�ûvÈ1Ó��DÈ�
yÕ�Ð Ï�À;Ó6Ô/ÉTÈ�ë"Â î�¹2Ð Ï�ïxÈ�Ç�Ô.ê"Ô.Ò�ð*Ð ÏvÖ × × Í Ï
¿

&
¿�Ï Ì Ø ÷;Ï � Ì ú�ö � õ ÷

Ë õ õ Î �2È�Ç6ý�. ë�»OÐ ÏxóYÈ�
/
�Ô.Ç�Ò#Ä Ô/ínïvÐ ÏoônÈ��"Å ë*Ô.í0��Ð Ïo½8È�Ä ÃDÔ.Ó21�Ð Ï
À;Ô�Ä Ã>ítô�Ð ÏJó8Ô.ù"Ã"�"Ç�ë�¾6Ð Ï Í ÷ ÷ Ì Ï%ô�¼�¹=¿2ÀJÏJÖ � ú*ÏJØ>Ø Ì

Ë õ �1Î �2È�Ç6ý�. ë »OÐ Ï Í ÷ ÷ ÷;Ï Â ë ¿2À"ï ½OÅ ë*É�Ð À*Ô.Ç/Ð Í ø Ø;Ï3�4�"Ô
ºoü>Å Ä �*Ó6Â Å ë Å�É5�2È�Ä È��*Â Ô.Ò²Å ë ½OÅ Ò�
�Å Ä Å>Æ Â ò�È�Ä6�8Â 
�Ô.Ò6ò�È�Ä Ô.Ò.Ï
Ô.ê%Ð ð*Ð º=Ð Á�Ô.ò/î'�"È�


&
�2Ð ð*Ð ônÈ��"Å ë"Ô/í Ï Ì;Í

Ë õ Ø Î ��Ô�ë"ý.Ô.Äv¹�Ð Ï*ïiÂ ò��"Å ët½�Ð Ï"ºiò#î�È�Ç�ÓY¿�Ð Ï"�2Ô.Ç��DÈ�Ç6ê�Ñ�Ð Ï"ÑYÓ�Ó���Ð Ï
Ö × × ×;Ï%ôn¼Y¹8¿�ÀJÏ Ì;Í Ø;Ï Ì ú>ø

Ë õ ø Î ��Ô�ë"ý.Ô.ÄJ¹�Ð Ï��4�DÈ1Ó�Ó#ÔY¼�Ð Ï,�2Ç6È�Ã"ÃJÔ8¿�Ð Ï,�2Ç�Å î Ô.Ç�ó2Ð Ï,�oÈ�ò�ò.Å ë"Â ö
�2È�Ç�
|È�ëtûiÐ Ï Í ÷ ÷ � ÏJ¿YùDð*ÏJú>Ø Ö;Ï Í õ Ì

Ë õ ÷ Î ��Ô�ë"ý.Ô.Ä2¹2Ð Ï=ºiò#î�È�Ç�Ót¿�Ð Ï8ÑYÓ6Ó/��Ð Ï=ºiÂ Ò6Ô.ë"�DÈ��"Ô.Ç�»OÐ Ï Í ÷ ÷ Ø;Ï
ô�¼Y¹8¿�ÀJÏJÖ ÷ Í Ï%Ö Í ÷

Ë � × Î ��Ô�ë"ý.Ô.Ä�¹2Ð Ï=À*ò��"Å;ê"Ô.Ä2¹2Ð ÏOÑYÓ6Ó/�2Ð Ï=ºxÂ Ò6Ô.ë"�DÈ��"Ô.Ç�»OÐ ÏOóYÅ�É ö

�È�ë"ë�¹2Ð Ï%ûvÔ��"ë"Ô.Ç�Ó�ô�Ð Ï%ºxò/î�È�Ç�Ó�¿�Ð ÏJ¿�Ä Ô$�"È�ë"ê"Ô.Ç���Ð Ï�À;Ó6Ô.Ç�ë*ö
ÃDÔ�Ç�Æ�¿�Ð ÏDûvÔ.ë"ý.Ô.ë�¹2Ð ÏJ½=Ä Ô.ë"Ô/Ó)7�Ð ÏDûvÈ�ò�Å�
aÃJÔ2»OÐ ÏJ¹8Å��DÈ�ë�Õ�Ð Ï
¹=Ô.ë"ý.Â ë"ÂJ¿�Ð Ï'�xÈ�ò.ò.Å ë"Â ö8��È�Ç�
�È�ë|ûxÐ"º=Ð Ï"Ö × × Ì Ï"¿�ùDð*Ï*õ ÷�ú"Ï*ø Í Ö

Ë �;Í.Î ���"Ô�ý�¿�Ð Ï���Ä Ô.Â ë�Á8Ð Ï"ô�Å Ç�Ç�Â ÒYô�Ð ÏDÁ�Ô.ò/î;Ä Â ë�ºOÐ Ï Í ÷ ÷ ø;ÏJ¿YùDð*Ï
õ × ÷;Ï � Ø ø

Ë � Ö Î ���"Ô�ý2¿�Ð ÏDô�Å Ç�Ç6Â ÒYô�Ð Ï"ÁOÔ.ò#î;Ä Â ë�º=Ð Ï Í ÷ ÷ ÷;ÏD¿�À"ï�½�Ï Í ø � Ï Í ø
Ë � Ì1Î ���"Ô�ý�¿�Ð ÏOÀ"È�Ä Â 
 ÀDÐ ÏOóYÅ Ç�ë"Ò�Ó#Ô.Â ë«ÀJÐ Ï9�xÈ�ë"ë"Ô.Ç�¿�Ð ÏOû��°ð*Ð Ï

ô�Å Ç�Ç�Â ÒOô�Ð Ï>ÁOÔ.ò#î;Ä Â ë�º=Ð Ï;Õ��"ò��"Ô.ë"Ô)�aÐ Ï*Ö × × õ;Ï;¿�ùDð*Ï � Ö ×;Ï*Ø�ú ú
Ë � ú Î ��Â Ä Ä Â È�ë"êt¹2Ð ÏDÁOÇ�Å�þYë:�2Ð Ï Í ÷ ÷ Ö;ÏJ¿�ð*Ï Í × Ì Ï Í ÷�ú>õ
Ë � õ Î ��Â Ä Ä Â È�ë"êt¹2Ð Ï"Ô/Ó2È�Ä Ð ÏDÖ × × ×;Ï%¿YùDð*ÏJõ�ú>õ;ÏJûvú>Ø
Ë ���1Î ��Â Ç6È�Ç�ê%Ï;�2Ð Ï;��Ç��"ë"ê*í Ïoì©Ð Ïoû�. ùJÔ.ý�Ïi½YÐ Ï�ü È�ë�¿YÄ Ó6Ô.ëDÈ;Ïoì©Ð ÏÍ ÷ ø ÷;ÏJ¿2ð*ÏJ÷ ø;ÏJÖ Ö Ø��
Ë � Ø Î ��Ä È�ê"
�È�ë�Á8Ð Ï��2È.ü>Ô�Ä È È�Ç�Òxð*Ð Ï1ïoÔ/Ó#Â Óxð*Ð Ï1ô�Å>Ç�Ã"Â ê"Ô.Ä Ä Â>¿�Ð Ï1óYÅ Ä ö


�È�ëtô�Ð Ï"û�Å Ç6Ô.ê"Å/�2Ð ÏDÖ × × Í Ï%¿�ð*Ï Í Ö Ö;Ï%Ö;Ï Í × õ Í ö Í × ���
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>)?;@A?9>�?9B)C4D
E�F G9H I"J H K�L�M!N�O P N

Q R,S�TVU J H W�X!W�Y*Z\[ Y�],N�^"M�W�H X�X�Y _�[ Y `�a,a'`�Y bAM�W�J H c/H d�N�M8egfAW�M!X!H K�d:K�O
h ^"W�i4^"H M�j:C�N h N�J K�L�k"W�K�O9B�W-N�M!I,e:F h N�M�X-Y�d"Kgl"k"I*J H m-N�j*K

Q R a TVU K�d"n-o�J W�n U [ Y�`�a�a S Y E
&
Eqp�p�r*Y#s�s'`

Q t,u�TVU K�d"n-o�J W�n U [ Y*Z0N�J J W�M!X h W�H d U [ Y�F"N�N�M4F [ Y `�a�a�a'Y�E�l�]*Y�v'`�`�Y
wA`�`�`

Q t ` TVU K�X�x�N�cgH ]*[ Y,f9N�d"^�N�J N�_�[ Y's u�u�u Y*H d/b;M!K h K�X h N�M!X�N�d"j�b;J N�y
d"W h X4D fzY�W�j#[*f2[ {|N�d"d"H d"L�X�Y*E2[ b�[ G9K�X�X�Y

&
F [ F [ >�k"X!X!W�J J Y"a R p

Q t s TVU M�K'W-d*W�x�W�L�W-d}{~[ Y'G�J K�c/c/N�W�M h ]*[ Y's u�u v'Y*E
&
E�Y,r�r,p'Y�`-r,p

Q t p T _)N�J J*F [ Y�C4J N�M���W4C�[ Y�bAM�H d"L�J W�]*[ Y,`�a�a R Y,{|B�>4E�F Y�s t�S Y�p u p�y
p�s u

Q t r T _)N�c/cgW�M�X�J W$e�b�[ Y U N�M�n���d�@9[ Y�{|N�^"K�d"W$e�i�[ Y|w���l W�n$y
C4K�M�M�W�j"K�H M!N({~[ Y�i�K�M�M�W�X�{0[ Y2s u�u�u Yg{|B�>4E�F Y2p'` t Yzw�r,v
� _ u�u��

Q t v T _)N�c/cgW�M�X�J W$e�b�[ Y�w���l W�n$y�C�K�M!M�W�j"K�H M�N�{0[ Y U N�M�n���d
@�[ Y|s u�u `�Y:H d�E�F"b�C�K�d*O�[ F*W�M$[ s�p'`�Y:i�W h K�d"X\r*� U N�J N�m h H m
F h M!k"m h k"M�W�Y�F h N�M�X�Y�N�d"j h ^"W�D
d h W�M�X h W�J J N�M�{:W�j"H k"c:Y
W�j#[ C)[ ?�[ Z~K'K'j*x�N�M�j#Y {0[ �2[ G�H m-N�e�Y

&
]*[ {~[ F*^'k"J J Y S `

Q t,R�T _)N�M�M!H X�Z\[ Y�`�a�a'`�Y E�>�E
&
E�Y�s�a'Y#v�r,p

Q t�t�T _)N�M h {~[ Y#`�a t a'Y�D8m-N�M�k"X�Y�p t Y#p�v'`�y8p�v t

Q t�S�T _�W�L�L�H W2�2[ Y�>)N�X!H K�@9[ Y�`�a�a R Y#{|B)>�E�F Y s S s'Y�` u�R r

Q t a T _�W�X h W�M�]*[ Y,��W�X!m�^g]*Y'_)W-N�J e��2[ Y�w�W�X!^"H d�w;[ Y's u�u r*Y*F*m�H W�d"m-W�Y
p u r*Y�`�`�` R

Q S�u�T _�H J J X�Y�]*[ Y�`�a S `�Y E�]*Y S�R Y�` t p u

Q S ` T _�K�J c/N�d#Y�{~[ Y"Z5H W�L�W�M h Y�b�[ Y#`�a�a�a'Y E�]*Y�`�` t Y R s'`

Q S s T _�k�N�d"L/F [ Y�`�a�v�a'Y�E�c/F*m�H Y"r t Y p�a�s�y
r u s

Q S p T _�k"M�J W$e�Y#]*[ Y F*^�N�M!N'Y�{~[ Y"s u�u s'Y�E�l�]*Y#v R v'Y�`�s,v'`

Q S r T _�k"M�J W$e�Y�]*[ Y9i�K�k h Y9C�[ YAE�N�M!X!W h ^#Y�F [ Y�s u�u�u YAE�F"b�C�K�d*O W$y
M�W-d"m�W2F*W�M�H W�X�Y�`�a S

Q S v T D
j�N'Y�F [ Y9G�M8e*j"W�d#Y U [ YAw�H d#Y���[ Y9i�N�d�N���N'Y�_�[ Y9s u,u�u Y9E�]*Y
v�p�r*Y r,s S y
r,r,v � N �

Q S�R�T D
j�N'Y#F [ Y"w�N�M8x4K'K'j Y#]*[ Y�G9k"M���W�M h Y E�[ Y�s u�u�u Y�E�]*Y�v�s S Y p�v'`�y
p�v R�� I �

Q S�t�T D
d"c/N�d#Y >�[ Y C4N�M!d"W$e�Y�G�[ Y `�a S�t Y E�]*Y a�p'Y�`�` R�R

Q S�S�T ],N�d"W-X��zY*E�j"J W�M���[ Y#`�a S s'Y E)l�]*Y r,a'� r,s�v

Q S a T ],N�d"W-X��z[ Y�b;^"W-J l"X)>�[ Y#`�a�a�r*Y#E�]*Y#` u,S � ` t�t p

Q a u�T ],N�d"W-X��z[ Y"i4H J J W$e�C�[ Y�w�e*d"L,N U [ Y�`�a S�S Y E�]*Y#a�v'� t�t `

Q a'` T ]�W�x�H h�h Y#��[ Y�w�k"k#Y ]*[ Y�`�a�a�p'Y�B�N h k"M�W�Y#p R s'Y t p u y t p�s

Q a�s T ]�W�x�H h�h Y,�2[ Y-w�k"k#Y�]*[ Y�i�M�k���H J J K*Y�C)[ Y,`�a�a S Y�E�]*Y,`�`�v'Y�s'`�s�v�y8p�v

Q a�p T ]�H N�d"L~D
d"L�y U k"W$e�[ Y���k"d"m-N�d�{~[ YAw�H d��2[ Y9s u�u�R Y�>4W$�"{:W�y
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