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CEDGFIHBJLK�M	N�JOHAP�QSR�TUR�VXWZYAM1[AR�T#\^]_KA`8a,b�JOHAP�R�TU`#R�cedfKA`8[BQgVhQS`8KL[BQSR�T
iGjlknmpoEqOrsmutOqOjlknosvLwyxXzE{�|}mO~��^�noEvA� �"�pzE�8~���� t:xX�����5���,�OoEvO~$�lvX�p�n��vp{1���Oj�~�o��s~��ezEvuz��^�O�lw

k^�^zE�n�-�p~�j��A��z��O�pjl���vOr-��k�k^o	k^mO~.�p~�j����(oE���^~�zEj���j�~�zf�E~?�Gk^mO~ �.~1k^��{�qOjlosqp�2�^~�zE�O~��2�"��k^m_z
�nqp�O�L~�v	�n~�vp�n~2o����O���noE�^�l~�vhk^z�k^�losv D5� vp�L~�~?�B�Oz���oEqOkZm8z�jl��o���knmO~2�O�^o���~?{�kn���E~�� �8zE{1~?��~�vp{�oEqOvLw
k^~��^~��-���k^mO~��^~�zs�L~��e�"�lj�j���~�vpo�keos�n��~�vhk^zE�Oj�~ DG¡ o�vOo�k��8~$�L���^{1osqO�'z�rE~?�B�Ok^mO~0�.~1k^��{�qOj�oEqp�
�^~�zs�L~��?¢5£Zmp~��n~?z�j���zEjl�Zzf�L��o�¤#~��"�Eosq�k^mO~0�nmO~�jlkn~��"o���os�n��~�vhk'z�kn��oEv D

CsDlCsD �0¥5¦¨§�¦©Oª$«5ª¬®.¯�°�± i��n~?z�j��Ojlo��"qp�²����vOoEk.³hqO�lkn~�oEqOk$o��,�n~?zE{'m´�SoE�.zµrEooL�_oEj��
� z�k^mO~�� z�kn��{1��z�vA�B� ¶�zE{�·s·?� D £ZmO~�{�oEvp� kn�^qp{�k^�losv�rEo~?�¸zEjlosvOr0k^mO~�{1oE�.�Oj�~1¹�osvO~E�~�¹L{�~��LkZoEvp~
�n�8~?z�ºL��o���knmO~��n�OmO~��^~�o���vpoE�^�.zEjB�L�l�^~�{1kn��oEvp�Z�'z�k^mO~��¸knm8z�v	knmO~0�n�pzE{�~,oE�5{�oE�.�Oj�~1¹�vOos�n� z�j
j��lvp~�� D
£ZmO~G{�oEvp� kn�^qp{�k^�losv$���}�LosvO~"j�o{�z�j�jl�s��qp�n�lvpr2{�ooE�'�L�lv8z�kn~?���sz�vp�$knmp~�v.oEvO~"�nmOo��G�5knm8z�k}�lk����

{�ohos�^�O�lvpz�kn~���vp�L~��8~�vp�L~�vhk DG» ~1k�¼½�8~0knmO~$qOvO�lk��L��� ºu¾¿ À5¿LÁ C ¿�ÀXÁÃÂSÀBÄ�Å�Æ�Æ�Æ1Å À�ÇpÈGÉµ� ÇËÊ
��vu� Ç D�» ~�k2ÌÍ�8~�knmO~.� qp�O� z�vO�l�SoEj��X�L~��pvO~��u���~?³hqpz�k^�losvp�eÀ#Î�Ï�Ä0ÁÑÐ�Ð�Ð�ÁÒÀ�Ç-Á/Ó D�» ~1k
Ô Î�Ï�Ä�Å�Æ�Æ�Æ1Å Ô Ç��8~�{1oos�^�L��vpz�kn~��¸��v�z.{1os���oE�5� ÇÕBÎ �L�"mO~��n~��¸~��Zz�vhk¸k^o�{�oEvp�n���L~���knmp~�qpvO��k
�n�OmO~��n~0Ö ÇÕBÎ?ÕBÄ D £ZmO~ ×nØ'Ù�Ú5Û1ÚlÜ�ÝËÞ?ß_Ü àG¼áÙ�Ú�Ü�âhã�Ìä�"��jljBk^mO~�v-��~

å¼ÑÁæ¾hÂçÀ�Å Ô È�É+¼éè-Ö ÇÕ#Î?ÕAÄ ¿fÀ�ê Ô�ë ÁìÀ ë�Ô ê:�Sos�eí2î C�ïñð Åóò ïõô Ê Æ
£ZmO~��n~µ���-zñ�O�noE��~�{1kn��oEvìö!÷ å¼�ø ¼ùosvìknmp~u�p�'� k	�çzs{�knos�	oE�$¼�èõÖ ÇÕBÎ?ÕBÄ �,�no²k^mpz�k
ö ÕAÄ Âûú#ÈXüÁ Ö ÇLÕ#Î?ÕAÄ �SoE�$úÃÉÃÌ��G�"mO~��^~�zs��ýþ÷ÿÁ!ú ÕAÄ ÂÌ�È.���	z´�^~�zEj,{1oL�L���.~�vp�n��oEv¨oEvp~
�nqO�p�n�pzE{�~,oE� å¼X�LknmO~��^~�zEjBz�vpzEjlosrEqO~�o��5knmO~�~�¹O{1~��Okn��oEvpzEjA�L�l���� os� D
£ZmO���Aj�oL{�z�j�{�oEvp� kn�^qp{1kn��oEv��SoE�nknqOv8z�kn~�jl�,�8~�mpzf�E~:��~�j�jE�"�lknm2�^~��n�8~?{�kAk^oG{1ooE�'�L��vpz�k^~:{'m8z�vOrs~�� D

� �0À��.Á��:ÂSÀ#È�����zñ�L�l¤�~�oE�.oE�^�OmO���n� oE��¼ù�"�lknmì�lk^�n~�jl�$�no²k^mpz�k+Ì ���	� kn��j�j��L~��pvO~?� zE�
À�� Î�Ï�Ä Á(Ð�Ð�ÐhÁ À��Ç Á ÓO�k^mO~�v��Sos�ZknmO~��Oj�o��"qO� å¼��BoE�:¼éz�j�oEvOr�Ì ��v	k^mO~�vO~�� {�ohos�^�O�lvpz�kn~?�
�L��~�mpzf�E~2z.�L�l¤�~�oE�.oE�^�OmO��� �-÷

å�+÷ å¼���ý ø å¼ � ��ý � Å
� �ø �:Â � È1Å

~�¹hk^~�vp�p��kno�ýäzE�
ÂSÀ�Å Ô È �ø Â	�:ÂçÀ�È�Å Ô � È1Å

�"mO~��n~2À Î�Ï�Ä Á(Ð�Ð�ÐhÁ À Ç Á Ó.z�vp� Ô �ë ÷ûÁ�
 Çê� Î�Ï�Ä�����������
ÂçÀ�È Ô ê D

£�oE��oEj�oErE��{�zEjlj��	�n��~�z�º��vOrp��z �Oj�o��"qO�Xz�j�oEvpr�ÌÑ���GmOos��~�oE�.oE�^�OmO��{�kno�knmO~�{1os���pjl~���~�vhk
oE�#zEv�os�8~�v.knqO�pqOj�zE�}vO~��lrsmh��oE�^mOooL��oE�BÌæ�lv�¼+�hzE�Ëosv {�z�v �n~�~Z�S�^oE�/knmO~"�Sosjlj�o��"��vOr��prEqO�^~ D
£ZmO~��n~��SoE�^~E�Lz��n~?z�jB�Oj�o��"qO�����GmOoE�.o�k^oE�� ~�³hqO����z�j�~�vhkZkno�¼��ZÌ D
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Complex Blowup Real Blowup
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£ZmO~,×nØ'Ù�ÚEDGFIH'ÜKJeßpÙEH L	M NOH^Ù)L	MçÜ�â ����oE�Lk'z���vO~��0�h�2�^~���~�z�kn��vOretOqpj�k^oEvLwyxXzE{�|}mO~��^�noEv�� �A{�oEvLw
� kn�^qp{�k^�losv+�lvXknmO~$�O�n~���losqp�"j�~�{�k^qO�^~0��-�nqO�p� kn�lknqOkn��vOr��^~�zEjA�Oj�o��"qO�p�G~��E~��n��"mO~��n~���vX�Oj�zE{�~
oE��knmp~����e{1os���pjl~�¹	{1osqOvhkn~��^�pzE� k'� D
£ZmO~��n~?z�j{1os���8zE{�k^����{�z�k^�losvQP Â ô È�o��pknmO~Z�.oL�LqOj���n�pzs{1~,PSR�T Ç�Ï�Ä ���"mO��{'m���~��L���^{1qp�^� ~?�

��v » ~�{�k^qO�^~ C�U �G���	�^~�j�z�k^~�� k^o²k^mO~´�n~?z�j,t:x�{1oE�.�pzs{�k^���8{�z�k^�losvì�lv zU�n������j�z�����zf�UknmO~
¡ x {1oE�.�pzs{�k^���8{�z�k^�losv PSR�T Ç�Ï�Ä ���0�n~�j�z�kn~��Xkno-k^mO~ {1oE�.�Oj�~1¹�t5x {�oE�.�pzE{1kn�l�8{�z�kn��oEvA��� ~�~
�^~�� z��^ºL�¸z�k"knmO~�~�vp��o��WV~�{1kn��oEv CED�C �lv » ~?{�knqp�n~ C�XOD
CsD UOD � °�¦h§f©BY[Z \�§f¯"])\?¯�§�¦^Z ¬�_õ�"&`]E¬�a_°:©b])\�cedf]E©8\�cç¬�_gZs± £ZmO~0t:x {1os���8zE{�k^����{�z�k^�losv
���5vOo�kË��v�rs~�vO~��^zEjhzEv$os�8~��^zs� D t5���^� kËo��#z�j�j�EzEv�~�¹��~��^��~�vp{�~��ih oE��~��'zE�p{'mO�lº8je�.zf���^~�{�oErsvO�lk�~
z �.oL�LqOj�~$� kn�^qp{1knqO�^~0��v+knmO~���k^�^z�k^z.�pz�k k^~��^v D iÍÂ ×�M�ã�m8LnÈQJ.Ü�n�ÞLÚlØ Ü)ofØ�× Ù�â_Ü^ßpØ1×nÙpn�qÑ����z
{�oEj�jl~?{�kn��oEv�o��ËÖBÇhwy� �pzs{1~?�rP Â ô È�� ôts C �Oz�j�oEvpr��"�lknm�k^mO~0��k^�nq8{�knqp�n~2� z��p�

P Âvu-ÈZèwq�Â ô Ä È�èµÐ�Ð�Ðpèwq�Â ôyx È�øzP Â ô Ä îìÐ�Ð�Ðfî ôyx È
�^z�k^��� �S��lvOr-z�¹L��oE� ��� ���.�lj�z���kno�k^mOos�n~$oE�¸z�v�oE��~��'zE� D|{ mO~�vt}á���2�pzE�^zEjlj�~�j��lk�~��B�fMv~gØ D ��knmO~
k'z�vOrs~�vhk$�Oqpvp�Lj�~�knot}ù���0k^�n�����zEjl�k�~?�B�:knmp~	{1osjlj�~�{1kn��oEv¨¾ �.Âe}�� ô È	¿ ô�s½C Ê ������vp�L~�~��Uz
�.oL�LqOj�~$o��s~��,knmO~.os�8~��^zs�+o��¸{�oE�.�pzs{�kn�l�p~?�X�.oL�LqOj��}� �pzs{1~?�eoE��{1osvL�prsqO�^z�kn��oEvp�eo����8os�lvhk^�
��v��W�-oE���W���B�"mO~��^~ Ô Á/�L����}ñ�#�O~���~�vp�L��vOr	oEvu�"mp~1knmp~���} ���2{�oE�.�Oj�~1¹+oE���n~?z�j D £ZmO~
��oE�'�.�.o�OqOjl�#�^~1�S~��^�}kno���oL�O�O�lvOr$oEqLkZ���knmO~�rE�^oEqO��� ��� �G�$oE�¸� ��� �G�Ï ��n~?� ��~�{1kn���E~�j�� D
£ZmO~?� ~.�n�pzE{�~��,�.zf�+��~ z�rhz���vXoE�Lk'z���vO~��µ��-k^zEºh��vOr��lv � Âe}�� ô ÈG�SoE��}�Á��f�+oE���W��knmO~
qOvp�losv_o��G��k^�^z�k^z-{1os�n�^~��n��oEvp�L��vOr-k^o-knmO~�kn�^~�~��0�"��k^mñz-�nooEk0�E~��nkn~�¹µoE�Z��zEjl~�vp{1~�osvO~�zEvp�
�.oL�O�L��vOr�oEqLkZ��.knmO~�rE�^oEqO�	o��Ak^�^zEvp�nj�z�kn��oEvp� D £Zmp~,�.oL�LqOj�~�� kn�^qp{1knqO�^~,����o���{�oEqO�'�n~erE���E~�v
���rsjlqO��vOr z�j�oEvpr�� � ÕBÄ � �Z�lv8� ~�� k^~�������Oj�o��"qO�p�"z�k"�Oqpvp{�k^qO�n~?� D

{ mpz�k¸���}�^~�z�j�j���vO~�~��L~?���SoE�¸zEv oE��~��'zE���.oL�LqOj�~,� kn�^qp{�k^qO�n~eoEv �.Âe}�� ô È:����z��p�noE��~�{�k^�l�s~
�pzE�^zEjlj�~�j��k�z��p�lj���k���o���}²�Ë�"mO��{'mñ����zEjl�Zzf�L��k^mO~�{�zE�n~	�"mp~�v Ô Á CED £ZmO~	k��¸oµ~1¹Oz��.�Oj�~��
��~�j�o�� zE�n~�o��5knmO���"º��vp� D
� v²rs~�vO~��^zEj�5oEvO~	{�z�v_���pzs�n�0knmO�����p�nos�Ojl~�� ��´{1osvp� ���L~��n��vOr�à'×nÙ)J.Ø�n�H'Ü�â�N�ãEÞL×nÙKL&MçÜ�âB�'�

�n~�~exuz��^ºhj5� xuz��'�E�f�ó�h�n������j�z��¸kno�osqO�¸�n�pzs{1~��g� knm8z�k¸�"��j�j�zE�O�8~?z��¸j�z�kn~��?�h�lv�knmO~��L���^{1q8�n�n�losv
oE��£�oE��oEj�oErE��{�zEj��¸oEvL�Sos�n� z�j"t5��~�j��õ£Zmp~�oE�^��~�� D £ZmO~X{�zE�n~�P Â ô È�o�� » ~?{�knqp�n~ C�U ����� ��~1w
{���zEj�A��~�{�z�qp�n~$knmO~�{'mOos��{�~$oE��z	k^zEvOrE~�vhk��O�l�^~�{1kn��oEv ÂS�"mO��{'mµrs�l�s~��2z	kn�^�l���z�j��lk?z�k^�losvuo��¸knmO~
�O�^o���~?{�k^�l��k�~���k^zEvOrE~�vskG�n�pzE{�~?ÈZz�k�� �O�no�����L~��¸k'z�vOrs~�vhkG�L�l�^~�{1kn��oEvp�"z�kGz�j�jA�OqOvp{1knqO�^~�� D
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��©A©ba_°:ªç¦$
 Â	Vhk'zE�nmO~1¤.ie�^� oL{1��z�mp~��L�'zsÈ ± �¸osvp� ���L~��BknmO~Ë�^~�zEjEt:xÑ{1os���8zE{�k^����{�z�k^�losv �.Âv}�� ô È
�Sos�ª} Á � D £5z�ºs~2knmO~$��k^�^z�k^z {1os�n�^~��n��oEvp�L��vOr$kno k^�n~�~��"�"�lknm-k^mO~0�^oo�kG�E~�� k^~1¹�o��Ë��z�j�~�vp{�~
z�k�j�~�zs��k�k��¸o-z�v8�u�.oL�uosqLk2�h�XknmO~ zK« vO~�rE�^oEqp�µ� � � �Ï D £ZmO~.�n~?� qpj�k2���0Ö Ç è�¬ ÇLÕ 2 �
�"mO~��n~�¬ ÇÕ 2 ���}k^mO~Q�LóÙK�®mOØ	¯ ÙK�°��Ü�H�MçÙ�mOØ�n�×^Ü�â D £ZmO~,�n��.��~�kn�^��{GrE�^oEqO���nmOo��G�}qp����~�{�zEqp�n~
oE��k^mO~�j���vO~�zE��oE�'�L~��n��vOr+o��"��oE��vhk^�0��os�n�lkn��oEvO~?�_oEv´k^mO~�j��lvp~ D £ZmO�����çzs{�k���zs��vOo�k^��{�~��_��
¶2osvsk'� ~����{'m � ¶2osvp���f� D £Zmp~��n~�� �8zE{1~?���SoE�^� zEv�os�8~��^zs���h�uknmO~�oE��~��'z�kn��oEv�o��"z�knk^zs{'mO�lvpr
z�k0�OqOvp{1knqO�^~�� D £Zmp~ vO��{�~ �S~�z�knqO�^~ o��Zk^mO����oE��~��'zE�µ���0knmpz�k��lk�����z+{1~�j�j�qOj�zE�0oE��~��'zE�A��� D ~ D �
�lk�mpzs��zX{�~�j�j¸� kn�^qp{�k^qO�n~	{1oE�.�pz�kn���Oj�~��"��k^m_knmp~�oE��~��'zE�_� kn�^qp{�k^qO�^~ D £ZmO~��^~�zs� osv�����k^mpz�k
~?zE{'m.��k^�^z�knqO� o��#knmO~GknoE��oEj�oErs��{�z�jL� kn�'z�kn�l�8{�z�kn��oEv.���}z�{1~�jlj D £ZmO~��^~1�Sos�n~s��knmp~G{1oE�^�^~��n�8osvp�L��vOr
{'mpzE�lv+{�oE�.�Oj�~1¹-���Gz ¡�± os�8~��^zs� D £Zmp��� ¡�± oE��~��'zE�����GvOoEknmO��vOr��pqLkGknmp~�²�³�os�8~��^zs�-o��
» ~�{�k^qO�^~2� D
��©A©ba_°:ªç¦w´ Â&�¸�L{1j�oEmp~��L�'zsÈ ± �¸�L{1j�oEmO~?�L�'z����"� os�.~1knmp�lvOr.�"mO��{'m-� mOo���~��	qO���lv�k^mO~��¸os�nº
oE�8¶�z��O�'z�vpo����?�l� � zE�(vOo�k:�.��� k^zEº�lvOr D �¸osvp� ���L~���k^mO~Z� ���.�lj�z��"ÂS�^~�zEj�È�{1os�.�pzE{1kn�l�p~�����oL�Lqpjl�
�n�pzE{�~,oE� ô î C �8os�lvhk'�ZoEv+Ö Ä D £ZmO���"�n�pzE{�~�� zf� ��~�oE�Lk'z���vO~���zE�¸k^mO~��n~?z�jBt:x {�oE�.�pzs{�k w
�l�8{�z�kn��oEv �.Âv}�� ô È��SoE�µ} ÁI�Ã��´k^zEº�lvOrXknmO~�qOvO��oEvUo��e� kn�'z�k^zu{1oE�^�^~��n�8osvp�L��vOr+knouknmO~
k^�n~�~��"�"�lknmuz��noo�kG�s~��nkn~�¹	o��Ë��z�j�~�v8{1~0osvO~�z�v8�-��oL�O�O�lvOr�oEqLk��h�	knmp~0rE�^oEqO�+� o��Ëk^�^zEvp� w
j�z�k^�losvp� D ié{1osvOvO~?{�kn~?�U{�oE�.��oEvO~�vsk.o��eknmO���.� �pzs{1~-{1os�n�^~��n�8osvp�L��vOr+k^ouk^mO~+{1�L{1j���{	oE�'�L~��
C�¶·U=¶ Ð�Ð�Ð ¶¨ô î CQ¶æC o��:knmO~��8os�lvhk^�e���,z�H ¸EH1ÚlÜ�mOØ�n�×^Ü�âp�Bz�{��L{1j���{0{�oEqOvhk^~��^�pz��nk"o��:knmO~
zs�n�noL{1��z�mO~?�L�nosv D £Zmp~�{1�L{1j�oEmp~��L�'z_ÂS�"�lknmñzEjlj�{1�L{1j���{ oE�'�L~��'��oE�Z�pqOvp{�k^qO�^~��'È2�SoE�^� vpo�k�zEv
os�8~��^zs�B���OqLk�z2�n��rEmhk}�.oL�LqOj�~Go��E~���k^mO~ezs�n�noL{1��z�mO~?�L�^z�Âgk^�l�.~?�¸Ö Ç È:os�8~��^zs��oE�#knmO~G�p�n~��h��oEq8�
~�¹LzE�.�Ojl~ D

¹ JOVJOHBJOT�`�JpP
º »B¼¾½�¿�À�Á = »KÂ0Ã #&%�Ä�Å�Ä0Æ�<Ë= ¼ Å�!.ÇCÈ0(�*&É	%�Ä¡/pÊ�ËÍÌ�Î"Ï � Ë �ÑÐ Ò Ë ���ÑÐ Ì�Ó=Ì	Ô,ËÍÌ�Ó Ò8Õ�Ö�×	���ÑÐ Ì�ÓµØÑÏ � Ë � Ø&/s3gÄ0Äh= ¼ Å°#	Èh=
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