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(a)   Morlet wavelet
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(b)   DOG 1 − the first derivative of the Gaussian
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(c)   DOG 2 (Mexican hat) − the second derivative of the Gaussian
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(d)   DOG 3 − the third derivative of the Gaussian
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2−D Mexican−hat wavelet : the second derivative of the Gaussian
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(b)    Norm. wavelet power spectrum
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(a) sym. initial temperature (conductive term subtracted) (b) asym. initial temperature (conductive term subtracted)
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(a)   Ra=1.7⋅104, sym., time=1.25, time step=50.000 (b)   Ra=1.7⋅104, asym., time=1.39, time step=79.400

(c)   Ra=1.0⋅105, sym., time=1.00, time step=300.000 (d)   Ra=1.0⋅105, asym., time=7.51, time step=3.200.000
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(a)   kinetic energy, Ra=1.7 ⋅104
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(b)   transition part

time

ki
ne

tic
 e

ne
rg

y

0.5 1 1.5 2 2.5 3

4.1

4.2

4.3

4.4

4.5

4.6

4.7
x 10

4
(c)   attracting part
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(a)   surface heat flow, Ra=1.7 ⋅104
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(b)   transition part
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(c)   attracting part
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(a)   kinetic energy, Ra=10 5, symmetrical case
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(b)   surface heat flow, Ra=10 5, symmetrical case
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(a)   kinetic energy, Ra=10 5, asymmetrical case
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(b)   surface heat flow, Ra=10 5, asymmetrical case
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Surface heat flow, Ra=105
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WAVELET Amplitude Spectrum
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FOURIER Amplitude Spectrum
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¿b¼rÉ ¾�¯ ÷ ¾ Äl¶�·³ °l¯ ¼ ° ¶�¼9½~Ä�º ° µ ¯ B�À�è�À¬Ö ¾ ¼9½ ¯ ¿bÄl¶�½"¼ ¯ ¼ ° ¶<¸MÄl¶Ïºf²¬Ä ¹ ½ ° ½E²M²t¶�¼9¶ ì ¼rÉ�µ­¿"²AÐ�À�å�ºiÂ7Ç ¾ ²M¿b² ¯"¾ ²A½"µ�¿"Î»Äl¸H² ¾ ²tÄ ¯ Ò ° Ç²�Ô ¾ ¼rº)¼ ¯ ½�·­²t½"¸H²t¶�·	¼9¶­É Ë Ä ¹ µ­²t½ ¯ ¼ ¹9¹f¯"¾ ² ¯ ¼9³Á² ° Î	B�À�è�À¦û�²ª¿"²t³ÁÄ�¿aà ¯"¾ Ä ¯�¯"¾ ² ¯ ¼9³Á²�÷�·­²MÃf²t¶�·­²t¶ ¯ à�¼9¶�² ¯ ¼9¸Y²t¶­²M¿"É!ÑÙ ì ¼rÉ�µ�¿"²~Ð�À�å�Ä>Þ�¼9½�¶ °l¯ Äl½T½bµ�¼ ¯ Ä�º ¹ ²�Î ° ¿�â)¶�·�¼9¶�É ¯"¾ ¼9½ ¹r° ¶­É�÷ ¯ ¼¦³A²�ºf² ¾ Ä Ë ¼ ° ¿'Äl½ ¯"¾ ²~½"µ­¿"Î�Äl¸H² ¾ ²tÄ ¯ Ò ° Ç¨½"¼9¶	¸H² ¯"¾ ²³�Ä�ù ° ¿~· ° ÇX¶�Ç'² ¹9¹ ¼9¶­É�½ ¾ ¼9Î ¯ ¼9½�¸ ° ¶�¶�²t¸ ¯ ²t·I³ ° ½ ¯"¹ ÑÈÇX¼ ¯"¾Å¯"¾ ² ¯E° ÃuÃ	Ä�¿ ¯�° Î ¯"¾ ²§½ ¾ ² ¹9¹ Â­Äl¶�· ¯"¾ ²,à�¼¦¶­² ¯ ¼9¸£²t¶­²M¿"É!Ñ¼¦½�¶ °l¯ Äl½X½"²t¶�½"¼ ¯ ¼ Ë ² ¯E°�¯"¾ ¼9½�Ã�¿ ° ¸H²t½"½�Äl½ ¯"¾ ²©½"µ­¿bÎ»Äl¸H² ¾ ²tÄ ¯ Ò ° Ç§Àû�²�¸ ° ¶	½"¼9·­²M¿0B�À�èÈÄl½ ¯"¾ ² °aË ²M¿bÄ ¹¦¹
¯ ¼¦³A²ªÄ ¯ Ç ¾ ¼9¸ ¾u¯"¾ ²�½�Ñ�½ ¯ ²t³Á½~¿"²tÄl¸ ¾<¯"¾ ²t¼r¿�Ä ¯E¯ ¿bÄl¸ ¯E° ¿aÀ£Æ~½~ÇT²¬¸MÄl¶Ï½E²M²Î»¿ ° ³ ì ¼rÉ�µ­¿b²�Ð�Àmæ�Â ¯"¾ ²�½�Ñ�³Á³A² ¯ ¿b¼9¸MÄ ¹ ½�Ñ�½ ¯ ²t³ ° Î�îGïD� Í B ò ¿b²tÄl¸ ¾ ²t½d¼ ¯ ½3Ä ¯E¯ ¿1Äl¸ ¯E° ¿TÄ ¯ Ä ¯ ¼9³A² ° ÎQÄ�º ° µ ¯ B�À¤Ñ­Àeø/¶¯"¾ ²©Äl½�Ñ�³Á³A² ¯ ¿b¼9¸MÄ ¹ ½�Ñ�½ ¯ ²t³´Â ¯ Ç ° ¸ ° ¶ Ë ²t¸ ¯ ¼ ° ¶Ï¸H² ¹9¹ ½�Ãf²M¿b½b¼9½ ¯ Î�¿ ° ³ÒÄ ¯ ¼9³A² ° Î�Ä�º ° µ ¯ B�À�è�Â ¯"¾ ² ¹ Ä�¿bÉl²M¿ ¹ ²MÎ ¯�° ¶­²Ç�¼ ¯"¾ · ° ÇX¶�ÇT² ¹9¹ ¼9¶­ÉÁÄl¶�·<µ­Ã�Ç'² ¹9¹ ¼¦¶­ÉÁ¼9¶�½ ¯ Ä�º)¼ ¹ ¼ ¯ ¼r²t½tÂ ¯"¾ ²ª½"³ÁÄ ¹¦¹ ²M¿X¿b¼9É ¾p¯�° ¶�²ªÇX¼ ¯"¾ ½"¼9³AÃ ¹ ²Y¿ ° µ�¶�·<³ °l¯ ¼ ° ¶<Äl¶�·Ç�¼ ¯"¾ ¼9¶ ¯ ²M¿b³Á¼ ¯E¯ ²t¶ ¯ ³ÁÄ�ù ° ¿�· ° ÇX¶�Ç'² ¹9¹ ¼9¶­É´Ä ¯ª¯"¾ ² ¯ Äl¶­Él²t¶ ¯ ¼9Ä ¹ Ã ° ½b¼ ¯ ¼ ° ¶ ° Î Í èzBI·�²MÉl¿"²M²t½�Ù�½"²M² ì ¼rÉ�µ­¿"²ÓÐ�À¤Ñ�·�Þ1ÀÖ ¾ ²�à�¼9¶­² ¯ ¼9¸§²t¶­²M¿"É!ÑuÄl¶�· ¯"¾ ²¬½bµ­¿"Î�Äl¸H² ¾ ²tÄ ¯ Ò ° Ç ¯ ¼9³A²�÷�½E²M¿1¼r²t½KÙ ì ¼rÉ�µ­¿b²¬Ð�À�åAÞ Ë Ä�¿xÑ ° ¶ ¹ Ñu¼9¶ ¯"¾ ²¬½"³ÁÄ ¹9¹ ÷�½"¸MÄ ¹ ²lÔ¯"¾ ²§³A²tÄl¶ Ë Ä ¹ µ­²t½�Ä�¿"²§³A²t¶ ¯ ¼ ° ¶­²t·´¼9¶]Ö3Ä�º ¹ ²§Ð�À¤Ñ­Â�Ã	Ä�Él²<U Í À�û�² ¾ Ä Ë ²ªµ�½E²t·´Ä Í ÷�ÕÖÇ'Ä Ë ² ¹ ² ¯�¯ ¿bÄl¶	½EÎ ° ¿1³ Ù � À Í ÞÇ�¼ ¯"¾Å¯"¾ ²�ç ° ¿ ¹ ² ¯ ³ °l¯"¾ ²M¿�Ç�Ä Ë ² ¹ ² ¯ Ù � À�äAÞ�Î ° ¿ ¯"¾ ² ¯ ¼9³Á²�÷�Î�¿"²�é�µ­²t¶�¸H×ÅÄl¶�Ä ¹ ×�½"¼9½ ° Î ¯"¾ ² ¯ ¼¦³A²�÷�½E²M¿b¼r²t½tÀa£¶­²A¸MÄl¶Ï½E²M²Á¼9¶ ì ¼9É�µ­¿"²AÐ�À�ä ¯"¾ Ä ¯£¯"¾ ²¨à�¼9¶�² ¯ ¼9¸§²t¶­²M¿bÉl× ° Î ¯"¾ ²KÒ ° ÇØ¼9½ Ë ²M¿"×<½"²t¶�½"¼ ¯ ¼ Ë ² ¯E°Å¯"¾ ²�ºf² ¾ Ä Ë ¼ ° ¿° Î ¯"¾ ²Yº ° µ�¶�·	Ä�¿"× ¹ Äa×l²M¿X¼9¶�½ ¯ Ä�º)¼ ¹ ¼ ¯ ¼r²t½�ÇX¼ ¯"¾ ½ ¾­° ¿ ¯ ¸ ¾ Ä�¿bÄl¸ ¯ ²M¿1¼9½ ¯ ¼9¸ ¯ ¼9³Á²�÷�½"¸MÄ ¹ ²t½MÀ)û�²©²�Ô�Ãf²t¸ ¯�¯"¾ Ä ¯�¯"¾ ²§½b³ÁÄ ¹9¹ ÷Ãf²M¿b¼ ° · ¹ Äa×l²M¿ÜÙ»ÇX¼ ¯"¾ ³ÁÄl¼9¶¨Ãf²M¿b¼ ° · ° Î¬Ä�º ° µ ¯ B�ÀÄB!BAèAÞu¼9¶ ¯"¾ ²ÙÇ�Ä Ë ² ¹ ² ¯ ½EÃf²t¸ ¯ ¿bµ�³Ú¸ ° ¿b¿"²t½EÃ ° ¶�·�½ ¯E°�¯"¾ ²t½E²º ° µ�¶	·�Ä�¿"× ¹ Ät×l²M¿�¼9¶�½ ¯ Ä�º	¼ ¹ ¼ ¯ ¼r²t½MÔ7Ç ¾ ²M¿"²tÄl½ ¯"¾ ² ¹ Ä�¿"Él²�÷�Ãf²M¿b¼ ° · ¹ Äa×l²M¿�Ù»Ãf²M¿b¼ ° ·�½GB�ÀÄB � ÷(B�ÀÄB�ÐAÞ¬¼9½©¸ ° ¶�¶­²t¸ ¯ ²t·KÇX¼ ¯"¾³�Ä�ù ° ¿A· ° ÇX¶pÇ'² ¹9¹ ¼¦¶­Éu³ °l¯ ¼ ° ¶7ÀÚÿ ° ³AÃ	Ä�¿1¼9¶­É ¯"¾ ²ÈÇ'Ä Ë ² ¹ ² ¯ ½EÃf²t¸ ¯ ¿bµ�³ÛÇX¼ ¯"¾±¯"¾ ² ì ° µ�¿b¼r²M¿�½EÃf²t¸ ¯ ¿bµ�³ÊÇT²ÓÄ�¿"²Ä�º ¹ ² ¯E° ¿"² Ë ²tÄ ¹ ¶ °l¯A° ¶ ¹ ×±Ã�¿b² Ë Äl¼ ¹ ¼9¶­ÉIÃf²M¿b¼ ° ·�½ ° Î ¯"¾ ²Øà�¼9¶­² ¯ ¼9¸È²t¶­²M¿"Él× ¯ ¼9³A²�÷�½E²M¿1¼r²t½Aº	µ ¯ Ä ¹ ½ ° ¼ ¯ ½A½ ¯ ¿ ° ¶­É ¹ ×ÒQµ�¸ ¯ µ�Ä ¯ ¼9¶­É ¯ ¼9³A²�÷�·­²MÃf²t¶�·­²t¶ ¯ ¸ ¾ Ä�¿bÄl¸ ¯ ²M¿YÇX¼ ¯"¾ Ã ¹ Äl¸H²t½ ° Îd¼9¶ ¯ ²t¶�½"¼ Ë ² ° ½"¸M¼ ¹9¹ Ä ¯ ¼ ° ¶�½�Äl¶�·IÃ ¹ Äl¸H²t½�Ç�¼ ¯"¾ Ç'²tÄ�à ° ¿¶ °�° ½"¸M¼ ¹9¹ Ä ¯ ¼ ° ¶�½MÀ�aY¶­² ° Î ¯"¾ ²]â)¿b½ ¯ Ä�¿"²tÄl½ ° Î£¸MÄ ¹ ³ ° ¸M¸Mµ­¿b½AÎ ° ¿ ¯ ¼9³A²t½ � À�Ð�÷\Ð�À � À�Ö ¾ ²´½"Äl³A²u¸MÄ ¹ ³ÜÄ�¿b²tÄÙ¼9½Ä ¹ ½ ° ½E²M²t¶±¼¦¶ ¯"¾ ²�½"µ­¿"Î�Äl¸H² ¾ ²tÄ ¯ Ò ° ÇÝÇ�Ä Ë ² ¹ ² ¯ ½EÃf²t¸ ¯ ¿bµ�³´À�Þ °l¯"¾Ù¯"¾ ²�Ç'Ä Ë ² ¹ ² ¯ ½EÃf²t¸ ¯ ¿bµ�³ßÄl¶	· ¯"¾ ² ì ° µ­¿1¼r²M¿½"ÃQ²t¸ ¯ ¿1µ�³ ° Î ¯"¾ ²'½"µ­¿"Î�Äl¸H² ¾ ²tÄ ¯ Ò ° Ç[ÒQµ�¸ ¯ µ�Ä ¯ ¼ ° ¶�½¦Ù ì ¼rÉ�µ­¿"²�Ð�À Í B>Þi½ ¾�° Ç-Äl¶ª¼9¶ ¯ ²M¿"²t½ ¯ ¼¦¶­É�Î»²tÄ ¯ µ­¿"²!� ¯"¾ ²T½ ¾­° ¿ ¯ ²t½ ¯¯ ¼¦³A²�÷�½"¸MÄ ¹ ²t½MÂ�ÇX¼ ¯"¾ Ãf²M¿b¼ ° ·�½ ¹r° Ç'²M¿ ¯"¾ ²t¶�B�ÀÄB Í Â�Ä�¿"²´¶ °l¯ ½"¼rÉ�¶�¼ â)¸MÄl¶ ¯ ÀcÖ ¾ ¼9½©Ã�¿ ° º	Ä�º ¹ ×�¸ ° ¿"¿"²t½EÃ ° ¶�·�½ ¯E°Ï¯"¾ ²·	¼ �fµ	½"¼ ° ¶Ù¸ ¾ Ä�¿bÄl¸ ¯ ²M¿ ° Î ¾ ²tÄ ¯¬¯ ¿bÄl¶�½"Î�²M¿�Ä ¯ª¯"¾ ²Ó½"µ�¿"Î»Äl¸H²ÓÇ'²M¿"²Ó·	Äl³AÃ	¼9¶­É ° Î ¯"¾ ²Ó½bµ­¿"Î�Äl¸H² ¾ ²tÄ ¯ Ò)µ�¸ ¯ µ	Ä ¯ ¼ ° ¶�½Él²t¶�²M¿bÄ ¯ ²t·¬º�× ° ½b¸M¼ ¹9¹ Ä ¯E° ¿"×£ºf² ¾ Ä Ë ¼ ° ¿3¼9¶�½"¼¦·­² ¯"¾ ²�¸ ° ¶ Ë ²t¸ ¯ ¼9¶�É ¹ Ät×l²M¿�¼9¶�¸H¿"²tÄl½E²t½
ÇX¼ ¯"¾ ·­²t¸H¿"²tÄl½"¼¦¶­É�¸ ¾ Ä�¿bÄl¸ ¯ ²M¿b¼9½ ¯ ¼9¸¯ ¼¦³A²t½ ° Î ¯"¾ ²YÃ�¿ ° ¸H²t½"½E²t½tÀPÖ ¾ ²M¿"²MÎ ° ¿"² ¯"¾ ²YÇ�Ä Ë ² ¹ ² ¯ ½EÃf²t¸ ¯ ¿bµ	³à½ ¾­° Ç�½ ° ¶ ¹ × ° ¶­² ¹ Äa×l²M¿ ° Î�· ° ³Á¼9¶	Äl¶ ¯ Ãf²M¿b¼ ° ·�½MÀû�²§²t³AÃ ¾ Äl½b¼ ÛM² ¯"¾ Ä ¯�¯"¾ ²£Ã�¿"² Ë Äl¼ ¹ ¼9¶�Éª¸ ¾ Ä�¿bÄl¸ ¯ ²M¿b¼9½ ¯ ¼¦¸ ¯ ¼9³A²t½�¼9¶ ì ¼rÉ�µ­¿"²YÐ�À�äAÄl¶�· ì ¼rÉ�µ­¿b²YÐ�À Í B�Ä�¿"²§Äl½"½ ° ¸M¼ ÷Ä ¯ ²t·ÏÇ�¼ ¯"¾ ½ ¯ ¿ ° ¶­É ¹ ×]Ò)µ�¸ ¯ µ	Ä ¯ ¼9¶­ÉÝé�µ�Äl¶ ¯ ¼ ¯ ¼r²t½ ¯"¾ ¿ ° µ­É ¾�° µ ¯X¯"¾ ²¬² Ël°�¹ µ ¯ ¼ ° ¶ ° Î ¯"¾ ²¬½E×�½ ¯ ²t³´ÂfÇ ¾ ¼9¸ ¾ Ã ° ¼9¶ ¯ ½ ¯E°¯"¾ ²�²�Ô­¼9½ ¯ ²t¶�¸H² ° Î�¸ ° ³ÁÃ ¹ ¼9¸MÄ ¯ ²t·Å·­×�¶�Äl³Á¼9¸M½T¼9¶ ¯"¾ ²�º ° µ�¶	·�Ä�¿"× ¹ Ät×l²M¿1½MÀ)Ö ° Él² ¯ ³ ° ¿"²£¼9¶­Î ° ¿b³ÁÄ ¯ ¼ ° ¶�Ä�º ° µ ¯'¯"¾ ¼9½½"×�½ ¯ ²t³uÂ�ÇT²ª¸ ° ³AÃ	µ ¯ ²t· ¯"¾ ²©¸ ° ¿"¿"² ¹ Ä ¯ ¼ ° ¶u·�¼9³A²t¶	½"¼ ° ¶ ° Î ¯"¾ ²©½E×�½ ¯ ²t³ÒÄ ¯E¯ ¿bÄl¸ ¯E° ¿tÀ
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(a)   correlation integral from kinetic energy
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(b)   correlation integral from surface heat flow
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(a)  kinetic energy, short time−series
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(b)  kinetic energy, long time−series
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(c)  surface heat flow, short time−series
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(d)  surface heat flow, long time−series
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(a)   kinetic energy, Ra=5 ⋅105, asymmetrical case
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(b)   surface heat flow, Ra=5 ⋅105, asymmetrical case
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(a)   kinetic energy, Ra=10 6, asymmetrical case
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(b)   surface heat flow, Ra=10 6, asymmetrical case
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ùdÕ�ÖuÓ4ë�Ù>å�ÖuÓ4Ô4ã�à�å�ÔAà¯ãAÖuè>æ�Õ�ÝFÞDÕ��
×\ÙgÓ4Ú�ÓAÔ4Ö�á­Ó�ÝÜÓ���à�ÝFÔ4Öiå�èDá�ë�ÛÜÖ�ì±Ù>ß�ï±é�Öië�ãAÖ�æ½Ö�ã�è>â�ÔAÙ>ÝÜß�ÝÜß�ÞtÙ�ÛÜÝFÔ4ÔAÛFÖ�Þ>Ö�èDá�Ö�Ô4ãYÝÜå�Ù>Û
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(a)   Ra=1.0⋅106, asym., time=6.5⋅10−2, time step=254.000 (b)   Ra=1.0⋅107, asym., time=1.2⋅10−2, time step=182.000

(c)   Ra=1.0⋅108, asym., time=2.2⋅10−3, time step=212.000 (d)   Ra=1.0⋅1010, asym., time=5.6⋅10−5, time step=41.000
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� �Çí�ñ�ø�ð�
yð î¯ö�ë7��ñ�ø�ï�ð��ºðòïiû�ú+í�ëÃóÓü«ñ�ø5o àSù é�× u ðÃ÷�÷	�Çñ���î¡ðÃî K ð�
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)��óÇí�
�ø�íºí�ñ�ü�ì�ð ýÇðÃî�
 è7æ ñþóÇí é�é�ß K ð�
yõ¯ø�íçÇè í × ö å ÿ+ðP��Øþ÷]õ¯ÿYï��Çí!�ãñyî��ãí�î ï´ø�öùï�ðòñyî
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�+ì�ñþóÇí Ñ;× �+óÇí�ëÃðÃî¯í�öùï´í�÷ðÃî+ó¯ð��þðÃó¯õ¯ö�ë+ÿ+ëÃõ¯ì�í�÷Pö�î¯ó.óÇñ���îJ��í�ëÃëÃðÃî�
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