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	ZÛÞò ðyà{éTÝ§Ú`æ{çèø�&.ð�åTáTîTçèáTñ�7 á¥ÛÞÚ¶æN2³Ú`æFðyò Ú¶ÛÞÚ¶æ�K�ôBé4ðyåTæóë}ã�õ0åTÚ`ëèë}Ú ë}Ú�&'Ú`æN�'çèø`Ú�î]â(	!ê`æFðyáTðyò ç}ÚqîTê"��Ú`ëèðyéTé4Ú
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d ù d �HÝ§ð�ÛÞð'øÁÝTç}ò ç}Ú&îTÚ�ëÌâ ðn�`ðyá§ÚïÛÞæ{ð�éSðyàFéTÝTê¶æ{ç}õ0åTÚ ù ù ù�ù�ù ù�ù ù�ù ù ù�ù ù�ù ù�ù�ù ù ù�ù¶]�w
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]n]nx

Â.ùb¹ ÙJðyáTø`ëèåTà{çèðyáTà ù ù�ù ù ù�ù ù�ù ù�ù�ù ù ù�ù ù�ù ù ù�ù�ù ù�ù ù�ù ù ù�ù ù�ù ù�ù�ù ù ù�ù
]n] }
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å � ÓFæ^ç � ×�ÕTè ÖQØ Ñ©× � Ô©ÓXè Öêé Ò Ñ�Ø

��Ö�ë 	&á±ã�ë û'à{Ú�Ú`á%ÙJðyò éSðyà{ã�á¥ÛÞÚ¶àc�,æFç}áTø¶ç}é±ã�ëèÚ`à
��Ò�Ó ½ Ã 	#�c�Åã�áTø¶Ú`î�-Hã�æLÛÞÝD?ïìTà{Ú¶æN�'ç}áTñj&§ãÅÛ{Ú`ëèë}çèÛ{Ú
��ì Ï ° 	&çèæaV±ðyæ{ø¶ÚA)�Ú¶ðyéTÝ¥û'à{ç}ø¶à#�xã�ì4ðyæ{ãÅÛÞðyæLû
� « 	!Ú¶æ{ðyàFðyëJ7 áTîTÚ=�
� «5í Ã 	ZÛÞò ðyàFéTÝTÚ`æFç}ø*7 á32³æ{ãnP�Ú`îD&.ðyåTáTî§Ú`æ
� ÌFîFí�í 	!î3�Åã�á§ø`Ú`îF�HÚ`æLûF:�ç}ñ�ÝMPÈÚ¶à{ðyëèå§ÛÞçèðyáMP�ãÅîTç}ðyò Ú¶Û{Ú`æ
�/ï�Ã í 	&ë}ð�áTñ,E@æ{ã�ø��F&.ø`ã�áTáTçèáTñ�P�ã�î§ç}ðyò Ú¶Û{Ú`æ
Ö�Ö Î ÙJðyò òóåTáTç Û ûÉÙJë}çèò�ã ÛÞÚ[ü�ð.îTÚ¶ë
Ö « ÓAÃ «"¥ ÙJÚ`á¥ÛÞÚ¶æ\2³ð�æ�7 á0Û{Ú`æFá±ãÅÛÞçèðyá±ã�ëT-EãÅæFÛÞÝX&.ø¶ç}Ú¶áTø`ÚA7 á32³ðyæFò�ãÅÛ{ç}ðyá�`�Ú¶Û��NðyæN�
Ö�°
� ÙJðyåTøÁÝTÚ1��ç}ò çèÛ{Ú#	ZÛÞò ðyàFéTÝTê`æFç}õ0åTÚ
Ö ¥ Ó1Ã ÙJÚ`á¥ÛÞæFÚ�`�ãÅÛÞçèðyá±ã�ëSî]âL-¾Û{åTîTÚ`àC&.é±ãÅÛ{çýã�ëèÚ`à
Ö Î ÒF° ÙJëèç}òqãÅÛÞÚ[ü�ðyáTç ÛÞðyæFç}áTñ�ãÅáTîD��çýã�ñyá§ðyàFÛ{ç}ø`àa�xã�ì4ðyæ{ãÅÛÞðyæLû
Òj����Ö �&ãÅÛÁã,	!ø¶Û{ç���Ú1	�æ{øÁÝTç$�yÚ�ÙJÚ`á¥ÛÞÚ¶æ
ÒMð �&ðyì§à{ðyá 4 áTç Û
Ó1Ö Îvñ ì -,åTæFðyéSÚ`ã�á�ÙJÚ`á¥ÛÞÚ¶æJ2³ðyæxü�Ú¶îTç}åTò=æÞã�á§ñyÚ80�Ú`ãÅÛÞÝ§Ú`æRV±ðyæ{Ú¶øcã�àLÛ
G5Ú¶á/2³æ{ã�á[Z`ã�ç}à8Å Ö�Ó#ë ÎòÎ ï ô

ÙJÚ`á¥Û{æ{Ú1-Hå§æ{ðyé4ê`Ú¶á%é4ðyåTæ!ëýã��,æ{ê5�'ç}à{çèðyá�ü�ê¶Û{ê`ðyæFðyë}ð�ñyç}õ0åTÚ�ü�ð»û�Ú`á�EsÚ`æFòqÚ�K
Ó*Ò Ï � í -,ò ç}à{àFç}ðyáM�&ãÅÛÁã�ìTã�à{Ú*2³ðyæ\)[ë}ðyìTã�ët	ZÛ{òqðyàFéTÝTÚ¶æ{ç}ø/P�Ú`àFÚcã�æFøÁÝ
Ó ½ Ã -Hã�æLÛÞÝX?ïìTà{Ú¶æN�'ç}á§ñ�&'û'àLÛÞÚ`ò
ÓCë,Ã - 4 üD-_E\&%	_Eò�sðyëýãÅæ\&'û'àFÛÞÚ¶ò
Ó í Ã -Hå§æ{ðyé4Úcã�áXP�Ú`ò ð�ÛÞÚA&.Ú¶áTà{çèáTñ
Ó1ÃT� -,åTæFðyé4Úcã�áD&.é±ã�ø¶Ú1	�ñyÚ`á§ø¶ûWG³Ú`áM2³æÞã�á[Z`ã�ç}à*Å �XÃtÓ 	&ñyÚ¶áTø`Ú1&.éTãÅÛÞç}ã�ë}Ú*-,åTæFðyé4ê`Ú`á§áTÚ+K
Ó*ð Î Ó*ï�ÃT�/ï - 4 æFðyéSÚ`ã�áPðyæ{ñyã�áTçó�`ãÅÛÞçèðyá12³ð�æBÛÞÝTÚ!Ú=�.éTë}ðyç ÛÁãÅÛ{ç}ðyá�ð�2eüD-_E@Ú¶ðyæ{ð�ë}ðyñyçèøcã�ë3&%	_EsÚ`ëèë}çèÛ{Ú`à
Ï  9��ï í ½ ëAÓ )�Ú¶ðyàFÛÞãÅÛÞçèðyá±ã�æLûjEsæ{ð�éSðyàFéTÝTÚ¶æ{ç}øA�sðyë}ëèå§ÛÞçèðyá�-6�.éTë}ðyæFÚ`æ
Ï ½ Î Ó )[ë}ðyì±ãÅëJ?C�`ðyá§Úþü�ðyáTçèÛ{ðyæ{çèáTñ,-6�.éSÚ¶æ{çèòqÚ¶á0Û
Ï ÃTìSÖ )�ð'îTî±ãÅæ{îX&.é±ã�ø¶Ú�V@ë}ç}ñ�Ý0Û!ÙJÚ`á¥ÛÞÚ¶æ
î Ö ¥XÎ :Èû'îTæFð0ÙZã�æFìTåTæ{Ú¶àC`Èðyá�ü�ê¶Û{Ý±ã�áTçèõ'å§Ú`à
« �XÃJô 7 áTàFÛ{çèÛ{å§ÛÈî]âb	!ê¶æ{ðyá§ðyòqçèÚ/&.é±ã ÛÞçýãÅë}ÚïîTÚAQJÚ¶ë}ñyçèõ0åTÚ
« �XÃ « 7 á%2³æÞã�æFÚ`îF	ZÛÞò ðyà{éTÝ§Ú`æ{çèøA&.ðyåTá§îTç}áTñ�7 á¥ÛÞÚ¶æN2³Ú¶æ{ðyò Ú¶Û{Ú`æ
«"Î�Ï 7 á¥ÛÞÚ¶æN2³Ú¶æ{ðyò Ú¶Û{æ{ç}ø ü�ðyáTçèÛ{ðyæS2³ðyæ\)[æ{Ú¶Ú`áTÝTð�åTà{Ú�ñ¥ã�àFÚ`à
«"Î�Ï Ò « Ã 7Lü�)z�ïãÅÛÁã ã�áTîF7 á32³ðyæFò�ã ÛÞç}ð�áM&'û'àFÛ{Ú`ò

d�d
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« ë,Ö�Ö 7 á¥ÛÞÚ`æFñyð+�yÚ¶æ{áTò Ú`á¥ÛÁãÅë��@ã�áTÚ¶ësð�á%ÙJëèç}òqãÅÛÞÚ[ÙJÝ±ã�áTñyÚ
« ë,ÃJ° 7 áTàLÛÞç ÛÞå§Û\�,ç}Ú¶æ{æFÚ�&'ç}ò ðyáM�xã�éTëýãÅø`Ú
«5í 7 á32³æÞã�PÈðyå§ñyÚ
« Ã�Ã ñ¶Ï 7�	C&%7�&'ðyåTáTîTçèáTñ�&.ø`çèÚ`áTø¶Ú*0�ðyæN�0ç}áTñ�)[æ{ðyåTé
« ï�Ö�õ 7 á¥ÛÞÚ¶æ\Esæ{ð�éTç}ø`ã�ëxÙJðyá>�yÚ¶æ{ñyÚ¶áTø`Ú O ðyáTÚ
ö � í ½ Ã ú 	&éTã�áDP�Ú`àFðyåTæFø`Ú`à#?ïìTà{Ú¶æN�ÅãÅÛ{ç}ðyáX&'û'àFÛ{Ú`ò
°�ô,° í ï Î ��ç}á§ÚÜÿ�QEû0ÿ���ç}áTÚ*PÈã�îTç}ãÅÛÞç$�yÚCEsæÞãÅáTàN2³Ú¶æ&ü�ð.îTÚ¶ë
° « Òj� í �J7 ñyÝ¥Û#��Ú¶ÛÞÚ¶ø¶Û{ç}ðyáF	&áTîXPÈã�áTñyçèáTñ
°.ë Î � �xã�ìSð�æÞãÅÛ{ðyç}æFÚ&îTÚA�,Ý¥û.àFç}õ0åTÚóü�ðyë}ê¶ø`åTë}ã�ç}æFÚ&ÚÜÛc	�éTéTëèç}øcã ÛÞç}ð�áTà
°SÃ�Ö�Ó �xã�ì4ðyæÞãÅÛ{ðyç}æFÚ&îTÚ¶àC&'ø`ç}Ú¶áTø`Ú¶à�î§åfÙJëèç}òqãÅÛZÚÜÛ�î§Ú ë2âL-,á>�'ç}æFðyáTáTÚ¶òqÚ¶á0Û
Î Ó*ï ½ ë üD-_EsÚ`ðyæFðyë}ð�ñ�ûF?*�@Ú¶æÞãÅÛ{ç}ðyáTáTã�ë
Î÷« ï « ü�ç}áTçèàFÛÞæLûlð�2�7 á¥ÛÞÚ`æFá±ãÅÛ{ç}ðyá±ãÅëTE@æ{ã�îTÚ ã�áTîM7 áTî§åTàFÛ{æFû
Î ½ ë « ï�ï ü�Ú`ã�à{åTæFÚ`ò Ú`á¥ÛÞàC?#28�sðyë}ëèå§ÛÞçèðyá�7 áFE!ÝTÚ1Esæ{ð�éSðyàFéTÝTÚ¶æ{Ú
Î ½ õ_� í ï ü�ð'îTÚ`ëT2³ðyæ\? O ðyá§ÚA	�áTîXPÈÚ¶ëýãÅÛ{Ú`îÉøÁÝTÚ`ò ç}ø`ã�ëTEsæÞã�ø¶Ú`æFà
Î Ã Ï ü�Ú¶Û{Ú`ðyà{ãÅÛ*&'Ú`ø`ð�áTî�)[Ú`á§Ú`æÞã ÛÞç}ð�á
¥ �XÃJ� `c	ZÛ{ç}ðyáTã�ëR&.é±ãÅø`Ú/	&ñyÚ¶áTø¶û
¥ �XÃJÒ�� `\	ZÛÞçèðyá±ã�ëT&.é±ã�ø¶Ú��&Ú5�yÚ¶ë}ðyéTò Ú`á¥Û\	&ñ�Ú`áTøÜûÉð�2 ú ãÅé±ã�á
¥ Ö�� í `�ãÅÛÞçèðyá±ã�ë]ÙJÚ`á¥ÛÞÚ¶æ\2³ð�æ�	ZÛÞò ðyà{éTÝ§Ú`æ{çèø/PÈÚ¶à{Ú`ã�æ{øÁÝ
¥ ÒDÃ�Ö `�Ú¶Û��NðyæN�M2³ð�æa�&Ú¶Û{Ú`ø¶Û{ç}ðyáÉð�2_&'ÛÞæ{ãÅÛÞð�à{éTÝTÚ¶æ{çèø ÙJÝ±ã�áTñyÚ
¥ Ò ÌM« `Èðyæ{òqã�ëèçó�`Ú¶î��&ç$�eÚ¶æ{Ú`á¥Û{çýã�ët�HÚ¶ñyÚ¶ÛÞãÅÛÞçèðyá�7 áTîTÚ=�
¥ Ó*ÒMï `�ðyçèà{Ú/-,õ0åTç��Åã�ëèÚ`á¥ÛaEsÚ`ò éSÚ¶æÞãÅÛ{åTæ{ÚA�&ç$�eÚ¶æ{Ú`á§ø`Ú
½ Îò« ?C�¶ðyáTÚ�ü�ðyáTç ÛÞðyæFç}áTñ,7 á§àFÛÞæFåTò Ú`á¥Û
½ ï�Ò ?ïé§Û{ç}øcãÅëTE@æ{ã�áTàFç}Ú`á¥Ûc�&ÚÜÛÞÚ`øÜÛÞðyæ
ë ½ °�Ò�Ó í �
?*�xã�æFçó�cã ÛÞç}ð�álã�áTîX�&ç}æFÚ`øÜÛÞç}ð�á±ã�ë}ç Û û ð�2@Û{ÝTÚA-Hã�æFÛ{Ý]âäàcP�Ú"ø±Ú¶ø¶ÛÁãÅáTø`Ú¶à
í ��Òj� í Pa	!îTçýãÅÛ{ç}ðyáM��Ú¶ÛÞÚ¶ø¶Û{ç}ðyáF	&áTîXPÈã�áTñyçèáTñ
í ï « �XÃ « ò ð'îTß`ëèÚ[îTÚ[ÛÞæÞãÅáTàN2³Ú¶æFÛ�æÞãÅîTçýãÅÛ{ç�2R7�	C&%7
í�Î Ã P�ð'ð�ÛÈü�Ú`ã�áH&.õ0å±ãÅæ{Ú�ðyåÉîTç��Sê`æFÚ`áTø¶Ú�õ0å±ãÅîTæÞãÅÛ{ç}õ0åTÚ
ÃT� &'Ú`æN�'çèø`Ú�î]â(	!ê`æ{ð�áTðyò ç}Ú
ÃT� Ï Ó &'ÛÞæ{ãÅÛÞð�à{éTÝTÚ¶æ{çèøA	!Ú¶æ{ðyàFðyëxã�áTîD)�ã�àa-6�§é4Ú`æFç}ò Ú`á¥Û
ÃTô,ð Ì &'ðyëýã�æaQJã�ø��0à{øcã Û{ÛÞÚ¶æ{Ú¶î 4 ë ÛÞæ{ã,�&ç}ðyëèÚ¶Û
Ã�Ö « � Î ��Ö îFù &'øcã�áTá§ç}áTñ�7 ò�ã�ñ�ç}áTñ�	&ì§à{ðyæFé§ÛÞçèðyáH&.é4Ú`øÜÛÞæFð0ü�Ú¶Û{Ú`æ#2³ð�æ\	ZÛ{òqð�à{éTÝTÚ¶æ{çèø�ÙS:&ãÅæFÛÞð ÿ

ñ�æÞã�éTÝ�ú
Ã Î Ó &'ðyëýã�æ!ü�Ú`àFðyà{éTÝ§Ú`æ{Ú�-6�§é§ë}ðyæFÚ`æ
Ã Ì Ò &.çèáTñyåTë}ã�æ
�EãÅë}åTÚ/�&Ú¶ø`ðyò é4ðyà{ç ÛÞç}ð�álðyåÉîTê`ø¶ðyòqé4ðyàFçèÛÞçèðyálÚ`áM�Åã�ë}Ú¶åTæ{à!àFç}áTñ�åTë}çèß`æ{Ú¶à
ïAÓ1Ã Esæ{ðyé4ðyà{é§ÝTÚ`æFç}ø/-,òqçèà{àFç}ðyáF&.é4Ú`øÜÛÞæFðyòqÚÜÛÞÚ¶æ
ï ½ Î Ã E@ðÅÛÁã�ë�?C�`ð�áTÚ�ü%ã�éTéTçèáTñ�&.é4Ú`ø¶Û{æ{ðyò Ú¶Û{Ú`æ
ï í ½ Ö EaP�?ïé4ðyà{é§ÝTÚ`æFç}ø�ÙJÝTÚ`ò ç}àLÛÞæLûÉã�áTî�ø`ëèç}òqãÅÛÞÚ�òqçèà{à{çèðyá
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ï�ï ½ Esæ{ð�éTç}ø`ã�ëTEsæ{ðyé4ðyà{é§ÝTÚ`æFç}ø1?C�`ðyáTÚ
ï ½ Ì Ã E�7�P�?/&F?ïéSÚ¶æÞãÅÛ{ç}ðyá±ãÅë��HÚ`æLÛÞçèøcã�ëR&'ðyåTáTîTÚ¶æ
ð Ï � Î ë 4 
 4 áTç$�yÚ¶æ{à{ç ÛÞçèÚ`à`â�)�ëèðyì±ã�ë�	ZÛÞò ðyà{éTÝ§Ú`æ{çèø�ü�ð.î§Ú`ë}ëèç}áTñ��HæFðyñyæ{ã�òqò Ú
ðM°
ô 4 áTç$�yÚ¶æ{à{ç ÛÞêA��ç}ìTæFÚ[îTÚAQJæ{å��§Ú¶ë}ëèÚ`à
ðM°�­ 4 áTç$�yÚ`æFà{ç ÛÞê�îTÚA��ç}ß`ñ�Ú
ð Ìû4 ëèÛÞæ{ã��ïçèðyë}ÚÜÛ
ñ�Î ½ 0�ðyæ{ëèî�ü�Ú¶Û{Ú`ðyæFðyë}ðyñ�ç}øcãÅëT?ïæ{ñyã�áTçó�`ãÅÛÞçèðyá
ñ ½ ðFÒDÖ 0�ðyæFë}îF?C�`ðyá§Ú 4 ëèÛ{æÞã��'ç}ðyëèÚ¶Û��&ãÅÛÁãqÙJÚ`á¥ÛÞÚ¶æ
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3

à{ðyá¥Û�éTæFð.î§åTçèÛ{Ú`à`ôsîTðyá¥Û d ô·x�é§æ{ðÅÿ
�.çèÚ`áTá§Ú`á¥ÛÈîTÚ�ëýã�îTÚ`àLÛÞæFåTø¶Û{ç}ðyáÉîTÚ�ëýã�ò ðyë}ê¶ø`åTëèÚïîTÚ*2³ðyæFò�ã�ëèîTê`Ý¥û'îTÚÅù��xãPé§æ{ê`àFÚ`áTø¶Úþî]â ð��'û.î§Ú`à&îeâíã��¶ð�ÛÞÚ
Ú¶Û,îTÚÈÙ�?�ðyå�î]â Ý¥û'îTæ{ð'øcã�æFìTåTæFÚ`àEéSÚ¶æ{ò Ú¶ÛHã�çèáTà{ç'åTáTÚ!é§æ{ð'îTåTø¶Û{ç}ðyá�á§Ú¶Û{Û{Ú!î]âL?

3

îTã�áTà,ëýãÈÛÞæ{ð�éSðyàFéTÝTß¶æ{Ú�ù
-HáÉæFÚ"�Åã�áTøÁÝTÚÅô�éTæ{ê¶à{Ú`á¥Û{à�î±ãÅáTà�îTÚ`àÈõ0å±ã�á¥ÛÞç ÛÞê`àZÛ{æ{ðyéÉçèòqé4ðyæFÛÞã�á¥ÛÞÚ¶à/G5àFåTéSê¶æ{çèÚ`åTæFÚ`à�÷Põ0åTÚ¶ë}õ0åTÚ¶à�éTé§ì�KÜô
ë}Ú`à�`C?

x

éSÚ¶å3�yÚ¶á¥Û�î§Ú"�yÚ¶áTç}ælî§Ú`àlç}á§ÝTç}ìTç ÛÞÚ¶åTæ{à îTÚ�ëýã�éTæ{ð'îTåTøÜÛÞç}ð�á�î]âL?
3

ù!�xã:æ{êcãÅø¶ÛÞçèðyá�ã��yÚ¶øW?/:
ø`ðyáTî§åTç}à{ã�á¥ÛÈ÷ ë}ã�2³ðyæ{òqãÅÛÞçèðyá�î]âäã�ø¶ç}îTÚ�áTç ÛÞæ{çèõ0åTÚïø`ð�áTàFÛ{çèÛÞå§Ú ëèÚ[éTæ{çèáTø`çèé±ã�ëSéTåTçèÛ{à�îTÚ`à\`C?

x

Å

NO2 + OH −→ HNO3

4 á£Ú5�.ø`ß¶àPîTÚM`C?
x

îTç}ò ç}á0åTÚqîTðyáTølë}ãféTæ{ð'îTåTøÜÛÞçèðyá©î]âL?
3

Ú¶á�ø¶ðyáTàLÛÞçèÛ{å±ã�á¥ÛPåTá£éTåTç ÛÞàóçèòqé4ðyæLÛÁã�á¥Û
îTÚ�:C?

x

ùR�þâäã�å§Û{æ{ÚPé±ã�æLÛcô]ë2â·?
3

2³ðyæFòqê�éTã�æ[éTÝTð�Û{ð.î§ç}à{àFð.ø¶çýãÅÛ{ç}ðyá�îTÚ�`C?
2

æ{êcãÅñyçèÛ[æ{ã�éTçèîTÚ`ò Ú`á¥Û ã��yÚ¶ø
ëÌâ Ú5�.ø`ß¶àÈî§Ú1`#? G5æFêcã�øÜÛÞçèðyá d ùL¸nKÜù



]B¹ â�¸c×�¹_ÜhÝ�Ùcá»ºW¼ûü�½ Þ/¾_ÞaßcáòÝ�Ù*Þb¹\Þaà*¹"¸#Ú.ÙaÜ
¿�ý�á
Ò� ��"�+��¨�¡��+�u���®¬�±Ë��²>���� 

��Ú`à[îTÚ¶å%��éTæFç}áTø¶ç}é±ãÅå%�fò ê`ø`ã�áTçèà{ò Ú`àïîTÚ�î§Ú`àFÛ{æ{åTøÜÛÞçèðyá�îTÚ�ëÌâ ðn�¶ðyáTÚóàFðyá¥Û�àÞãléTÝTð�Û{ð.î§ç}à{àFð.ø¶çýãÅÛ{ç}ðyá
Ú¶Û�ëèÚ`à�æ{ê`ã�ø¶Û{ç}ðyá§à!î]âäð��'û'î±ãÅÛ{ç}ðyá�îTÚ`à�Ý¥û'îTæ{ð'øcãÅæ{ìTåTæFÚ`àÈÚ`á�ëÌâäã�ìTàFÚ`áTø¶Ú�î]â ð��'û.î§Ú`à&îeâíã��¶ð�ÛÞÚÅù

�xãþéTÝTð�Û{ð.î§ç}à{àFð.ø¶çýãÅÛ{ç}ðyá îTÚïë2âäð��`ðyáTÚ�î±ã�áTàJëýã Û{æ{ðyé4ðyàFéTÝTß`æFÚïÚ`àLÛ!æ{ê`ã�ë}çèà{ê¶Ú&é4ðyåTæJå§álæÞãcûyðyá§áTÚ`ò Ú`á¥Û
÷þîTÚ¶àZë}ð�áTñyåTÚ¶åTæ{àZîeâäðyá§îTÚïà{å§éSê¶æ{ç}Ú¶åTæ{Ú¶à�÷�¸ d w�áTò G³ì±ã�áTî§ÚïîTÚ*:ÈåTñyñyçèáTà�KHðyå�ç}á%2³ê`æ{çèÚ`åTæFÚ`à!÷�¸ d wþáTò
G5ìTã�áTîTÚ�îTÚA:&ãÅæFÛÞëèÚ¶û3K#Å

O3 + hν (λ ≥ 310nm) −→ O2 + O
(

3P
) G d ù | K

ÙJÚ¶ÛFÛÞÚ�æ{ê`ã�ø¶Û{ç}ðyá�éSÚ¶å§Û Ú`áTàFåTçèÛ{Ú�ø¶ðyáTîTå§ç}æ{Ú�÷wëýã�2³ðyæ{òqãÅÛ{ç}ðyá©îTÚX?
3

ø`ã�æPëýã æ{ê`ã�ø¶Û{ç}ðyá d ùL] Ú¶àFÛ ÛÞæFß`àæÞãÅéTç}îTÚÅùR�@ðyå§æ�îTÚ¶à�ëèðyáTñyå§Ú`åTæFà�î]â ðyáTî§Úqçèá32³ê`æFç}Ú`å§æ{Ú`à ÷X¸ d wÉáTò�ô�ë}ãlæ{êcãÅø¶ÛÞçèðyáwîTðyáTáTÚ îTÚ ëÌâ ð��.û'ñyß¶áTÚãÅÛ{ðyòqçèõ0åTÚïî±ã�á§àÈë2âäêÜÛÁãÅÛ�Ú=�.ø`çèÛ{ê�Gy?�G
1
�CK�KCÅ

O3 + hν (λ ≤ 310nm) −→ O2 + O
(

1D
) G d ù } K

Ú¶Û
O
(

1D
)

+ H2O −→ 2OH
G d ùbÂ>K

?ïá�ã ãÅë}ðyæFà!éSÚ¶æFÛÞÚ�îTÚ1?
3

Ú¶Û�éTæFð.îTå§ø¶ÛÞçèðyáÉîTÚ1?*:�ù
7 ë'ûþã�åTæ{ã&ê`ñyã�ë}Ú¶òqÚ¶á0ÛBîTÚ`àLÛÞæFåTø¶Û{ç}ðyáóîeâäðn�¶ðyáTÚZëèðyæ{à@îTÚJë}ã&æ{ê`ã�ø¶Û{ç}ðyá�îTÚa?*:�ã���Ú`øÈÙS:

4

ÚÜÛEÙ�?�éSð�åTæ
îTÚ¶àÈø¶ðyáTø¶Ú`á¥ÛÞæ{ãÅÛÞçèðyáTà�îTÚA`C?�25ãÅç}ìTëèÚ`à`ù[?ïá�ãPÚ`á�Ú"�SÚ¶Û�ã�ëèðyæ{àJë}Ú`à�øÁÝ±ã�lýáTÚ¶àÈî§Ú æFêcã�øÜÛÞçèðyáTà!à{å§ç��Åã�á¥ÛÞÚ¶à1Å

CO + OH −→ CO2 + H
H + O2 + M −→ HO2 + M
HO2 + O3 −→ OH + 2O2

CO + O3 −→ CO2 + O2Ú¶Û
CH4 + OH −→ CH3 + H2O

CH3 + O2 + M −→ CH3O2 + M
CH3O2 + HO2 −→ CH3OOH + O2

CH3OOH + hν (visible) −→ CH3O + OH
CH3O + O2 −→ HCHO + HO2

CH4 + O2 + hν −→ HCHO + H2Oðyå
CH4 + OH −→ CH3 + H2O

CH3 + O2 + M −→ CH3O2 + M
CH3O2 + HO2 −→ CH3OOH + O2

CH3OOH + OH (visible) −→ HCHO + OH + H2O
CH4 + OH + HO2 −→ HCHO + 2H2Oà{å§ç��Åã�á¥ÛJõ0åTÚ&ë}Ú&é4Ú`æFð��.û'îTÚ&îTÚïò ê¶ÛÞÝ¥û'ë}Ú�GÌÙS:

3

?A?*:#KHÚ¶àFÛ!éTÝ§ð�ÛÞð'îTç}àFà{ð'ø`çèê�ðyå�ð+�'û'îTêÅù[7 ëSé4Ú`å.ÛZê`ñyã�ë}Ú�ÿ
ò Ú`á¥Ûa�¶Û{æ{Ú�ê`ëèç}ò ç}áTê�é±ã�æ!îTçèà{à{ð�ë}å§Û{ç}ðyálî±ãÅáTà�ë}Ú`à�á0å±ã�ñ�Ú`à`ù

��Ú&ìTçèëýã�á îTÚïø¶Ú`àZæFêcã�øÜÛÞç}ð�áTàJÚ¶àFÛZå§áTÚïîTÚ¶àFÛÞæFåTø¶Û{ç}ðyá�î]â·?
3

ù%�,âäð��'û'î±ãÅÛÞçèðyá�î]â åTáTÚ&òqðyëèê`ø¶åTë}Ú�îTÚ�Ù�?
à`âäã�ø¶ø`ðyò é±ã�ñyá§ÚïîTÚïë}ãþîTÚ`àLÛÞæFåTø¶Û{ç}ðyálî]â åTáTÚ[ò ðyëèê`ø`å§ë}Ú&îeâ·?

3

ù3�@ðyåTæ!î§Ú#25ã�ç}ì§ë}Ú`àNø`ðyá§ø`Ú`á¥Û{æÞãÅÛ{ç}ðyáTàJî]â·?
3Ú¶ÛÈîTÚ�`C?

x

ô�çèë]û�ãqã�ø¶ø`åTòþåTëýãÅÛ{ç}ðyáÉîTÚ1:C?
2

Ú¶Û�ëÌâ ð+�'û'î±ãÅÛ{ç}ðyá�îTåfÙS:
4

ø¶ðyáTîTå§çèÛ&÷ ë}ã,2³ð�æ{òqãÅÛÞçèðyáÉîTÚ
2³ðyæFò�ã�ëèîTê`Ý¥û'îTÚ[ÚÜÛ�î]âäÚ`ã�å�àÞã�áTàÈø`ð�áTà{ðyò òqãÅÛÞçèðyá�î]âL?

3

ù
�þâäã�å§ÛÞæFÚþé±ãÅæFÛcô�ëèÚ�:&ÙS:C?Ð2³ðyæ{ò ê�ø`ðyá§îTåTçèÛ&÷që}ã�2³ð�æ{òqãÅÛÞçèðyáÉîTÚ�:#?

2

ô�õ0åTçséSÚ¶å§Ûïø¶ðyáTîTå§ç}æ{Ú�÷që}ã
îTÚ¶àFÛÞæFåTø¶Û{ç}ðyáÉî]âL?

3

ð�å%÷�ëýã�2³ðyæFò�ã ÛÞç}ð�á�îTÚ�éSê¶æ{ð��'û'îTÚ�îeâäÝ¥û'îTæ{ð�ñyß`áTÚjG¾:
2

?
2

K#Å



ºW¼çºL¼�¹"¸�Þ�Ý!Þ/â�¸\Ü'äXÜ�ázhCáÊü�½ Þ/¾_Þ�ß#áòÝ�Ù*Þb¹cÞaà*¹"¸cÚ�ÙaÜ
¿�ý�á ]nx

HO2 + O3 −→ OH + 2O2

HO2 + HO2 −→ H2O2 + O2

�xÚ�é4Ú`æFð+�'û'îTÚ�î]âäÝ¥û'îTæFðyñyß`á§Ú*:
2

?
2

éSÚ¶å§ÛJÚ¶áTà{å§çèÛÞÚ\�¶Û{æ{ÚÈéTÝTð�Û{ð.î§ç}à{àFð.ø¶ç}ê!ÚÜÛJø¶ðyáTîTåTçèæ{ÚÈ÷�ëýã*2³ðyæ{òqãÅÛÞçèðyá
îTÚ�æÞãÅîTç}ø`ã�å%�f?*:�ôBæFêcã�ñ�ç}æóã���Ú`ølë}ÚqæÞã�î§ç}øcãÅëS?*:^é4ðyåTæA2³ðyæ{ò Ú`æ�îTÚ�ëÌâ ÚcãÅå:ðyå �¶Û{æ{Ú�ëèÚ`àFà{ç���êlé±ã�æ�ë}Ú`à
éTë}åTçèÚ`à¶ù�?[á�ã§ô0î±ã�áTàHÛÞð�åTàJø¶Ú`àJø`ã�à`ô0îTÚ¶àFÛ{æ{åTøÜÛÞç}ð�á�îTÚÈæÞã�îTçèøcã�å���:C?

x

G¾?*:ak*:C?
2

KÜô0ø¶Ú�õ0åTçSã�åTæ{ã åTá§Ú
ç}á3ø±å§Ú`áTø¶Ú çèáTîTçèæ{Ú`øÜÛÞÚ[àFåTæ�ëÌâL?

3

ù
4 áPã�å§Û{æ{ÚJé§æ{ð'ø`Ú`àFà{åTà,î§ÚZîTÚ`àLÛÞæFåTø¶Û{ç}ðyá�î]â ðn�¶ðyáTÚZçèòqé4ðyæFÛÞã�á¥ÛBîTã�áTà¾ë}ã�ø`ð�åTøÁÝTÚ!ë}çèòqç ÛÞÚ,Ú¶àFÛ,ëèÚJîTê¶é�T�Û

à{Ú`øq÷ÉëýãÉà{åTæ'25ã�ø`ÚÅôsÚ¶á¥ÛÞæÞã�lýá±ã�á¥Û à{ð�çèÛ åTáTÚ îTê`ø¶ðyò éSðyàFçèÛ{ç}ðyáfÛ{ÝTÚ`æFòqð'î§û'á±ã�ò ç}õ0åTÚÅô�øcãÅÛÞã�ëèû'à{ê¶ÚqéTã�æ�ë}Ú`à
à{åTæ'25ã�ø`Ú¶à`ô»îTðyá¥Ûsë}ÚHìTçèëýã�á[à¶âäê¶ø`æ{ç Û_]�?

3 −→
¸>?

2

ô àFðyçèÛxå§áTÚJãÅìTà{ðyæFé§ÛÞçèðyá�îTÚEëÌâ ðn�`ðyá§Ú,é±ã�æxëýãS�yê¶ñyê¶ÛÞãÅÛÞçèðyá]ô
ø`Ú`ëèë}Ú�ÿ ø`çSê¶ÛÞã�á¥Û\2³ð�æFÛÞÚ¶òqÚ¶á¥Û�î§ê`é4Ú`áTî±ãÅá0Û{Ú�î§å�Û û'é4Ú î§Ú é§ëýã�á¥ÛÞÚ[ÚÜÛÈîTÚ�à{ðyá�ã�ø¶Û{ç��'çèÛ{êïò ê¶ÛÁãÅìSðyëèç}õ0åTÚÅù
Ú�Û$Ú"Ûµè Ü  "%(Ý:Þ6,���#å �.*àâá"%���ã�ä���#é�wá"!�!�,�0&#

`ÈðyåTàHá]âäã�ë}ëèðyáTà@é±ã�à,ÛÞæ{ã�çèÛ{Ú`æ¾ø¶Ú¶Û{Û{Ú�é±ã�æFÛ{ç}ÚZÚ¶áqî§ê¶ÛÁãÅç}ëTÚ¶á æ{ã�ç}àFðyáPîTÚ!ëýãïø¶ðyò éTë}Ú=�§ç ÛÞêZî§åqéTæFðyìTëèß`ò Ú�ô
ò�ã�çèàZà{Ú¶åTë}Ú¶òqÚ¶á¥Û�î§ðyáTáTÚ¶æÈëèÚ`à!éTæFð.ø¶Ú`àFà{åTà�éTæ{çèáTø`çèé±ã�å%�Sù

	�å%�£æFêcã�øÜÛÞç}ð�áTà�éTæ{ê¶ø`ê¶îTÚ`á¥ÛÞÚ¶à�îTð�ç��yÚ¶á¥ÛPà`âäã»öFðyå§Û{Ú`æPë}Ú¶à�æ{êcãÅø¶ÛÞçèðyáTà�ò Ú¶ÛFÛÁã�á¥ÛPÚ`á%öFÚ¶å¤ëèÚ`à�Ý¥û'îTæ{ðÅÿ
øcã�æFìTåTæ{Ú¶àÈã�å§ÛÞæFÚ`à�õ0åTÚ ë}Ú[ò ê¶ÛÞÝTã�áTÚ[æ{Ú¶ñyæ{ð�åTéSê¶à�à{ðyåTà�ëèÚ[áTðyò î]â Ý¥û'îTæ{ð'øcã�æFìTåTæFÚ`àÈáTðyá.ÿ òqêÜÛÞÝ±ã�á§ç}õ0åTÚ`à
G¾:ïÙS`&ü�KÜô�çèáTø`ëèå±ã�á¥Û�ëÌâ ç}àFðyéTæ{ß¶áTÚ�Ú¶ÛÈë}Ú¶à�òqðyá§ð�ÛÞÚ¶æ{é4ß`áTÚ¶à`ô�ê`ò ç}à!é±ãÅæÈë}ã��yê`ñ�ê¶ÛÁã ÛÞç}ð�á]ô±ë}Ú¶à�ãÅë}øcãÅáTÚ`à¶ô±ë}Ú`à
ã�ë}ø¶ß`áTÚ¶à`ôyëèÚ`àHã�ëèø¶û'áTÚ`à¶ô¥ë}Ú¶à,ø`ðyò éSð�à{ê`àEã�æFðyòqãÅÛÞçèõ'å§Ú`à¾ÚÜÛHÝ0û'îTæFðyñyê¶áTê`à¶ô&

Z¡¥�e KBîTðyá¥ÛEë}Ú¶à,ø`ðyá§ø`Ú`á¥Û{æÞãÅÛ{ç}ðyáTà
à{ðyá¥ÛÈç}ò éSð�æFÛÁãÅá0Û{Ú`àZîTã�áTà�ë}Ú¶à\�¶ðyáTÚ¶àÈé4ðyëèë}åTê¶Ú`à!Ú¶Û�ã�å'ÿ îTÚ¶à{à{å§à�îTÚ¶à�2³ðyæ��ÜÛÞà`ù
ÙJÚ¶à�æFêcã�øÜÛÞçèðyáTà�éSÚ¶å3�yÚ¶á¥ÛC�¶Û{æ{Ú ñyê`á§ê`æÞãÅë}ç}àFê`Ú¶àÈÚ¶á%áTðÅÛÁã�á¥ÛcPc:jëèÚ`à\:ïÙS`&ü�ô�Ú¶Û#P âíÙS:C?�ëèÚ`à�ø`ð�òPÿ

éSðyàFê`à�øcãÅæ{ì4ðyá¥û.ëèê`à¶ô�ã+��Ú`ø1PXê`õ0åTç$�Åã�ë}Ú¶á0Û�÷�P�â ÙS:
2

Å

OH + RH −→ R + H2O
R + O2 + M −→ RO2 + M
RO2 + NO −→ RO + NO2

RO + O2 −→ HO2 + R′CHO
HO2 + NO −→ OH + NO2

2 ∗ (NO2 + hν −→ NO + O)
2 ∗ (O + O2 + M −→ O3 + M)

RH + 4O2 + hν −→ R′CHO + H2O + 2O3

��Ú¶à ø¶ðyò éSðyàFê`à�øcãÅæ{ì4ðyá¥û.ëèê`à[é4Ú`å3��Ú`á¥Û�ãÅë}ðyæFàïà{åTì§ç}æ[î]âäã�å§Û{æ{Ú`à�æFêcã�øÜÛÞç}ð�áTà[éTÝTð�Û{ð.øÁÝ§ç}ò ç}õ0åTÚ`à[é§æ{ðÅÿ
îTåTç}à{ã�á¥Û�îTÚ¶à�æÞãÅîTç}ø`ã�å%�¤Ý¥û.î§æ{ðyñyê¶áTê`àlð�å�ðyæ{ñyã�áTç}õ0åTÚ¶à�õ0åTçï÷�ë}Ú`å§æ Û{ðyåTæ�é§æ{ð'îTåTç}æFðyá¥Û�îTÚ�ëÌâ ðn�`ð�áTÚ�ù
�xÚ¶àA:ïÙS`ïü Ú¶Û ëèÚ`àA:ïÙS`&ü ð��'û'ñyê`áTê¶à�G³é±ã�æ[Ú5�.Ú¶òqéTëèÚPë}Ú`à�ãÅë}ø`ð'ðyëèà`ôeëèÚ`à�ã�ëèîTê`Ý¥û'îTÚ¶à�ðyå ëèÚ`à ã�ø`çèîTÚ`à
ðyæ{ñ¥ãÅáTç}õ0åTÚ¶à�KJà{ð�á0ÛÈæFÚ`ñyæFðyåTé4ê`à�î±ã�áTà�ë}ã,25ãÅòqçèë}ë}ÚÈîTÚ¶àÈø¶ðyò éSðyàFê`à�ðyæFñ¥ã�áTçèõ'å§Ú`àS�yð�ëýãÅÛ{ç��yÚ¶à1GÌÙ�?a�*KÜù

�&ã�áTà[ë}Ú¶àïæ{ê¶ñyç}ð�áTàïáTðyá'ÿ é4ðyë}ëèåTê`Ú¶à`ô4ë}Ú`à[é§æ{ê`ø¶åTæ{àFÚ`åTæFà�îTÚ�ëÌâ ðn�`ð�áTÚóà{ð�á0Û�é§æ{ç}á§ø`ç}éTã�ë}Ú¶òqÚ¶á0Û[ÙS:
4

Ú¶Û
Ù�?«Ú`á�éTæ{ê¶à{Ú¶áTø`Ú î]â ð+�'û'îTÚ¶àþî]âäã��`ðÅÛÞÚ�ùR�&ã�áTà ë}Ú`à*�¶ðyáTÚ¶à�é4ðyë}ëèåTê`Ú¶à`ô]çèë625ã�å§Û�ê¶ñ¥ã�ëèÚ`ò Ú`á¥Û�éTæ{Ú¶áTîTæFÚqÚ¶á
ø`ðyò é§ÛÞÚHëèÚ`à@Ù�?a�¤õ0åTç0à{ðyá¥Û@éTæ{ê¶à{Ú`á¥Û{àBî±ã�á§à@ë}ã!Û{æ{ðyé4ðyàFéTÝTß`æFÚNáTãÅÛÞåTæFÚ`ëèë}Ú,òqã�ç}à�îTð�á0Û@ëýã!ø¶ðyáTø`Ú¶á¥ÛÞæÞã ÛÞç}ð�á
Ú`àFÛ/2³ðyæLÛÞÚ¶òqÚ¶á0Û�ã�å§ñyòqÚ¶á¥ÛÞê`ÚPî±ãÅáTà�å§á�Ú¶á9�'çèæ{ðyáTá§Ú`ò Ú`á¥Ûþé4ðyëèë}åTêÅôeîTÚ5�yÚ`áTã�á¥Û�ã�ëèðyæ{à[îTÚ¶à�é§æ{ê`ø¶åTæ{àFÚ`åTæFà
áTðyá.ÿ áTê`ñyëèç}ñyÚ`ã�ìTëèÚ`àJî§Ú ë2âäð��`ðyáTÚÅù
Ú�Û$Ú"Û\ê ë #&%(�*0&ì"�nàâ#&%��*ã��$àâ��í�,�#&%

4 áTÚþõ0å±ãÅá0Û{çèÛ{êþà{Ú¶åTç}ëxî]â ð��'û.î§Ú`à[î]âäã��`ðÅÛÞÚþÚ¶àFÛ&áTê`ø¶Ú`à{à{ã�ç}æFÚóé4ðyåTæÈðyì§ÛÞÚ¶áTç}æÈåTáTÚþéTæ{ð'îTåTøÜÛÞç}ð�á�áTÚÜÛ{Û{Ú
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 2      3409.4556
 3      8473.9677
 4      2681.4242
 5      4275.8129
 6      1940.5495
 7      1786.7649
 8      271.67703
 9      9.6806398
10      603.47746

1000 1010 1020 1030 1040 1050 1060

−5

0

5

10

15

x 10
−8

Nombre d onde (cm−1)

δy

 1      331.0796
 2      360.7644
 3      843.6542
 4      266.3975
 5      429.1257
 6      193.4694
 7       178.707
 8      27.23184
 9     0.9661795
10      60.46937

1000 1010 1020 1030 1040 1050 1060

−2

0

2

4

6

8

x 10
−8

Nombre d’onde (cm−1)

δy

 1      300.3656
 2      2.410576
 3     0.0135588
 4     0.2135665
 5    0.06706128
 6  0.0002643521
 7    0.02318356
 8   0.003889514
 9  0.0001077052
10   0.001187797

1000 1010 1020 1030 1040 1050 1060

−3

−2

−1

0

1

2

3

x 10
−8

Nombre d’onde (cm−1)

δy

 1      1.5369
 2    0.015613
 3   0.0019799
 4   0.0085194
 5    0.002007
 6  0.00065819
 7   0.0024357
 8  0.00018899
 9  1.0317e−05
10  1.6447e−05

�����'o\ÑS� Ñcq��+y����iw'�Ey-xY}�sewir���}~|öw�w/�7r�xYt�w�����t����
a P C��[r�t�{/�\yTSÊy®|�����t���� a

w��Er�x�C � � �2[I� �Ey��
a P Cc���
��}~|öyTS N����t��'x y��
r��[�����®|��Ey�
3w�xzr�s��&y^��� �|�"��sey P y�s���r�t�|_S�y®|�xºr�{i��s�{�y�s�|~�
r�|~}~��s³��� �|�"��sey P y�sBW
r�v�S �
δy
y#|�{®��}%|����iy

c2
r�v�v®��{#}�w��7'�y3s�}���y
r�t �EyXW���t&}~|����
wK��t¢�\��t&��¡¢" � ¡ P ] �c£ �\[

−8 ¤ �Ð{K
 2
{K


−1
v��TS�y�v�|j}�se��}�¥#t\w�y�s.|~�
r�}%|%v����}%s�|~}%x�x w�v�s���}%�	v��



8�:§¦ :8û'ú'f!anbGf�= bgf _if+ùGú�6Zl ] a�_"ú'f¨>cb©@ ] l�b-d*=76^b �E�
ú»ê¡ïHø/ì�ì�õ�ï«îGú»ê¡ý�ñ*ùdø/ò»÷�êKêwîYú»ê¡íwõ�ò»í*êwò	îHïHø.îHödõ/ò�ö�ë�ë=ó»ëGú»óºý�õ�úS�wùdê¥ú�ê¤í#W�ödý�ödê"Ì�îHï�ø/ò»ë�ìuõ�ï«î`�ª+�«¦�+¶p·êwî[ï�ø/í*íwõ�ï�ú�ñ*ë§ø/ó�� íwùdödý�øÅî�õ�ùdõ�÷/ödê*ëcÍc
Ê�Ê��ËÛø/ó�Ì?ú»ê*ë=ë�ó»ë§ú»ê�ùtø î�ï�õ�ìuõ�ìhøÅó»ë�ê�õ�ò	î[ñwî�ñ�ó�î�ödùdö�ë�ñwë���RIø
�/øÅï�ötø&�»ödù�ö�îHñ¤ë�ì»øÅîHödø/ùdê�êxîVî�ê*ý�ì�õ�ï=ê*ù�ùdê�ú»ê�ù�û_+

3

êwë=îVï�êwì»ï�ñwë�ê*ò	î�ñ*ê[êwòÄí*õ/ò»ë�êwï��Åø/ò	îMî�õ�ó»ëlùdêwëVì»ï=õ��hù�ë¤ú�óþI¬ Ö ú»ê�í#Whø&$�ó�ê�ý�õ�ödëKú»ê�ù�ûüø/ò»ò�ñ*ê�ìuõ�ó»ï�ù�ê�í5ø/ù�í*ó»ùaú»ê
Sa

�ÐÍ¤ò»ê�ô�õ�ï=î�êc�Åø/ï�ödøÅîHö�õ�ò�ø/ó�îHõ�ó»ï¥ú»ó�ì»ï�õ��»ùgÃ
}��|�æ½2���uê*ë«îVú�õ�ò»íkì�êwï�ý�ödë=ê��
Rcêwë¤ý�øÅî�ï�ödíwê*ë¡ú»ñwú»ó»öCîHê*ë7,hï�êwì»ï�ñwë�ê*ò	î�ñ*ê*ëMë�ó»ïlùtø­�»÷�ó»ï�ê5ÑS�èÙe,»ë=õ�ò	î¤ùdê*ëlë=ó»ö��Åø/ò	îHêwë5Z
q ý�øÅîHï=ödí*ê

Sa

ï�ê*ì�ï�ñ*ë=ê*ò	î øÅòoî�ùtø!�/øÅï�ötø&�»ödù�ö�îHñVú»ó¬ì»ï=õ��hùIú»ê�ïHø/ì�ì�õ�ï«îMú�ê�ý�ñ*ùdø/ò»÷�êkúÂûÃõ�É*õ/ò»ê�,�ø/ì�Ììuê*ùdñwêkìhø/ï¡ùtø§ë=ó»ö�î�ê
Sa
ï=ý �ª+�«¦�c¶n·^ÓÅí*ù�ödý�øÅîHõ�ù�õ�÷�ö�ê5®

q ý�øÅîHï=ödí*ê
Sa
ï�ê*ì�ï�ñ*ë=ê*ò	î øÅòoî�ùtøÇ�/øÅï�ötø&�»ödù�ö�îHñºú»ó"ì»ï=õ��hù�ú�êFí*õ�ò»íwê*ò	îHï�øÅîHö�õ�ò"úÂûÃõ�É*õ�ò�ê�,Gø/ì�ì�êwùdñ*êìhø/ïlùdø[ë�ó»öCîHê
Sa

í*í��ª+�«¦�c¶p·^Ó.í*ùdö�ý_ø.îHõ�ù�õ�÷�ödê&�
RIêwë�ë=î�ï�ó»íxîHó»ï=ê*ëkúÂûÃê*ï�ï=ê*ó»ï

ei

ú»ê*ëkú»êwó��°ý�øÅîHï=ödíwê*ë ¯
a
ÿ ï�ý êxî�í*í��Mï�êwì»ï�ñwë�ê*ò	î�ê*ò	î©ú�õ�ò»í§ú»êwë�ý�õ�ú»ê*ëú»êÊ�/øÅï�ötø&�»ödù�ö�îHñlòhø.îHó»ï=ê*ùdù�ê�ú»êkù�ûÃõ�É*õ/ò»ê��

Rcêwë§ú»ö�Û�ñ*ï=ê*ò»íwê*ë
δy
êxîºùdêwë[í*ï=ö�î®�wï�êwë[ú»êFò»õ�ò�Ì`ùdö�ò»ñ5øÅï�ö�î�ñ

c2
ø/ë=ë�õ�í*ö�ñ*ë§ë�õ/òoîºï=ê*ì»ï=ñ*ë=ê*ò	îHñwë�ë=ó»ï§ùtø

�h÷�ó»ï=êjÑS� Ñ�ìuõ�ó»ï�ù�ê*ë¥þ�/Mì»ï�êwý�ö��*ï=ê*ë(ë«îHï=ó»íwî�ó»ï�êwë
ei

,Åø/ì»ì»ù�ö%$oó»ñ*êwëGø/ó��©ì»ï=õ��hùdë]ú»ê�ï�ø/ì»ìuõ�ï=î]ú»ê�ý�ñ*ùdø/ò»÷�êêwîKú»êMíwõ�ò»í*êwò	îHïHø.îHödõ/ò_úÂûÃõ�É*õ/ò»êMìuõ�ó»ïÔù�ûüøÅîHý�õ�ë=ìSWS�*ï=êVë«î ø/ò�úhø/ï�ú9Í�b þ��E� Î ��RcêMý��*ý�êlê"��ê*ï=í*ö�í*ê�ø�ñwîHñï�ñ5øÅùdödë=ñºê*ò íwõ�ò»ë�ö�ú»ñ*ï�ø/ò	î[ó»ò�êQ�Åø/ï�ödø��»ö�ùdö�î�ñ©ì»ù�ó»ë�ô�øÅö%�»ù�ê�,Âñw÷	ø/ùdêQ) þ�Ó�þ�/�¬�ú�ê
Sa

,I$�ó�öKö�ý�ì»ù�ö%$oó»ê§ó»ò�ê
�/øÅï�ötø.îHödõ/ò�ì»ùdó�ë�ô�ø/ö%�»ù�ê�ø/ó�î�õ�ó»ï¡ú»êkù£ûüñxî øÅî�Ã�}����æ½2�����
RGûÃñwî�ó»ú»ê�ý�êwî©ê*òSñ7��ö�ú»ê*ò»íwê�ùdê�í5ø/ï�ø/íwî��*ï=ê_ô�õ�ï=î�ê*ý�ê*ò	î[ò�õ�ò�Ì`ù�ödò»ñ*ø/ödï=êºú»óSì»ï�õ��»ù%�wý�ê�ú»ödï=ê*íxî[ìhø/ïïHø/ì»ìuõ�ï«îºø/óSì»ï=õ��hù�ú»êFï�ø/ì»ìuõ�ï=î[ú»ê�ý�ñwùtø/ò»÷/ê_úÂû_+

3

,�ø���êwí ó»ò"íwï�ö�î��*ï=ê
c2
ë=ó»ì�ñwï�ö�ê*ó»ï¢)Sþ�/

3
ìuõ�ó»ï

$�ó»ø/ë�ö�ý�êwòoîkî�õ�ó»ë�ùdê*ë�ý�õ�ú»êwëkí*õ�ò»ë=ödú»ñwï�ñwë��nË]õ�ó»ï�ó»ò»ê¢�Åø/ï�ödø��»ödù�ö�î�ñ©ñ*÷�ø/ùdê�) þ[Ó�þ�/�¬�ú»ê�¯
a

ï�ýK�?++Ì
«¦�c¶p·^ÓÅíwùdö�ý_øÅî�õ�ùdõ/÷�ödê&,

c2
ú»ödý�ödòoó»êFîHï��*ë�ò»êwî=îHêwý�êwòoî�,Kúaûüó»ò ô�ø/íwî�ê*ó»ï,þ�/ ê*ò\��ödï=õ�ò6,Yêwî�ú»ê7��ö�ê*ò	î�ú»êù�ûÃõ�ï�ú»ï=ê©ú»êFþ�/

2 ÿ õ�ó±°kþ�/
2
�Vìuõ�ó»ïMî�õ�ó»ë�ù�ê*ë�ý�õ�ú�ê*ë��¦ËGùdó»ë�ùdøQ�Åø/ï�ödø��»ödù�ö�î�ñ�í*õ�ò»ë=ödú»ñwï�ñwê§ê*ë=î�ô�øÅö%�»ù�ê©êwîì»ùdó»ëKò»õ�ó»ë¥ò»õ�ó»ë¡ï�ø/ì»ì»ï=õ�í#W»õ/ò»ë�ú»óFí*ø/ë�ùdö�ò»ñ5øÅödï�ê&��RTø�ùdödò�ñ5ø/ï=ödëHø.îHödõ/ò�ú»ê"��ïHø[ú»õ�ò�íc�wî�ï�ê�ï�ñ*ø/ùdö�ë�ñwê�ø���êwí

��ê*ø/ó»í*õ/ó»ì úaû øÅî=îHêwòoî�ödõ�ò¦,»ê*ò,í*õ�ò�ë�ödú�ñ*ïHøÅòoî¤ó»ò�ê5�Åø/ï=ötø���ödùdöCîHñÚÃ~}����æ½2�|�Q¯
a
ï�ý ë=óe(�ëHø/ý�ý�ê*ò	îlô�ø/ö%�»ù�ê��

RIø�ùdödò�ñ5ø/ï=ö�îHñ�ì»ø/ïVï�ø/ì»ìuõ�ï=îVø/ó ì»ï�õ��hù]ú�ê©í*õ/ò»í*êwòoî�ïHøÅî�ödõ�ò ê*ë«î�ý�õ�ödò»ëlú»ö�(�í*ödù�ê5)�õ���îHê*ò�ödï��Vb�êwó»ùdëú»ê*ó���ý�õ�ú»êwë�ò»ê�ë�õ/òoîlì»ø/ë¡ìhø/ï«ô�ø/ö�î�ê*ý�ê*ò	î¡ùdö�ò»ñ5øÅödï�êwë ÿ c2 > 1
�Kì�õ/ó»ï�ó»ò»êc�Åø/ï=ötø���ödùdöCîHñlñ*÷�ø/ùdêÊ)
¯

a

íwí
�ª+�«¦�c¶p·^ÓÅíwùdö�ý_øÅî�õ�ùdõ/÷�ödê&�\È¥ê*íwö6��ñwï�öc�»ê�ù�êMô�ø/öCî�$oó»êkùdê�ì�ï�õ��hùaú»ê�í*õ�ò�í*ê*ò	î�ïHøÅî�ödõ�òFúÂûÃõ�Éwõ�ò»êkê*ë«îlì»ùdó»ëú»ödï=ê*íwî�ê*ý�ê*ò	îlùdö�ñ�ø/ó�îHï�ø/ò»ë=ô�êwï=î¤ïHøÅú»ötøÅî�ö�ôI$oó»êkë�õ/ò ï�ø/ì»ìuõ�ï=îlú»êký�ñ*ùdø/ò»÷�ê&�

`Mø/ò»ë§ùdêwë[ú»êwó��"í5øÅë[í*õ�ò�ë�ödú�ñ*ï�ñwë�,GùdøÄùdö�ò»ñ5ø/ï=ödë�øÅîHö�õ�ò êwë=î!�Åø/ùdø��»ùdê�úhø/ò�ë§ùdê9�/õ�ödë=ödòhø/÷/ê_ú»êFù£ûüñxî øÅîï�ñ*êwùæ��RcêVì�ï�õ��»ù��*ý�êlú»ödï=ê*íwîKìuê*ó�î¥ú»õ�ò»í^�wî�ï�êMíwõ�ò»ë=ödú»ñwï�ñMíwõ�ý�ý�êlý�õ�ú»ñwï�ñwý�êwòoîÔò»õ/ò�Ì`ù�ödò»ñ*ø/ödï=ê����Vödò»ë=öæ,ùdê*ë�î�W»ñ*õ�ï=ödêwë�ú�ê�ù£ûüö�ò�ô�õ�ï=ý_øÅî�ödõ�ò êwî�ú»êºù�ûÃê*ï=ï�ê*ó�ï�ú�ê�²A½I³�¿�Á|�K´!ÅèX�/�/�/&ÆYì�êwóe��êwò	î��wî�ï�êºó�î�ödùdö�ë�ñwê*ëký_øÅödëó»ò»ê§ödò\�/ê*ï�ë=ödõ�ò ù�ödò»ñ*ø/ödï=ê�ò»êºú»õ/ò»ò»ê*ï�øFìhø/ë�ú»ê§ï=ñ*ë�ó�ù�î ø.îHë�ëHø.îHödë«ô�ø/ödë�ø/ò	îHë7�Qb�ö�ù�ê[ì»ï=õ��»ù%�wý�ê©òÂûüêwë=î�ìhø/ëê"��í*êwë�ë�ö���êwý�êwòoî�ò»õ�ò�Ì?ùdödò�ñ5ø/ö�ï�ê�,Åó»ò»ê¤ë�õ�ù�ó�îHö�õ�òºõ�ì�î�ödý�ø/ùdêKì�êwó�îj�xîHï=êVêwë=îHö�ý�ñwêlò�ó�ý�ñwï�ö%$oó»êwý�êwò	î¥÷�ï/µ/í*ê
)�ó»ò»ê©ý�ñxî®W»õ�ú»ê©öCîHñwïHøÅî�ö���ê&� 3 í#Whø�$oó»ê©ö�îHñwïHøÅî�ödõ�ò¦,hùdê©ì�ï�õ��»ù��*ý�ê�êwë=î�ù�ödò»ñ*ø/ï�ö�ë�ñ�ø/ó��/õ�ödë=ödòhøÅ÷�ê�ú�ê©ùtøë�õ�ù�ó�îHö�õ�ò¬ú»ê§ù£ûüöCîHñ*ï�øÅîHö�õ�òÄì�ï�ñ*íwñ*ú»êwò	îHê�,Iù£ûüñxî øÅî�ú�ê§ú»ñ*ìhøÅï=îkú»óÕì»ï�õ�í*êwë�ë=ó»ëkö�îHñwïHøÅî�ö�ôi,uõ�ó?¶¢�hï=ë=î�÷/ó»ê*ë=ëm·#,ì�õ�ó��/øÅòoîA�xîHï=ê�ñw÷	ø/ùI)§ù�ûÃödò�ô�õ�ï�ý�øÅîHö�õ�ò�Ã~}��|�æ½2�����

n;:m¸ ¹ DÚF!>^uAF�s uAF H�F³BED~x*z q5>IH"D�F tBuvrIq z uA@^sºx7u
�0�hò�ú»ê�ý�ödê*ó��_ñ"�Åø/ùdó»êwï�ùdêwë¡í5ø/ì»ø/í*öCîHñ*ë¥ú»ó�ë�´�ë=î��*ý�ê�úÂûüõ��»ë�êwï��ÅøÅîHö�õ�ò³ÿ
�Db�ÿ#,hò»õ�ó»ë¡ø��/õ�ò»ëlñwî�ó»ú»ödñùdêkò»õ�ý���ï�ê©ú�êÚ$oóhø/ò	îHöCîHñwëMödò�ú»ñ*ìuê*ò»ú»ø/ò	îHê*ë+$�ó�ö]ìuê*óe�/ê*ò	îÊ�xîHï�ê�ý�êwë�ó»ï=ñ*êwë�êwîMê*ë=î�ödý�ñkùdê�ò»õ�ý��»ï=ê©ú»êú»ê*÷�ï=ñ*ëkú»ê�ùdö���êwï=îHñ&�¦�Vì»ï��wë�ó»ò�ê�ï�ø/ì»ö�ú»êºú»ê*ë=í*ï�ö�ì�îHö�õ�ò°î®W»ñwõ�ï�ö�$oó»êºú»ê*ë�ý�ñxî®W»õ�ú»êwë�ó�îHödù�ödë=ñ*ê*ë7,6�hø/ë=ñ*êwëë�ó»ï�²A½I³�¿�Á|�K´jÅCþ�����/e,\X&/�/�/&Æâ,�ù�ûüø/ì»ì�ùdödí*øÅîHö�õ�ò�)kù£ûüê���ê*ý�ì»ùdê�ì�ï�ñ*íwñ*ú»êwò	î¥ú»ê¡ù£û ø.îHý�õ�ë�ìSWe�*ï�ê¡ë«î ø/ò�úhø/ï�ú�Í)bþ��E� Î ø���ê*íMó»ò��»ï=ó»ö�î-�»ùtøÅò»íMøÅùdñ5ø.îHõ�ö�ï�ê¡ú»êVù�ûÃõ�ï�ú»ï=êVú�êÊX��Y¹�þ�/

−8 � ÓÅí*ý 2
íwý

−1
ë=ïKêxî�ù�ê*ë¥ý�øÅî�ï�ödíwê*ë

Saï�ý êxî¤í*í��ª+�«¦�c¶p·^Ó.í*ùdö�ý_ø.îHõ�ù�õ�÷�ödêwëYï�ê*ì�ï�ñ*ë=ê*ò	î øÅòoîMùtøÚ�Åø/ï=ötø��»ö�ùdöCîHñ¤ú»êkù�û_+
3

êwë=î¤ì»ï�ñwë�êwòoî�ñ*ê&�
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»0¼T½R¼m¾ ¿ÁÀ)Â&Ã�ÄfÅ�ÄfÆÈÇXÉÊÅAÃ)ËÍÌÏÎ�ÐÑÂ5ÄfÅAÌ$ÃZÒ±ÅAÃ)Ç)ÆÔÓ ÕQÃ)ÇZÂ&Ã�ÄfÕQÒ
Ö ×�Ø�Ù$ÚaÛ(Ü(ÝßÞàÝfØIÛ(á\ÝªÜ^â�ÜQã/ä(á�Û(å�æ�ç Ý

dGò[ù�ûüø��»ë=ê*ò»íwê¥úÂûÃê*ï=ï�ê*ó�ï(ë�ó�ï(ùtølý�ê*ë�ó�ï�ê�,.ùdêYò»õ/ý��»ï�êÔúÂûÃödò�ô�õ/ï�ý�øÅîHö�õ�ò»ëcödò�ú»ñ*ìuê*ò»ú»ø/ò	îHê*ë(í*õ�ò	îHêwòoó»ê*ëúhø/ò�ë�ùtø_ý�ê*ë=ó»ï�ê©ê*ë=î�ñ*÷	ø/ù(ø/ó°ïHøÅò»÷
p
ú»ê©ùtø_ý�øÅîHï=ödíwê

K
,uí/ûÃê*ë«î�Ì
)EÌ`ú»ö�ï�ê§øÅó¬ò»õ�ý���ï�ê[ú»ê©ùdöd÷/ò»ê*ë ÿ õ�óí*õ/ùdõ�ò»ò�ê*ë#��ùdö�ò»ñ5øÅödï�êwý�êwò	î�ö�ò»ú»ñwì�êwò»úhø/ò	îHêwë©ú»ê�ùtø,ý_øÅî�ï�ö�í*êºú»ê*ë�ô�õ�ò»íwî�ödõ�ò�ë�ú»ê�ì�õ/ödú»ë7��ÿ`ùÔìuê*ó�î��wî�ï�êê*ë«îHö�ý�ñ°êwò îHï=õ�óe�Åø/ò	î ó»ò»ê2�hø/ë�ê&,lõ�ó¾ó»ò ë�´�ë=î��*ý�ê ú�ê íwõ�õ�ï=ú»õ�ò»ò�ñ*ê*ë7,Vìuõ�ó»ï�ù£ûüêwë�ìhø/íwê ú�ê*ëÄñxî øÅî�ë

ÿ õ/óSê*ë�ì»ø/í*ê�ú»êwë�ë=õ�ï=î�ödêwë x
�"�`Í¤ò»êFú»ñwí*õ�ý�ì�õ/ë�ö�î�ödõ�ò ê*ò ��êwíwîHêwó»ï�ë�ë�ö�ò»÷�ó»ù�ödê*ï=ë ÿ b�èD`Ú,(ú»ê�ù�ûüø/ò»÷�ùdø/ödë¶�b�ödò»÷�ó�ùtø/ïDèYê*íxîHõ�ï­`Mê*íwõ�ý�ì�õ�ë=ö�î�ödõ�òf·i��ê*ë=î[ì�õ�ó�ï©í*êwùtøÄó�îHödù�ödë=ñ*ê�,IêwòSê"��ì»ï�ö�ý_øÅòoî

K
ú»ê_ùtø ý�ø/ò»ö��*ï=êë�ó�ö��Åø/ò	îHê!Z

K = UΛVT ÿ ÑS�º¹��
ø���êwí

U (m × p)
êwî

V (n × p)
ùdê*ë¤ý�øÅîHï=ödí*êwëlú»ê*ë^��ê*íxîHêwó»ï�ë�ë=ödò»÷/ó»ùdö�ê*ï�ë¡êxî

Λ (p × p)
ùdøºý�øÅî�ï�ödíwêú»ödø/÷�õ�òhøÅùdê¡ú»êwëj�Åø/ùdêwó»ï�ëKë�ödò�÷�ó»ùdö��*ï=ê*ëÔò»õ�ò�Ì?ò�ó�ùdùdêwë���Rcê*ë

p
í*õ/ùdõ�ò»ò�ê*ë¥ú�ê

V
ô�õ�ï�ý�ê*ò	î¥ó»ò»ê+�»ø/ë�ê�õ/ï=î®W�õ&Ì÷�õ�ò»ø/ùdê§ìuõ�ó»ï�ù�ûÃê*ë=ìhø/í*ê�ú»êwë�ù�öd÷�ò»êwëkú»ê

K
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W»ø/ó�îHêwó»ïê*ò,ìhø/ï=î�ödíwó»ùdö�ê*ï��
RIø±�h÷�ó»ï=ê�ÑS�,�Sï�êwì»ï�ñwë�êwòoî�ê ùdêwë�ò»õ�´	ø/ó��ðí*ø/ùdíwó»ùdñwë�ì�õ�ó�ï,ù£ûüê���ê*ý�ì»ùdê°ì»ï=ñ*íwñ*ú»êwý�ý�ê*ò	î¬ú�ödë�íwó�îHñ

ÿ øÅî�ý�õ�ë=ìSWS�wï�êMë«î ø/ò�úhø/ï�ú;Í)b þ��E� Î ,���ï�ó»öCîj�»ùdø/ò»íMø/ùdñ*øÅîHõ�ö�ï�ê ∼ X��º¹�þ�/ −8 � ÓÅíwý 2
íwý

−1
ë�ï�,

Sa

ï�ý êwîí*í*Ò þ[Ó�þ�/
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l Températures IASI (niveau 2)

− 1 températures atmosphériquesl

Gaz trace IASI (niveau 2)

Colonnes totales (et partielles O3)

Pas encore implémenté, travaux en cours
Implémenté pour O3 seulement

(8460)

pour chaque constituant

Bruit radiométrique
Erreur sur les
températures niv. 2

H2O
Nuages

Émissivité

(Long., Lat.)
Altitude

Angle de visée

m

Luminances IASI (niveau 1C)

1 température de surface 

Canaux sélectionnés

de test

Luminances
Erreur

Base de données

Climatologique

Profil vertical gaz trace

(niveau 3)

Réseau de

neurones
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îHê*ý�ìuñ*ïHø.îHó»ï=ê�êwî�þ3)ºùdø[îHê*ý�ìuñ*ïHø.îHó»ï=ê�ú»êkë�ó»ï«ô�ø/í*ê&�
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¶

(y, b̂,xa,w) =
¶

(f(x,b) + ε, b̂,xa,w) ÿ ¹���þ��
ø���êwí

ĉ = C(x̂)
ùdê³��êwíwîHêwó»ï�íwõ�ò	îHê*ò»ø/ò	î�ùdêwëºí*õ�ù�õ�ò»ò»êwë�êwë=îHö�ý�ñwê*ë ÿ C ï=ê*ì»ï=ñ*ë�êwò	î ø/ò	îFù£ûüõ�ìuñ*ï�øÅîHêwó»ïí5øÅùdí*ó�ùtø/ò	î¡ù�ê*ë¡ú»ö�Ûañwï�ê*ò	î�ê*ëlí*õ�ù�õ�ò»ò»êwëA)§ìhø/ï=î�ödï�ú�ó ì»ï=õ��hùÂú�ê�ï�ø/ì»ìuõ�ï=î�ú»êký�ñwùtø/ò»÷/ê��",�ú»ê�ú»ö�ý�êwò»ë�ö�õ�ò

nc = 4
ì�õ�ó�ï�ù£û øÅùd÷�õ�ï=ö�î�W»ý�ê�õ�ìuñ*ï�øÅîHö�õ�ò»ò»êwù

ĉ = {C6, C12, C16, CT}
êwî�ú»ê�ú»ö�ý�êwò»ë�ö�õ�ò

nc = 1ìuõ�ó»ïIù�ûüø/ùd÷/õ�ï�öCî®W»ý�ê�ù�ûüø/ù�÷�õ�ï�öCî®W»ý�ê^¶?îHï=õ�ì�õ/ë�ìSW»ñwï�ö�$�ó�ê|·
ĉ = {Ctropo}

êwî
r̂
ùdêg��êwíwîHêwó»ï�ú»êÔú»ö�ý�êwò»ë�ö�õ�ò

nr = 2
í*õ�ò	î�ê*òhø/ò	î�ù�ê*ë�ù�ó»ý�ö�òhø/ò»íwê*ë�ê*ë=î�ödý�ñ*êwë���Rcê°ò»õ/ý��»ï�ê îHõ/îHø/ùVú�ê¬ë�õ�ï«îHö�ê*ë�ë=ê*ïHøSú»õ/ò»í¬ñ*÷�ø/ù

)
nc + nr

�gRcêwë�$oóhøÅòoî�ö�î�ñ*ë¢$oó»ö¡ò»õ�ó»ëºö�òoî�ñ*ï=ê*ë�ë=ê*ò	î�ê*ò ì»ï�ö�õ�ï�öCîHñ�ñxî ø/ò	î�ùdêwë§í*õ�ù�õ�ò»ò»êwë§úÂû,+
3

,�ò�õ�ó»ëõ�ý�êwî=îHï�õ/ò»ëIìhø/ïIùtølë�ó»öCîHêÔùtø¡í*õ/ý�ìuõ�ëHøÅòoî�ê
r̂
ú»ó��/ê*íxîHê*ó�ï�ú»êÔë�õ�ï«îHödêÔø��»ò©ú»êÔë�ö�ý�ì»ù�öc�hêwïÂùdêwë]ñ7$oóhøÅîHö�õ�ò»ëGZ

ĉ =
¶

(y, b̂,xa,w) ÿ ¹��ºX��
ÍVò»ê�ì»ø/ï=îlö�ý�ìuõ�ï=îHø/ò	îHêVú»ó�ú»ñ7�/ê*ùdõ/ì»ì�êwý�êwò	îVú�ó,ý�õ�úS�*ù�êMò»êwó»ï�õ�ò»ø/ùcê*ë«îlõ�íwí*ó»ìuñ*êkìhø/ï¥ùtø[ìSWhøÅë�êú»ê í5ø/ù�ö%�»ï�øÅîHö�õ�òåøÅó í*õ�ó�ï�ë�ú»êÄùtø�$oó»êwùdùdê,ùdêwë_ìhøÅïHø/ý��wî�ï�ê*ë

w
ú»ó ¶0�Çë=õ�ò	îFú»ñxîHê*ï=ý�ö�ò»ñ*ë9) ìhø/ï«îHö�ïúÂûÃó»ò»ê3�hø/ë=ê©ú»ê�ú»õ�ò»ò»ñwê*ëVödò	îHñw÷�ïHø/ò	îVò»õ/î�ï�ê�í*õ�ò»ò»ø/ödë=ëHø/ò»íwê�Ã }����æ½2���Âú»ê�ùtøºìSW\´�ë�ö%$oó»ê©ú»óÄì»ï=õ��»ù��*ý�êêwîYú�ê¡ë�ê*ëYë=õ�ùdó�î�ödõ�ò�ë���RGûÃödò�ô�õ/ï�ý�øÅîHö�õ�ò

xa

ò»ñ*íwê*ë=ëHø/ö�ï�êlì�õ/ó»ïGï�ñwë�õ�ó»ú�ï�êlùdê�ì�ï�õ��»ù��*ý�ê�ödò\�/ê*ï�ë=êlê*ë=îÔú»õ/ò»íödý�ì»ù�ödí*öCîHê&,/í*õ/òoî�ïHø/ö�ï�êwý�êwòoî�)©í*ê+$�ó�ê�ù�ûÃõ�ò_ï=ê*ò»íwõ�ò	îHï�ê�ú»ø/ò»ë�ù�ê*ëKô�õ/ï�ý�ø/ùdö�ë�ý�ê*ëGì»ù�ó»ë�í*ùdø/ë�ë=ö%$oó»êwëcZ�êwùdù�êê*ë«î¤ödò»íwùdó»ë=ê�úhø/ò»ëlùdêwë¡ìhø/ï�ø/ýQ�xîHï=ê*ëlú»ó,ý�õ�úS�*ù�ê�ò»êwó»ï�õ�ò»ø/ùæ�
RIø �hø/ë�êFú�êFú»õ�ò»ò»ñwê*ëºú»êFí*ø/ùdö��»ïHøÅî�ödõ�ò ê*ë«îºí*õ�ò»ë«îHöCîHó»ñwêFú»êFë�ö�ý[ó»ùtø.îHödõ/ò»ë�ìuõ�ó»ï§ù�ê*ë�$�ó�ê*ùdù�ê*ë[ú�ê*ë

W\´�ì�õ/î�WS�*ë=ê*ëlë�õ/òoî¡ô�øÅö�îHêwë�$oóhø/ò	î¤ø/ó���ìhø/ï�ø/ýQ�xîHï=ê*ë�ú»ó�ì»ï=õ��»ù��*ý�êMú»ö�ï�ê*íxîlò»õ�òFö�ò��/ê*ï=ë�ñ*ëA$oó»öcò»êMë�õ�ò	îìhø/ëcë=ì�ñwí*öa�hñ*ë7,.íÅûüêwë=î	Ìi)EÌ?ú»ödï=êYø/ó�îHï=ê*ëI$oó»êYùdê��/ê*íwî�ê*ó»ï
b̂
ú»êwëTî�ê*ý�ì�ñwïHøÅî�ó»ï�êwëcúÂûüêwò	îHï�ñwê�,�ìhø/ïIê���êwý�ì�ùdêGùdêwëí5øÅïHø/íxîHñ*ï=ödë«îHö%$oó»êwë¥ö�ò»ë=î�ï�ó»ý�ê*ò	î øÅùdê*ëÔêwî¥ùdêwë¥ìhø/ï�ø/ý��wîHï=ê*ëKë�ìuê*íwî�ï�õ�ë=í*õ�ì�ö%$oó»ê*ë7�ÐRIø©ú»êwë�í*ï=ödì�î�ödõ�ò�ì»ï�ñwí*ö�ë�êú»êkí*êxî�î�ê3�»ø/ë�êkú»êkú»õ�ò�ò»ñ*êwëVêxîVú�ê�ùdø[ìSWhø/ë=ê�ú�ê�í*ø/ùdö��»ïHø.îHödõ/ò�ê*ë«îVì�ï�ñ*ë=ê*ò	îHñwê©úhøÅò»ëlùtø[ìhø/ï«îHö�ê3¹��èÑe�

Rcê�ì�ï�õ��»ù��*ý�ê�ödò\�/ê*ï�ë=ê�ú�ñ*í*ï=ö�îlìhøÅï¤ù£ûüñ7$oóhøÅîHö�õ�òÇ¹��YX[ì�êwó�î¤ú»õ�ò»íkë*ûÃñ*íwï�ö�ï�ê¢Z
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ĉ = R(y, b̂,W) ÿ ¹��YÙ\�
ø��/ê*í

R
ùtø§ô�õ�ò»íxîHö�õ�ò ú�ê�îHï�ø/ò»ë«ô�ê*ï=îMý�õ�ú»ñwùdödë=ñ*êkìhø/ï¤ùdê3¶0�Ûêxî

W
ù�ûÃê*ò�ë�ê*ýÚ�»ùdê�ú»ê*ëMìhø/ïHøÅýQ�xîHï�êwëVú�ó

¶Z�3���I�/øÅòoîYú�ê�ú»ñ*íwï�ö�ï�ê¡ùdêKý�õ�ú»ó»ù�ê¥úÂûÃödò\�/ê*ï�ë=ödõ�òºú»ê¡ù£û,+
3

,/ò»õ�ó�ëYø/ùdù�õ�ò»ë(ì�ï�ñ*ë=ê*ò	îHêwïg$�ó�ê*ù%$oó»êwëYò»õ/îHö�õ�ò»ëú»ê5�hø/ë�êkë=ó»ïlùdê*ë¡ï=ñ*ë=ê5ø/ó��,ú�ê�ò�ê*ó»ï=õ�ò»ê*ë7�
[ ¼�½R¼�¾ \9Ì5Ä�ÅAÌ&Ã)ÒÁÇZÕ�ÿ�Â&Ò�Õ�Ò�ÀZÎ ýmÕQÒ±Î�ÆQÒfÕQÂ&À^] Ç)Õ9Ã)ÕQÀZÎ�Ì&Ã)ÕQÒ
Rcê��»ó�î�ú»ê�í*ê�ìhø/ïHøÅ÷�ïHø/ìeW»ê�òaûüêwë=î�ìhø/ë�úÂûüê���ì�õ�ë=ê*ï[ú�ê�ý�ø/ò»ö��*ï�ê§ú�ñwî øÅödùdù�ñ*ê§ù�ê*ëkîHê*í#W�ò»ö%$oó»êwë©ú»êwëï�ñ*ë=ê5ø/ó�� ú»ê§ò»êwó»ï�õ�ò�ê*ë�ý_ø/ö�ëMú»êºú»õ/ò»ò»ê*ï�ù�ê*ë�ì»ï=ödò»íwödìuê*ë�ô�õ�ò�úhø/ý�ê*ò	î ø/ó��°ìuõ�ó»ï�ùdø�í*õ�ý�ì»ï�ñ7W»ê*ò�ë�ödõ/òú»ó°ô�õ�ò»íwî�ödõ�ò�ò»ê*ý�ê*ò	î�ú»êºù£û ø/ù�÷�õ�ï=ö�î®W�ý�ê&��ÍVò»êºú»êwë�í*ï=ödì�î�ödõ�ò°íwõ�ý�ì»ù%�xîHê[êwë=î�ì»ï�ñwë�êwòoî�ñ*ê�úhø/ò»ë`_���´#ÀÐ½Í}

ÅCþ����\¹EÆ ÿ í5ø/ël÷�ñwò»ñ*ï�ø/ù���,a06À������öÃ;Á"ÂjÃ�¼�Ä�ÅËþ�����Ù&Æ ÿ ý�õ�ú»ñ*ù�ödë�øÅîHö�õ�ò_ú»ê�ô�õ�ò�íwîHö�õ�ò»ë�ú�êkî�ïHø/ò�ô�ê*ï=î#�¥êwîcbÊÃE³3d��feg4Ã�h�Ã��®½�ÅCþ������&Æ ÿ ödò\�/ê*ï�ë=ödõ�ò,ú»êk÷	ø�É�î�ïHø/íwê*ë*)§ìhø/ï=î�ödï�ú�ê�ë=ì�êwíwî�ï�ê*ë^ÿi¶*�"�Í¤òFò»ê*ó�ï�õ�ò»êMê*ë=î�ó»ò»êMô�õ�ò�íwîHö�õ�ò�ú»êVîHïHøÅò»ë=ô�êwï=î�ñwùdñwý�êwòoîHø/ödï=ê+$oó»ö�í5ø/ù�í*ó»ù�êVó»ò�ê�ë�õ�ï«îHö�ê
sj
)�ìhø/ï=î�ödïúÂûüó�ò êwò»ë�êwý��»ùdêkúÂûÃê*ò	î�ï�ñ*êwë

{si}, i = 1, ..., m ÿ �h÷�ó»ï=ê3¹��YÙ��ÊZ

sj = f(
m
∑

i=1

wj
i si + βj) ÿ ¹�� Ñ��

õ��
f
ï�êwì»ï�ñwë�êwòoî�ê�ùdø�ô�õ�ò»íxîHö�õ�ò¬ú»ê�îHïHøÅò»ë�öCîHödõ/ò ÿ õ�ó°úaû ø/íxîHö��/ø.îHödõ/ò��lú�ó°ò»ê*ó»ï=õ�ò»ê&,Âìhø/ï�ê���ê*ý�ì»ùdê[ó�ò»êô�õ�ò»íwî�ödõ�ò�ù�ödò»ñ*ø/ödï=ê�õ�óÄë=öd÷�ý�õ
i�ú»ê�,»êxî

βj ù�ê5�»ötø/ö�ëlø/ì»ì»ù�ö%$oó»ñ�ø/ó,ò»ê*ó�ï�õ�ò»ê&,�$oó»öIìuê*ï=ý�êxîVú�ê�ú»ñwì»ùtøÅí*ê*ïùdê�ë�êwó»ödùaúÂû øÅíwîHö��ÅøÅîHö�õ�òFú»êkùtø©ô�õ�ò�íwîHö�õ�ò�ú»ê�îHï�ø/ò»ë�öCîHö�õ�ò6�

(b)

Σ
i

m
β1

j iis = f (    w  s +   )1

s 1

s 2

s m

w1
1

w1
2

w1
m

β1

Σ f
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. .
 .

�����'o4¹��èÙ!q P r/S � {/��wK
Êr���� t�s³sey�t��
��seykj P WUScl4uEyK
G�exzy3�Ey*Y#��s�{#|~}���sÇ�Eyc|~�
r�s\v�}%|~}���sG��Y#��s�{�|~}~��sÇ�&yc|m
��\yv�},��
Ê��n~�Ey"�
Í¤ò;¶Z� ê*ë=îló�ò,êwò»ë�êwý��»ù�ê�ú»ê�ò»êwó»ï�õ�ò�ê*ë¡ödò	î�ê*ï	Ì?í*õ�ò�ò»ê*íxîHñ*ë7��ÈjWhø�$oó»ê�ò»êwó»ï�õ/ò»ê�ï�êo	*õ�öCî¡êwî¡êwò\��õ�ö�êú»êVù£ûüö�ò�ô�õ�ï=ý_øÅî�ödõ�ò[ø/ó���ò»ê*ó�ï�õ�ò»êwë�ø���êwí�ùdêwë�$oó»êwùdë¥ö�ùhê*ë«î�í*õ/ò»ò»ê*íxîHñ&�SRcê*ëÔùdödø/ödë=õ�ò»ëYê*ò	îHï=êMù�ê*ëÔò»ê*ó»ï=õ�ò»êwëë�õ�ò	î�ìuõ�ò»ú»ñwï�ñwê*ë�êwî�ó»ò.�»ötøÅödëMìuê*ó�îÊ�wî�ï�ê§ø/ì�ì»ùdö�$�ó�ñ�)_í#Whø&$�ó�ê�ò�ê*ó»ï=õ�ò»ê��¦RGû ø/ë=ë�õ�í*ödøÅîHö�õ�ò¬ú»ê©îKµ/í#W»êwëñ*ùdñwý�êwò	î ø/ö�ï�ê*ë¥ë�ödý�ì»ù�ê*ë¡ìuê*ï�ý�êwî¤øÅó�¶0�zí*õ�ý�ì»ù�êwî¡ú»êkï=ñ*ë�õ/ó»ú»ï�ê�ú»êwëVì»ï=õ��»ù��*ý�ê*ë�îHï��*ëlí*õ/ý�ì»ù�ê"��ê*ë7�
Rcêwë�í5ø/ì»ø/í*öCîHñ*ëKú»ó³¶0� ë=õ�ò	î¡ú»ñwî�ê*ï=ý�ö�ò»ñ*êwë¥ìhø/ïKë�õ�ò�øÅï�í#W»öCîHê*íxîHó»ï=ê�,�í/ûÃê*ë«î�Ìi)[Ì`ú»ö�ï�êMì»ø/ï¥ù�êVò»õ/ý��»ï�êú»ê ò»ê*ó»ï=õ�ò»êwë�,lùdêwó»ï�ëFô�õ�ò»íxîHö�õ�ò»ëFú»ê°îHï�ø/ò»ë=ö�îHö�õ�ò¦êwî,ùdøSî�õ�ìuõ�ùdõ�÷/ödêÄú�êÕù�ê*ó»ï=ë�í*õ�ò»ò�ê"��ödõ�ò�ë ÿ êwî,ìhø/ïù�ûÃê*ò»ë=ê*ý��»ù�ê�ú»ê*ëlìuõ�ödú�ë¡êwî^�»ötøÅödë�ï=ê*÷�ï=õ�ó»ìuñ*ëlúhø/ò»ëlùdøºý�øÅî�ï�ödíwê

W
ú»êwë¤ì»ø/ïHø/ý��wî�ï�êwë¤ú�ó�¶0�c���

RIø ì�ï�ê*ý�ö%�wï�ê ñwî øÅì�ê úhø/ò»ë�ùdø íwõ�ò»ë=î�ï�ó»íxîHö�õ�ò¦úÂûÃó»ò ¶Z��ê7(�í5øÅí*ê°ê*ë«îFú»õ�ò�í¬ú»êÄî�ï�õ�óe�/ê*ï�ù£û øÅï	Ìí#W»ö�î�ê*íwî�ó»ï�ê�õ�ì�î�ödý�ø/ùdê&,S$oó»ö(ø�ë�óe(�ëHøÅý�ý�ê*ò	î�ú�ê©ú»êw÷�ï�ñwëMú»ê�ùdö%�uê*ï«îHñ ÿ íÅûüêwë=î	Ìi)EÌ?ú»ödï=ê�ú»ê�ìhø/ï�ø/ýQ�xîHï=ê*ë#�ì�õ�ó�ïKï=ñ*ë�õ/ó»ú»ï�ê�ù�êVì�ï�õ��»ù��*ý�ê��eÈ¥ê*ù�ùdê"Ì?í*öqê*ë«î¡í#W»õ�ö�ë�ö�êMë�ó�ï¥ùtø3�hø/ë=ê�ú»ê�íwõ�ò»ë�ö�ú»ñ*ï�øÅîHö�õ�ò»ëÔê*ý�ì»ödï=ö%$oó»êwë¥êwîú»ñ*ìuê*ò»ú,ú»êkùtø§íwõ�ý�ì�ùdê"��öCîHñ�ú»ó,ì»ï=õ��»ù%�wý�êc)�ï=ñ*ë�õ/ó»ú»ï�ê&�
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l
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f(x) = tanh(x) =
ex − ex

ex + ex

¤â¹£¢º¹ ¦
RZ����uwvq�#Ws{`�q{�}�u
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nc + nr
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ĉ(p) = g

[

S2
∑

k=1

w3

pk.f

[

S1
∑

j=1

w2

kj.f

(

m
∑

i=1

w1

ji.y(i) +

m+l
∑

i=m+1

w1

ji.b̂(i − m) + β1

j

)

+ β2

k

]

+ β3

p

]

,

p = 1, ..., nc ¤â¹£¢,� ¦
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~W��
yÚ�Ey��Ey����
w�v��EyÊxY}ÊWiy��®|öw���tB
5���2��x y

sSy�t&�
��s�r�x¦y�v�|p�[��s�sSw��\r��Ax yAse�H
~W��
y+�Ey`��r���rH
~�®|~�iy�v��
ÀtÁQÂ1Ã�ÄOÅOÆ

S1 S2 Ç ÅTÈ�Ã�ÄOÆ·É�Å Ê
Ë�Ã1Â1ÌÍÅOÆ ÊQÎQÏ�ÐsË�ÑÍÅOÆ Ò¬Á�ÌÓÂ�ÄOÆ
(m + l)

ÑÓÌÓÐqÅTÃ1Â�Ä ÔmÕOË�ÑÍË�Á�Á�ÅOÆ3Ö
Ô ¨ Ö ¨R× ¬ ¨�± ¨�± ¬ ¨ ©�Ø Ù Ë�Â®Ú�ÑÍÅ

CT
ÒaÁ�ÌÓÂ�Ä Ç Ë�Ð�Æ�Ë�Á aÏ.Û ¨®­Q× Æ1Ü�Ã�ÝfÚ�ÕOÅ�Þ ±¨ß Ï

C6 Ç ÒÑ¥Û ¯ ©¸à ¨ Æ1Ü�Ã�Ý²Ú�ÕOÅaÞ ¨�¯¨ß Ï
C12 Ç ÒÆ1Ü�Ã�Ý²Ú�ÕOÅaÞ ¨�±¨ß Ï
C16 Ç ÒákÜ�ÏcÌÓÁEÚ�Á�ÕOÅ ¨

×
¨Lâ

−8Ô ° ×�±wã�× © ÕTÏ
−1
Ö

r̂(1) ä/å ÔmÕTÏ 2
ÕTÏ

−1
Æ1Ã3ÖákÜ�ÏcÌÓÁEÚ�Á�ÕOÅ ¯

r̂(2) ×
¨Lâ

−8Ô ¨Lâ ¬ ­�ã�× © ÕTÏ
−1
Ö ä�å ÔmÕTÏ 2

ÕTÏ
−1
Æ1Ã3Ö

Ô ¯ Ö ¨R× ¬ ¨�± ¨�± ¬ ¨LâM× Ù Ã�Ë�æsË�Æ�æ�ç�ÄTÃ1ÌÍèSÜ�Å
Ctropo Ç ÒÏ.Û ¨®­Q× ákÜ�ÏcÌÓÁEÚ�Á�ÕOÅ ¨

r̂(1) ×
¨Lâ

−8Ñ¥Û ¯ ©¸à ¨ Ô ° ×�±wã�× © ÕTÏ
−1
Ö ä�å ÔmÕTÏ 2

ÕTÏ
−1
Æ1Ã3ÖákÜ�ÏcÌÓÁEÚ�Á�ÕOÅ ¯

r̂(2) ×
¨Lâ

−8Ô ¨Lâ ¬ ­�ã�× © ÕTÏ
−1
Ö ä�å ÔmÕTÏ 2

ÕTÏ
−1
Æ1Ã3Ö

a ¨ Ç ÒéÛ ¯wãª± ° ¨Lâ 16 Ï�Ë�ÑÍÄOÕTÜ�ÑÍÅOÆ å ÕTÏ 2

{o�

r̂(p − nc) = g

[

S2
∑

k=1

w3

pk.f

[

S1
∑

j=1

w2

kj.f

(

m
∑

i=1

w1

ji.y(i) +
m+l
∑

i=m+1

w1

ji.b̂(i − m) + β1

j

)

+ β2

k

]

+ β3

p

]

,

p = nc + 1, ..., nc + nr¤æ¹£¢©ê ¦
u��

w1
ji

ª
w2

kj

{o�
w3

pk
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j = 1, ..., S1
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k=1, ..., S2
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�Oìq��{¡{o�
p=1, ..., (nc + nr)
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β1

j
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β2
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β3
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�q�|�ox�{c}3vq���Q�
���T{�ñ

y ò�ó
Ö ê = 1.8
y − y

2
�q{o�

(y)
;

�q{o�
(y) =

�ð�M�
(ymax − y;y − ymin)

{o�
b̂ ò�ó
Ö ê = 1.8

b̂ − b̂

2
�q{o�

(b̂)
;

�s{o�
(b̂) =

���S�
(b̂max − b̂; b̂ − b̂min)

���
{��
(y, ymax, ymin)

{R�
(b̂, b̂max, b̂min)

y|{o}¡�Q�
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C6 : biais=7.0571 % (0.012106 DU); σ =27.4978 % (2.9801 DU)
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C12 : biais=2.2391 % (0.042234 DU); σ =14.6859 % (3.7314 DU)
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C16 : biais=0.87351 % (0.090506 DU); σ =8.8575 % (3.864 DU)
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CT : biais=0.1814 % (0.45794 DU); σ =1.5114 % (4.9205 DU)
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Ctropo : biais=4.5426 % (0.27032 DU); σ =19.8562 % (4.3861 DU)
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Ç Ë�Ï¸Ú�ÌÓÁ�Å¡Ô Ç Ò¹Ö biais Â Ç Ò7ÔgÃcÖ ÄCÅ'Ê Â Ç Ò ÔgÃcÖ
C6

ÕOË�Ïcæ�ÑÍÅTÂ âwã â�Æ Ô ×
ã6Æ Ö Ç�ÔIÈ Ø ã É Ö
C6 ≤ Ê Ç ã È�Ô Ê È ã É Ö Ç ãÌË Ô Ê Ø ãÌÍ ÖÊ < C6 ≤

È â âwã â Ê Ô É�ã�× Ö È ã Ê ÔIÈ4Ç ã ÇMÖ
C6 >

È â Â É�ã�× Ô Â Æ Ø ã�× Ö Ê ã�× ÔIÈ Ê Ö
C12

ÕOË�Ïcæ�ÑÍÅTÂ âwã âOÉ ÔIÈ ã ÈMÖ Ç ã�× Ô ÆNÉ�ã Ø Ö
C12 ≤

Æ È Ç�ÔIÈ ×
ã Ø Ö Ç ã Ê ÔIÇ4ÇMÖÆ È
< C12 ≤

É"Ë âwã6Æ Ô Æ�ãÌÍ Ö Ç ã Ç�Ô ÆNÉ�ã É Ö
C12 >

É"Ë Â Æ�ã�× Ô Â Æ�ã Ø Ö ×
ãÌË Ô Íwã6Æ Ö
C16

ÕOË�Ïcæ�ÑÍÅTÂ âwã6Æ Ô âwãÌÍ Ö Ç ãÌÍ Ô Ø ãÌÍ Ö
C16 ≤

È â âwã6Æ Ô âwã Ê Ö È ã6Æ Ô Æ4Æ�ãÌÍ ÖÈ â
< C16 ≤

ÆLâ�â âwã È�Ô Æ�ã6Æ Ö Ç ã Ê Ô Í Ö
C16 >

ÆLâ�â Â Æ�ã Ê Ô Â Æ�ã6Æ Ö Ê ãÌÍ Ô É�ã É Ö
CT

ÕOË�Ïcæ�ÑÍÅTÂ âwã É Ô âwã ÈMÖ É�ãÌÍ Ô Æ�ãÌË Ö
CT ≤

È Ê â È ã Ê Ô Æ Ö Ëwã6Æ ÔIÈMÖÈ Ê â < CT ≤
Ë�â�â âwã É Ô âwã6Æ Ö É�ã Ø Ô Æ�ãÌË Ö

CT >
Ë�â�â Â Æ�ã É Ô Â âwã ÈMÖ Æ4Æ�ã Ê Ô Æ�ã Ø Ö

Ctropo
ÕOË�Ïcæ�ÑÍÅTÂ âwã Ç�Ô É�ãÌË Ö É�ã É ÔIÈ âwã É Ö

Ctropo ≤
ÆLâ Ç ã È�ÔIÇ ËwãÌÍ Ö É�ã6Æ Ô É Ê ã ÈMÖÆLâ

< Ctropo ≤
Ç Ë âwã Ê Ô É�ã�× Ö Ç ã Ê Ô ÆvÍ Ö

Ctropo >
Ç Ë Â É Ô Â Ø ã Ê Ö Íwã É Ô Æ Ø ã�× Ö
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ĉ ¦ u
���z�o�T�¹�ouw��~k�
x��o{�}·�
vE��Q�
y|{ovqx�}��s��}���x��o{�}¬��uwx3x�{�}3~¥u
�q�k�
���T{o}V¤²�o�T�Q�¬x���{oy
c ¦ ¢�ïZ���k�wvsx�{\.£¢H�4Ïcx�{�~sx���}3{����T{�y|{o}¬�s�m�
�wx��
����{o}z�q{�q��}�~�{�x�}3�|uw�'�s{cym���k�
}3{c�q{c�T{o}3�,~�uwvqx¹y|{o}��q�-Ð��ox�{�����{�}¹�Q�
x��|�
�qy|{o}��|���
{�x�}3��{o}�¢�ï��»�
�o��uwx3��{�}3�^�wy�uw�k�
y�{(ª��{����«��x���}a�¥u
�)¢sït{o}���vk�
�w{o}��q{¨~�uw�����«}�uw���«�q�|{o�¯�q�|}®�Tx3�|�qvq�o}��
v£�Tuwvqxa�q{¨y|�¡~qx3{����|�ox�{^�q�|}3}�{��R�Tx3�|��{Qª}T�Q�q}¯�q�|�
�|}��
~q~k�Qx�{�����{L�s�o{�~s���³~¥u
vqx¯y|{o}ð�ouwy|uw�s�q{�}¯{L�E�Tx��o��{o��{o���¯°5�
�|�sy|{�}oªa��vq{Jy|{��0� }3{����qy�{}�vsxhª1{o}3���|��{�x�ªt{R��~�uwvqx¸y|{o}¡°²uwx®�T{�}��Q�
y|{ovqx�}oª:��vq{�y|{9�Z�%}�{o���qy�{¯�
v ��uw���Tx��
�|x3{�}3uwvq}
ª1{�}®�T����{ox�¢§ït{�}�q�|�
�wxT�Q����{�}���{o����{������o���
y|{o��{o����{����R�£���q{��s��{'ym�D~qy|vq}¡°5�
�|�qy�{�x3{�~qx3��}3{����O�Q���|uw�/�q{ð��{�}��Q�
y�{�vqx3}

¶�{L�E�Tx��o��{o}m·'¤5�q{o�q}��H�T�o}c�q{�~¥u
�|���T}¨�
~q~k�
x3{�����{o���c~qy|vs}¨°5�
�|�sy|{�} ¦ ª���{���vq�z�R�O�
�H�V�o���
y|{o��{o���¨�E�|}3�|�qy�{}�vsx^y�{�}¹ìq��}3��uw�wxT�Q����{�}��s{¸y|���k�
}3{¸�s{¸�suw�q�q�o{�}^�k�
�q}^y ��{�}3~k�
��{��q{o},}�uwx®�T�|{o}¡¤Ê�k�wvsx�{z.£¢_� ¦ ¢



6 :Í6E:yÑ�ô)6^ô*Ñ^ö7;&6,õ®ù£ô¨ö§õ(Ò¹ø >V÷¬ù�õ�ø
gz÷&6�ù£õ(Ò¹øVù ÷Vö ôVø^ô�@���ùs÷ò>V÷i@)j ÷&6Z6^÷~=76 �w�\�
� �k�é�)��{R�s�
���|�s{�xðy�{�}�~¥{ox3°²uwx3�ð�Q�q��{o}ð{��é°²u
�q�o���|uw�í�q{�y|� ��u
�q��{o����xT�Q���|uw�&�����qy|{Qª¬y|� �k�Q}�{��q{�T{�}®��� �o�����q�H�£��}��o{�{��é��x�uw��}ð�quw���
���q{�}�¤²°5�
���qy|{o}�ª·��u4�
{��q�q{o}�{o�¯°²uwx®�T{o}ð�Q�
y|{ovqx�} ¦ ~�uwvqx¯�Oìk�Q�Evs{�
�Qx��m�Q�qy|{Q¢O«§uwvqxZ�Oìk�
�ovq�¡�s{¬�o{�}Z�|����{�x3�Q�
y�y|{o}�ª�y�{z�q�|�
�|}
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(ĉ − c)2/(N − 1)�
}�}3u£�o�|��{,uw���¬�o�������
y|�ovqy|�o}�¢�ït{�}��Q�
y�{�vqx3}¬��u4�w{o�q�q{�}auw�s��{���vq{�}a}�uw���¬�quw�s�q��{o}«�k�
�s}ay�{��O�
�qy�{��
v9.£¢»î£¢ïZ{o}�{�x3x�{�vsx�}�y|{�}`~qy|vq}�����~�uwx®�O�
���T{o}�}�u
����uw�£�T{���vq{o}�~�uwvqx`y|{�}����
}­¶�{L�£��x��o��{o}m·Oªz���
{�� vq�q{'�q{R����{�T{��s�k�
�q�o{¨µ�}�vqx
ª1{o}3�T����{ox·y|{�}�°5�
���qy|{o}z�Q�
y|{ovqx�}¨¤5�q�|�
�|}�~¥uw}3������° ¦ {o�aµ¸}3uwvq}
ª1{�}®�T����{ox¬y�{�}·°²uwx3��{�}��Q�
y|{ovqx�}¤5�q�|�
�|}��s�����Q����° ¦ ¢0«:uwvqx,y�{�}��Q�
y|{ovqx�},��u4�w{��s�q{�}oª�y�{c�q�m�Q�|}�{o}3�^�w���s��xT�Qy|{���{����,°5�
���qy|{Q¢ït{o}`�|���
{�x�}3�|uw�s}`}�{ox�uw���`�quw�q���q�m�
��}��o{�}¸~¥uwvsx¡y�{�}��
�Qy|{�vsx�}`y�{�}¸~qy|vs}¡{L�£��x��o��{o}���vq�a}3uw����}3uwvq}hªx�{�~sx���}3{����T�o{�}z�q�
�q}§y ��{��q}3{����qy�{·�)�»�Q~q~qx�{o���T�|}3}T�
�
{
¢:Î��q{¬}�uwvs}hª1x3{�~qx3��}3{����O�Q���|uw�¡�q{¬��{�x®�O�
���q}§���
}§�k�
�q}y ��{�}�~q�
��{,�q{o}a{o����x��o{�}¨¤²�T{o��~���x��Q�Tvsx�{�}¬�q{,}�vsx3°5�
�o{�{L�£��x��o��{o}¬~q�
x·{R�£{���~qy|{ ¦ ~¥uwvsx�xT�c�o���
y|{o��{o���·�|�uª�Tx�uE�qvq��x�{¡vq�q{����q��{ox3�T�H�Tvq�s{�}�vqxcy�{�}V�����w{�x3}���uw�q}�¢8Î��q{���x��o}V°²uwx3��{`{�x3x�{ovqxc{�}®���quw�q���S���T{o�q�qvq{�~�uwvqx�q{�}¡�quw�q�q�o{�}¡�)�©{o���Tx��o{¯��vq�¬�q{ð}3uw����~k�
}¸��u
�q}���}3�O�Q����{�}����
{��¯yº�»�
~s~qx�{o�����|}3}T�
�w{��qv@�Z�¸¢:ït{o}`~�{�xhª°²uwx����
�q�o{�}¨�s{�y �©�
y|�
uwx��H�Tìq��{V~�uwvqx�x��
�|{o���V�)�©�
vs��x�{�~k�Qx3�<�R�Tx3{��q���
xT�
�q�o{�}c�Qv£����uwx3�q}V�qv³�qu
�ð�
���q{��uwvs�
{�x®��~k�
xVyº�©{o�q}�{o���qy|{`�)�»�Q~q~qx�{o���T�|}3}T�
�
{
¢Zït{��quw���
���q{`�q{o}c�
�Qy|{�vsx�}V~�uw}�}3�|�qy�{�}V�s{o�ExT�
�H�c~qx3uw�k�"ª�qy|{o��{o���
�R�Tx3{��oym�
x3�w�z�2�k� �s{����|�s�|���|}�{ox�yº�©����~q�
�o�¨�q{���{�}�¶�{(Ð�{R�T}��q{���uwx��q}A·�}3vqx�y|{�}c}3����vk�Q�T��uw�q}x����Qy|�|}®�T{o}�¢U^uwx����|}·�o{�}����
}«{L�£��x��o��{o}�ªsy�{�}a~¥{ox3°²uwx3�ð�
�s��{�}¬�qvw�0� }3uw���«��x���}a}T�Q���|}®°5�
�|}��
���T{�}a��uw��~s��{^��{���v�q{�ym���
�Qx��m�Q�q�|y����T�c�s{�}c��vk�
���T�H�T�o}V�|���w{ox�}3��{�}o¢t;�y�uw�k�
y�{���{�����ªkyº�©{ox�x�{ovqxP�\�ªbJ{�}®��{�}®�T�|����{�µð��u
�|�q}�q{PÏX`<Î ¤ î
êB� ¦ ~�uwvqx C6
ª0Ïs¢_�X`<Î ¤��H.c� ¦ ~�uwvqx C12

ªuÓ�`fÎ ¤º�B� ¦ ~�uwvqx C16
ª0.­`<Î%¤®�
¢i.c� ¦~¥uwvsx

CT
{o��Óq¢1.�`fÎ ¤ºî
½5� ¦ ~�uwvqx Ctropo

¤f�O�
�qy�{��
v�.£¢»î ¦ ¢
ÔBÜ(×�óI¬^ØIÝ?Ù(ÝªómÚ Ý á\á2Ý�Û^á

d���vs���|y|��}T�
���ay ������vk�Q���|uw��.E¢��VÓ`���
x��
�o����x���}T�
���,yº�©�����
{�x3}��|u
�¯y|���q���
x3�|}3��{
ªEym���s��Ð¥��x�{o�q��{c{o���Tx�{cyº�©���uª�w{�x3}���uw�
ĉ
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: ∆ =0.00093698 % ; σ=1.4814 %; |∆| =1.1295 %

erreur associée à ∆r
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: ∆ =−0.011601 % ; σ=2.4327 %; |∆| =1.7343 %
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l q�q�^*r�pWq{g�bDpÐi{r�p_r�i�c_iÑgYbdpWq�`Y^ s `Ybdc_eBt*g{k l p_g{c_p_^

i5�*i{^.w f�l g�gY^#k_bdpWq f ^.eBbdr�kAg�^*gYqÎt sWlDf �
p(i)+p(j)

}d^,q f ^#wT^*pWq?`Y^QkA^ s ` l x�r�q?th�
Gi,j

yWÌ�^#i{r�p_r�i�c_i
kon�r�p_^T`Yq�r�^�r�pvq�` l ª�w f�l g�gY^�^*g%q��3p_bDcAxd^ l cª`Y^*w¼»_^T`�w¼»_tjg�c_` f�l p_bdcAxD^ f�f ^
e l `%q?r q?r�bDp l ×Fp«k_^�`�^ s `�bDc_e�^T`
k_^Tc|� l cAq?`Y^*gPw f�l g�gY^*g*y�?�^�e_`Yb|wT^*gYg�c_g�^TgYqze�bDc_`�gYc_r�x�r®JYc_g��vcon��Vw*^Î�vc_^ f ^�pAbdi m `Y^�k_^�w f�l g�gY^*g l q�q?^Tr s pA^
f�l x l�f ^*cA`�×A�|t*^�)4GB=IH��E=IH�y_Ì l x lDf r�k_r�q�tVk_^ f�l w f�l g�g�r-×Fw l q?r�bDp

Q
b m q?^*pvc_^4^TgYqhq?^TgYq?tT^ s `?ÒDwT^ l c3q l c��

k_^Qx l `�r l p_w*^
τ

k_^ f n�^*p_gY^*i mAf ^
D

`�^Te_`�tTg�^Tpvq�t�e l `
Q

y|Ì�^MgY^*c_r f i{r�pAr�i�c_iÓk_^Vx l `Yr l p_wT^M^TgYq�r�w*r{×A�|t
�

τ =
¯d­5� 2;UP)W<YXIH�Z\[�)�]4)D=N�4ÕÔ¬®­d­d­:/°y

�.�°�h�\Õ ÖÐ��¦�×V¤��|¥��A¦Ø�M ¡¤"¥Ù¢u¤"¥�¦|¦�§K¨�¢u¥��|§"��©
«zbdcA`
`�t l�f r�gY^*`�cAp_^1w f�l g�g�r-×Fw l q?r�bDp l c_g�gYr#e_`�b�w¼»_^1�vc_^1e�bDg�g�r m_f ^�k_cØw*bdi{e�bD`Yq?^Tij^TpWq�k_cÛÚML~}

f n�r�p � bd`�i l q?r�bdp � bDc_`�p_r�^ l caw*bdc_`Yg9kA^ f�l eA» l g�^{kon l e_e_`Y^*pWq?r�g�g lDs ^{^*gYq9cAq�r f r�g�tT^�w*bdi{i{^
w*`�r q?�T`�^{k_^
w f�l g�gYr�×Fw l q?r�bdpo}Fw�n�^TgYqXªK�"ªKkAr�`�^ f ^Tg f cAijr�p l p_wT^*gQg�t f ^*w,q?r�bDp_p_t*^Tg�e�bDc_` f n�b�QTbdp_^�} f ^*gMq�^*i{e�tT` l q�c_`�^Tg l g
ª
g�b�w*r�t*^Tg*} l r�pAg�rh�vc_^ f ^*g{w*b f bdp_p_^Tg�kon1ë

3

w*r m_f ^Tg*y � ×_pÜkon l w*wTt f tT`�^T` f�l w f�l g�gYr�×Fw l q?r�bdpo}�gY^*c f ^*gjc_p_^
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f c_i{r�p l p_w*^�gYc_`~k_r � l t,q?t{cAq?r f r�gYt*^�} f n�cAq?r f r�g l q�r�bdp�k_^
q?bdcAq�^*g f ^Tg f c_i{r�p l pAw*^*g�pA^jw¼» l p s ^ l pvq9e l g
g�r s p_r�×Fw l q?r xd^Tij^Tpvq f�l w f�l g�gYr�×Fw l q?r�bdp3b m q�^*pvc_^�y � r�p_gYr

ω = {y′, b̂, c} , y′ = y(1 : 10 : 140)
�¦.|y~Ï�. �

Ì�n�cAq?r f r�g l q�r�bdp�kA^hq�bdc_g f ^TgÎ^I�|^*i{e f ^TgÎkA^ f�l4m_l g�^Qkon l e_e_`Y^*pWq?r�g�g l�s ^MeB^*`Yij^,q�q�` l r q�kon�b m q?^Tp_r�`�c_pA^
w f�l g�g�r-×Fw l q?r�bDp sdf b m_lDf ^�}�x lDf�l�m_f ^��vc_^ f�f ^{�vc_^{g�bDr�q f�l eBt*`Yr�b�k_^
k_^ f n l p_p_tT^{wTbdp_gYr�k_tT`�t*^�y�ÎMp s ` l pAk
p_bdi m `Y^�k_^
w f�l gYg�^*g4^TgYq4w*^Te�^Tp_k l pWq9p_t*wT^*gYg l r�`�^ l ×Fp�kon l qYq?^*r�p_k_`Y^ f ^�gY^*c_r f

τ
æ�¯d­��Ýk_^
x l `�r l p_w*^

^,�|e_`�r�ijtT^{��e f c_g#kon�c_p_^~w*^Tpvq l r�pA^~kA^~w f�l gYg�^Tg � y
LQbdc_g l xDbdp_g�w¼»_bDr�g�rPk_^�`Yt lDf r�gY^*`Qc_p_^�w f�l gYg�r-×Fw l q�r�bdp�e_`�t f r�ijr�p l r�`Y^�g�cA` f ^TgV^,�|^Tije f ^*gMk_c�ijbDr�g

kon l x�`�r f gY^*c f �%¬ Ë±Þ l x�`Yr f � l ×FpßkA^�q?^TgYq?^T` f�l ijt,q?»_b�k_^DytÏdÈ�w f�l gYg�^Tg
e�^T`�i{^Tq�q�^*pWq
kon�^,�|e_`Yr�i{^*`9e f c_g
k_^�¯d­|y¶�y�Ñk_^ f�l x l `�r l p_wT^DyÎÌ l `�tTe l `%q?r�q�r�bdpÛk_^Tg�w f�l g�gY^*g�^TgYq3`Y^*e_`Yt*gY^*pWq?tT^�g�c_` f�l w l `%q?^�kA^ f�l
× s c_`Y^�.|y ¬�­Ay�?�^ f�f ^(ªKwTrM^TgYq3pA^Tq�q�^*i{^*pWq1i{bdr�p_g f�l q�r�q�c_k_r�p lDf ^1�vc_^ f�l w f�l g�gYr�×Fw l q?r�bdpÜ^*p�Óßw f�l gYg�^Tg
`�t l�f r�gYt*^#e l `z��� %,=TSm)+!:¨9%('�)+�-,�2 ¬®­d­d¯:/F^,q#U
)W<YXIH�Z\[�)�]4)D=N�P2à¬�­d­D­:/\ydÌN^Tg�kAr�g�wTbdpWq?r�p�cAr�q?tTg l e_e l `Y^*pWq?^Tg l c
p_r�xD^ l c{k_^*g�q?`Ybde_r���cA^*gÎg�bdpWq�w*^*eB^*pAk l pWq�q�`�bdi{eB^*c_gY^*g*y�O�p�^(Ðu^,q®}v^*pj`�^ sWl `�k l pWq f ^*g�e_`Yb+× f g�i{b4�d^*pAg
kon�b+Q*bdp_^ l g�gYb|wTr�t*g4��wT^*g�w f�l gYg�^*gT}o`�^Te_`�tTg�^Tpvq�t*g~g�c_` f�l × s c_`�^5.|yá¹DÈ�� f�l e l `Yq�r�^9q�`�bdeBbdgYe_»_t*`Yr��vc_^
k_^
w*^*g�e_`�b+× f gÎ^*gYq�`�^Te_`�tTg�^*pWq�t*^4g�c_` f�l × s c_`Y^P.|yá¹|¬ � }�pAbdc_g.eBbdcAxDbdp_g�`Y^*i l `��vc_^T`��vc_^ f ^*g�w f�l g�g�^Tg�ÛA}|�|}
¯4^,q�¹:Ó_}�¹�.�w*bD`�`�^Tg�eBbdp_k_^TpWq.�4k_^*gÎe_`Yb+× f g�qG��e_r��vc_^*gÎk_^*g�q?`Ybde_r���cA^*g*} l xd^TwMcAp_^#q?`�bDe�bde l c_g�^ l c|q?bdc_`
k_^�¬4Û
â�i5kon l�f q?r q?c_kA^D}|q�`��TgQgYr�i{r f�l r�`Y^*g f ^*g#c_pAg l c|� l cAq�`�^Tg*y

Ý_ÞIß�So.�y�¬�­ �3ã W-kNZjUXWg÷�l�ZjWj`Vd|a"]XkQä:ýzbNY6TOkhkv]XkKW�khkXle]Xk�a"]�Y6TzbNY6TOkXkXW �tb
T4ZjWI`VdAa"]Xk\]Gq"]NøC^0Y6]Xk<aVl�û*å°æ�TVôvU�W Y6x{þo]Xk^0U7`���Y³k�a�nèç
3

b
`VU�U
]Xkg^�`4duaHTVdsZ k�kN`VdsZ{^uU
[Xkm]�duZ�[XkKkXl+U�Yp]XkN���Vl+UG]�kV�"xàé+ýz]mZÔ�"xàé+ûHx
RMr�Ð�t*`�^TpWq?^*g~w f�l g�gY^*g~e�^TcAxd^TpWq�êTq�`�^�w*bDp_gYq�r�q?cAt*^*g~k_^{e_`�b:× f g�k_^ � bd`Yij^Tg�q?`��Tg9eA`�b�w¼»_^*gTyzÌ�^TgJÏdÈ

w f�l g�g�^Tg#g�bdpWqQw*^Te�^Tp_k l pWqQw*bDp_g�^T`YxdtT^*g l ×Fp1k_^�k_tTe l g�gY^*` f ^�gY^*c_r f k_^4¯d­B�Ùk_^�x l `�r l p_w*^V^,�|e_`�r�ijtT^Dy
«zbdc_`jk_r�i{r�pvc_^T` f ^�p_bDi m `�^�k_^�w f�l gYg�^*g�^*p sWl `Yk l pWq f ^�i{ê*i{^�gY^*c_r f }Îr f#��l c_kA` l r q�k_r�ijr�pvc_^*` f ^
p_bdi m `Y^�k_^�wT`�r�q��*`Y^*g.k_^�w f�l gYg�r-×Fw l q�r�bdpu}|wT^���cArop_bdc_g�t f bDr s p_^T` l r q�kAc�wTbdi{e�bd`%q?^Tij^Tpvq�k_c�ÚML~y>ÎQp
`�^ s `�bdc_eB^*i{^*pWq�ë"i l pvc_^ fàì k_^Tg�w f�l g�gY^*gÔeBbdc_`Y` l r qPêTq?`Y^.`�t lDf r�g�t�^*p�g�^ mFl g l pWq�gYc_`ÔkA^*g�wTbdp_g�r�k_t*` l q?r�bdp_g
s t*bdeA»ví�gYr��vc_^*gTyELMbdc_g l xdbDp_gzwTbdp_gY^*`YxDt f�l w f�l g�g�r-×Fw l q?r�bDp l cAq?bDi l q�r��vc_^�eBbdc_`NwT^Tq�q�^�tTq?cAk_^D}��vc_rW`�^TgYq�^
e_`�t f r�i{r�p l r�`Y^Dy

ºîe l `%q?r�`jk_^�w*^,q�q�^�w f�l g�gYr�×Fw l q?r�bdpo}�c_pï^*p_gY^*i m_f ^�k_^FÏdÈªeA`�b+× f gjkunië
3

}Îk_^�q�^*i{e�tT` l q�c_`�^�^Tq
k_^�e_`Y^*g�gYr�bdpu}�w*bD`�`�^Tg�eBbdp_k l pvq�g l c|�Ðe_`�b+× f g�i{b�íd^Tp_g3e�bDc_`�w¼» l �vc_^�w f�l gYg�^�}.^*g%q3w*bdpAgYq?r q?c_t�y�?�^,q
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^*pAg�^*i m_f ^{g�^T` l c|q?r f r�gYt l ×Fpôkun l eAe_`�b�w¼»_^*` f n�r�p � bD`�i l q?r�bdpØõjGB=IH\öE=,Hze_`�r�g�^{^*pªw*bdi{eAq?^{e l ` f ^{ÚQL
eBbdc_` f n�r�pWxD^*`�gYr�bdpuy

�.�°�h��÷ ø# �©M¦|§Kù�§"¤"§��|�ûúDü
ø.úô¢u��ýAýA �¦�þ9��©V�M¥Î©Î�Û¥Î×hÿÝ�M§��9�oý_ �©Î�A �¦Ø¢�¤%¥�¦�¦| �¦
�zbdcA`�w¼» l w*c_p_^Mk_^*g�w f�l g�gY^*g*}�wDn�^*g%qXªK�"ªKk_r�`�^heBbdc_`�w¼» l �vc_^�w l gÎk_^M`Yt � tT`�^*pAw*^Vw f�l gYg�r-×FtD} f�l i l q?`Yr�wT^

Kx

k_^*g~� l w*b m r�^*p_gVw l ` l wTq�t*`�r�g l pWq f�l g�^Tp_g�r m r f r�q?t~k_^Tg~gYe�^TwTq�`�^*g
Ú�� Å Úh^*gYq4w lDf wTc f tT^DyuÌ l i{tTq�»_b�k_^
k_^�w lDf wTc f kA^3w*^TqYq?^3i l q?`Yr�wT^j^TgYq�^,�|eBbdg�tT^1k l p_g f�l e l `%q?r�^9Ó_y ¬dy�O f�f ^�`Y^*eBbdg�^3gYc_`�c_p_^3i{tTq�»_b�k_^
k_^{e�^T`Yq�c_` mFl q?r�bDpªk_^Tg�e_`Yb+× f g9kon�b��Tbdp_^�c|q?r f r�gYt*g4e�bDc_` f�l g�r�i�c f�l q�r�bdp«k_^Tg�gYe�^TwTq?`Y^*g���i{^*g�cA`�^*g�k_^
qKí�e�^wÚ�� Å Ú�gYr�i�c f t*^Tg � Æ

Kx ∼ ∆y/∆x
y��zbDc_`
w¼» l wTc_p_^�k_^*g
w f�l gYg�^*gT} f ^Tg
e_`�b+× f g�k_^1e_`Y^*gYg�r�bDpo}

k_^�q�^*i{e�tT` l q�c_`�^3^,q�kon�b��*bdp_^3i{b�íd^Tp_g�g�bdpWq{cAq?r f r�g�t*g�^*pØ^*pWq?`Yt*^1k_cÛw*b�k_^3k_^�q�` l p_g � ^*`%q�` l k_r l q?r �
�°Ì
	.ÌNÚ���
 � l ×Fp3k_^�w lDf wTc f ^T` f ^Vg�eB^*w,q?`Y^~kA^�`�t � t*`�^Tp_w*^�y¸Ì�^�e_`�b:× f kon�b��Tbdp_^�^*g%qh^*p_gYc_r�q�^�e�^T`Yq�c_` m t
k_^�¬®È�� p_r xd^ l c�e l `.p_r xd^ l coyFLMbDc_g#p_bDq�^*`�bDp_g#�vc_^ f ^VeA`�b+× f kon�b��*bdp_^�^TgYqhr�w*ru^TpWq?`�t4^Tp1q�^*`Yij^Tg#k_^
w*bDp_w*^Tpvq�` l q�r�bdpuy

Ì�^*g9� l w*b m r�^Tp_g�b m q�^*pvc_g~g�bdpWq~`�^Te_`�tTg�^*pWq�t*g�gYc_` f�l × s c_`�^jò|yá¹d¹�k l pAg f ^
w l g4k_^Tg f c_i{r�p l p_w*^Tg
lDm gYb f cA^*g*}�^,q�g�cA` f�l × s c_`Y^#ò|yá¹+ÏQk l p_g f ^Îw l gzk_^*g f c_i{r�p l p_w*^Tgz`Y^ f�l q?r�xD^*gT}EgYbdc_g%q?` l r�q?^TgÔk_^ f�lhf r s p_^Îk_^
mFl gY^Vk_c�w*bd`Ye_g s `Yr�gÎkon�t*i{r�g�gYr�x�r�q�tQÈAyá­D¯A¬4Ï��±^,�|^*i{e f ^Mk_c�w l p l�f �{¬�ÈW¹DÈ~w*i

−1 � y{Ì�^*c_` � bd`�i{^ s t*p_tvª
` l�f ^V^TgYqhgYr�i{r f�l r�`�^h�
wT^ f�f ^Vk_^TgQ� l w*b m r�^Tp_g#w lDf w*c f t*g.eBbdc_` f n l q?i{bdg�eA»_�*`Y^�gYq l p_k l `YkAÎ Å ¬�­W�:Û�e�bDc_`
f ^Tg.tTq�c_k_^TgQkA^�g�^*pAg�r m r f r q?tMk_c3w¼» l e_r q?`Y^PÓ��g× s cA`�^PÓ_yá¹ � Æ f ^�e_r�w�k_^�g�^Tp_g�r m r f r�q�tV� f�l w*bdp_wT^*pWq?` l q?r�bdp
kon�b��*bDp_^�^*g%q l q�q�^*r�pWq l cAq?bdcA`#k_^4¯"ª¼¬�¹�â�i kon lDf q�r�q?cAk_^VeBbdc_`.q�bdcAq?^Tg f ^Tg#w f�l g�g�^Tg#w*bdpAg�r�kAt*`�tT^*gTy�Ì�^Tc_`
r�pWq�^*p_gYr�q?t�kAt*eB^*p_k�wT^*eB^*p_k l pWq � bd`%q?^Tij^TpvqQk_c�e_`Yb+× f ÆFe f cAg f�l ��c l pWq?r�q�t4kon�b��*bdp_^~^*g%qVr�ijeBbd`%q l pWq?^
^TqÎe f c_g f ^#gYe�^TwTq?`Y^Mí
^TgYq�g�^Tp_g�r m_f ^�y Å r¸k_^*g f c_i{r�p l p_w*^Tg�`�^ f�l q�r�xd^Tg�g�bdpWqÎw*bdpAg�r�kAt*`�tT^*gT} f ^*g�� l w*b m r�^Tp_g
k_^,x|r�^*p_pA^*pWqVeBbdgYr�q?r � g*y

Ì�n l gYg�b�w*r l q?r�bdp«kon�cAp_^�w f�l gYg�^j� f�l gYr�q?c l q?r�bdp«`�t*^ f�f ^�q�` l r q?tT^{eB^*`Yij^,q~kon�^TgYq�r�i{^*` f�l g�^Tp_g�r m r f r�q?t
k_cagYí�gYq��*i{^jkun�b m g�^*`%x l q?r�bdp�q?bDq lDf ��r�p_gYq�`�c_i{^*pWq~^Tq lDf�s bd`Yr�q?»Aij^ � � f�l k_r�gYq�`�r m cAq?r�bdp�xd^T`Yq?r�w lDf ^�k_^
f n�b��Tbdp_^D} � bdcA`�p_r�^9e l ` f ^TgVp_b�í l c|�

A = GyKx

y��Pbdc_`�wT^�w lDf w*c f } f ^Tg�� l wTb m r�^Tp_gVeBbdc_`Mk_^*g f c_i{r-ª
p l pAw*^*g#`Y^ f�l q?r xd^*g#kAbdr�xD^*pWqhêTq�`�^�cAq�r f r�g�tTg�e_c_r�g��vc_^�k_^Tg f c_i{r�p l p_w*^Tg�`�^ f�l q�r�xD^*g.gYbdpWqMwTbdp_gYr�k_tT`�t*^Tgh^*p
^*pWq�`�t*^jk_c7ÚQL9yNÌ�^Tg � bdp_w,q?r�bdp_g4k_^ sWl r�p

Gy

w l ` l w,q?t*`Yr�g l pWq f�l gY^*p_gYr m r f r q?t
k_^ f n lDf�s bD`�r�q�»_i{^ l c|�
e l ` l i{�Tq?`Y^*g~kon�^*pWq?`Yt*^�gYbdpWq�w lDf wTc f tT^*g~e l `~k_t*`Yr�x l q?r�bdpak_^ f�l1� bDp_wTq�r�bdpak_^jq�` l pAg � ^*`%q sdf b mFlDf ^
k_c
ÚQLÐe�bDc_`Ôw¼» l ��cA^QgYr�q�c l q?r�bdp�r�pvxD^*`Yg�t*^�yvÌ l w f�l g�gYr�×Fw l q?r�bdp�pon�^*g%q�k_bdp_w#e l g�p_t*wT^*gYg l r�`�^Q��g�bdp
w lDf wTc f y

� bdi{ij^�p_bdcAg f n l xdbDp_g�e_`Yt*wTr�g�t�} f ^{p_b�í l c7eB^*c|q�ê,q?`�^{w*bDp_g�r�k_t*`Yt�w*bDiji{^�c_p«ëKbde�tT` l q�^*c_`4wTb:ª
f bDp_p_^ ì y��P^ f ��cun�r f ^*g%q�w lDf w*c f t�r�w*r\}Pr f k_bdr q
êTq�`�^ l e_e f r��vc_t l cße_`Yb+× f k_^3w*bdpAw*^*pWq�` l q�r�bdpßkon�b��Tbdp_^
��i{b f t*w*c f ^*gNÜ�w*i

3 � l ×_p�kon�b m q?^Tp_r�`Îc_p_^Mw*b f bdp_p_^Qr�pWq�t s `Yt*^���i{b f tTw*c f ^*gmÜEw*i
2 � y���×Fp�k_^Mg*n l Ðu` l p_w¼»_r�`

k_^TgMwTbdp_k_r q?r�bDp_g l q?i{bdg�eA»_t*`Yr��vc_^*gQk_^ � bdp_ko}¸r f ^*gYqMw*^Te�^Tp_k l pWqVw*bdc_` l pWqVkun l eAe f r���cA^*` f ^4p_b�í l c l c
e_`Yb+× f k_^{` l e_e�bD`Yq4k_^�i{t f�l p s ^
kon�b��*bDp_^��±e_e_i � y�Ì�^�p_b�í l côw l�f w*c f t
e_`Yt*w*tTk_^*i{i{^*pWq�kAbdr�q4k_bDp_w
êTq�`�^ji�c f q�r�e f r�t
e l ` f�l k_^*pAg�r�q�t�k_^ f n l r�`~��w¼» l �vc_^3pAr�xd^ l c7xd^T`Yq�r�w l�f�l ×_pßk_^�wTbdpWxd^*`%q?r�` f ^je_`�b+× f
k_^�` l eAe�bd`%q{k_^�i{t f�l p s ^a�±e_e_i � ^*pÜc_pïe_`�b:× f k_^�wTbdp_wT^*pWq?` l q?r�bdp£�±ijb f t*wTc f ^TgmÜ�wTi

3 � l x l pWqjk_^
f n�r�pWq�t s `Y^*`*y��zbDc_`#`�^TgYq?^T`#w*bd»At*`�^TpWq l xD^*w f ^Tg.g�r�i�c f�l q?r�bdp_gÎcAq?r f r�gYt*^Tg.e�bDc_` f ^Mw lDf w*c f k_^*gM� l wTb m r�^*p_gT}
f�l kA^*p_gYr�q?t4k_^ f n l r�`�r�g�g�cA^~kA^ f�l w f�l g�g�r-×Fw l q?r�bDpa��c_p�e_`�b:× f e l `hw f�l gYg�^ � ^TgYqQcAq?r f r�g�t*^�y

�.�°�h��� üô�v�|ýA§Kù�×Q�|§"��© ���±×V©M £¢u¤"¥�¦�¦| 
O�p�e_` l q?r��vc_^D} f n l q�q?`Yr m c|q?r�bDp�kon�c_p_^4w f�l g�gY^~��cAp_^4g�r�q�c l q�r�bdp

i
k_bDp_p_t*^4^TgYqQ`�t lDf r�g�t*^V^*p�pon�c|q?r f r-ª

g l pvqM�vc_^ f ^*gQw*`Yr�q?�T`�^TgMwTbd`�`Y^*g�eBbdp_k l pWq?g l c|��^*pWq?`Yt*^Tg�k_c�eA`�b m_f �*i{^D}Fw�n�^TgYqXªK�"ªKkAr�`�^ f ^*g f c_i{r�p l p_w*^Tg
^Tq f ^*g#q?^TijeBt*` l q?cA`�^*gT} l ×Fp1k_^4p_^4e l g ��l r�`�^�r�pvq�^*`%xd^*pAr�` f ^Tghr�pWxd^T`�g�r�bdp_gQ�
w*^4p_r xd^ l cªÆ

ω
′ = {y′, b̂}

�°ò|y1Ï+Û �



Á : ��:yÑ�ñ�½�Ã_Ã|¾"!Ô¾(ÑÔ½V¿P¾(Ò#ÂïîVÀ±Ù	ìPÒ#!Ô¾
ñPÃ�î�ò¼ÒhÄ�Ò#ÂVÀ ¬4ÏA¬

−6 −4 −2 0
0

10

20

30

40

50

60
A

lti
tu

de
 (

km
)

Classe 1

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 2

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 3

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 4

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 5

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 6

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 7

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 8

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 9

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 10

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 11

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 12

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 13

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 14

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 15

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 16

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 17

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 18

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 19

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 20

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 21

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 22

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 23

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 24

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 25

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 26

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 27

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 28

−6 −4 −2 0
0

10

20

30

40

50

60
Classe 29

−6 −4 −2 0
0

10

20

30

40

50

60

Jacobien (× 10−20 W/(cm2.cm−1.sr)/cm−3)

Classe 30
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Jacobien relatif (× 10−20 W/(cm2.cm−1.sr)/cm−3)

Classe 30
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�Pbdc_`�w¼» l ��cA^Mw f�l gYg�^

q ∈ Q
k_^#e�bDr�k_g

p(q)
} f ^#i{bdij^TpWq�kon�r�p_^T`Yq?r�^.k_c�w*bDc_e f ^

(i, q)
^TgYqÎw l�f w*c f t

l xD^*w
p(i) = 1

yFÌ l w f�l gYg�^4w¼»_bdr�g�r�^�^TgYqQw*^ f�f ^�e�bdcA` f�l �vc_^ f�f ^
M(i, q)

^*gYq f ^�e f c_g ��l r m_f ^Dy
�Mr�p_gYr\}D�~w¼» l ��cA^MgYr�q?c l q?r�bdp
`�tT^ f�f ^.r�pWxD^*`�gYt*^�}|c_p{w l gÎkA^Q`Yt � tT`�^*pAw*^Qw*bdp_pvc{e�bDc_`�` l ê,q?`Y^ l g�g�b�w*r�tDy

LMbdc_g�wTbdp_gYr�k_tT`�^*`Ybdp_g��vc_^hw*^hw l gÎ^TgYq lDf bd`�g�cAp_^ m bdpAp_^#`�^Te_`�tTg�^*pWq l q?r�bdpjkA^ f n�r�p � bd`Yi l q�r�bdp�õQGB=IH\öE=IH
cAq?r f r�gYt*^Qe l ` f ^�ÚQL£e�bdcA`.^*g%q?r�i{^*` f ^*g�w*b f bdp_p_^Tg.kon1ë

3

yC_Mp1e_`Yb�` f kunië
3

õ4GB=IH\öE=IH
xa

eBbdc_`�` l k_bdp_w
êTq?`Y^ l g�g�b�w*r�t l c|��w*b f bdp_pA^*gQr�pWxd^T`�g�tT^*gT} l xd^Tw�c_p_^9i l q?`�r�w*^�k_^~w*b�x l `Yr l p_wT^

Sa

^TqMc_p_^~i l q?`Yr�w*^4k_^
� l w*b m r�^*pAg

Kx

l gYg�b�w*r�tTg*y � ^*g�i l q?`Yr�wT^*gQe�^T`�i{^Tq�q�^*pWq�^Tp_g�cAr�q?^�kon�t,x lDf c_^T` f ^9p_b�í l c
A

^Tq f n�^*`�`Y^*c_`
k_^ f r�gYg lDs ^ l g�gYb|wTr�tTgM�
w¼» l ��cA^9r�pvxD^*`Yg�r�bDpoy

�Mr�p_gYr\}¸q?bdc|q?^*g f ^*g�r�p � bd`Yi l q�r�bdpAgMp_tTw*^Tg�g l r�`�^Tg~� f n�r�pWq?^T`�e_`YtTq l q?r�bDp�k_^*g�i{^*gYc_`�^Tg�e�^TcAxd^TpWq�ê,q?`�^
� bdc_`�pAr�^*g�ÆAg�^*pAg�r m r f r q?t�}Ae_`Yt*w*r�g�r�bdp1^TqQr�p_wT^*`%q?r�q�c_k_^�y

aEb%c &edgf1-�'ih2jlkidHf2j
Ì�^Tg�q?^*w¼»Ap_r��vc_^Tg�k_^*g4ÚQL p_bdcAg�bdpWq�k_bdpAw
e�^T`�i{r�gVkA^�k_tTxD^ f bde_eB^*`�c_p lDf�s bd`Yr�q?»Aij^4eBbdc_`�i{b:ª

k_t f r�g�^T`�c_p_^ � bdpAwTq?r�bdp²k_^�q?` l p_g � ^*`Yq sDf b mFl�f ^�`Y^ f r l pWq f ^*g3i{^*g�cA`�^*g2m�� Å m l c|� �vc l pWq?r q?tTg3konië
3

y
Ì�n�r�pWxD^*`�gYr�bdp3kA^�e f c_gYr�^Tc_`�g.wTb f bDp_p_^*g#e l `Yq�r�^ f�f ^Tg�kon1ë

3

l xD^*w4c_p_^ m bdp_pA^�e�^T` � bd`Yi l p_w*^ � bDc_`�p_r q.c_pA^
r�p � bd`Yi l q?r�bDp�g�cA` f�l �vc l pWq?r q?t�q?bDq lDf ^V^Tq f�l �vc l pWq�r�q?t�q�`�bdeBbdg�eA»_t*`Yr��vc_^4kon1ë

3

y

�ê*i{^�g�r f�l gY^*p_gYr m r f r q?t f r�i{r�q�t*^�k_^ f n�r�p_g%q?`�cAij^Tpvq l c|��e_`Y^*i{r��*`Y^*g�wTbdc_w¼»_^Tg�k_^ f n l q�ijbDg�e_»_�T`�^

^Tq�� f�l » l cAq�^Mg%q?` l q?bdgYe_»_�*`Y^ l r�p_g�rF�vc_^ f�l k_ron{w*c f q?thk_^ f n lDf�s bD`�r�q�»_i{^��4k_t*wTbdc_e f ^*`�q?bDq lDf ^Tij^TpWq f ^*g
w*bdc_w¼»A^*gPe l `Yq�r�^ f�f ^Tg l c s ij^Tpvq�^*pWq f n�r�p_wT^*`%q?r�q�c_k_^�gYc_` f ^TgP`Yt*gYc f q l q?gT} f n�^*`�`Y^*c_`�kun�r�pvxD^*`Yg�r�bDp9^TgYqP^*g%q?r�i{t*^
�1i{bdr�p_g�k_^j¹DÈp�îeBbdc_`�cAp_^�w*b f bdp_p_^�q�`�bdeBbdg�eA»_t*`Yr��vc_^�^Tq�ò2�îeBbdc_`4c_p_^�wTb f bdpAp_^�q?bDq lDf ^�y � ^Tg
e�^T` � bd`Yi l pAw*^*gÎg�bDpvqÎq?bDcAq.� ��l r�qÎg l q?r�g ��l r�g l pWq?^Tg�wTbdi{eAq?^hq?^Tp�c�k_^ f�l x l `Yr lDm r f r q?t.kA^MwT^*g��vc l pvq�r�q�t*g*y
Ì�n�r�pWxD^*`�gYr�bdp�k_^ f n1ë

3

g�cA`.k_^*g�w*b f bdp_p_^Tg�e l `%q?r�^ f�f ^*gÎ^*pWq?`Y^�k_^Tg lDf q�r�q?cAk_^*gq`A�|^*g~�±e l `�^I�|^*i{e f ^M^*pWq?`Y^
f�l g�cA` ��l wT^�^,q�r|}W¬�¹.bdcj¬,rhâvi´kon lDf q?r�q�c_k_^ � e�^T`�i{^TqNk_^�k_r�ijr�p�cA^*` f n�^*`Y`�^Tc_`Nkon�r�pWxd^*`Yg�r�bdp9kA^ f nië

3

k l p_g
f ^*g m_l g�gY^*gVwTbdc_w¼»_^TgVk_^ f n l q�ijbDg�e_»_�T`�^�} m r�^Tp��vc_^ f n�^*`Y`�^Tc_`hp_^4g�^*i m_f ^4e l gQk_^Tg�w*^Tp_k_`Y^ l cuª�k_^*gYg�bdcAg
k_^9^TpWx|r�`�bdpsQ�ðutjRv_ÓeBbdc_` f ^TgMw l gVi{b�íd^*pAg*}Bw*bd`Y`�^*w,q?^Tij^Tpvq l e_e_`Yr�gTy�Ì l k_rYn{w*c f q?t~k_^9`�t l�f r�g l q?r�bdp
kon�cAp_^ mFl gY^�k_^�kAbdp_p_tT^*g�`�t lDf r�gYq�^�^Tq�»_bdi{b s �*pA^ f r�ijr q?^ f ^*g�eB^*` � bd`�i l p_wT^*gVkA^ f n lDf�s bd`�r q?»_i{^DyFÌ�^Tg
r�pWxd^T`�g�r�bdp_ghk_^TgQw l g f ^TgQi{bdr�p_g m r�^*p1`�^Te_`�tTg�^*pWq�t*g�k l p_g f�l�mFl gY^4k_^4k_bdp_p_tT^*gQg�bdpWqQi{bdr�p_gZ` lDm_f ^Tg*y

O�p�e_` l q?r��vc_^D} f ^*gMe�^T` � bd`Yi l p_w*^Tg�g�bdpWq�t sWlDf ^*i{^*pWq f r�i{r�q?tT^*gQe l ` f ^*gVr�p_wT^*`Yq�r�q�c_k_^*gVg�c_` f ^*g f cuª
ijr�p l p_wT^*g#i{^*g�cA`�t*^TgM^,qhg�c_` f ^*g#q?^TijeBt*` l q?c_`Y^*ghw*bD`�`�^Tg�eBbdp_k l pvq�^*gQ^*pWq?`Yt*^Tg l c�ÚQL9y

Ì�^TgÎw l g f ^Tg�e f cAg�^,��q?`Yê*i{^*gM��^Tp�q�^*`Yij^Tg�k_^h��c l pWq?r�q�t*g�kon1ë
3

}dk_^#q?^TijeBt*` l q?cA`�^.bdc�kon�t*i{r�gYg�r x|r q?t
k_^�g�cA` ��l wT^�e l `.^I�A^Tije f ^ � l r�p_gYr��vc_^ f ^*g.i{^*gYc_`�^Tg#r�p_wTbd»_tT`�^*pWq�^*ghbdc3k_^�i l cAx l r�g�^M��c lDf r q?t
� ��l r mAf ^
` l e_eBbd`%qVgYr s p l�f6w�m `Yc_r�q � e�bdcA`�`�bDpvqVêTq�`�^�i{r�gQ^*p�t,x|r�k_^*pAw*^D}u^Tq�t,xd^*pWq�c_^ f�f ^*i{^*pWqv` f q?`Yt*gT} s `�ÒDw*^ l c|�
f c_i{r�p l p_w*^Tg�q?^TgYqQ`�^TgYq?r q?c_tT^*gTy

Ì l w l ` l w,q?tT`�r�g l q?r�bdp�k_^Tg�r�pWxd^T`�g�r�bdp_gNg�cA`�c_p4^*p_gY^*i m_f ^�kon�^,�|^*i{e f ^Tg�`�^Te_`�tTg�^*pWq l q?r � gP^,q f�l wTbdp_p l r�ghª
g l p_wT^MkA^ f�l eA`�t*wTr�gYr�bdp l g�gYb|wTr�tT^V�4w¼» l �vc_^Mr�pWxd^T`�g�r�bdp�eB^*`Yij^,qÎc_p_^QcAq?r f r�g l q?r�bdpg` l�m_f ^hk_^Tg�i{^*gYc_`�^Tg
k l p_g f ^TgNijb�k_� f ^*g�pvc_i{t*`Yr��vc_^*gT}�bdc f ^*cA`�w*bdi{e l ` l r�gYbdp~�hkun l c|q?`�^Tgzi{^*gYc_`�^Tgzr�p_k_tTe�^Tp_k l pWq?^Tg*yER l pAg
f ^�w l g�k_^*g~ÚQL9} f n�^TgYq�r�i l q?r�bdp�^I� l wTq?^�k_^Tg�w l ` l wTq�t*`Yr�gYq�r��vc_^Tg~kA^ f n�r�pWxd^T`�g�r�bdp�^*g%q~w*^*eB^*pAk l pWq~k_t f r-ª
w l q�^Dy�m f ^*gYq�^*p�^Bxu^,q�q�`��Tg�k_ronjwTr f ^#kon�t,x lDf c_^T` f n�r�p � bd`Yi l q�r�bdp3õ�GB=IH\öE=IHAcAq�r f r�g�tT^he�bdcA`ÎcAp_^Vr�pvxD^*`Yg�r�bDp
k_bdp_p_tT^
^Tq f�l i l pAr��*`Y^�k_bDpvq4wT^ f�f ^(ª�w*rz^*gYq4q�` l r q?t*^�yoÌ l w*bDp_p l r�g�g l p_w*^ l wT��cAr�g�^ l cawTbdc_`Yg�k_^ f n l euª
e_`�^Tpvq�r�gYg lDs ^�^*gYq�^Tp
^ix�^Tq�c|q?r f r�gYt*^�kA^.i l p_r��T`�^ sDf b mFl�f ^D}�i{ê*i{^.eBbdc_` f ^*gÔw*bdc_w¼»A^*g�k_^ f n l q�ijbDg�e_»_�T`�^
l c|�|�vc_^ f�f ^*g f ^*g#g�eB^*w,q?`Y^*gQij^Tg�c_`Yt*gQk_^*e_cAr�g f n�^*gYe l w*^4e_`Yt*gY^*pWq?^TpvqVc_p_^ m bdp_p_^4g�^Tp_g�r m r f r�q�tDy

_Qp_^3e_`Y^*i{r��*`Y^jx lDf r�k l q�r�bdpak_^ f�l ijt,q?»_b�k_^�^TgYq�e_`Yt*gY^*pWq?tT^�k l p_g f ^�w¼» l e_r q?`�^�g�c_r x l pvq1��w¼» l ª
e_r�q�`�^Xr � y
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Ì�^Îq?` l x l r f k_tTw*`Yr�qBJYcAg��vcon���e_`�tTg�^*pWq�cAq�r f r�g�^�k_^Tg�b m gY^*`%x l q?r�bDp_g�m�� Å mNg�r�i�c f tT^*g*y�Ì l w*bDp_gYq�`�c_w,q?r�bDp
kon�cApj^Tp_g�^Ti m_f ^hk_^hgYr�i�c f�l q?r�bdp_gz`�^*eA`�t*gY^*pWq l q?r�xD^*gÎk_^*gÎg�r q?c l q?r�bDp_g��vc_^ f n�r�p_g%q?`�cAij^Tpvq�k_^Tx�` l q?` l r�q�^*`
^*p ijb�k_^�bdeBt*` l q?r�bdp_p_^ f }�w lDf wTc f tT^*g1^*p w*bDc_e f�l pvq�c_p w*b�k_^«k_^�q?` l p_g � ^*`Yq�` l k_r l q?r �~l c|� e_`�b�` f g
l q?i{bdg�eA»_t*`Yr��vc_^*g�r�g�gYc_g#k_c1i{b|k_� f ^Qq?`�bDe�bdgYe_»_tT`�r��vc_^V
;�V���VÚ��Ó��` l w*wTbd`�k_tTgh��k_^*g#w f r�i l q�b f b s r�^Tg
l cuªKkA^*g�gYc_g�k_^ f�l q?`�bDe�bde l c_g�^ � } l eB^*`�i{r�g f ^Îk_t,xd^ f bde_eB^*i{^*pWq�kon�c_p l�f�s bd`Yr�q�»_ij^ sDf b mFl�f kun�r�pvxD^*`Yg�r�bDp
k_^*gÎw*bdpAw*^*pWq�` l q�r�bdp_g�kon�b��Tbdp_^Dy�Ì�^hijêTij^.qKí�eB^MkA^Qi{^*gYc_`�^Tg�gYr�i�c f t*^Tg l t,q?tQcAq?r f r�g�t.eBbdc_` f n l p l�f í�g�^
k_^*g.eB^*` � bd`�i l p_wT^*g�k_^ f n lDf�s bd`�r q?»_i{^.^,q l eB^*`�i{r�g f n�tTx lDf c l q�r�bdp{k_^ f n�^T`�`�^Tc_`�kun�r�pvxD^*`Yg�r�bDpoyAÌ�n�^*`Y`�^*cA`
^*gYq�r�i{t*^�`Y^*e_`Yt*gY^*pWq?^~k_bdp_w�cAp_^�^*`Y`�^*cA` l g�g�b�w*r�t*^�c_pAr��vc_^*i{^*pWqQ� f�l ijt,q?»_b�k_^�kon�r�pWxD^*`�gYr�bdpu}_^Tqhp_bDp
� f�l �vc lDf r q?t�e_»Wí�g�r��vc_^9kA^*ghg�r�i�c f�l q?r�bDp_g�cAq�r f r�g�tT^*gTy

	�r�^*pØ�vc_^ f ^Tg�b m g�^T`Yx l q�r�bdp_g
gYr�i�c f t*^Tg
g�bdr�^*pWq{r�p_kAr�g�eB^*pAg lDm_f ^*g l cØk_t,xd^ f bde_eB^*i{^*pWqjk_^*g�i{t(ª
q?»_b�k_^*gVkon�r�pWxd^*`Yg�r�bdp�^Tq�� f�l w l ` l wTq?tT`�r�g l q�r�bdp�k_^*g�i{^*gYc_`�^Tg*} f n�t,x l�f c l q�r�bdp1k_^Tg�e�^T` � bd`Yi l p_w*^Tg�g�c_`
w*^*gQg�r�i�c f�l q?r�bdp_g.p_^4wTbdp_gYq�r�q�c_^9e l ghc_p_^4x l�f r�k l q?r�bdp�w*bDije f �Tq�^�k_^ f�l ijt,q?»_b�k_^Dy¸O�p�^ix�^Tq®} f ^*ghw l g
g�r�i�c f tTgQgYbdpWqVkA^*gVw l gQr�k_t lDf r�g�t*gT}_eBbdc_` f ^*gY�vc_^ f gQq�bdc_g f ^*gQe l ` l i{�Tq?`Y^*ghg�bDpvqVi l9� q?`Yr�gYt*g*}Aw*^~��cArzp_^
g�^*` l tTx�r�kA^*i{ij^Tpvqhe l g f ^Vw l g#k_^Tg#ij^Tg�c_`Y^*gh`�tT^ f�f ^*g���cArok_^Tx�`YbdpWqhêTq?`Y^�q?` l r�q�t*^*g�e l ` f n lDf�s bd`�r q?»_i{^Dy
m f wTbdpWx�r�^*pWq9k_bdp_wjk_^�q?^*g%q?^T` f ^Tg9kAtTxd^ f bdeAe�^Tij^Tpvq�g�gYc_`9kA^*g�b m g�^T`Yx l q?r�bdp_g~`�tT^ f�f ^*g l `Fpu}Pk l p_g�cAp
e_`�^Tijr�^*`�q�^*i{e_g*}|k_^�w*bDp � `�bdpWq�^*` f n lDf�s bd`�r q?»_i{^h��k_^TgQeA`�b m_f �*i{^*g�q�^ f g.�vc_^ f�l eA`�t*gY^*p_wT^4k_^�pvc lDs ^Tg
bdc�kon�t,xd^Tpvq�c_^ f g�kAí�g � bdp_wTq�r�bdpAp_^*i{^*pWq?g�r�p_g%q?`Yc_ij^TpWq l c|��}We_cAr�g�kon�tTx lDf c_^*` f�l �vc lDf r�q�t#k_^*gÎr�pWxd^T`�gYr�bdp_g
^*p f ^TgVwTbdije l ` l pWq4�jk_^*g�i{^*gYc_`�^Tg�r�p_k_tTe�^Tp_k l pWq�^*g*yoÌ l w*bdi{e l ` l r�gYbdp�eB^*`Yij^,q�kon�^*gYq�r�i{^*` f�l x l ª
f r�kAr�q?tQk_^Tg l e_e_`�b®�|r�i l q�r�bdp_g ��l r�q�^*g l c1wTbdc_`�g#kAc�k_t,xd^ f bde_eB^*i{^*pWq*}_e l ` f n�cAq�r f r�g l q?r�bDpjk_^Tghijb�k_� f ^*g
^*p�e l `Yq�r�wTc f r�^*`*y

LQbdc_g�k_r�g�eBbdg�bdpAg{eBbdc_`�wT^ f�l kon�c_pÛ^*p_gY^*i mAf ^1kon�b m g�^T`Yx l q�r�bdp_g�wTbdijeA`�^*p l pWqjkun�c_pA^�e l `Yq�k_^Tg
g�eB^*wTq�`�^Tg{kA^�qKí|eB^2m�� Å m~^Tq�kun l c|q?`�^3e l `Yq
kA^*g�ij^Tg�c_`Y^*g�kon[�

3

^Bxu^TwTq�c_t*^Tgje l `�k_^*g�r�p_gYq�`�c_i{^*pWq?g
r�p_k_tTe�^Tp_k l pWq�g*y

LQbdc_g{e_`�tTg�^Tpvq�bdp_gT}�k l pAg�w*^�w¼» l eAr�q?`Y^D} f n l e_e f r�w l q?r�bdpßk_^ f n lDf�s bd`�r q?»_i{^ l c��Ûij^Tg�c_`Y^*g�g l q?^ f ª
f r�q l r�`Y^*gXm#
s� w ��RVO�� Å } l r�p_gYr��vc_^ f�l x lDf r�k l q�r�bdpak_^Tg�r�pWxd^T`�gYr�bdp_g�^*pØcAq?r f r�g l pWq f ^Tg�ij^Tg�c_`Y^*g
k_^
g�bdp_kA^*gVkun�b��Tbdp_^~^Tq f ^TgMi{^*gYc_`�^TgVg l q?^ f�f r q l r�`�^*gO���V
 Å w ��RVO�� Å y�Ì l eBbdg�gYr m r f r q?t�kon l e_e f r��vc_^T` f ^*g
k_tTxD^ f bDe_e�^Tij^TpWq?g l c|�1i{^*gYc_`�^Tg m_lDf�f bdp1Ì
��
p� w m�� Å m�^TgYqQ^*p_gYc_r�q�^9eA`�t*gY^*pWq?tT^Dy

$ bi¡ ¢¤£2£�'BkT-.)X¥
kBdHf )Vh ¦ § 0\j
h�2Ô0\j¨jl£�)©¥
kT)~',0\j¤ªA« ¬®­N¢°¯�±e²´³
� bDiji{^jkAt*w*`Yr�q�k l p_g f�l e l `%q?r�^ QAyµQAyá¹|} f ^*g9g�eB^*w,q?`�^Tg
ij^Tg�c_`Yt*g
e l ` f n�r�pAgYq?`Yc_i{^*pWqgm#
;�®¶W·
öEZ

S¼õ�¸dõE>3¹�HZºB»Qõ�¼o½o¾Î¬�­d­D­ l @�·
öDS¼õ�¸dõE>3¹�H�ºB»Qõ�¼o½o¾Î¬�­d­D­ mC¿ e�^TcAxd^TpWq9ê,q?`Y^ l k l e|q?t*g l c|��w l ` l wTq�t*`�r�gYq�r��vc_^*g
¬,QWò
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k_^�m�� Å m l `_p{kun�b m q?^*pAr�`�k_^TgÎgYe�^TwTq�`�^*g�q?^ f g��vcon�r f g�g�^*` l r�^TpWq�ij^Tg�c_`Yt*g�e l `�m�� Å m¼yvÌ�^*g�g�eB^*w,q?`�^Tg�m#
;�
g�bDpvqÎeBbdc_`�wT^ f�l `Yt*t*w¼» l pWq?r f�f bdpAp_t*g�^TqÎwTbdpWxdb f c_t*g�e l ` f�lV� bdp_wTq�r�bdp�kon l e_e l `�^Tr f m�� Å m¼y�ÌN^TgÎ¯4i{bdr�g�k_^
i{^*g�cA`�^*gqm#
s�¡wTbdp_g%q?r�q�c_^*pWq l r�pAg�r_c_p{bdcAq�r f q�`��TgÎc|q?r f ^h� f�l x lDf r�k l q?r�bdp�k_^Tg�k_tTxD^ f bDe_e�^Tij^TpWq?g�eAc_r�g
ª
�vcon�r f g#eB^*`Yij^,q�q�^*pWqVkA^9wTbdp � `�bDpvq�^*` f�l i{tTq�»_b|kA^9��k_^TgVi{^*g�cA`�^*gQ^*p�w*bdpAk_r�q�r�bdp_g#`Yt*^ f�f ^Tg*}FgYbdc_i{r�g�^Tg
�
kon�tTxd^TpWq?c_^ f gVeA`�b m_f �*i{^*g#r�p_gYq�`�c_i{^*pWq l c|�3^,q l c m `Yc_r�q.` l k_r�bdi{tTq?`Yr��vc_^�y

_Mp�q?` l x l r f kA^{w lDf r m ` l q?r�bDp�k_^Tg~gYe�^TwTq�`�^*g~i{^*g�cA`�t*g l tTq�t�ij^Tp_t
e l ` f n�tT��cAr�eB^Åm#
s� q?bDcAq l c
f bDp s k_^ f�l ijr�g�g�r�bdp l `Fpªk_^jwTbd`�`Yr s ^T`�k_rYx�t*`Y^*pWq?^Tg�^T`�`�^Tc_`�gT}Np_bDq l iji{^*pWq f r�t*^*g~�1k_^*g~e_`Yb m_f �Tij^Tg
kon lDf r s p_^Tij^Tpvq�k_^*ghi{r�`Ybdr�`Yg�kon l wT��cAr�g�r q?r�bdpoy_LQbdc_g l xdbDp_ghr�w*r f r�ijr q?tQp_bDq?`Y^�tTq�c_k_^ l c|��e�tT`�r�b�k_^Tg#k_^
i{^*r f�f ^Tc_`�^M��c lDf r q?tD}Ae�bdcA` f ^*gY�vc_^ f�f ^*g f ^�e f c_g s ` l p_k�p_bdi m `�^�k_^~g�eB^*w,q?`Y^*g l t,q?t4w*bdpAg�^*`%xdtjÆ¸¹�r"ª"¹D¯
k_tTw*^*i m `�^�¬�­d­�r.@¸¹dòHª"¹D¯QJ l pWx�r�^*`4¬�­D­W��@o¬rª?¬�È l x|`Yr f ¬®­d­W��@o¬>rHª¼¬�­QJYc_r�p«¬�­d­W�|y

Ì�^*g.e l ` l i{�Tq�`�^*g�p_t*wT^*g�g l r�`Y^*gQ� f n�r�pWxD^*`�gYr�bdp�g�bdpWq f ^*g f c_ijr�p l p_wT^*g�w*bd`Y`�^*gYe�bDp_k l pWqQ��k_^ � bD`Yq?^Tg
g�r s p l q�c_`�^Tg�kon[�

3

kon�c_p_^he l `%q�^Tq f�l q�^*i{e�tT` l q�c_`�^#kA^#g�c_` ��l w*^h^Tq f ^#e_`�b�` fFl q?i{bdgYe_»_t*`Yr��vc_^#k_^#q�^*i}ª
eBt*` l q?c_`Y^ l g�gYb|wTr�t*g�kon l cAq�`�^1e l `%q®y�� l `�i{r f ^*g f c_i{r�p l p_w*^Tg�i{^*g�cA`�t*^Tg*} f ^Tg
w l p l c|�ØgYt f ^TwTq�r�bdp_pAt*g
eBbdc_` f n�r�pvxD^*`Yg�r�bDpßk_^ f n�b��*bdpA^«�±q lDm_f ^ l cÆt_y ¬d}Ôw¼» l e_r�q�`�^�t � gYbdpWq�r�gYb f tTg*y�Ì�^Tg f c_i{r�p l pAw*^*g�w*bd`Y`�^*g
ª
eBbdp_k l pWq�^*gQw*bdp_g%q?r q?c_^Tpvq f ^Tg f c_i{r�p l p_w*^Tg#kon�^TpWq?`�tT^�k_^ f n lDf�s bd`�r q?»_i{^Qkon�r�pWxd^*`Yg�r�bdpo}¸ijr�g�^4��e l `%q f�l
f cAijr�p l p_wT^��7¬�È�Q�t_yá�dò�w*i

−1
�vc_r.^TgYq�cAq�r f r�g�tT^�w*bDiji{^ f c_ijr�p l p_wT^jq�^*gYq�^Tpßw*bdi{e f t*i{^*pWq�k_^ f�l

f cAijr�p l p_wT^��{­W��rAyá�dò�w*i
−1

y
�zbdcA`�m�� Å m¼} f ^Tg#q?^*i{eBt*` l q?c_`Y^*ghk_^4g�c_` ��l w*^4^,q f ^*g#e_`Yb�` f gQkA^4q�^*i{e�tT` l q�c_`�^�gY^*`YbdpWq � bdcA`�p_r�g#k_^

i l p_r��T`�^�bDe�tT` l q�r�bdp_pA^ f�f ^«� l xD^*w f n�^*`�`Y^*c_` l gYg�b�w*r�t*^ � y � ^*eB^*p_k l pWq®} f ^Tg�q�^*i{e�tT` l q�c_`�^Tg�k_^�pAr�xd^ l c
¹ � bdcA`�p_r�^*g f bd`�g9k_^ f�l ijr�g�g�r�bdpÇm#
;� gYbdpWq�e�^TcÈ` lDm_f ^*g�¶¶U4õW<YXIH�Z\[oõ�]�õD=?ö>¾Q¬�­d­D­ ¿ yzÌ�^*c_`�r�pWxd^T`�g�r�bdp
pon�tTq l pWq�e l g f n�b m JY^,qVk_^�p_bDq?`Y^�t,q?c_k_^�}�pAbdc_g l xdbDp_g�w¼»_bdr�g�rPkon�cAq?r f r�gY^*` f ^TgVe_`Yb�` f gMk_^~q?^TijeBt*` l q?c_`Y^
� bdc_`Yp_r�g�e l ` f ^#i{b|k_� f ^#k_c � ^*pWq�`�^�O�c_`YbdeBt*^*p�O � 
pÉ�ÊÌË w¼» l ije_g l p l�f í�g�tTg � bDc_`�p_r�g�q?bdcAq�^*g f ^Tg
r4»_^*c_`Y^*gN¶ÎÍ.H�S,>�öEC;ºB»�õ�¼o½o¾o¬�­d­W� ¿ Ëû}WwTb:ª f b|w lDf r�g�t*g l c|��b m gY^*`%x l q?r�bDp_g�m#
;� s `?ÒDwT^V� f n�bdcAq�r f �M` f ^Tq�qKí
k_c1w*^TpWq?`�^~k_^4k_bdpAp_t*^TgMk_^ f nµm�� Å Ì�Ï,y

�Ve_`Y�*g�c_pA^#k_^*gYw*`�r�eAq?r�bdp
` l e_r�k_^�k_^*g�q�^*i{e�tT` l q�c_`�^Tg�kon�^TpWq?`�tT^hcAq?r f r�gYt*^Tg*}E��cAr l c_`YbdpWq�c_p
r�i{e l w,q
r�i{eBbd`Yq l pWqNg�c_` f�l �vc l�f r�q�t�kA^*g�r�pvxD^*`Yg�r�bDp_g*}Ep_bdc_g lDf�f bdp_gNe_`�tTg�^Tpvq�^*` f ^*gÔkArYx�t*`�^TpWq?g�` f q?`Y^*gzk_^��vc lDf r�q�t
i{r�g�^Tp�Ï4cAx�`Y^Dy¸Ì�^ m cAqhk_c�e_`Y^*i{r�^*`�` f q�`�^�^*g%qhk_^4g�t f ^*w,q?r�bdp_p_^T` f ^*g#w l g#�vc_r�p_^4g�bDpvqhe l g l xu^TwTq�t*g
e l ` f�l e_`Yt*gY^*p_wT^�kA^3p�c lDs ^*g��6` f q�`�^�pvc l�s ^*g � y�Ì�^�gY^*w*bDp_k l eBbdc_` m cAq
k_^3gYt f ^*wTq�r�bdpAp_^*` f ^*g�w l g
�vc_rVgY^*`YbdpWq f ^�e f c_g�w*bd`Y`�^*w,q?^Tij^Tpvq�q?` l r�q?tTg�e l ` f n lDf�s bd`�r q?»_i{^3kon�r�pWxd^T`�g�r�bdp²k_t,xd^ f bde_eBtØ�±q�^*g%q1k_^
w*bD»_t*`Y^*p_wT^ � y�O�pC`Fpo} f ^TgMr�pWxd^*`Yg�r�bdp_gQk_^ f n�b��*bdp_^Vm#
s�Íg�^T`�bdpWqMe_`�tTg�^Tpvq�t*^Tg*} l r�p_g�rN�vc_^ f n l p lDf í�g�^~k_^
f n�^*`Y`�^Tc_`#kon�r�pWxd^T`�g�r�bdp l g�gYb|wTr�t*^�y

�h�Y���%� Ð� 
Ñ þ��oýA¥��A×Qý_ �¦Ø¥�¦|¦��#¢u§"�� �¦ÆÒ úD� Ó
	�r�^Tp��vc_^ f�l q�^*i{e�tT` l q�c_`�^9k_^�g�cA` ��l wT^1�

Ts � g�bDr�q � bDc_`�p_r�^9e l `�O � 
pÉ�Ê�}�p_bdc_g l xDbdp_g�w¼»Abdr�gYr
k_^ f�l k_tTk_c_r�`�^�k_^Tg.g�eB^*w,q?`Y^*g\m#
s� l `Fp3k_^�`Y^*g%q?^*` f ^Ve f c_g.wTbd»_tT`�^*pWqheBbdg�gYr m_f ^ l xd^Tw f ^Tg�w*bDp_k_r�q�r�bdpAg
k_^4i{^*g�cA`�^Dy

R l p_g f ^hk_bDi l r�p_^.k_^ f n�r�p � ` l `Ybdc s ^�q�»_^*`Yijr��vc_^D}
Ts

e�^TcAq l r�gYt*i{^*pWqÎêTq?`Y^MkAt*k_c_r q?^hk_^Tg�gYe�^TwTq?`Y^*g
^*pßc|q?r f r�g l pWq f�l `�^ f�l q�r�bdpªk_cßw*bd`Ye_g s `Yr�g�kA^�� f�l p_w¼âÜ��tT��c l q?r�bdp_g�¹|y ¬�^,qj¹|y¶¹ � k l pAg
c_p_^ � ^Tp_êTq�`�^
l q�ijbdgYe_»_tT`�r��vc_^�}�wDn�^*gYqhª"�"ª�k_r�`Y^�eBbdc_`jc_p_^ f c_i{r�p l p_w*^

L0

ij^Tg�c_`Yt*^��ôc_pÜw l p lDf g�eB^*w,q?` l�f
ν0

p_^
w*bDijeBbd`Yq l pWq#�vc_^ f�l g�r s p l q�c_`�^�kA^ f n�tTijr�g�gYr�bdp3k_^ f�l g�c_` ��l w*^4k_^ f�l �P^*`Y`�^�Æ

Ts =
h c ν0/kf p ( 2 εs h c2 ν3

0

L0
+ 1
)

�^rAy�¬ �
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l xd^Tw

h
f�l wTbdp_g%q l pWq?^�k_^E� f�l p_w¼â¸}

c
f�l x�r q?^*gYg�^
k_^ f�l�f c_i{r��T`�^9k l p_g f ^9x|r�k_^D}

k
f�l w*bDp_gYq l pWq?^�k_^

	�b f q/�Ti l pAp3^Tq
εs

f n�tTijr�g�g�r x�r�q?tMk_^ f�l g�cA` ��l wT^~k l p_g f ^�k_bDi l r�p_^�gYe�^TwTq?` lDf w*bDp_g�r�k_t*`YtDy
LMbdcAg l xdbdpAgÔw¼»_bdr�g�r

ν0

eA`�b�w¼»_^�k_^ f�lQmFl p_k_^�kon lDm g�bD`�eAq�r�bdp9k_^ f nW�
3

l `Fp�k_^ f r�ijr q?^*` f ^�q?^*i{e_gzk_^
w l�f w*c f p_tTw*^Tg�g l r�`�^�e�bdcA` f ^TgVgYr�i�c f�l q?r�bdp_ghk_^�gYe�^TwTq�`�^*gTy�Ì l k_t,q?^*`Yijr�p l q�r�bdp�kon�c_p_^ � ^*pAêTq?`Y^ l q�ijb:ª
g�eA»_t*`Yr��vc_^�k l p_gÔwT^TqYq?^�`Yt s r�bdp~^*gYqÔk_rYn{wTr f ^�wTbdije|q?^�q?^*pvc�kA^ f�l#��l r m_f ^�`�tTg�b f cAq?r�bdpVm�� Å m¼}Ew*^Te�^Tp_k l pWq
ν0 
 ­���rAy
�dòjw*i

−1
g�^Ti m_f ^�p_^
e l g�ê,q?`�^�q�`�bde l x�^*w,q?t
e l ` f n lDm gYbd`�eAq�r�bdp l q?i{bdg�eA»_t*`Yr��vc_^DyoÌN^�w lDf ª

w*c f�l tTq�t
^ix�^*wTq�c_t�^*paw*bdpAg�r�kAt*` l pvq*}ow*bDiji{^�eBbdc_` f ^*g�gYr�i�c f�l q?r�bdp_gT}�c_pA^
t*i{r�g�gYr�x�r�q�t�k_^
gYc_` ��l w*^
i{b�íD^*p_pA^
w*bdp_g%q l pWq�^
t sWlDf ^
�3ÈAy�­d¯A¬>Q|y��Pbdc_`�c_p_^
^TgYq�r�i l q?r�bdp�e_`Yt*wTr�g�^
kA^

Ts
}ue f c_g�r�^*c_`Yg � ^*p_ê,q?`Y^*g

l q�ijbdgYe_»_tT`�r��vc_^Tg4k_bdr�xD^*pWq~êTq�`�^�w*bdpAg�r�kAt*`�tT^DyPÌ l i{tTq�»_b�k_^
w¼»_bdr�g�r�^�^TgYq~k_bdp_w�^I�|q�`�êTij^Tij^Tpvq9g�r�iBª
e f rY`FtT^Dy_Ì�n�^*`Y`�^*cA`MgYc_` f ^�w l�f w*c f ^*g%qMwT^*eB^*p_k l pWqV^TgYq?r�ijtT^4�{i{bdr�p_g.k_^�¬��
y

Ì�^*g�q�^*i{e�tT` l q�c_`�^Tg�k_^Mg�c_` ��l w*^ l r�pAg�r¸r�pWxd^T`�gYt*^*g#^,q f ^*g�q?^*i{eBt*` l q?c_`Y^*g.O � 
pÉ�Ê w �V` f ^TqYqKí{g�bdpWq
w*bDije l `�t*^TgVgYc_` f�l ` s c_`Y^ÅrAy ¬�e�bDc_`Vw¼» l ��cA^{eBt*`Yr�b�k_^~w*bdp_gYr�k_tT`�tT^Dy�Ì�n l w*wTbd`�k�^Tpvq�`�^ f ^*gVkA^*c|��k_r�g
ª
q?`Yr m c|q?r�bDp_g�^*gYq sdf b m_lDf ^Tij^Tpvq m bdpo} l xD^*w�cAp s ` l kAr�^*pWq f�l q�r�q�c_k_r�p lDf g�r�ijr f�l r�`�^�Æ

Ts

lDf�f�l pWq�k_^Vi{bdr�pAg
k_^�¹�tdÈ�� ^*pÛ»_r xd^*`���e f c_g
k_^�¹D­DÈ�� ^*pÛtTq�t l c|�Øi{b�íd^Tp_p_^*g f�l q?r q?c_k_^Tg�^Tq l c|q?bdc_`�k_^�¹D­dÈ��
QdÈdÈ�� q?bdcAq�^ f n l p_p_tT^#k l p_g f ^Tg�q?`�bDe_r��vc_^Tg*yvRV^Tg�k_roxutT`�^Tp_w*^Tg�k_^he f c_g�k_^MòDÈ��
gYbdpWq�wT^*eB^*p_k l pvq l qhª
q?^Tr�pWq?^Tg f b�w lDf ^*i{^*pWq®} l xd^Tw�k_^Tg�q?^*i{eBt*` l q?c_`Y^*gNk_^�g�cA` ��l wT^Îr�pWxd^*`Yg�tT^*gPr�p � tT`�r�^Tc_`�^Tg l c|��q�^*i{e�tT` l q�c_`�^Tg
�V` f ^,q�qKídy � ^Tg�t*w l `Yq�g�r�i{e�bD`Yq l pvq�g4g*n�^,�|e f r��vc_^*pWq�e l ` f�l e_`Yt*gY^*p_wT^3k_^�pvc lDs ^*g1� � bd`Yq�^jwTbdcAxd^T`Yq�c_`�^
pvc lDs ^Tc_g�^ � }���cAr l x�^*w,q?^*pWq � bD`Yq?^Tij^TpWq f ^TgVgYe�^TwTq?`Y^*g©m#
s�ÝÆ f�l q�^*i{e�tT` l q�c_`�^9k_^�gYc_` ��l wT^�r�pWxD^*`�gYt*^
w*bD`�`�^Tg�eBbdp_k lDf bD`�g#� f�l q�^*i{e�tT` l q�c_`�^�k_c�g�bDiji{^Tqhk_c�pvc lDs ^�y

�Mbd`Yijr�g#w*^TgVk_roxutT`�^*pAw*^*g m r�^Tp�x�r�g�r mAf ^*gh^,qVr�k_^*pWq?ro`Ft*^Tg*}Bp_bdc_gQeBbdcAxdbDp_gVt sWlDf ^Tij^TpWqM`Y^*i l `��vc_^T`
�vc_^ f�l q?^*i{eBt*` l q?c_`Y^.k_^#g�cA` ��l wT^#r�pWxd^T`�g�tT^h^*gYq s t*p_tT` lDf ^*i{^*pWq f t s �*`Y^*i{^*pWq�e f c_g ��l r m_f ^Î�vc_^ f�l q�^*i}ª
eBt*` l q?c_`Y^�k_^
g�cA` ��l wT^Å�V` f ^TqYqKídyl� f cAg�r�^Tc_`�g ��l wTq�^*c_`Yg�e�^TcAxd^Tpvq9^,�|e f r��vc_^T`�w*^,q�q?^
gYbdc_g
ªK^*g%q?r�i l q�r�bdpôÆ
f�l e_`Yt*gY^*p_wT^�kon�c_p m `Yc_r�q{` l k_r�bDijt,q?`�r��vc_^3g�c_` f ^1w l p lDf cAq�r f r�g�t�} f n�t*i{r�gYg�r x|r q?t3i{b�íd^*pAp_^�c|q?r f r�gYt*^D}
bdc m r�^*p£cAp(eA`�b m_f �*i{^ôk_^ßw lDf r m ` l q?r�bDp
k_^Tg�g�eB^*w,q?`�^TgÌm#
s�
y©�zbdcA`�c_p m `�cAr�q l cAq?bdcA`�k_^Ø¹|yáò
¬�È

−8
É w ��wTi

2
w*i

−1
g�` � ��i{ê*i{^{bd`�k_`Y^�k_^ s ` l pAk_^*c_`9e�bDc_`gm�� Å m�^Tqgm#
s� k l p_g f ^jk_bDi l r�p_^{k_^

f n[�
3 � } f n�^*`�`Y^*c_`1gYc_` f n�^TgYq�r�i l q?r�bdpÜk_^

Ts

e�^TcAq l q�q?^Tr�p_kA`�^ß¬���yhR l p_g f ^«k_bdi l r�pA^�w*bdpAg�r�kAt*`�t�}
f n�t*i{r�gYg�r x|r q?t#k_^Mg�c_` ��l w*^Mx l `�r�^Q^*pWq�`�^V^TpWx|r�`�bdp�ÈAyá¯���r�r9eBbdc_` f ^Tg�gYc_` ��l wT^*g.kAt*g�^T`Yq�r��vc_^*gT}_ÈAy�­d­d­~e�bDc_`
f ^Tg�g�c_` ��l w*^�^Tp_p_^*r s t*^Tg4^Tq{¬�e�bdcA` f ^*g l�sdsdf bDijtT` l q�r�bdp_gH¶��1H6¼ SBº,= ºB»Mõ�¼o½o¾�¬�­d­d­ ¿ y�Ì l k_rYx�t*`Y^*p_wT^�k_^
q?^TijeBt*` l q?cA`�^�k_^4g�cA` ��l wT^~^Tp s ^Tp_k_`�tT^9eB^*c|q l�f�f ^T`PJYc_gY��cuná��^*pWx�r�`Ybdp�ò��
y

m f eB^*c|q�t sdlDf ^Tij^TpvqQ^I�Ar�gYq�^*`�k_^TgVr�p_w*bdpAg�r�g%q l pAw*^*gM^*pWq?`Y^ f ^TgQq�^*i{e�tT` l q�c_`�^Tg�O � 
pÉ�Ê w �V` f ^TqYqKí
^Tq f�l `�t l�f r�q�t�^TqhkAbdp_w4^*pWq?`Y^�O � 
pÉ�Ê w �V` f ^TqYqKí3^Tq�m#
s�
y

LM^9k_r�gYe�bdg l pWq�e l gVkon�^*g%q?r�i l q�r�bdp_ghe f c_gK` lDm_f ^TgVk_^TgVe_`Yb�` f gVk_^~q?^*i{eBt*` l q?c_`Y^�eBbdc_`�m#
s��} f ^Tg
e_`Yb�` f g#kA^4q�^*i{e�tT` l q�c_`�^4O � 
pÉ�Ê w �V` f ^TqYqKí3bdpWqQtTq�t~c|q?r f r�gYt*g*y

�Vc3wTbdc_`�g#kA^ f�l i{r�gYg�r�bdpGm�� Å m¼} f ^Tg�q?^TijeBt*` l q?c_`Y^*g.kA^�g�c_` ��l w*^�^,q f ^Tg.e_`�b�` f g.kA^Vq?^TijeBt*` l q?c_`Y^
g�^T`�bdpWq�r�pWxd^T`�gYt*g�kA^ai l p_r��*`Y^abDe�tT` l q�r�bdp_pA^ f�f ^�eBbdc_` f ^Tg l e_e f r�w l q�r�bdpAg�ijt,q?tTbd`�b f b s r���cA^*g*y.O f�f ^Tg
g�^T`�bdpWqQk_bdpAw l c_g�gYr�` lDm_f ^*gh^TqQw*bD»_t*`Y^*pWq?^TgM�vc_^~e�bDg�g�r m_f ^�^,q f n�^*`Y`�^*cA` l g�g�b�w*r�t*^4g�^T` l w*bdpAp�cA^Dy

�h�Y���\Õ ��§"¤���ý_ �¦Û�V ���×V¥�¤"§K�|�
�����! #"%$'&($*),+�-.),/10(-324$*065

7 c_^ f�f ^��vc_^
gYbdr�q f�l `�t s r�bdp�gYe�^TwTq�` lDf ^
w*bdp_gYr�k_tT`�tT^D} f ^Tg�pvc lDs ^Tg~bDpvq4cApa^Bxu^,q�q?`Y�*g4r�i{e�bD`Yq l pvq
g�cA` f ^~` l ídbdp_pA^*i{^*pWq�i{^*gYc_`�t l c�g�bdi{ij^,qQk_^ f n l q?i{bdg�e_»A�*`�^�y¸R l p_g f n m"Ú¡q?»A^*`�i{r��vc_^�} f ^*ghpvc lDs ^*g
lDm gYbd` m ^*pWq f ^�` l íDbdp_p_^Tij^TpWq4t*i{r�g�e l ` f�l g�c_` ��l w*^
k_^ f�l �P^*`Y`�^�^,q f ^�`Yt*tTij^,q�q?^TpWq~��c_p_^�q�^*i{e�tvª
` l q?c_`Y^�e f cAg ��l r m_f ^�� f�l�� bdr�g�xD^*`Yg f�l g�cA` ��l wT^~^,q#xd^T`�g f ^Tg#e f c_g�» l cAq�^*ghw*bdcAw¼»_^*ghk_^ f n l q�ijbdgYe_»_�T`�^Dy
Ì�^*g3gYe�^TwTq?`Y^*g�ij^Tg�c_`Yt*g1k l pAg f n�^*g�e l w*^«g�bDpvq1kAbdp_w l qYq?t*pvc_tTg�e l ` f ^�eA`�t*gY^*p_wT^ªkA^�p�c lDs ^*gTyhRV^
e f c_g*} f ^*g�g�r s p l q?cA`�^*g�kon l�m g�bd`YeAq?r�bdp3k_^Tg#w*bdc_w¼»A^*gQk_^ f n l q�ijbdgYe_»_�T`�^�gYr�q?cAt*^*g#gYbdc_g f ^�pvc lDs ^�k_r�g�e l ª
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` l r�g�g�^TpWq®yvÌ l w*bdcAxD^*`%q?c_`Y^Vpvc lDs ^Tc_g�^ l c_` l kAbdp_whc_p{r�i{e l wTq�q�`��TgÎr�ijeBbd`%q l pWq�gYc_` f�l `�^TgYq?r q?cAq�r�bdp�k_^
w*bdp_wT^*pWq?` l q?r�bdp_g�k_^VwTbdp_gYq�r�q�c l pWq?g�ijr�p_bd`�r q l r�`�^Tg�q?`�bDe�bdgYe_»_tT`�r��vc_^Tg*y � ^Tq.^Bxu^,q.eB^*cAq�êTq�`�^�wTbd`�`Yr s tQg�r
f ^*g4w l ` l w,q?tT`�r�g%q?r���cA^*g�kA^*g�pvc l�s ^*g l í l pWq�cAp7r�i{e l w,q4g�c_` f ^*cA`�g~e_`�bdeA`�r�t,q?tTg9` l k_r l q?r�xD^*gj�±qKí�eB^�k_^
p�c lDs ^D}FtTe l r�g�g�^Tc_`hbdeAq�r��vc_^D} l�f q?r q?c_kA^D}ÂºB»98I½ � g�bDpvqQwTbdp_pvc_^*gTy

Ì�n�tTq�c_k_^�k_^*g4pvc lDs ^*g~^*gYq~c_p«k_^Tg9b m JY^*w,q?r � g�kA^ f�l ijr�g�gYr�bdpÌm�� Å m¼y
_Mp_^ m bdp_p_^
wTbdp_p l r�g�g l p_wT^
k_^ f�l wTbdcAxD^*`Yq�c_`�^«pvc lDs ^*c_gY^agY^*` l kAbdp_w�k_r�g�eBbdp_r mAf ^�^,q1c_p_^�wTbd`�`Y^*wTq�r�bdp²kA^*g3g�eB^*w,q?`Y^*g�e�bdcA`�` l
êTq?`Y^�^Tpvx�r�g lDs tT^DyuÌ l q?`��Tg m bdp_p_^�w*bdcAxD^*`%q?c_`Y^�g�e l q?r l�f ^~k_^ f n�r�p_gYq�`�c_i{^*pWqMe�^T`�i{^Tq�kA^�g�r�ije f rY`_^*` f ^
q?` l r�q?^Tij^TpWq�^Tp3t f r�ijr�p l pWq f ^Tg�g�r q?c l q?r�bDp_g l x�^*w,q?tT^*g#e l ` f�l eA`�t*gY^*p_wT^�k_^�pvc lDs ^*g#g l p_g.eB^*`�kA`�^�c_pA^
e_`�bdeBbd`%q?r�bDp�q?`�bDe�r�ijeBbd`%q l pWq?^Vkon�r�p � bd`Yi l q�r�bdpuy

Ì l w*bdcAxD^*`%q?c_`Y^�pvc lDs ^Tc_g�^ l g�g�b�w*r�t*^ l c|��i{^*g�cA`�^*gKm#
s� pon�t,q l pWqVe l gVgYe�tTw*ro`Ft*^�}�c_p�` f q�`�^~tTq?t
k_tTxD^ f bDe_e�tVe l `QU�õW<YXIH�Z\[oõ�]�õD=?ö:ºB»Îõ�¼o½�¶�¹DÈdÈA¬ ¿ol `_p3kon�tTw l `%q?^T` f ^Tg�g�eB^*w,q?`Y^*g#w*bDpvq l i{r�p_tTg.e l ` f�l eA`�t(ª
g�^*pAw*^~k_^4p�c lDs ^*g���bDc�kA^~q�bdcAq l cAq�`�^ l tT`�bdgYb fNl í l pWqQc_p�r�i{e l wTqhr�ijeBbd`%q l pWq � yAÌ�^4w*`Yr�q��*`�^4cAq�r f r�g�t�}
k_tTq�^*`�i{r�pAt�k_^�i l p_r��*`Y^9^Tije_r�`�r���cA^9^,q mFl gYt�g�c_` f ^�w lDf wTc f k_^ f�l q?^*i{eBt*` l q?c_`Y^�k_^�gYc_` ��l w*^ l gYg�b:ª
w*r�tT^ l c|��g�eB^*w,q?`�^Tg*}NeB^*`�i{^Tq�t sWlDf ^*i{^*pWq�k_^�` f q?`Y^*` f ^*g�w l g l x�^*w,q?t*g4e l `�c_p«kAí�g � bdpAwTq?r�bdp_p_^Tij^TpWq
r�p_g%q?`�cAij^Tpvq lDf r�i{eBbd`Yq l pWq®y�Ì l w*bdcAxD^*`%q?c_`Y^.pvc lDs ^Tc_g�^�ij^Tg�c_`Yt*^�e l ` f n�r�p_g%q?`�cAij^Tpvq��í��ÌNR�O�Ú
�^�í�fª
Ì l `�rM� l q?r�bdp l p_k«RVr�`�^*w,q?r�bdp lDf r�qKí1b � q�»_^
O l `Yq�»on�g4ÚQ^;:F^*w,q l p_wT^*g�¶=<�º¼>#83¹Aõ?>VGF>�ºB»Qõ�¼o½o¾�¬�­d­�t_@1@.õD=?ö9¼
ºB».õ�¼o½o¾Ô¬�­d­d­ ¿ � }Ae_`Yt*g�^TpWq�� m bD`�k1k_^X��R�Oí� Å l xD^*wVm#
s��} l eB^*`Yijr�g.k_^�x lDf r�k_^*` f�l ijt,q?»_b�k_^�y
A $B)C ,&D$E+�FHG(IJ"%$*/D+�$�&($��LKM-3��24F4"N�! %GDOP$Q&RKM�S/HTU$J"N)V�!FH/

Ì�^TgVk_^Tc|� f c_i{r�p l pAw*^*g9�
r̂(1)

}
r̂(2) � `�^TgYq�r�q?cAt*^*gVe l ` f n lDf�s bD`�r�q�»_i{^�kon�r�pWxd^T`�g�r�bdp�gYbdpWq�cAq�r f r�g�tT^*g

e�bdcA`Ôq?^TgYq?^T` f�l w*bD»_t*`Y^*p_wT^Q^TpWq?`�^ f�l g�r�q�c l q�r�bdp�wTbdp_gYr�k_tT`�t*^9�±wDn�^*gYqhª"�"ª�k_r�`Y^ f ^Tg�e l ` l ij�,q?`Y^*g�kon�^*pWq?`Yt*^ �^Tq f ^*g�gYr�q?c l q?r�bdp_g�c|q?r f r�gYt*^*g�e�bdcA` f�l w lDf r m ` l q?r�bDpªk_cÛÚQL ��e l `Yq�r�^3ò�y¶ò|yµQ � y�O�pØ^ix�^Tq®}Ôg�r f ^�w l g��
r�pWxd^T`�g�^T`j^TgYq�q?`YbdeÛt f bDr s p_t�k_^*g{w l g l e_eA`�r�g
e l ` f ^1ÚQL9} f ^3`Yt*gYc f q l q{p_^1g�^*` l e l gE` lDm_f ^�}ÔxdbDr�`�^
q?bDq lDf ^Tij^Tpvq.^*`�`Ybdp_t�y¸Ì�n�^*`Y`�^Tc_`hg�c_` f�l `Y^*gYq�r�q�cAq?r�bdp3k_^*g f cAijr�p l p_wT^*g.gY^*` l{lDf bd`�g.t f ^,xdt*^�y

Ì l ` s cA`�^VrAyá¹
`Y^*e_`Yt*gY^*pWq?^ f n�^*`�`Y^*c_`hk_^4`Y^*gYq�r�q�cAq?r�bdp3`�^ f�l q�r�xd^
∆ r1

kA^ f�l e_`�^Tijr��*`�^ f c_i{r�p l pAw*^
q?^*g%q4� f c_i{r�p l p_w*^Q��­W��rAy=�Dò~w*i

−1 � } l x l pWq.^,q l e_`Y�*g f ^\` f q�`�^Vpvc l�s ^*gT}A^Tq l e_`Y�*g l xDbdr�`í` f q�`�t f ^*g�w l g
e�bdcA` f ^*gY�vc_^ f g

∆ r1 > 4 %
y¸ÌN^Tghk_r�g%q?`�r m cAq�r�bdp_g�b m q?^Tpvc_^*gQg�bdpWqQk_roxutT`�^*pWq�^*gQg�^ f bdp f n lDf�s bd`�r q?»_i{^

w*bdp_gYr�k_tT`�t7ÆÎ^ f�f ^Tg�k_tTe�^Tp_k_^*pWq � bd`%q?^Tij^Tpvq�k_^ f�l e_» l gY^�kon l e_e_`Y^*pWq?r�g�g lDs ^�k_c ÚQL9y�Ì�n�^T`�`�^Tc_`�k_^
`�^*g%q?r q?cAq�r�bdp{^*g%q sdf b mFlDf ^*i{^*pWq�q?`��Tg ��l r m_f ^~�

< 6
� k l p_g�e f c_gÎk_^���È��Ík_^*g�w l gT}

< 4
�Ík l pAg�e f c_g

k_^HtWò � k_^*gMw l g � y�m f ^I�|r�gYq�^�wT^*eB^*p_k l pvq�k_rYx�t*`Y^*pWq?^TgN�*bDp_^*g�kA^ � bd`%q?^*gQ^*`Y`�^Tc_`�g��
∆r1

^*pWq�`�^�¬®Èj^Tq
e f c_gPk_^�¹DÈv� � }�wTbdiji{^ f n � � `Yr��vc_^�k_c
LQbd`�ko} f ^*gP» l cAq�^*g f�l q?r q?c_kA^*gN^Tq*}�k l p_gÔc_pA^�i{bdr�p_kA`�^�i{^*g�cA`�^D}
f ^H� l wTrY`F�vc_^~q?`�bDe_r�w lDf } l r�p_g�rN�vc_^9k_^*gVx lDf ^*c_`YgM^I��q?`�êTij^Tij^TpWq�t f ^TxDt*^*g�e f c_gQr�gYb f tT^*gQ`�t*e l `Yq�r�^*gMg�c_`
f n�^*p_gY^*i m_f ^�k_c sdf b m ^��

∆r1

eBbdcAx l pWq l q�q�^*r�p_k_`�^�e f c_g#k_^�¬�ÈDÈ:� � y
�Me_`��Tg
t f r�i{r�p l q�r�bdpak_^Tg
w l g
pvc lDs ^*c|�Ø^TpØcAq?r f r�g l pWq f ^ ` f q�`�^�pvc l�s ^*gÅm#
s�
} f ^*g�e f c_g � bd`%q?^*g

x l�f ^*cA`�g�kun�^T`�`�^Tc_`.bdpWq#kAr�g�e l `�coy|Ì�^*gZ�Tbdp_^Tg#k_^ � bd`%q?g
∆r1

pA^�g�bdpWq#wT^*eB^*p_k l pWqhe l gO` f q?`Yt*^*gTy 
�êTij^
g�r f ^*g�g�eB^*wTq�`�^Tg l xu^TwTq?tTg.e l ` f�l eA`�t*gY^*p_wT^4k_^�pvc lDs ^Tg.g�bDpvq f ^*g�w l g.pAbdpuª l e_e_`�r�g f ^*g.e f c_g�wT`�r q?r��vc_^Tg*}
kon l cAq?`Y^*ghg�r q?c l q�r�bdpAg.e l ` l r�gYg�^*pWqQi lDf q?` l r�q�t*^Tg#e l ` f n lDf�s bd`�r q?»_i{^Dy

Ì�^Tg�e_`Yb m_f �Tij^Tg�kun�r�pvxD^*`Yg�r�bDp l cuª�k_^*gYg�c_g�k_^ f nµ� � `�r��vc_^Qk_c�LMbd`Yk�bdc�kA^*g�» l cAq?^Tg f�l q?r q?c_k_^Tg�eA`�b:ª
x|r�^*p_pA^*pWq.q?`Y�*g.wT^*`%q l r�p_^*i{^*pWq#k_^Tg.t*i{r�gYg�r x|r q?tTg�k_^�gYc_` ��l w*^�^I�|q�`�êTij^Tg l q�q�^*r�pWq�^*g.k l p_g.w*^Tg.`�t s r�bDp_g*y
Ì�n l e_eA`�^*pWq�r�g�g lDs ^ l í l pWq#tTq�tV`Yt lDf r�g�tQ^*p�cAq?r f r�g l pWq�c_p_^Vx lDf ^*c_`Îi{b�íD^*p_pA^�k_^ f n�tTijr�g�gYr�x�r�q�t~�°ÈAy�­d¯A¬>Q � }
f ^*gQg�r q?c l q?r�bDp_ghe�bdcA` f ^*gY��cA^ f�f ^*g f n�t*i{r�g�gYr�x�r�q�t�^*g%qVq�`�bde�t f bDr s p_tT^4k_^�wT^Tq�q�^9x lDf ^*c_`hg�bDpvqVr�p_wTbdp_pvc_^Tg
k_c�ÚML´^TqQp_^4eB^*cAxD^*pWqMêTq?`Y^4w*bd`Y`�^*w,q?^Tij^TpvqMr�pWxD^*`�gYt*^Tg*y

�McuªKkA^*g�gYc_g{k_c � l wTrY`F�vc_^3q?`Ybde_r�w lDf }zk_^Tg
x l�f ^*cA`�g
kon�^*`Y`�^*cA`{`Y^ f�l q?r xd^*i{^*pWq
r�ijeBbd`%q l pWq?^Tg�gYbdpWq
l q�q�^*r�pWq�^*g*y � ^Tg�w l gMw*bd`Y`�^Tg�eBbdp_k_^Tpvq��jk_^ ��l r mAf ^*gh�vc l pWq�r�q?tTgVkon�b��Tbdp_^D}Bg�bDc_g�`�^Te_`�tTg�^Tpvq�t*^Tg f bd`YgMk_^
f n l e_e_`Y^*pWq?r�g�g l�s ^�k_c�ÚML~y

Ì�n�^*`Y`�^*cA`
∆r = {∆r1, ∆r2}

g�cA` f ^*g f c_ijr�p l p_wT^*gVq�^*g%q4g�^*i m_f ^
k_bDp_w�e�bdc|xdbdr�`�êTq�`�^ l g�gYb|wTr�tT^
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 (976.75 cm−1) (%)

ê�ë6ì��urAy¶¹Qð ã $o(/45<1$!X%.�45$5">'Å7�&O+�@ &%<%<�&/.�<O<�&/+W�>45$ZYI& ∆r1

(%.�<�+W�K<�&1(%45$545.�45$5",'E7�&�+W�N+[.�ùv$M'��,'� 1&\[�]J^C_!P�^;`v /ù
−1öTû�ü,.�<�&1(�79&�ü!�>.� %÷)&baWcRd " D 0%<��>45$6",'�'C&/+ ø(_Z(3",<%45$�&1(fe!ûAü,.�<�&%(O79&O7,<�",$M4^&\aWcRd 45<�" D ",( D ÷�0/<1$hg/.�&1øuäK(/"><%45$�&1(^õia

�VYi�>'u4�4�">.�4 D <�"J #&1(1(1.�(Å7�&�û
+[45<��Jü9&�ö*&%'s÷��>.�4[õiøO� D <Lj1(H+F&�û
+W45<�&H'u.��Jü�&GöÎ�,.�ùv$Y+[$6&/.BõiøZ&/4�� D <Lj1(H+F&g4^&1(/4O79& �"I÷)0%<�&/'� #&©79&�+�@ �>+ ü!"><1$54M÷9ùV&N7�@ $M'JYI&/<#(%$5",'sö*&/'kX��,(^õ>P

� f�l e�bdgYr�q�r�bdpo}Bk l pAg f n�^Tg�e l w*^
k_^Tg~^TpWq?`�tT^*gT}�k_c«w l g4w*bDp_g�r�k_t*`Yt
e l `�` l e_eBbd`Yq4� f n�^Tp_g�^Ti m_f ^�kon l euª
e_`Y^*pWq?r�g�g l�s ^3cAq?r f r�g�t�eBbdc_` f�l w lDf r m ` l q?r�bdpôkA^ f n lDf�s bD`�r�q�»_i{^Dy
�K`FpØk_^3xDt*`�ro`F^*`
wT^TqYq?^1»Wí|eBbDq�»_�*gY^D}
f ^TgVe l ` l i{�Tq�`�^*gVkon�^TpWq?`�tT^
k_^*gV^,�|^*i{e f ^Tg©m#
s� bdpWq�tTq�t�e_`�b�JY^Tq?tTg�g�c_` f ^�gYbdc_g
ªK^*gYe l wT^{`Yt*k_cAr�q�kA^*g
^*pWq�`�t*^Tg
r�gYg�cßk_^ f n l p lDf í�gY^j^TpÛwTbdi{e�bdg l pWq?^Tg�e_`�r�p_w*r�e lDf ^*g~^ix�^*wTq�c_t*^3k l p_g f�l e l `%q?r�^�ò|y t_y ¬�e�bDc_`
w*bDp_gYq�`�c_r�`�^ f�l
mFl g�^4k_^4k_bdp_pAt*^*gTy

O�p�p_^Qw*bdpAg�r�kAt*` l pvq��vc_^ f ^*gÎk_^*c��{e_`�^Tijr��*`�^Tg�wTbdi{e�bdg l pWq?^Tg��±��cAr�eB^*`Yij^,q�q?^TpWq�k_^Q`�^Te_`�tTg�^Tpvq�^*`



ÿE:Yå�:1½Nyqy	��¾ R ½V¿P¾BS#ÂÓ½,�læ�ç�ÀÎÃ���ÀQÀÎÃ�ÃCyB½V¿P¾K½��NÀÎÃ�¾#çÈèOév½vÁVÀKShÃ ¬,t_¬

−50 −40 −30 −20 −10 0 10 20 30 40 50

−6

−4

−2

0

2

4

6

8

Y1

Y
2

−70 −60 −50 −40 −30 −20 −10 0 10 20 30 40 50 60

−6

−4

−2

0

2

4

6

8

Y1

Y
2

Apprentissage
IMG 01/04/1997
pixels nuageux

−70 −60 −50 −40 −30 −20 −10 0 10 20 30 40 50 60

−6

−4

−2

0

2

4

6

8

Y1

Y
2

Apprentissage
IMG 01/04/1997
∆r>4
∆r>10
∆r>25

ê�ë6ì�� rAyµQ4ð�ñ�<�"mlJ&� 345$6",'�(%.�<Z+�@ &1( D �! #&\<�0�7,.�$M4�79&1(�&%'u45<�0�&1(XöÎ7905û
'�$54 D �,<Z+-&%(�79&/.,L D <�&%ùv$hj%<�&1(� �",ù D ",(/�,'u4^&%(
D <1$M'� /$ D �,+F&1(on1p�&/4�nBé�$o(1(1.�(N79&©+�@ ôvï¸ñ (1.�<K+-�,X��,(3&X7�&©7!",'�' 0�&1(X79&N+-� D �,</45$6&�`9Prq�Psp%õg79&1(X&�L9&%ù D +F&1(V79&+�@ &%')(3&/ù�X/+-&þ7�@ � D!D <�&%'�45$o(1(/�Jü9&�ö*&%'\ü,<%$o(Îõta)�VYI&� �+�@ &Zu�&� 345$ vþ�I(#(3"J /$�0OöTûAü>.�<�&�79&�ü!�>.� %÷)&1øC+F&�<�",.,ü�&�<�& D <�0%(3&%'u4��>'u4.�' &Zu�&� 345$ vgù©�BL,$Yùv.�ùOõBøO�VY,&� �+F&1(�&%'u45<�0�&1(Vò#ú ó 7,.Ep*å°æX�VYJ<%$Y+wpV]%]J^�7!">'u4í+F&1(�&�L9&%ù D +F&1(H'�.)�Jü9&/.,L (3",'u4$M'�7,$hg/.�01(K&%'G<=">.,ü9&gö ûAü,.�<�&N7,.EùN$M+[$6&%.iõH&/4þ�VYI&� N+F&1(K&%'u45<�0�&1(Zò#ú ó 7,.xp*å°æZ�#YJ<1$M+HpV]%]B^v79",'u4
+F&1(K&�L9&/ù D +-&1( #",<1<�&1( D ",'�7!�>'u4w[H7,$ u�0%<�&%'u4M(\(J&%.�$Y+�7�@ &%<%<�&/.�< ∆r

(/",'�4
<�& D <�01(3&%'�4^01(v&%'2 �",.�+F&%.�<�öTû�ü,.�<�&N79&N7,<�",$M4^&*õ>P

­�QAyáòv�(k_^ f�l x l `�r l p_wT^ � } f�l eA`�bNyY^TwTq?r�bdp
g�cA` f n�^*g�e l w*^h�4¹Vk_r�ij^Tp_g�r�bdp_gzk_^ f n�^*p_gY^*i mAf ^.kon l e_eA`�^*pWq�r�ghª
g lDs ^V^Tq#k_^Tg#^*pWq?`Yt*^Tg�m#
;�(k_c�¬ Ë±Þ l x�`Yr f ¬�­d­W�9^TgYqh`Y^*e_`Yt*g�^TpWq?t*^4gYc_` f�l ` s c_`�^vrAy[Q|ykzMbdcAg.e�bDcAxdbdpAg
q?bdcAqÎkon lDm bd`�kj`�^Ti l `Y�vc_^*`V��wTbdiji{^hp_bdc_g f n l x�r�bdp_g�k_t9y��9gYbdc f r s p_thk l pAg f�l e l `Yq?r�^Mò|yµtAy�¬ � �vc_^ f n�^*puª
g�^*i m_f ^#kon l e_eA`�^*pWq�r�g�g lDs ^hpon�^*g%q�e l g�e l ` ��l r�q?^Tij^TpWq�»_bdi{b s �Tp_^D}dr f ^,�|r�gYq?^hk_^Tg�w l g�e f c_g�`�^Te_`�tTg�^*pWq�t*g
��cA^�kon l cAq�`�^*gTy�Ì l e_`YbNyY^*w,q?r�bdpôk_^Tg�w l ggm#
s�Ýe�^TcAq�gY^jq�`�bdcAxD^*`
��c_p_^�kAr�gYq l p_wT^�e f c_g�bdcªijbDr�p_g
r�i{e�bd`%q l pWq�^Vk_c�w*^Tpvq�`�^~k_^ s ` l x�r�q�t�k_^ f n�^*p_gY^*i mAf ^4kon l e_e_`Y^*pWq?r�g�g l�s ^Dy

m f ^TgYq.r�pWq?t*`Y^*gYg l pWq.kA^Vp_bDq�^*`Î�vc_^ f ^*gÎe_r �|^ f g�p�c lDs ^*c���pA^Vg�bD`Yq?^TpWq.e l g � bd`Yw*t*i{^*pWq�k_c�k_bDi l r�p_^
kon l e_e_`�^TpWq?r�gYg lDs ^D}Pc_p s ` l p_kôpAbdi m `Y^jk_^jw*^Tg�w l g�g�^�g�r�q�c_^*pWq9ijêTij^ l cAq�bdc_`~k_^�gYbdp7i l �|r�i�cAi
k_^�`�^Te_`�tTg�^Tpvq l q?r x�r�q?t�y � ^*g
w l g
g�bDpvq�k_r�q�g1³ l i m r s c_g®³�Æ f ^�Ú{z f ^Tc_` l g�g�b�w*r�^�c_p_^3gYr�q�c l q?r�bdpô�vc_r
p_^4w*bd`Y`�^*gYe�bDp_k�e l g � bD`�w*tTij^TpWqV� f�l `Yt lDf r�q�tDyFÌ�^*gQw l gQeA`�t*gY^*pWq l pvqVk_^�q?`Y�*g � bd`Yq�^*gh^*`Y`�^*cA`�g

∆r1

gY^
q?`�bDcAxd^Tpvq4q�bdcAq?^ � bdr�g m r�^*p l c|� m bd`�k_g�kAcªpvc lDs ^{kA^
e�bdr�pWq?g�`�^Te_`�tTg�^Tpvq l pWq f n l e_e_`�^TpWq?r�gYg lDs ^D} l xd^Tw
∆r1

kun l c|q l pWq{e f cAg � bd`Yq
�vc_^ f�l k_r�g%q l p_wT^ l cØw*^*pWq�`�^1k_^ s ` l x�r�q�t3^*g%q s ` l pAk_^Dy � ^,q�q?^1k_r�gYq l p_w*^
^*gYqM`�^Te_`�tTg�^Tpvq�t*^�gYc_` f�l ` s c_`Y^gr|yµt{e�bDc_` f ^
¬ Ë±Þ l x�`Yr f ¬�­d­��|yFÌ ljm bdp_p_^4wTbd`�`Y^*g�eBbdp_k l p_w*^9^*pWq?`Y^�g l
k_r�g%q?`�r m cAq�r�bdp�^,qhw*^ f�f ^Vk_^

∆r1

pAbdc_ghe�^T`�i{^Tq#kA^4xDt*`YrY`F^T`#��cA^
∆r

e�^TcAqhg�^T`Yx�r�`hkon�r�p_kAr�w l q?^*cA`.k_^ f�l
e�bdgYr�q�r�bdp�kA^ f�l g�r�q�c l q�r�bdp3wTbdp_g�r�k_t*`Yt*^4e l `#` l e_eBbd`YqQ� f n�^*pAg�^*i m_f ^�kon l e_eA`�^*pWq�r�g�g lDs ^�y

_Qp�g%í�gYq?�Tij^~kon�tTx lDf c l q?r�bdp1k_^*gQr�pWxD^*`�gYr�bdpAgQc|q?r f r�g l pWq#w*^,q�q?^~�vc l pWq?r q?t4eBbdc_`�` l r�qhê,q?`Y^~^TpWx|r�g lDs t
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l `Fpjk_^�`Y^*p_gY^*r s p_^*` f n�cAq?r f r�g l q?^Tc_`�g�cA` f�l ` lDm r f r q?thk_^*g�r�pWxd^T`�gYr�bdp_g�e l `Îc_p{ë9: lDs k_^V��c lDf r q?t ì y � ^TqYq?^
eBbdg�gYr m r f r�q�thk_^Tx�` l êTq�`�^�t,q?c_k_r�t*^�e f c_g.e_`Yt*wTr�g�tTij^TpWqMk l p_g f ^Vw l k_`Y^�k_^ f n lDf�s bd`�r q?»_i{^hbdeBt*` l q?r�bDp_p_^ f
m�� Å m¼y �zbDc_`�wT^Tq�q�^�tTq�c_k_^�}_p_bdc_g l xDbdp_g.c|q?r f r�gYt

∆r
l `Fp�kun�t f�lDm bd`�^T`�cAp�g�^Tw*bdp_k�` f q?`Y^Vk_^Tg.ij^Tg�c_`Y^*g

k l pAg f ^ m cAq�k_^�p_^�w*bdp_gY^*`%xd^*`3�vc_^ f ^*gjw l gjw*bdpAg�r�kAt*`�tTg�w*bDiji{^p` lDm_f ^Tg�k_cÜeBbdr�pvqjk_^�x�c_^�k_^
f n l e_eA`�^*pWq�r�g�g lDs ^�}WwDn�^*gYqhª"�"ª�k_r�`Y^hw*bd»_tT`�^Tpvq�g l xd^TwMwT^M�vc_^ f ^hÚ{z l~l e_eA`�r�gTyJ}�pjt f r�i{r�p l pWq f ^Tg�x lDf ^*c_`Yg
eBbdc_` f ^Tg��vc_^ f�f ^Tg

∆r >
t ��}_i{bdr�p_g#kA^�ò�È:� k_^*ghw l gQgYbdpWqQw*bdp_gY^*`%xdt*gTy

Ì�^*g�k_^*c��Æ` f q�`�^Tg1��pvc lDs ^*g�^Tq{w*bD»_t*`Y^*p_wT^ � g�bdpWq{w*bDije f t*i{^*pWq l r�`�^Tg�^,q�k_bdr�xD^*pWq{êTq�`�^3cAq�r f r�g�tTg
w*bDpNyYbdr�pWq�^*i{^*pWq l `Fp�k_^�p_^ sWl `�k_^T`#��cA^ f ^*g#r�pvxD^*`Yg�r�bDp_g f ^*g#e f c_gZ` l�m_f ^Tg*yFÌ�^4p_bdi m `�^�k_^�gYe�^TwTq?`Y^*g
w*bDp_g�^T`YxdtTg l e_`��Tg�w¼» l �vc_^�` f q�`�^.^TgYqÎ`�tTg�c_i{t#k l pAg f ^�q lDm_f ^ l c�rAy ¬dy��Me_`��Tg l e_e f r�w l q?r�bDp�k_^#wT^*g�k_^*c��
` f q?`�^Tg*}�c_p3eB^*c3e f c_g�k_^vQdÈÅ�Ík_^*g#i{^*gYc_`�^TgZm#
s�ûg�bdpWq#wTbdp_g�^T`YxDt*^*gTy �zbdcA`Zm#
s�
}Aw*^ f�l `Y^*e_`Yt*gY^*pWq?^
`�^ f�l q�r�xD^*i{^*pWqPe�^Tc�k_^Îe�bdr�pWqÔ^,q f�l k_r�gYq�`�r m cAq?r�bdp4k_^Tx�r�^TpWqÔq?`Y�*gzw f�l r�`�gY^*i{t*^�y��Pbdc_`Âm�� Å m�wT^�e_`Yb m_f �*i{^
k_^,x|` l r�q�êTq�`�^ m ^ l c_wTbdc_e1i{bdr�p_g�r�i{e�bD`Yq l pvq�w*bdi{eAq�^Vq?^Tp�c1k_^ f�l q?`Y�*g m bdp_p_^Vw*bdcAxD^*`%q?c_`Y^~gYe l q�r lDf ^
k_^ f n�r�pAgYq?`Yc_i{^*pWq®y
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�t�V�{�W�L�i�W�����V� �#�N�#� �#�%�V� �������#� �#�#�%�
�t�V�{�W�L�i�W�����V� �%�V��� �#����� �#�#�#��� �#�#�#�
  �   �  �¡ ��¢%� ¡�£ ����¤ �#��¤ ���{¤ �#��¥¦��¤
�t�V�{�W�L�i�W�����V� ���#�#�¨§h���©�N�%ª �#���N�¨§h�����#�%ª �#���N�¨§m���#�#�#�%ª �%�V�#�¨§h�#�#�#�%ª

∆r < 4%
�J�#¥¦�¨§Z�N��¥¦�%ªR¤ �N��¥¦�¨§h�#��¥r�#ªR¤ �N��¥¦�¨§h�#��¥¦�%ªR¤ �N��¥¦��§h�#��¥¦�%ª	¤

�t�V�{�W�L�i�W�����V� ���#�#�¨§m���#�#�%ª ���#�%��§h�#�����%ª �#�%�V�¨§h�%�V�#�%ª ���#�%��§h�#�%�C��ª
�«�   �L�©�9¬%­«� ���x§h�#��¥¦�%ª	¤ �#��¥¦�¨§h�#��¥®�;ªR¤ �#��¥ �x§h�%�#ªR¤ �#��¥r�¯§h�#��¥r�#ª	¤
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Ì6µC¶¯·?¸s¹�º�»�¼M½?»3¾,µ�¶�¿ÁÀÂ¼sÃJÄ?µ�»�¶�¼Zº?ÃÅ¿3ÆCÄ?µ�¸sº�Ç3ÇUÆ�¶Èº?ÃJ½ÈÆC½�ÆÉ·?Ç3Çf¸Z¼ZÊJË3ÆC¶È·�Ë�½©»�·?¼s½�µ�¾,µ�ÃW½�¿3µ�¶Ì¶�ÇUµ�Í;½©»�µC¶
m#
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� º?¾x¾,µxÃfº�Ë3¶¯·VÄ?º�Ã3¶ÈÇfËÅ¸Zµ,Í�º�Ãf¶�½«·N½©µ�»ÈÇ3»�ÆCÍ�Æ�¿fµ�¾,¾xµCÃJ½È¶�Ë3»Ì¸ZµC¶È¿3¼s¶�½©»�¼ZÔ3Ë*½©¼Zº?Ã3¶�¿3µ
Ts

µC½
∆r»�µ�Çf»�Æ�¶�µ�ÃW½«·�ÃJ½¨Çf¸ZË3¶�¼Zµ�Ëf»�¶by�º?Ë3»�¶¯¿fµÉ¾xµC¶�Ë3»�µ�¶�m#
;�¨ÕDÍ�µC»�½«·�¼ZÃ3¶¯Çf¼MÖ*µ�¸s¶È¶�º?ÃJ½¯¿3¼Yn,Í�¼s¸ZµC¶È×Ø¿f¼Z¶�½�¼ZÃ3¹?Ë3µ�»

¿3µ�¸ZµCË3»�¶�Ä�º�¼s¶�¼ZÃf¶\¸Zº�»�¶�ÊJË3µ�¸Z·È¿3µCÃ3¶�¼M½©Æ�¿3µ�¾,µ�¶�Ë3»�µC¶�Í�º�Ãf¶�µ�»�Ä�ÆCµ�¶{µ�¶�½\¼Z¾,ÇHº�»�½«·?ÃW½�µ?Ðu�K`.Ãk¿1ÀÂ·?¾,Æ�¸s¼Zº�»�µ�»
¸Ù·E¸Z¼s¶�¼sÔ3¼Z¸s¼s½©Æ¨¿3µC¶x¿f¼Z¶�½�»�¼sÔ3Ëf½©¼sº�Ã3¶¯¿ÁÀW�

3

ÕwË3Ãfµ'¾,º�í�µCÃ3Ã3µ'¿3µ�¶¨¾,µ�¶�Ëf»�µ�¶,¿3¼s¶�ÇUº�Ã3¼ZÔf¸Zµ�¶È¶�Ë3»,Ë3Ã3µQ¹�»�¼Z¸Z¸sµ
»�Æ�¹?Ë3¸Z¼sÚ�»�µ

3◦×3◦
µ�¶�½|»�Æ�·?¸Z¼s¶�Æ�µRÇUº�Ë3»DÍ¼».·?ÊJË3µ\ÇUÆ�»�¼ZºB¿3µ	¿3µ�¾,µ�¶�Ë3»�µ�Û�µCÃ¯¹W·?»�¿.·?ÃW½�×i¸ÜÀrµ�¶�Ç3»�¼M½|ÊJË1Àr¼Z¸JÇUµ�Ëf½

Ã1À�í�·VÄ?º�¼Z»�ÊJË1ÀÂËfÃ3µÉ¶�µCË3¸Zµ,¾,µ�¶�Ëf»�µ?Õ(Ä�º?¼Z»�µx·?Ë3ÍCË3Ã3µx¾xµC¶�Ë3»�µ?ÕDÇ.·?»�¾o·?¼s¸Z¸sµ#Ý;ÐuÌ6µ�¶�»�Æ�¶�Ë3¸s½©·�½©¶Ìº�Ôf½�µ�ÃJË3¶�Õ
·?Ç3»�ÚC¶�·?Ç3Ç3¸s¼ZÍ�·�½©¼sº�ÃØ¿3µC¶©`.¸s½�»�µ�¶�¿fµ,ÊJË.·�¸Z¼s½�Æ?ÕH¶�º�ÃW½�Ç3»�Æ�¶�µCÃW½©Æ�¶�¶�Ëf»�¸sµ�¶v`.¹?Ë3»�µC¶XrfÐ¶òBÕlrfÐ
�*ÕlrfÐ�¯fÕ�r*Ðá­kµC½
rfÐ[r*Ð

ÌwÀrËf½©¼s¸Z¼s¶©·�½�¼Zº�ÃE¿fµ�¶H`3¸s½©»�µ�¶�¿3µoÊJË.·�¸Z¼s½�Æ¨ÇHµC»�¾,µC½�¸ÜÀrÆ�¸s¼Z¾,¼ZÃ.·�½�¼Zº�ÃÞ¿3µ�¶�Ä�·?¸ZµCË3»�¶Ì·?ÔUµ�»�»�·?ÃW½©µC¶ÈµC½Ì¿3µC¶
¿3¼Z¶�Í�º�ÃW½©¼sÃJË3¼s½�Æ�¶�¾x·?¼s¶i¿3¼s¾x¼sÃJË3µ�Ï!º?»�½©µC¾xµCÃW½�¸Ù·,Í�º�Ë*Ä�µ�»�½©Ë3»�µ�¶�Ç.·N½©¼Ù·�¸ZµÈ¿fµ�¶�¿3¼s¶�½�»�¼ZÔfËf½©¼sº�Ã3¶�Ð � µ;½�½©µÈ¿3¼-ª
¾x¼sÃBË*½©¼Zº?ÃE»�µCÃ3¿ßÇ.·?»�Ï!º?¼Z¶�¸SÀÂ¼sÃJ½�µ�»�Ç3»�Æ;½«·�½�¼Zº�Ã�¿3µC¶�¿3¼Z¶�½©»�¼sÔ3Ëf½�¼Zº�Ã3¶Km#
s�à¿3ÆC¸Z¼sÍV·�½�µ?Õ1¿1ÀÂ·?Ëf½©·?ÃW½�Ç3¸ZËf¶�ÊBËfµ
¿3µ�Í�º�Ëf»�½©µC¶�ÇHÆC»�¼sº*¿3µC¶\¿3µ�¾,µ�¶�Ë3»�µC¶{¶�º�ÃW½bÍ�º�Ãf¶�¼Z¿fÆ�»�ÆCµ�¶CÐ¸ÌD·¯¿f¼Z¶�½�»�¼sÔ3Ëf½©¼sº�ÃÉ¿1ÀÂ·VÄB»�¼Z¸z¬�­d­W�ÈÍCº�¾,ÇHº�»�½«·?ÃW½
¬�È�y�º?Ë3»�¶{¿3µÈ¾,µ�¶�Ë3»�µC¶�ÕU¸Ù·¨Í�º�Ë*Ä�µ�»�½©Ë3»�µ¯¶�Ç3·�½©¼Z·?¸Zµ�»�µC¶�½�µÈ»�µC¸Ù·�½�¼sÄ?µ�¾,µ�ÃW½{ÔHº�ÃfÃ3µ?Ð � ÀÂµC¶�½�Í�µC½�½©µÌÇHÆC»�¼ZºB¿3µ
ÊBËf¼�¶�µ�»©·xÆC½©Ëf¿3¼ZÆCµÈ¿.·?Ãf¶�¸Zµ�Í¼».·?Ç3¼M½©»�µ��,¶�Ë3»�¸SÀÂ¼sÃW½©µ�»�Ç3»�Æ;½«·�½�¼Zº�Ã'¿3µC¶�¾xµC¶�Ë3»�µ�¶Km#
s�¨ÐHziº?Ë3¶�·?¸s¸Zº�Ã3¶b¼sÍ�¼
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¿3ÆCÍ�»�¼s»�µ	»©·?Çf¼Z¿3µC¾xµCÃJ½D¸sµ�¶D¿3¼Z¶�½©»�¼sÔ3Ëf½�¼Zº�Ã3¶(µ;½|¿3º?Ã3Ã3µ�»DÊJË3µ�¸sÊJË3µ�¶�ÆC¸ZÆC¾xµCÃJ½�¶�¿ÁÀÂ¼sÃJ½�µ�»�Ç3»�Æ;½«·�½�¼Zº�Ã�Ô.·?¶�Æ�¶|¶�Ë3»
¸Ù·¯ÍCº�Ã3Ã.·�¼Z¶�¶�·?Ã3ÍCµÌ¹�¸sº�Ô.·?¸sµ�¿3ËÞÔ3¼Z¸Z·?Ãk¿3µ�¸ÜÀrº���º�Ãfµ?Õ3µ�ÖfÇUº�¶�Æ�µÈÔf»�¼ZÚ;Ä�µC¾xµCÃJ½i¿.·?Ãf¶{¸sµ�Ç3»�µC¾x¼sµ�»�Í¼».·?Çf¼s½©»�µ
¿3µ�Í�µ;½�½�µ�½�»3Ú�¶�µ?Ð

Ì6µ�¶�Í�º?¸Zº�Ã3Ãfµ�¶�½�º?½«·?¸sµ�¶
CT

¸Zµ�¶�Ç3¸ZË3¶�¼s¾xÇUº�»�½«·?ÃW½©µC¶�¶�º�ÃW½�º�Ôf½©µCÃJË3µ�¶�·?Ë�Ãf¼sÄ�µ�·?Ëß¿3µ�¶�¾,º�í�µCÃ3Ã3µ�¶
¸Ù·N½©¼s½�Ë3¿3µC¶�ÕfµCÃØÇ.·�»�½©¼sÍ�Ë3¸s¼ZµC»\¿.·?Ã3¶b¸SÀ�»3ÆC¾x¼s¶�Ç_»fÚ�»�µ�¿ÁÀ�»3¼MÄ�µC»¯Û±»3Æ�¾,¼Z¶�Ç_»3Ú�»�µ�Ã3º�»�¿'ÇUº�Ë3»b¿3Æ�ÍCµ�¾¯Ôf»�µ?Õ?y�·?Ãsª
ÄB¼ZµC»�µC½�·VÄB»�¼s¸ÜÕUµC½4»3ÆC¾x¼s¶�Ç_»3ÚC»�µ¯¶�Ë3¿�ÇHº�Ëf»	y�Ë3¼ZÃ.ÝiµC½�·�Ëuª9¿3µC¶�¶�Ë3¶�¿3µ�¸ÜÀrµ�¶�½�¿3µ�¸ÜÀ ��¾,Æ�»�¼ZÊJË3µÈ¿fË�z{º�»�¿ÁÕ
¿3µÌ¸ÜÀÂ}RËf»�º�ÇUµÌ¿fµÈ¸ÜÀÂ}w¶�½iµC½�¿3µÈ¸SÀÂµC¶�½�¿fµÈ¸ÜÀ ��¶�¼Zµ�Ð�Ì6µC¶iÄ�·?¸ZµCË3»�¶i¸ZµC¶iÇ3¸sË3¶iÏ�·�¼ZÔ3¸sµ�¶b¶�º�ÃW½�º�Ô3¶�µC»�Ä?Æ�µ�¶�¿3·?Ã3¶
¸ZµC¶�½©»�º�Ç3¼sÊBËfµ�¶�ÕÁµ�ÃßÇ.·?»�½©¼ZÍCË3¸Z¼sµ�»i·?Ëuªm¿3µ�¶�¶�Ë3¶�¿3µ�¸SÀÂºBÍ�Æ�·?Ã �|·?ÍC¼Y`.ÊJË3µ�Ð(ziº�Ëf¶�ÇHº�Ë*Ä�º�Ã3¶�ÆC¹W·?¸sµ�¾,µ�ÃW½�»�µvª
¾x·?»�ÊJË3µC»�¿3µ�¶bÍ�º?¸Zº�Ã3Ãfµ�¶bÇ.·?»�½©¼ZÍCË3¸Z¼sÚ�»�µ�¾,µ�ÃW½\Ï�·?¼sÔ3¸ZµC¶�·?Ëf½�º�Ë3»�¿3Ë'ÇHá?¸Zµ�Ã3º�»�¿Qµ�ÃÞ·#ÄB»�¼Z¸ÜÐ

­dÈ:�â¿3µÌ¸SÀÂº���º�Ã3µ�¶�µÌ½©»�º�ËfÄ�·?ÃW½i¿.·?Ã3¶{¸Ù·�¶�½�»©·�½�º�¶�ÇA»3Ú�»�µ?ÕU¸Zµ�¶{¿3¼s¶�½©»�¼ZÔ3Ë*½©¼Zº?Ã3¶�¿3µ
CT

¶�º�ÃW½�Çf¸ZËf½�á?½
»�µCÇ3»�ÆC¶�µCÃJ½©·�½©¼MÏ!¶(¿3µ�¶(Ç3»�º*ÍCµ�¶�¶�Ë3¶DÇ_»3º?½�º*Í¼»3¼s¾x¼sÊJË3µ�¶6µ;½(¿AíBÃ.·?¾,¼ZÊJË3µ�¶(Í�·?»©·?Í;½©ÆC»�¼Z¶�½©¼sÊBËfµ�¶(¿3µRÍ�µ;½�½©µR»�Æ�¹�¼sº�Ã
¿3µ�¸SÀ
·�½�¾xº?¶�Ç_»3ÚC»�µ�ÐWÌ(·�¿3Ë3»�ÆCµb¿3µ�Ä*¼sµ�¿3µ�¸ÜÀrº��Cº�Ã3µ�¿.·?Ãf¶	¸Z·�¶�½�»©·�½�º�¶�ÇA»3Ú�»�µiÇUº�ËfÄ�·?ÃW½	·?¸s¸Zµ�»�¿3µ�ÊJË3µ�¸sÊJË3µ�¶
y�º�Ë3»�¶,×�Ç3¸sË3¶�¼sµ�Ë3»�¶¨¾xº�¼s¶�¶Âã«@�ä�ä�¾h¹�ÈdÈfå ¿ Õw¸ZµC¶,¿f¼Z¶�½�»�¼sÔ3Ëf½©¼sº�Ã3¶¯¿fµ

CT
º�Ôf¶�µ�»�Ä�ÆCµ�¶o¶�º�ÃW½o¸Z·?»�¹?µ�¾,µ�ÃW½

¼ZÃ*:.Ë3µ�ÃfÍ�Æ�µC¶ÈÇ.·�»Ì¸Z·'ÍC¼Z»�ÍCË3¸Ù·N½©¼Zº?Ã�¿fµ�¶È¾x·?¶�¶�µ�¶Ì¿1ÀÂ·?¼Z»�¶�½�»©·�½�º�¶�ÇA»3Æ�»�¼ZÊJË3µ�¶CÐ � µC¸Z¸sµ(ª9ÍC¼Rµ�¶�½ÌÍV·�»©·?Í;½©Æ�»�¼Z¶�Æ�µ
Ç.·?»�¿3µ�¹�»�·?Ã3¿3µC¶�»�Æ�¹?¼Zº�Ã3¶�¿1ÀÂ·?¶�ÍCµ�Ã3¿.·�Ã3Í�µÌ·?ËkÃ3¼MÄ�µV·�Ëk¿3µ�¶\½�»�º�Ç3¼sÊJË3µ�¶\µ;½b¿3ËkÇUá�¸Zµi¿1ÀÂÆ;½©Æ�Õ.·?¶�¶�º*ÍC¼ZÆCµ�¶b×
¿3µÈÏ�·�¼ZÔ3¸sµ�¶�ÍCº�Ã3ÍCµ�ÃW½©»�·�½©¼sº�Ã3¶�¿1Àrº���º?Ã3µ?Õ1µ;½�Ç.·?»�¿fµ�¹�»©·?Ãf¿3µ�¶�»�Æ�¹�¼sº�Ã3¶�¿fµ�¶�Ë3Ô3¶�¼Z¿3µCÃ3Í�µ,·?ËBÖ�¸Ù·N½©¼s½�Ë3¿3µC¶
Æ�¸sµCÄ?Æ�µ�¶CÕbµ�Ã�Ç3·?»�½�¼ZÍ�Ëf¸Z¼ZµC»É·?ËæÃ3¼MÄ�µV·�Ëç¿3ËæÇUá�¸Zµ�¿1À�»3¼MÄ�µ�»CÕ{·?¶�¶�º*ÍC¼ZÆ�µC¶'×è¿3µ�Ï!º�»�½©µC¶ÞÍCº�Ã3Í�µCÃW½©»©·N½©¼Zº?Ã3¶
¿1Àrº���º?Ã3µ?ÐNÌ6µ�¶�Ï�·?¼sÔ3¸ZµC¶�Í�º?¸Zº�Ã3Ãfµ�¶�·?Ëuªm¿3µ�¶�¶�Ë3¶�¿3Ë�ÇHá�¸sµ�Ã3º�»�¿�µCÃP·VÄB»�¼s¸�¶�º?ÃJ½�¿3Ëfµ�¶Ì×Q¸Z·k¿3µ�¶�½©»�ËfÍC½©¼sº�Ã
Ç_»3º�½©ºBÍ¼»3¼Z¾,¼ZÊJË3µk¿3µ'¸ÜÀ[�

3

¶�½©»�·�½©º�¶�Ç_»3ÆC»�¼ZÊJË3µÞÇHº?¸Ù·?¼s»�µQ·?ËèÇ3»�¼sÃW½©µ�¾,Ç3¶CÐ�}wÃC`3Ã1Õ�¸sµ�¶¨Ä�·?¸ZµCË3»�¶¨¿3µ
CTÇ3¸sË3¶�¼Z¾,ÇUº�»�½©·?ÃW½©µ�¶|·?Ëuªm¿3µ�¶�¶�Ë3¶w¿3µC¶w¾xº�í?µ�Ã3Ã3µC¶R¸Ù·�½�¼s½©Ëf¿3µ�¶�¿3µ�¸ÜÀ�»3Æ�¾,¼Z¶�Ç_»3ÚC»�µ\Ã3º?»�¿�º�ÃW½w¿3µCË*Ö�º?»�¼Z¹?¼ZÃ3µC¶
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Ç3»�¼sÃ3Í�¼sÇ.·?¸ZµC¶�Æ
ð²Ì6µ�¶�¾x·NÖ*¼Z¾x·,¸sº*Í�·?¸Z¼s¶�ÆC¶i×x¸ÜÀrµ�¶�½�¿3µ¯¸ÜÀ ��¾,Æ�»�¼ZÊJË3µ�¿3Ëßziº?»�¿1ÕH×o¸ÜÀrµ�¶�½�¿3µÌ¸ÜÀ ��¶�¼sµÈµ;½�µ�Ãß}wË3»�º�ÇHµ
¿3µÌ¸ÜÀÂ}R¶�½VÕ4Í�º?»�»�µC¶�ÇUº�Ã3¿3µCÃW½�×x¿3µC¶�·?¸M½©¼M½©Ë3¿3µC¶b¿3µÌ½�»�º�ÇUº�Ç.·?Ëf¶�µ�Ç.·?»�½�¼ZÍCË3¸Z¼sÚ�»�µC¾xµCÃW½iÔ3·?¶�¶�µ�¶�ÇUº�Ë3»
¸ZµC¶�»�ÆC¹�¼Zº�Ãf¶\Í�º�Ãf¶�¼Z¿fÆ�»�ÆCµ�¶ÌÛ�`3¹�Ë3»�µXr*Ðså�È�Ý;Õ3·�¶�¶�ºBÍ�¼sÆ�µC¶b·?Ë*Ök¶%íB¶�½©ÚC¾xµC¶i¿fµ�Ç3»�µC¶�¶�¼sº�Ã�Û!½�».·?¸sì�µ�¹?¶«ÝHí

ð²Ì6µ�¶	¾o·%Öf¼s¾o·i¸ZºBÍV·?¸s¼Z¶�ÆC¶�·?Ësª9¿3µC¶�¶�Ëf¶�¿3µC¶R»�Æ�¹?¼Zº�Ã3¶w¼sÃ3¿3Ë3¶�½©»�¼Ù·?¸s¼Z¶�ÆCµ�¶�¿fµ{¸SÀ�»fÆ�¾,¼Z¶�ÇA»3Ú�»�µ�Ã3º�»�¿¨¶�º�ÃW½
¿3Ë3¶\×È¿3µiÏ!º?»�½©µC¶tÍCº�Ã3Í�µCÃW½©»©·N½©¼Zº?Ã3¶\¿1À[�

3

½©»�º�ÇHº?¶�Ç_»3ÆC»�¼sÊBËfµ�·?¶�¶�ºBÍ�¼ZÆCµ�¶�×�Ë3Ã3µ�ÇUº�¸s¸ZËf½�¼Zº�Ã¨Ç_»3º�½©º:ª
Í¼»3¼s¾x¼sÊBËfµ�·?ÃW½?»3»�º�Ç3¼ZÊJË3µ�·?ÍCÍ�µCÃJ½�Ë3Æ�µ�Ð

Ì(·�Í�º?¸Zº�Ã3Ãfµb½�»�º�ÇUº�¶�Ç_»3Æ�»�¼ZÊJË3µ
Ctropo

¿fÆ�ÇUµ�Ã3¿,Ï!º�»�½�µ�¾,µ�ÃW½R¿3µ{¸Ù·�»�ÆC¹�¼Zº?Ã,µ;½	¿3µi¸Z·�¶©·?¼s¶�º�Ã,Í�º?Ã3¶�¼pª
¿3Æ�»�Æ�µ�¶CÐ��iËÅÍ�º�Ëf»�¶È¿fµ�¶¯ÇUÆ�»�¼ZºB¿3µ�¶�¿3µo¾,µ�¶�Ë3»�µo¿3µo¿3ÆCÍ�µC¾¯Ô3»�µØå#î�î�rQµC½by�·?ÃWÄ*¼sµ�»xå#î�îW��Û�»3¼MÄ�µ�»Ì¿.·?Ã3¶
¸ÜÀ�»3Æ�¾,¼Z¶�Ç_»3Ú�»�µ¯Ã3º�»�¿4Ý;ÕH¸ZµC¶�Ä?·�¸Zµ�Ëf»�¶�¸sµ�¶�Ç3¸sË3¶�¼Z¾,ÇUº�»�½©·?ÃW½©µ�¶i¶�º�ÃW½�º�Ôf¶�µ�»�Ä�ÆCµ�¶�¿.·?Ã3¶�¸ZµC¶�½©»�º�Ç3¼sÊBËfµ�¶�µC½
·?Ëuª9¿fµ�¶�¶�Ë3¶t¿fµi¸SÀµ�{Ï!»�¼ZÊJË3µ�¿fË Å Ë3¿xµC½�¿3µ{¸ÜÀ ��Ë3¶�½©»©·�¸Z¼Zµ�Ð�}wÃÉ·VÄB»�¼s¸6å#î�îW�BÕW¸Zµ�¶RÍCº�¸Zº�ÃfÃ3µ�¶

Ctropo
»�µ�¶�½�µ�ÃW½

¼Z¾,ÇHº�»�½«·?ÃW½�µ�¶¯¿.·�Ã3¶x¸sµ�¶�½©»�º�Ç3¼sÊBËfµ�¶�Õw¾x·?¼s¶¯¿3µQÏ!º�»�½�µ�¶¨ÊJË.·?ÃW½©¼M½©Æ�¶¨¶�º�ÃW½oÆC¹W·?¸ZµC¾xµCÃW½¨º�Ô3¶�µC»�Ä?Æ�µ�¶É·?Ë*Ö
¾xº�í�µCÃ3Ã3µC¶{¸Z·�½©¼M½©Ë3¿fµ�¶\¿3µ�¸SÀ�»fÆ�¾,¼Z¶�ÇA»3Ú�»�µ�Ã3º�»�¿ÁÐ.}wÃ¯y�Ëf¼ZÃ�å#î�î��*Õf¸sµ�¶�Í�º?¸Zº�Ã3Ãfµ�¶�¸ZµC¶�Ç3¸ZËf¶\¼Z¾,ÇHº?»�½«·�ÃJ½�µ�¶
¶�º�ÃW½�º�Ôf½�µ�ÃJË3µ�¶Ì·?Ë*Ö�¾xº�í�µCÃ3Ã3µC¶ÈµC½~».·�Ëf½©µC¶�¸Z·�½©¼M½©Ë3¿fµ�¶�¿3µ¨¸ÜÀ�»3ÆC¾x¼s¶�Ç_»3ÚC»�µ�Ã3º?»�¿1Ð(ï�µC¶ÌÇ3·?Ã.·?Í¼»3µC¶È¿3µ
ÇHº�¸s¸ZËf½�¼Zº�Ã,¶�º?ÃJ½{ÆC¹W·?¸ZµC¾xµCÃW½\ÄB¼Z¶�¼sÔ3¸ZµC¶\·?Ësª9¿3µC¶�¶�Ëf¶i¿3µC¶�º*ÍCÆV·?Ãf¶��\½©¸Ù·�ÃJ½�¼ZÊJË3µ�µ;½��|·?ÍC¼Y`.ÊJË3µ�Õ.¶�Ë3¹�¹?Æ�»©·�ÃJ½
¸ÜÀr¼Z¾,ÇHº�»�½«·?ÃfÍ�µ�¿fË'½�»©·?Ã3¶�ÇHº?»�½VÐ

� µC¶Ì¿f¼Z¶�½�»�¼sÔ3Ëf½©¼sº�Ã3¶�¾,µC½�½©µ�ÃW½�µ�Ã�ÆCÄB¼Z¿fµ�Ã3ÍCµx¸sµ�¶�¿3¼YxHÆ�»�µ�ÃW½©µC¶Ì»�Æ�¹�¼sº�Ã3¶�ÇUº�¸Z¸sË3Æ�µC¶�Õ1ºdÇ�¿3µ¨¹�»�·?Ã3¿3µC¶
ÊBË3·?ÃW½©¼s½�Æ�¶i¿3µÈÇ3»�Æ�ÍCË3»�¶�µ�Ë3»�¶�¿3µÈ¸SÀW�

3

¶�º�ÃW½�ÆC¾x¼s¶�µ�¶iÇ.·?»{¸ZµC¶�·?Í;½©¼sÄB¼M½©Æ�¶Q»JË3¾x·?¼ZÃ3µC¶�ÐBÌ(·oÇUº�¸Z¸sËf½©¼sº�Ãkµ�¶�½
Ç3»�¼sÃ3Í�¼sÇ.·?¸ZµC¾xµCÃW½|½©µCÍ¼»3Ã3º�¸sº�¹�¼sÊBËfµ�¿.·?Ã3¶R¸ÜÀ�»3ÆC¾x¼s¶�Ç_»3ÚC»�µ�Ã3º?»�¿ÞÛ�Ëf½�¼Z¸s¼Z¶©·N½©¼Zº?ÃÈ¿3µbÍ�º?¾¯Ô3Ë3¶�½©¼ZÔf¸Zµ�¶�Ï!º?¶�¶�¼s¸ZµC¶�Õ
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¸Z¼sÆ�µt·?Ë*Ö¯½�»©·?Ãf¶�ÇUº�»�½�¶w¾o·%y�º?»�¼s½©·?¼Z»�µ�¾,µ�ÃW½�Ý1µ;½RÇ3»�¼sÃ3Í�¼sÇ.·?¸ZµC¾xµCÃW½w·?¶�¶�ºBÍ�¼ZÆCµb·?Ë*Ö¯Ç3»©·�½�¼ZÊJË3µC¶w·?¹�»�¼ZÍ�º?¸Zµ�¶|¿3µ
Ô3»�ñ3¸Ù·?¹?µ{¿fµ�¸Ù·�Ä�ÆC¹�ÆC½©·�½©¼sº�Ã1Õ*×Ì¸ÜÀrËf½�¼Z¸Z¼s¶©·�½�¼Zº�ÃÈ¿3µ�Ô3¼sº*Í�·?»�ÔfË3»©·?ÃW½�¶�ÕBµC½�·�Ë*ÖxÆ�Í�¸Z·?¼Z»�¶R¿.·?Ã3¶\¸SÀ�»fÆ�¾,¼Z¶�ÇA»3Ú�»�µ
¶�Ëf¿oµC½�¸ZµC¶w½©»�º?Ç3¼ZÊJË3µC¶�Ð�Ì6µ�¶tÆC¾x¼s¶�¶�¼Zº�Ã3¶wÃ3·�½©Ë3»�µ�¸s¸Zµ�¶R¿3µ{Ç3»�Æ�Í�Ëf»�¶�µCË3»�¶\·?¶�¶�º*ÍC¼ZÆ�µC¶t×�¸Ù·�Ä�ÆC¹�ÆC½©·�½©¼sº�Ã1ÕB·?Ë*Ö
¶�º?¸Z¶�µC½i·?ËBÖQÆ�ÍC¸Ù·?¼s»�¶\¿3º?¼sÄ�µCÃW½iÆC¹W·?¸sµ�¾,µ�ÃW½hêC½�»�µ�Í�º�Ãf¶�¼Z¿fÆ�»�ÆCµ�¶{¿.·?Ã3¶b¸sµ�¶���º?Ã3µ�¶{»�Ë3»�·?¸ZµC¶�Ð

_iÃ3µiÏ!º�»�½�µiÄ�·?»�¼Z·?Ô3¼s¸Z¼s½�Æ\µ�¶�½�º�Ô3¶�µ�»�Ä�Æ�µ�µCÃJ½�»�µ�¸sµ�¶�ÇHÆC»�¼ZºB¿3µC¶tÆC½�Ë3¿3¼sÆ�µ�¶CÐC�iË*ÖÉ¾,º�í�µCÃ3Ã3µ�¶�¸Z·�½©¼M½©Ë3¿fµ�¶�Õ
Í�µ;½�½�µ¯Ä?·�»�¼Ù·�Ô3¼Z¸s¼s½©Æ�¶�·?¼Z¶�º�Ã3Ã3¼sÚ�»�µ�µC¶�½�Ç3»�¼ZÃ3ÍC¼ZÇ.·�¸Zµ�¾,µ�ÃW½�¿3Ë3µ,×É¸Ù·oÄ�·?»�¼Ù·�½�¼Zº�ÃÞ¿3µ¨¸ÜÀrµ�Ã3¶�º�¸ZµC¼Z¸Z¸sµ�¾,µ�ÃW½{ÊJË3¼
¾,º*¿3¼o`.µÉ¸SÀÂµBnxÍ�·?Í�¼M½©ÆQ¿3µQ¸Ù·�Ç3»�º*¿fË3ÍC½�¼Zº�ÃòÇ_»3º�½©ºBÍ¼»3¼Z¾,¼ZÊJË3µk¿1À[�

3

Õw¸ZµC¶,¶�º�Ë3»�Í�µ�¶¨½©µCÍ¼»3Ã3º�¸sº�¹�¼sÊBËfµ�¶,Ã3µ
Ç3»�Æ�¶�µCÃW½«·?ÃW½kÇ.·�¶o¿3µ'Ä?·�»�¼Ù·N½©¼Zº?Ãè¶�¼Z¹�Ãf¼Y`.Í�·�½©¼MÄ�µQ¿3µ�¶oÆ�¾,¼Z¶�¶�¼Zº�Ãf¶,¶�Ë3¼sÄ�·?ÃW½o¸Zµ�¶,¶©·�¼Z¶�º?Ã3¶�Ð�Ì6µ�¶xÏ!µCË*Öó¿3µ
Ô3¼sº�¾o·�¶�¶�µ�»�µ�Ç3»�Æ�¶�µ�ÃW½©µCÃJ½�ËfÃ3µÌ¶�º�Ë3»�Í�µ�¿3µÌÇf»�Æ�ÍCË3»�¶�µ�Ë3»�¶�¼Z¾,ÇUº�»�½©·?ÃW½©¶�µ�ÃÞÆC½�ÆÌ¿.·�Ã3¶iÍCµ�¶i»�Æ�¹?¼Zº�Ã3¶CÐ¸Ì6µ�¶
¶�º?Ë3»�ÍCµ�¶RÃ.·�½�Ë3»�µC¸Z¸ZµC¶{Û�Ô3¼sº�¹�ÆCÃ3¼ZÊJË3µC¶wµC½RÆ�ÍC¸Ù·?¼s»�¶©Ý|Ç3»�ÆC¶�µ�ÃW½�µ�ÃW½tÆC¹W·?¸sµ�¾,µ�ÃW½RË3Ã3µ�Ä�·?»�¼Z·?Ô3¼s¸Z¼s½�ÆR¶©·?¼s¶�º�Ã3Ãf¼ZÚ�»�µ
¾x·?¼Z¶	Í�µC¶�¶�º�Ë3»�Í�µC¶�¶�º�ÃW½�¶�º�ËfÄ�µCÃW½i¾,¼ZÃfº�»�¼M½«·?¼s»�µ�¶	·?ËBÖÉ¾,º�í�µ�ÃfÃ3µ�¶�¸Z·�½©¼M½©Ë3¿3µC¶�Ð*ï�·?Ã3¶�¸sµ�¶	½©»�º?Ç3¼ZÊJË3µC¶�µ�Ã
»�µ;Ä�·?Ã3Í¼»3µ�Õ�¸Ù·iÄ�·?»�¼Ù·?Ôf¼Z¸Z¼M½©ÆRµ�¶�½R¿3Ë3µ�×�¸Z·iÄ�·?»�¼Z·�½©¼sº�ÃÈ¿fµ�¶w¶�º?Ë3»�ÍCµ�¶R¿3µ�Ç3»�Æ�Í�Ëf»�¶�µCË3»�¶CÐJ}wÃ,Ç3·?»�½�¼ZÍ�Ëf¸Z¼ZµC»�Õ%¸ZµC¶
Ï!µ�ËBÖQ¿3µ�Ô3¼Zº?¾o·?¶�¶�µ�º�ÃW½{¸Z¼sµ�ËQÇUµ�Ã3¿.·�ÃJ½{¸sµ�¶b¶©·?¼s¶�º�Ãf¶{¶�Ú�Í¼»3µC¶�µ;½i¸sµ�¶bÆ�¾,¼Z¶�¶�¼sº�Ã3¶b·?¶�¶�ºBÍ�¼ZÆCµ�¶b¿3ÆCÇHµCÃ3¿3µ�ÃW½
¿3º�ÃfÍ¯¿3µ¯¸Z·xÇUÆ�»�¼sº*¿fµÈ¿3µ¯¸SÀ
·�Ã3Ã3Æ�µÈÍ�º�Ã3¶�¼Z¿3ÆC»�ÆCµ�Æ1·VÄB»�¼s¸-ª9¾x·?¼6µCÃÌ�iÏ!»�¼sÊJË3µ¯Í�µCÃW½©»©·�¸Zµ?ÕÁ·?º�ñf½hª9¶�µ�Çf½�µ�¾¯Ô3»�µ
µ�Ãp�iÏ!»�¼ZÊJË3µ�¿3Ë Å Ë3¿'µC½{µCÃ��i¾xÆC»�¼ZÊJË3µ�¿fË Å Ëf¿Ç¶=ôRõZö3¹B>{õ?÷ ºB»�õ�¼o½o¾|å#î�îdÈfíUôRõZö3¹B>{õ?÷ ºB»�õ�¼o½o¾�åVî�îfå ¿ Ð

ïÈÀÂ·?Ëf½©»�µ¯Ç.·?»�½VÕH¸ÜÀrº���º�ÃfµÌ½©»�º�ÇUº�¶�Ç_»fÆ�»�¼sÊJË3µ�·®íW·?ÃW½�Ë3Ãfµ¯¿3Ë3»�Æ�µ�¿3µÈÄB¼sµ�·?¸Z¸Z·?ÃW½{¿3µ�ÊJË3µ�¸sÊBËfµ�¶�y�º�Ë3»�¶
×¯ÊJË3µ�¸sÊJË3µ�¶b¾,º�¼Z¶©¶Âã«@�ä�ä�¾ÁøDÈDÈfå ¿ Õf¶©·�¿3¼s¶�½�»�¼ZÔfËf½©¼sº�ÃÉÇUº�»�½�µ�¸Ù·È¶�¼Z¹�Ã.·N½©Ë3»�µ�¿3Ëk½©»©·�Ã3¶�ÇUº�»�½\¿3µ�¶b¾x·?¶�¶�µ�¶
¿1ÀÂ·?¼Z»ÉÛ�¼s¾xÇ3¸s¼ZÊJË.·?ÃW½Ì¸Zµo½�»©·?Ãf¶�ÇUº�»�½�¿fµk¸ÜÀrº���º�ÃfµÉ¾o·�¼Z¶¯ÆC¹W·?¸ZµC¾xµCÃW½¯¿3µQ¶�µC¶�Ç3»�ÆCÍ�Ë3»�¶�µCË3»�¶©Ý¨ÍCº�¾x¾,µÉ¸sµ
¾,º�ÃW½©»�µCÃW½b¸Zµ�¶bÇ.·�Ã.·?Í¼»3µC¶i¿1À[�

3

º?Ô3¶�µC»�Ä�ÆC¶�·�Ëuª9¿3µC¶�¶�Ë3¶i¿fµ�¶{º*ÍCÆV·?Ã3¶CÐ
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ö
C16

õKò#ú ó P

_{Ã3µ¨·?Ã.·�¸�íB¶�µ�Ç3¸sË3¶�¿3Æ;½«·?¼s¸Z¸ZÆCµÈ¿3µC¶�¿3¼Z¶�½©»�¼sÔ3Ëf½�¼Zº�Ã3¶�¿3µ
Ctropo

m#
s�àµ�¶�½�»�ÆV·�¸Z¼Z¶�Æ�µ¯¿3·?Ã3¶�¸Zµ¯Í¼»3·"ª
Ç3¼s½�»�µ��*Ð

Ì(·�¶�µ�ÍCº�Ã3¿3µb·?ÇfÇ3»�ºBÍ¼»3µ\Ëf½�¼Z¸s¼Z¶�ÆCµt·9`.Ã¯¿1Àrµ�¶�½©¼Z¾,µ�»�¸Ù·{ÊBË3·?ÃW½©¼s½�Æ\¿1Àrº���º?Ã3µt½©»�º�ÇUº�¶�Ç_»fÆ�»�¼sÊJË3µ\Í�º?Ã3¶�¼s¶�½©µ
×P¼ZÃWÄ�µC»�¶�µ�»ÉÇ3¸sË3¶�¼sµ�Ë3»�¶ÉÍ�º?¸Zº�Ã3Ãfµ�¶oÇ3·?»�½�¼Zµ�¸s¸ZµC¶�ÕR¼ZÃW½©ÆC¹�»�ÆCµ�¶ÉµCÃW½©»�µØ¸Ù·�¶�Ë3»�Ï�·�Í�µEµ;½kË3Ã3µ�·�¸s½©¼M½©Ë3¿fµp`fÖ*ÆCµ
Û�Í�º?¸Zº�Ã3Ãfµ�¶

C6
Õ
C12

µC½
C16

ÍCº�»�»�µ�¶�ÇUº�Ã3¿3·?ÃW½R×i¸SÀW�
3

µ�ÃW½©»�µt¸Ù·{¶�Ë3»�Ï�·?Í�µ�µC½þrfÕJå%ø{µ;½\å>rQâB¾ù¿1ÀÂ·?¸M½©¼s½�Ë3¿3µ
»�µ�¶�ÇHµCÍC½�¼sÄ�µC¾xµCÃW½�Ý;ÐÔÌ6µÉÇ3»�º?Ô3¸ZÚC¾xµ,µ�¶�½�·?¸sº�»�¶Ì¿3µo¿3Æ;½©µC»�¾,¼ZÃ3µC»È¿.·?Ãf¶ÈÊJË3µ�¸s¸Zµx¾xµC¶�Ë3»�µÉÍ�µ;½�½©µxÍ�º�¸sº�Ã3Ã3µ
Í�º�»�»�µ�¶�ÇHº?Ã3¿úµBxÁµCÍC½�¼sÄ�µC¾xµCÃW½É×ßË3Ã3µ'Í�º�¸sº�Ã3Ã3µÉ½�»�º�ÇUº�¶�Ç_»3Æ�»�¼ZÊJË3µ�Ð�Ì6µC¶,¿f¼Z¶�½�»�¼sÔ3Ëf½©¼sº�Ã3¶�¿3º?¼sÄ�µCÃW½xÇUº�Ë3»
Í�µ�¸Z·
êC½©»�µ�¼ZÃW½©µC»�Ç3»�ÆC½©ÆCµ�¶{µ�ÃQÏ!º�Ã3Í;½©¼Zº?Ãk¿3µ�¸ÜÀÂ·?¸s½�¼s½©Ëf¿3µ�¿3µ�¸Z·�½�»�º�ÇUº�Ç.·�Ë3¶�µ�Ð

� µC¸Z¸sµ(ª9ÍC¼fÇUµ�Ëf½�êC½©»�µ�¿3Æ�¿fË3¼s½�µ�¿3Ë¨Ç3»�º�`3¸f¿3µ�»�·?Ç3ÇUº�»�½w¿fµ�¾xÆC¸Ù·?Ã3¹?µt¿1Àrº���º?Ã3µÌÛ!Ï!º�»�½©µ�·?Ëf¹�¾xµCÃW½«·�½�¼Zº�Ã
Í�º�»�»�µ�¶�ÇHº?Ã3¿.·?ÃW½R·?Ë�¿fÆ�Ô3Ëf½�¿3µ\¸Ù·iÍ�º�Ë3Í¼»fµ�¿1ÀÂº���º�Ã3µt¶�½©»�·�½©º?¶�Ç_»3ÆC»�¼sÊBËfµ#Ý|º�Ë¯¿fË�Ç3»�º�`3¸f¿3µt½�µ�¾,ÇHÆC»©·�½�Ë3»�µ
ÛS·?¸M½©¼s½�Ë3¿3µwºdÇÌ¸Zµ	¹�»©·�¿3¼ZµCÃJ½�¿3µ	½©µ�¾,ÇUÆ�»©·N½©Ë3»�µ�¿3µ;ÄB¼Zµ�ÃW½|¶�Ë3ÇUÆ�»�¼Zµ�Ëf»�×KªLø{� w âJ¾oÝí¶=û~öNõh÷füDõ9¾.å#î�î�� ¿ Ð � Àrµ�¶�½
Í�µC½�½©µx¿3µ�»�Ã3¼ZÚC»�µo¿fÆi`.Ã3¼M½©¼sº�ÃPÊJË3µxÃ3º�Ë3¶�·�¸Z¸Zº?Ã3¶�Ëf½©¼s¸Z¼Z¶�µ�»�Ç3Ë3¼s¶�ÊJË3µx¸Zµ,Ç3»�º�`3¸�¿1À[�

3

Ã1Àrµ�¶�½�Ç.·?¶ÌÍ�º�Ã3ÃJË1Ð
ï�·?Ã3¶D¸ZµRÍV·�¿3»�µ	¿3µOm�� Å m«Õ%¸ZµC¶�Ç3»�º�`.¸s¶D¿fµ	½�µ�¾,ÇHÆC»©·�½�Ë3»�µR¶�µC»�º�ÃW½|¼ZÃWÄ�µC»�¶�ÆC¶�¿3µ	¾o·�Ã3¼ZÚC»�µwº�ÇUÆ�»�·�½©¼sº�Ã3Ã3µC¸Z¸Zµ�Õ
ÇHµC»�¾,µC½�½©·?ÃW½�Ë3Ã3µQÍCº�Ã3Ã.·?¼s¶�¶�·?Ã3Í�µQ¿3µQ¸SÀ
·?¸M½©¼M½©Ë3¿3µx¿3µk¸Ù·Ø½�»�º�ÇUº�Ç.·�Ë3¶�µkÇUº�Ë3»�Í¼».·�ÊBËfµÞ¾,µ�¶�Ë3»�µ�Ðq��º�Ë3»
m#
s�¨ÕfÃ3º�Ë3¶bËf½�¼Z¸Z¼s¶�º�Ãf¶\¸ZµC¶{Çf»�º�`.¸s¶�¿3µ�½©µC¾xÇUÆ�»�·�½©Ë3»�µ�} � 
pÉ�Ê w �i»�¸Zµ;½�½Kí?Ð

Ì6µC¶'¿f¼Z¶�½�»�¼sÔ3Ëf½©¼sº�Ã3¶É¿fµ�¸ÜÀÂ·?¸s½�¼s½©Ëf¿3µØ¿3µß¸Z·P½©»�º?ÇHº�Ç3·?Ë3¶�µ�¿fÆ�¿3Ë3¼M½©µC¶'ÇUº�Ë3»k¸sµ�¶�tòÇUÆ�»�¼sº*¿fµ�¶�m#
s�
ÆC½©Ëf¿3¼ZÆCµ�¶�¶�º�ÃW½�»�µ�Ç3»�Æ�¶�µCÃW½©Æ�µC¶¯¶�Ëf»�¸Ù· `.¹�Ëf»�µErfÐMå�ÈfÐoÌ6µC¶�ÍCº�¸Zº?Ã3Ã3µ�¶�Ç.·�»�½©¼sµ�¸s¸Zµ�¶

C6
ÍCº�»�»�µ�¶�ÇHº�Ãf¿3µ�ÃW½Ì×

Ë3Ã3µ,ÆCÄ�·?¸ZË3·�½©¼sº�Ã�¿fµ�¶ÈÊJË.·�ÃJ½�¼s½�Æ�¶È¿ÁÀÂº��Cº�Ã3µx¿.·?Ã3¶�¸Ù·QÔ.·?¶�¶�µo½�»�º�ÇUº�¶�ÇA»3Ú�»�µ?Ð Å ¼RÍ�µC½�½©µxµ�¶�½�¼Z¾x·�½©¼sº�Ãßµ�¶�½
»�µ�Çf»�Æ�¶�µ�ÃW½«·N½©¼sÄ?µ¯¿3µÌ¸Ù·xÍCº�¸Zº?Ã3Ã3µ�½©»�º?ÇHº�¶�Ç_»3ÆC»�¼ZÊJË3µÈ·?Ë*Ö�».·?Ë*½©µ�¶�¸Ù·�½�¼s½©Ëf¿3µ�¶CÕUµC¸Z¸sµ�¸Z·x¶�º�Ë3¶hªmµ�¶�½©¼Z¾,µ�Ï!º�»hª
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½©µC¾xµCÃW½\¿.·?Ãf¶\¸ZµC¶t½©»�º�Ç3¼ZÊJË3µC¶tµ;½�¸ZµC¶\¶�Ë3Ôsªm½©»�º�Ç3¼sÊBËfµ�¶�Õ*ºdÇÉ¸Z·�½©»�º�ÇUº�Ç.·?Ë3¶�µ�¶�µ�¶�¼s½�Ë3µ�Ç3¸sËf½©á�½\·?Ë*½©º�Ë3»t¿3µ
å,t:ª©å>r
âJ¾ÿ¿1À
·�¸s½©¼M½©Ë3¿fµ?Ð.}w¸Z¸sµ�ÇHµC»�¾,µC½{Í�µCÇHµCÃ3¿.·?ÃW½�¿fµÌ¾,µC½�½©»�µ�µCÃØÆCÄB¼s¿3µ�Ã3ÍCµÈ¸sµ�¶b»�ÆC¹�¼Zº�Ãf¶{¶�º�Ë3»�Í�µ�¶�¿3µ
Ç3»�Æ�Í�Ëf»�¶�µCË3»�¶�µ;½\¿3µiÏ!º�»�½�µ�Ç3»�º*¿3ËfÍC½©¼sº�Ão¿ÁÀÂº��Cº�Ã3µ�Õf¿3¼s¶�Í�Ë*½©Æ�µC¶\Ç3»�Æ�Í�ÆC¿3µ�¾,¾,µ�ÃW½VÐAÌ(µC¶\Í�º?¸Zº�Ã3Ãfµ�¶

C12
µC½

C16
¶�º�ÃW½	Ç3¸sË3¶R¿3Æ�¸s¼ZÍV·N½©µ�¶	×�¼ZÃW½©µC»�Ç3»�ÆC½�µ�»RÇ3Ë3¼s¶�ÊJË1Àrµ�¸Z¸sµ�¶w½©¼sµ�Ã3Ãfµ�ÃW½	Í�º�¾,Çf½©µ{×�¸Ù·�Ï!º�¼s¶w¿3µ{¸ÜÀrº���º�Ãfµ�¿.·?Ã3¶

¸Ù·k½©»�º�ÇUº�¶�Ç_»fÚ�»�µxµC½È¿.·?Ã3¶Ì¸Ù·Q¶�½©»�·�½©º?¶�Ç_»3ÚC»�µÉ¶�µ�¸sº�ÃP¸SÀ
·?¸M½©¼M½©Ë3¿3µ�¿fµo¸Ù·k½©»�º�ÇUº�Ç.·?Ë3¶�µ?ÐÂ��Ë*Ö�¾,º�í�µ�ÃfÃ3µ�¶
¸Ù·N½©¼s½�Ë3¿3µC¶�Õ3¸Z·¨½�»�º�ÇUº�Ç.·?Ëf¶�µ�¶�µ�¶�¼s½�Ë3µ�¹�¸Zº�Ô3·?¸ZµC¾xµCÃJ½\µ�ÃW½©»�µoå�È¨µC½Ìå,t{âB¾ ¿1ÀÂ·?¸M½©¼s½�Ë3¿3µ�Õ3µC½

C12
¿fº�Ã3Ã3µ

¿3º�ÃfÍÈË3Ã3µÌÔHº?Ã3Ã3µÈµC¶�½�¼Z¾x·�½©¼sº�ÃQ¿3µÈ¸Z·xÍ�º?¸Zº�Ã3Ãfµ�½�»�º�ÇUº�¶�ÇA»3Æ�»�¼ZÊJË3µ?ÐA��º?Ë3»�¸sµ�¶�»�Æ�¹�¼sº�Ã3¶{¿3µ�»3·?Ëf½©µÌ¸Ù·�½�¼-ª
½©Ëf¿3µ?Õ�ºdÇ�¸Ù·b½©»�º?ÇHº�Ç3·?Ë3¶�µt¶�µ\½©»�º�ËfÄ?µ�Ç3¸ZËf½�á?½|·?Ëf½©º?Ë3»�¿3µ�rHª«å�ÈVâJ¾ ¿1ÀÂ·?¸s½�¼s½©Ëf¿3µ?ÕNË3Ã3µ�¹�»�·?Ã3¿3µ�Ç.·?»�½©¼Zµt¿3µ
C12

Í�º?»�»�µC¶�ÇUº�Ã3¿'×¯¿3µ�¸SÀÂº��Cº�Ã3µ�¶�½©»©·N½©º�¶�Ç_»3Æ�»�¼ZÊJË3µ�Õ3µC½
C6

¶�µC»©·¨Ë3Ã3µ�µC¶�½©¼s¾o·N½©¼Zº?Ão¸ZÆC¹�Ú�»�µ�¾,µ�ÃW½b¶�º?Ë3¶hª
µ�¶�½©¼s¾xÆCµ�¿3µ�¸Ù·¯ÍCº�¸Zº�ÃfÃ3µ�½©»�º�ÇUº�¶�Ç_»fÆ�»�¼sÊJË3µ?Ð � ¸SÀÂ¼sÃJÄ?µ�»�¶�µ?Õf¿.·?Ã3¶b¸ZµC¶\½©»�º�Ç3¼ZÊJË3µC¶�µC½b¶�Ë3Ôuªm½�»�º�Çf¼ZÊJË3µ�¶CÕ.º��
¸Ù·¨½©»�º�ÇHº?Ç.·?Ë3¶�µ¯ÇHµCËf½�·�½�½©µC¼ZÃ3¿3»�µ¯¿3µC¶�·?¸s½�¼s½©Ëf¿3µ�¶{¶�Ë3ÇUÆ�»�¼ZµCË3»�µC¶�×Eå>r�âJ¾ÞÕ

C12
Ã3ÆC¹�¸Z¼s¹�µÌËfÃ3µ�¹�»©·�Ã3¿3µ

Ç.·?»�½©¼sµx¿3µo¸ÜÀrº���º�Ãfµx½©»�º�ÇUº�¶�Ç��fÆ�»�¼sÊJË3µ?Ð��D·ÞÍ�º�¸sº�Ã3Ã3µ
C16

¶�µC»©·�·?¸sº�»�¶ÌÇ3¸ZËf¶ÈÇ3»�º*Í��3µo¿3µÉ¸Ù·'ÊJË.·?ÃW½©¼M½©Æ
¿1Àrº���º?Ã3µ�½©»�º?ÇHº�¶�Ç��3ÆC»�¼ZÊJË3µ�Ð

°b±�²R±�� 	�

���#Ñ����������������B���oýAý�� �Qý!�g�"���t³��oý�
������
��º�Ëf»tÍ��.·?ÊJË3µ�¼sÃWÄ�µ�»�¶�¼sº�Ão»�ÆV·?¸s¼Z¶�ÆCµ?ÕB¸ZµC¶�ÍCº�ÃW½©»�¼sÔ3Ëf½�¼Zº�Ã3¶�¿3µ�¸SÀÂµC»�»�µ�Ë3»�¿3µ�»�µ�¶�½�¼s½�Ëf½©¼sº�ÃÉ·?¶�¶�ºBÍ�¼sÆ�µ�¶t·?Ë

¸Z¼s¶�¶�·?¹�µ�¿3µ�¸ÜÀÂ·?¸Z¹?º�»�¼M½#�3¾,µ�¿1ÀrË3Ã3µ�Ç.·?»�½{µC½�·?Ë*Ö'¼ZÃfÍ�µ�»�½©¼M½©Ë3¿3µC¶b¶�Ë3»{¸ZµC¶{Ç3·?»©·?¾,ÚC½�»�µC¶i¿1Àrµ�ÃW½�»�Æ�µÌ¿1ÀÂ·?Ëf½©»�µ
Ç.·?»�½È¶�º�ÃW½¯Í�·?¸ZÍCË3¸ZÆCµ�¶�µ�ÃÅ¶�Ë3¼sÄ�·?ÃW½¯¸sµ�¶�¾xÆ;½#�3ºB¿3µC¶È¿3ÆCÍ�»�¼M½©µC¶È¿.·?Ãf¶È¸ZµC¶ÌÇ3·?»©·?¹?»©·?Ç��fµ�¶
òBÐ¶ò*Ð
ø'µ;½�ò*Ðáò*Ð
ø
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»�µ�¶�ÇHµCÍC½�¼sÄ�µC¾xµCÃW½VÐ
�wÀrµ�»�»�µ�Ëf»w¿3µb¸Z¼Z¶�¶©·?¹?µ\µ�¶�½RÆCÄ�·?¸ZËfÆ�µb×�Ç.·?»�½©¼Z»�¿3µb¶�¼M½©Ë.·�½�¼Zº�Ãf¶|»�µCÇ3»�ÆC¶�µCÃJ½©·�½©¼MÄ�µC¶�¶�Æ�¸ZµCÍC½�¼Zº�Ã3ÃfÆ�µ�¶R¹�»87?Í�µ

×�Ë3Ã3µ�Í�¸Z·?¶�¶�¼Y`.Í�·�½©¼sº�Ã¯¿3µC¶wµ;Ö*µ�¾,Ç3¸sµ�¶w¿3µ�¸Z·�Ô.·?¶�µ�¿1À
·�Ç3Ç3»�µCÃW½©¼Z¶�¶©·?¹?µ{¿fË:9izùÛ!Ç.·?»�½�¼Zµ.ò*Ð[r�Ý;Ð��6µC¶wÆC½«·�ÇHµC¶
¿3µ�¸ÜÀrµ�¶�½�¼Z¾x·�½©¼sº�Ão¿fµ�ÍCµC½�½©µ�µ�»�»�µ�Ë3»b¶�º�ÃW½i¸sµ�¶�¶�Ë3¼sÄ�·?ÃW½©µC¶<;
å�Ð\_iÃfµ�Í�¸Ù·�¶�¶�µt¿3µ\»�Æ;Ï!Æ�»�µ�Ã3ÍCµ{µC¶�½R·N½�½©»�¼ZÔ3ËfÆ�µ�×�Í��3·?ÊJË3µbÍV·?¶�¼sÃWÄ�µ�»�¶�Æ�µCÃ¨Ï!º?Ã3ÍC½�¼Zº�ÃÌ¿3µ�¶wÇ.·�»©·?¾,ÚC½�»�µ�¶
¿1Àrµ�ÃW½©»�Æ�µÌ¿3µÌÍCµÌÍ�·?¶�Ð � Í��.·?ÊJË3µ�Í�¸Z·?¶�¶�µÌ¶�º�ÃW½�·�¶�¶�ºBÍ�¼sÆ�¶=;.Ë3ÃÞÇ3»�º�`3¸6¾xº?>�µCÃØ¿1Àrº��Cº�Ã3µ
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Comparaison IMG − TOMS/ADEOS  −−  1−10/04/1997  −−  Equateur ~ (0,141E)
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Comparaison IMG − TOMS/ADEOS  −−  26−28/12/1996
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Comparaison IMG − TOMS/ADEOS  −−  25−28/01/1997
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Comparaison IMG − TOMS/ADEOS  −−  1−10/04/1997
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Comparaison IMG − TOMS/ADEOS  −−  16−19/06/1997
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Comparaison IMG − TOMS/ADEOS  −−  4 périodes
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Base de donnees

ê�ë6ì�� rfÐMå,tx6Çïl",+W">'�'C&1(Z4�">4��,+F&1(�7A@ "w¥B",'C&�"NX/4^&%'�.�&1( D ",.�<<©«ª�ú:¬�ø ò#ú ó &/4l+�@ &/')(3&%ù�X%+F&K7�@ � D!D <�&%'u45$Y(#(/�Bü9&1øùX"VÓ9&%'�'C0#&1(�(1.�<�79&1(�X��,'�79&%(O79&í+W�!45$M45.)79&Z79&t`
◦
ö!Yi�,+F&%.�<#(OùX"VÓ9&%'�'C&1(�&/4l790©YJ$5�!45$5",'�(�(%4��,'�79�,<=7v�I(1(/"J 3$60�&%(^õ>P



ÿE:[af: R S\ç;y1$vÀ5$'%b.�S*)eÁI,/.4%�) � ,qÀ'.c%BS5)'.�%#çÇè�$,�
æ�ç-,/.���À0,/.�Á'%b.�yKS*)0%�d\�3,X. åDC�C

200 250 300 350 400 450 500

200

250

300

350

400

450

500

Colonne totale O
3
 TOMS (DU)

C
ol

on
ne

 to
ta

le
  O

3 IM
G

 (
D

U
)

Comparaison IMG − TOMS/ADEOS  −−  26−28/12/1996

N = 388 points

Biais = 10.1474 DU (3.9035 %)

rms = 22.751 DU (7.9688 %)

r = 0.8834

Y = X
Y = 0.8066X + 66.5253
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Comparaison IMG − TOMS/ADEOS  −−  25−28/01/1997

N = 702 points

Biais = 14.8006 DU (5.358 %)

rms = 25.0712 DU (8.8871 %)

r = 0.90321

Y = X
Y = 0.96577X + 24.6166
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Comparaison IMG − TOMS/ADEOS  −−  1−10/04/1997

N = 1344 points

Biais = 11.8339 DU (3.9869 %)

rms = 23.106 DU (7.7261 %)

r = 0.91415

Y = X
Y = 1.0217X + 5.3445
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Comparaison IMG − TOMS/ADEOS  −−  16−19/06/1997

N = 383 points

Biais = 18.7514 DU (6.7721 %)

rms = 38.0013 DU (13.7219 %)

r = 0.76114

Y = X
Y = 0.83268X + 68.6301
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Comparaison IMG − TOMS/ADEOS  −−  4 périodes

N = 2817 points

Biais = 13.2814 DU (4.6958 %)

rms = 26.0575 DU (9.0834 %)

r = 0.88374

Y = X
Y = 0.95116X + 27.6883
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½©»�º?ÇHº�¶�Ç��3ÆC»�¼ZÊJË3µ�Õ
µC½�¿1À
·�Ëf½©»�µ�Ç.·?»�½�º�Ô3¶�µC»�Ä?µ�»R¸Ù·�¿f¼Z¶�½©·?Ã3ÍCµ�¼Z¾,ÇHº�»�½«·?ÃW½�µtµ�ÃW½�»�µ�¸ZµC¶|½©»�·?Í�µC¶CSbºVUçµ;½w¸ZµC¶w¶�½«·N½©¼Zº?Ã3¶�¶�º?Ã3¿3µ�¶CÐ

½tº�¾,Çf½©µ{½©µ�ÃJËQ¿3µ�¸SÀÂ¼s¾xÇUº�»�½«·?ÃW½©µ�Ä�·?»�¼Ù·?Ô3¼s¸Z¼M½©Æ�¿3µ�¸SÀÂºF¶�º�Ã3µi¿.·?Ã3¶t¸Zµ�¶tÇ3»�µC¾x¼sÚ�»�µC¶tÍCº�Ë3Í��3µC¶{¿fµ�¸ÜÀÂ·�½Xª
¾,º�¶�Ç��fÚ�»�µ�Õ|Ë3Ãfµ'ÍCº�¾,Ç.·?»©·�¼Z¶�º?ÃÅÇ3¸ZËf¶¯Ç3»�ÆCÍ�¼s¶�µk¿3µC¶�Í�º�¸sº�Ã3Ã3µC¶�Ç.·?»�½�¼ZµC¸Z¸ZµC¶È¼sÃJÄ?µ�»�¶�Æ�µC¶¨µC½¨ÍV·�¸ZÍ�Ëf¸ZÆ�µC¶�×
Ç.·?»�½©¼s»\¿3µ�¶{Ç3»�º À ¸Z¶�¶�º�Ã3¿3µC¶�ÇUµ�Ëf½hª2_;½©»�µ�»�ÆV·?¸s¼Z¶�ÆCµ�µ�Ã'¶�µ�Ô.·?¶�·?ÃW½�×¨¸Ù·¯Ï!º�¼s¶�¶�Ë3»b¸sµ�¶�Ä�·?¸ZµCË3»�¶�¾,º?>�µ�ÃfÃ3µ�¶
µC½�¶�Ë3»Ì¸sµ�¶�Æ�Í�·?»�½�¶hªÜ½2>*ÇUµ�¶CÐ�½tµC¶È¿3µC»�Ã3¼sµ�»�¶ÌÇUµ�»�¾xµ;½�½©µCÃW½Ì¿fµxÇ3»�µ�Ã3¿f»�µ,µ�ÃPÍCº�¾,Çf½©µ¨¸Ù·ÉÄ�·?»�¼Ù·?Ô3¼s¸Z¼M½©ÆÈ¿fµ�¶
¹�»�·?Ã3¿3µCË3»�¶�Í�º�¾,Ç.·?»�Æ�µC¶�Ð«½tµC½�½©µoÍCº�¾,Ç.·?»©·�¼Z¶�º?Ã�µC¶�½È»�µ�Çf»�Æ�¶�µ�ÃW½©ÆCµÉÇUº�Ë3»�Í��.·?ÊJË3µo¶�½«·�½�¼Zº�Ã�¶�Ëf»È¸ZµC¶ À ª
¹�Ë3»�µ�¶�\fÐ=ø?ø*Õ�\fÐ=ø�»fÕ�\fÐ=ø�e�µC½6\fÐ=øFC*Ð ¿�À Ã¯¿fµ�Ï�·?ÍC¼Z¸Z¼M½©µC»6¸ÜÀr¼ZÃW½©µC»�Ç3»�ÆC½«·N½©¼Zº?ÃÌ¿3µC¶�Æ�Í�·?»�½�¶�º�Ôf½�µ�ÃJË3¶CÕ?¸ZµC¶�Çf»�º À ¸s¶
¿3µ�Í�º�Ã3ÍCµ�ÃW½©»�·�½©¼sº�Ã¯¿1Àrº�¶Cº�Ã3µt¾,µ�¶�Ë3»�ÆC¶w×�¿3¼`RÁÆC»�µCÃJ½�µ�¶�¶�½«·N½©¼Zº?Ã3¶|¶�º�ÃW½�»�µCÇ3»�ÆC¶�µCÃJ½�Æ�¶R¶�Ëf»|¸ZµC¶ À ¹?Ë3»�µC¶C\fÐ
øF\
µC½'\*Ð=ød¾BÐ

�6µ�¶(Í�º�¸sº�Ã3Ã3µC¶1½©»�º�ÇHº?¶�Ç��3ÆC»�¼sÊBËfµ�¶(ÍV·?¸sÍ�Ë3¸sÆ�µC¶6ÇHº�Ëf»6¸Zµ�¶Á¾xµC¶�Ë3»�µ�¶(¿3µ�¶D¶�½©·�½©¼sº�Ã3¶1¿fµJ½J�JË3»�Í��3¼Z¸s¸4Û¨Ed¾d¾�Ý;Õ
z�·^>B¸ZµC¶�Ë3Ãf¿PÛ"E�ð�îWÝ�Õ��(·?Ë3¿fµ�»�ÛÜøFCF\WÝ;Õ�¾w»©·?¹�Ëfµ,ÛÜøGeJø?Ý	µC½�@?ºF�B¼sº�¼ZÃfµ�Ã�ÛIe�EFeJÝ	Çf»�Æ�¶�µ�ÃW½©µCÃW½�¿3µ�½�»�Ú�¶\Ï!º?»�½©µC¶
Ä�·?»�¼Z·?Ô3¼s¸Z¼s½�Æ�¶CÐµ�6µC¶�Çf»�º À ¸s¶�¾,µ�¶�Ëf»�Æ�¶Ì×l�(·?Ë3¿3µC»�µC½x¾w»©·?¹?Ë3µ¨¶�º�ÃW½�»�µCÇ3»�ÆC¶�µ�ÃW½�Æ�¶È¶�Ë3»�¸ZµC¶ À ¹�Ë3»�µ�¶a\fÐ
øF\
µC½T\fÐ
ød¾*Ð � Í�µC¶È¶�½©·�½©¼sº�Ã3¶CÕ6¿3µx½�»�Ú�¶�Ï!º�»�½©µ�¶�Ä�·?»�¼Z·�½©¼sº�Ã3¶�¿3µC¶ÈÍCº�Ã3Í�µCÃW½©»©·N½©¼Zº?Ã3¶Ì¿ÁÀÂº�¶Cº�Ã3µxº�ÃW½ÌÆ;½©Æx¾xµvª
¶�Ëf»�Æ�µC¶©}w¸Z¸sµ�¶�¶�º�ÃW½�¾o·#y�º�»�¼M½«·?¼s»�µ�¾,µ�ÃW½�¿3Ë3µC¶b×¯¿3µ�¶�¼sÃJ½�»�Ë3¶�¼Zº�Ãf¶t¿1ÀÂ·?¼Z»�½©»�º?ÇHº�¶�Ç��3ÆC»�¼ZÊJË3µ�¿.·?Ã3¶�¸Z·ÈÔ.·?¶�¶�µ
¶�½�»©·�½�º�¶�Ç��3Ú�»�µ�·?ËÉÃ3¼MÄ�µ�·?Ëk¿3µ�¶(y�µC½\¶�Ë3Ôf½�»�º�Ç3¼sÍV·?ËBÖÑj1ÒN��cJ��Ó¯Ô#Õµ�?÷Qpso;÷ �?÷1�uÖ�÷�×+o�Ó!Ó$o�p*lHø�E�E�Efí´Å5�����Nö+Ø��Fc
o�px�FÓ`Ù`l�øFE�EWø�mSÕ|Ôf¼Zµ�ÃòÊJË3µk¿3µC¶ À ¸Ù·?¾,µ�ÃW½�¶�¿1À
·�¼Z»¯ÇUº�¸Ù·�¼Z»�µxÇ3Ë3¼s¶�¶�µCÃW½xÆC¹W·?¸sµ�¾,µ�ÃW½�µ�ÃW½�»©·GÚZÃ3µ�»�¿3µC¶¨¿3¼Z¶
ª
Í�º?ÃJ½�¼ZÃJË3¼M½©Æ�¶Ì¿.·?Ã3¶�¸sµ�¶ÌÇ3»�º À ¸Z¶¯º�Ôf¶�µ�»�Ä�ÆC¶ij]³Ã�F�+×+Ø��?÷1�xo�p=�FÓ`Ù`ltøFEFE�»GmSÐ|ï�µC¶�¶�¼s¹�Ã.·�½�Ë3»�µC¶¯¿3µkÍ�µx½2>*ÇUµ
¶�º?ÃJ½�º�Ô3¶�µC»�Ä?Æ�µ�¶�ÊJË.·?¶�¼Z¾,µ�ÃW½�×x½�º�Ëf½�µ�¶�¸sµ�¶�¶�½«·�½�¼Zº�Ã3¶i¿3µ¯¾,º?>�µ�ÃfÃ3µ�¶�¸Ù·N½©¼s½�Ë3¿3µC¶�Õ4¿.·?Ã3¶�¸SÀ¯�fÆ�¾,¼Z¶�Ç��3Ú�»�µ
Ã3º�»�¿É¾x·?¼Z¶	Æ�¹W·�¸Zµ�¾,µ�ÃW½t¿.·?Ã3¶\¸SÀ¯�fÆ�¾,¼Z¶�Ç��3Ú�»�µ�¶�Ëf¿1Ð.ï�µC¶�¼ZÃW½©»�Ë3¶�¼sº�Ã3¶t¿ÁÀ
·?¼s»t¶�½©»©·N½©º�¶�Ç��3Æ�»�¼ZÊJË3µ�ÇUµ�Ë*Ä�µ�ÃW½
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Ã3¼MÄ�µV·�Ë*ÖÈÄ?µ�»�½©¼ZÍ�·?Ë*ÖHÕ�¸s¼ZÆ�µt×�¸Ù·�»�Æ�¶�º�¸ZËf½�¼Zº�ÃÌÄ�µ�»�½©¼sÍV·?¸sµt¸Z¼s¾x¼M½©ÆCµ�¿3µt¸ÜÀr¼ZÃ3¶�½©»�Ëf¾xµCÃJ½�Õ�ÇUº�Ë3»�»©·?¼M½�ÆC¹W·?¸ZµC¾xµCÃW½
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9/4/1997

Ctropo 49.9 DU
Tropopause 12 km

Station # 010 − New−Dehli (28.6°N,77.2°E)
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Ctropo 45.6 DU
Tropopause 17 km
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27/1/1997

Ctropo 38.8 DU
Tropopause 10 km

Station # 099 − Hohenpeissenberg (47.1°N,11°E)
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26/12/1996

Ctropo 46.8 DU
Tropopause 10 km

Station # 174 − Lindenberg (52.2°N,14.1°E)
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Ctropo 37.6 DU
Tropopause 10 km

Station # 242 − Prague (50°N,14.4°E)
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Ctropo 30.5 DU
Tropopause 11 km

Station # 316 − DeBilt (52.1°N,5.2°E)
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Ctropo 35.8 DU
Tropopause 12 km

Station # 318 − Valentia Observatory (51.9°N,10.25°W)
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Ctropo 10.3 DU
Tropopause 6 km

Station # 012 − Sapporo (43°N,141.3°E)
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Ctropo 31.4 DU
Tropopause 15.3333 km

Station # 190 − Naha (26.2°N,127.7°E)
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Ctropo 32.4 DU
Tropopause 9 km

Station # 076 − Goose Bay (53.3°N,60°W)
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2/4/1997

Ctropo 38 DU
Tropopause 11.3 km

Station # 107 − Wallops Isl (37.9°N,−75.5°W)
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Ctropo 22.3 DU
Tropopause 12 km

Station # 256 − Lauder (45°S,169.7°E)
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Ctropo 14.7 DU
Tropopause 10 km

Station # 233 − Marambio (64.2°S,56.7°W)
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Station # 256 −− Lauder (45°S,169.7°E)
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Station # 018 −− Alert (82.5°N,62.3°W)
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